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Abstract

Many physical and biological systems consist of individuals with collective behaviour. In
reality, these individuals have a finite size, or at least prevent others from interacting
or becoming involved; hence, they exclude a volume in space. Volume exclusion can
be considered the simplest possible interaction within a population. It plays an impor-
tant role in determining transport properties from small-scale systems such as interior
cell motion or ion channels to large-scale systems such as pedestrian motion or animal
swarms. Individual-based models describe how interacting individuals give rise to col-
lective behaviour; however, these models become computationally intractable for large
systems. Our research aims to replace these expensive simulation models with continuum
population-level models based on partial differential equations (PDEs). The diffusion
of finite size hard-core interacting particles in one or two dimensions are examined sys-
tematically using asymptotic methods. The result is a coupled system of PDEs for the
distribution functions of position, velocity and time. Due to size exclusion, the PDEs are

nonlinear in the transport term.
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Introduction

1.1 Excluded volume interactions

Many physical and biological systems consist of individuals with collective behaviour.
In reality, these individuals have a finite size, and many living organisms tend to keep
others at a distance; hence, they exclude a volume in space. Volume exclusion can be
considered as the simplest possible interaction within a population. From small-scale
systems such as interior cell motion or ion channels to large-scale systems like pedestrian
motion or animal swarms, it influences the transport properties of diffusing particles
through crowded conditions.

A short-range hard-core potential

oo d<2r,

0 d>2r,

¢(r) =

where d is the inter-particle distance and 2r is the particles’ diameter, is suitable for
modelling excluded volume interactions in a system consisting of impenetrable spherical
particles. Such systems classify as hard-sphere (HS) systems, which will be the subject
of this thesis. A hard-sphere of radius r excludes a spherical volume of radius 2r around
the sphere’s centre as in Figure (1.1). When the particle concentration increases, this
exclusion reduces the free volume in a hard-sphere system, which does not occur in a
point particle system. Analysing such systems is our primary interest in the following

three chapters. However, note that we do not allow penetrations; instead, a particle may
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Figure 1.1: Excluded volume of radius 2r around the center of the sphere

have a chance to enter and leave the excluded region. This will allow us to model particle
motion in a narrow channel by assuming that collisions occur with a certain probability;

otherwise, particles can freely pass each other.

1.2 Theoretical approaches to HS systems

One of the intriguing questions is how to introduce a theoretically justified framework to
analyse HS systems. A common approach is to incorporate volume exclusion to individual-
based models (IBMs), also known as agent-based or microscopic models. IBMs treat each
occupant as a discrete entity and describe their behaviour explicitly. This behaviour
may include internal processes and interactions between individuals, which are mathe-
matically explained by an evolution update rule given in the form of an algorithm or
differential equation. For example, the application of overdamped Langevin stochastic
differential equation (SDE) for cell chemotaxis with size exclusion [53]. IBMs are concep-
tually simple, linkable to experimental data and suitable for systems with a low number of
occupants. However, in real applications, we find large systems of particles with complex
behavioural patterns. At this stage, it is difficult to deal with IBMs as they are compu-
tationally intractable. This difficulty can be avoided by replacing them with continuum
population-level models. Continuum models are responsive to large numbers as they con-
sider group-level quantities rather than individual properties. For this reason, they might
not capture details at discrete levels [30]; however, many preferred continuum over dis-
crete scale because of their computational efficiency. Continuum models most commonly
use partial differential equations (PDEs). For the derivation, one must consider the sys-
tem variables such as number density or spatial population density. For instance, the
overdamped Langevin SDE stated above has an associated Fokker-Planck (FP) equation
in term of cell density [12].

Connecting individual and continuum levels is challenging and not evident in general,

especially when the system includes particle-particle and particle-environmental interac-
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Figure 1.2: One-dimensional cellular automata consist of several uniform cells either occupied

or empty.

tions. On the other hand, an individual-level model requires computationally intensive
simulations to produce statistical results, and gain an accurate and deep understanding
of population-level dynamics. Therefore many studies have focused on solely one of the
two levels. Indeed one can either use a continuum model or a discrete model depending
on the subject of relevance and available experimental data. Nevertheless, it is essential

to understand the micro-macro link to get an insight into the diffusing systems.

1.2.1 Lattice-based models In this section, we introduce modelling frameworks for
lattice-based systems. We cite models like the cellular automaton and cellular potts to give
insight into the vast on-lattice modelling techniques available in the literature. However,
we avoid detailed explanations as this topic is not the scope of the present work.

Many studies have developed continuum models from interacting lattice-based models.
These on-lattice IBMs restrict particles’ motion to random walk on a grid. Two types of
lattice-based models exist: interacting and non-interacting [0%]. An interacting lattice-
based model is the one that includes size exclusion during which the target site is occupied
by, at most, a single particle; otherwise vacant. The simplest model is a random walk
on the one-dimensional lattice with jumps (left/right) to the nearest vacant site [J]. In
other words, a particle at site n will after one time step be either at site n + 1 or at site
n — 1. The probabilities P,(t) of finding a particle at site n at time ¢ > 0 obey the master

equation,
dP,

dt

where W= are the nearest neighbour transition rates. By employing the Laplace transfor-

=W, Poa+ W, Por — (W, + W, )P, (1.1)

mation, one can find the long-time asymptotic behaviour of the average mean displace-
ment.

Volume exclusion can be integrated to discrete space, velocity and time models, such as
lattice gas automata (LGA), a special type of cellular automaton (CA). In a CA model,
the discretised domain (grid or lattice) holds at most one particle at each lattice site and
they evolve according to a set of rules based on neighbouring cells’ states. The simplest
is the one-dimensional updating rule (Figure (1.2)) known as elementary CA [105]. LGA

differ somewhat from the CA as the update rule splits into collisions and propagation.
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In other words, the microdynamics of LGA is described on a square or hexagonal lattice
with updated rules for collision and propagation. They produce simplified models leading
to mass and momentum conservation and yield the desired Navier-Stokes equation in the
macroscopic limit !, which was exploited to study complex fluid mechanics problems. In
recent years, LGA has been applied in modelling pedestrian flows [05] and cell migration
[59] incorporating size exclusion.

The Cellular Potts Model (CPM), which is also lattice-based, illustrates a modelling
framework when the intercellular interactions are defined by the cell shape, size, and the
area of the cell interfaces. Lushnikov et al. [53] established a connection between the
stochastic cellular Potts model and the macroscopic nonlinear diffusion model. The cells
are assumed to have a fluctuating rectangular shape, and the volume exclusion is imposed
by setting the cell interaction potential to infinity during an overlap. The numerical so-
lution to the macroscopic model agreed with Monte Carlo simulations of the microscopic
model even for relatively large volume fractions. Both LGA and CPM are suitable to
model cell-cell interaction and migration [33]. CPM catches the size fluctuation, thus
suitable to study patterns of cells that often change the shape while LGA can simulate
cells” movement in a correct and straightforward process.

Taylor et al. [J0] studied a lattice model with volume exclusion implemented in each
uniform compartment. A compartment may be occupied by a single particle (full ex-
clusion), a finite number of particles (partially excluded/coarse-grained) or by infinitely
many particles (no exclusion). The diffusion of particles is modelled as a series of jumps

between compartments with jump rates

D
T —
J (mh)Q

(1— ™ (n{1)) (1.2)

where D is the diffusion coefficient, h is the particle length, ngm) is the number of particles
in compartment j when each compartment has capacity m. The function f™ specifies
the proportion of jumps that fail due to the crowding effect. To clarify functional forms
of this volume exclusion function, they consider equations for particle numbers’ mean
and variance derived from a master equation similar to (1.1). They observed a perfect
agreement for the mean and variance between the full excluded and coarse-grained models.
Later, the model was extended to study multi-scale systems, by considering non-uniform
hybrid lattices [97]. Although the partially-excluding model reduced the computational

cost, a one spatial dimension multi-species mix led the models to make irreconcilable

!Not all LGA models yield the Navier-Stokes equation in the macroscopic limit [10]
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predictions in the fully-excluding and partially-excluding models [95]. Therefore, the
authors reexamined the system in two spatial dimensions where mixing is possible and
observed a good agreement in the models.
The continuum limit of an on-lattice hopping model in the context of multiple species
leads to a system of nonlinear drift-diffusion equations with cross-diffusion [15, 87]. In
the case of a single type of particle, the one-particle density function satisfies the Fokker
Planck equation

X V(Do + pl1 ~ ))VF) (13)
where D is the diffusion constant (independent of p) and F' is the force acting on the
particle. The first order closure approximation assumes independence between particles,
and it is the simplest form of moment-closure. If the system is strongly correlated the
assumption often generates errors in the population level model. In such a situation a
higher order moment-closure approximation can be considered [5], where one has to deal
with a series of unclosed coupled moment equations for each of the individuals’ distribution
that may be difficult to solve. The usual procedure is to close the system by setting the
moments above a specific order equal to zero [31].
Some studies have used discrete space, continuous time master equation (1.1) with the
volume filling approach [71]. In volume filling (a particle jumps to free spaces), the higher
the density at a particular position, the less chance another particle accesses the same
location; therefore, a new term for the probability of finding a space at its nearby location
is introduced to the system. In particular, for the on-lattice cell density v and chemical

concentration v, the transition rate W takes the form

W5 = qlunzr) (@ + BT (V1) — 7(vn))) (1.4)

a,  are constants, T represents the mechanism of signal detection and ¢(u) is the proba-
bility of a particle finding space at its neighbouring site. As mentioned earlier, a master
equation describes the probability of occupation; in the volume limitation, the continuum
limit leads to a Keller-Segel (KS) type model. This method of establishing the micro-
macro link is used in applications like ion transport through confined regions [16] and
chemosensitive motion of a cell population [75].

KS models are widely used to describe aggregation [15] and pattern formation [11,101] in
a cell population. However, the solution to the KS model in chemotaxis exists globally in
time only if the mass is below its threshold, otherwise blows-up. Introducing a jumping
probability ¢ to the cross-diffusion term that depends on the density w at the position

(volume-filling), Hillen and Painter prevent these blow-ups. In one dimension, every non-
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gl x x+r x+d

Figure 1.3: 1D hopping model where individuals’ centre located at z move with a rate a, a
distance d to the left or right

increasing ¢ prevents blow-ups; however, in a higher dimension, existence depended on

the choice of q.

1.2.2 Off-lattice models An off-lattice framework can also be employed to study
IBMs. Here, particles do not jump on a lattice instead change its’ position in a continuous
space. Since this approach allows movement in any direction, IBMs capture the typical
behaviour of cells and animals. Again, the challenge is to incorporate volume exclusion
to the model.

Murray et al. investigated a one-dimensional spring-based model for interaction force
being linear [03] and nonlinear [(1]. The volume exclusion is introduced by denying the
cells to pass the equilibrium distance, and the macroscopic limit produced a nonlinear
diffusion equation. A mechanical spring model ignores stochasticity; hence the equations
are deterministic. The resulting diffusion coefficient is compared with that derived by
Lushnikov et al. [53] and found to be notably similar.

Dyson et al. [21] described an analytical approach to derive the continuum model from a
one-dimensional off-lattice model. They considered an unbiased random walk where cell
centres jump a distance d at a rate . The idea is similar to the on-lattice hopping model,
where particles only move to vacant sites, and at most, one particle can occupy the left or
right site. However, a jump does not occur on a predefined grid (see Figure (1.3)). Later,
Dyson and Baker [20] extended the ideas into two and three dimensions and incorporated
the bias by assigning a higher probability for the favourable movement. The authors
derive the continuum equations from the time evolution of the i*" cell centre’s probability
density function that closely resembles Brownian dynamics. Both studies make use of a
moment-closure assumption where one of the lower order moments is set to zero.

Iron et al. [11] also considered an off-lattice framework with the above attempt-and-abort
volume exclusion mechanism where overlaps abort when agent attempt to move with
probability P,,. Although cells can migrate in a continuous space to preferred directions,

the authors divide the domain into vertical strips of width A and calculate the average
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Figure 1.4: The spatial domain is discretised into strips of width A. The C(z,t) is calculated by
averaging the number of agents whose horizontal coordinate lies in the interval [m — %, T+ %)
at time ¢, over number of realisations.

D T ——
ﬁ Following distance ﬁ

Figure 1.5: Maintain a distance between the rear and front bumpers of the preceding and the
following vehicles respectively.

agent density C(z,t) in the vertical direction so that the model simplifies the dynamics
into a one-dimensional framework (see Figure (1.4)). They begin with an approximate
conservation statement in terms of agents’ density C(z,t) in a strip and derive the mean-
field nonlinear partial differential equation (PDE). Each term in the discrete conservation
statement is interpreted as the product of P, from a particular strip to a nearby and the
probability that such an attempt will succeed (P(C')) during some time interval. Crowding
effects in the mean-field description are represented by the function P(C).

A continuum model may have limitations if the population size is low. As Tyagi [100)]
points out, the macroscopic variable density is defined for a sufficiently large number
of particles; however, in traffic flows, the lanes might have a handful of vehicles which
is inappropriate to model as a continuum using the notion of density. They consider
the system as a countably infinite collection of homogenous, interconnected dynamical
systems and model via a set of coupled ordinary differential equations. The interactions
between vehicles occur according to wvehicle following behaviour where the response is

based on the state of the vehicle in front (see Figure (1.5)).

1.2.3 Brownian dynamics Brownian motion is often used as a model for any move-
ments or dynamics described as random, and it is the simplest stochastic model one can

think of. As this topic is not our primary focus, we avoid full explanations, but definitions
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can be found in various textbooks [30,102]. We are interested in the work on Brownian
particles with excluded-volume effects that Bruna and Chapman [ 2] have already studied
as we develop a method similar to their work. The authors introduced a method to a
class of models consisting of diffusive particles with short-range interactions beginning

with the overdamped Langevin stochastic differential Equation
dX(t) = f(X())dt + V2dWi(1) (1.5)

which expresses the particle dynamics of a N-particles system. The centres of these
spherical particles (diameter €) are given by X;(¢), ¢ = 1,...N with the standard Brownian
motions W;. The above SDE has an associated FP equation (1.6) in term of the joint

probability density function, which is high-dimensional and difficult to solve.

O @0 = Ve (VeP — F@)P) (1.6)

Due to excluded volume effects, the above equation is defined in the hollow form of the
domain (a domain with holes corresponding to overlaps). Under the low volume fraction
(the ratio of the volume occupied by particles to the total volume) hypothesis, the authors
apply the method of matched asymptotic expansions (MAE) to derive a nonlinear diffusion
model from the particle-level model (1.6). The model can be thought of as a continuum
equation derived from an off-lattice individual-based model and it is similar to what
Dyson and Baker [20] obtained in their work under no external force. Lushnikov et al.
[53], and Bodnar and Velazquez [11] are other studies that derive continuum limit starting
from a stochastic equation similar to the Langevin equation. The former derived a KS
type model which does not collapse in finite time, under higher volume fractions and the
latter studies the limit equation under attractive and repulsive potentials; however, the
macroscopic equation became ill-posed when the element for attractions was introduced.
The above studies are limited to systems that resemble Brownian motion. In such systems,
the particle velocity is ignored; the models focus on only the random path that particles

follow.

1.3 Velocity jump processes

Behaviour in animal swarms and pedestrian flows are closely related to the random walk
in the velocity, where individuals avoid each other without loss of energy. These events

which have a spontaneous change in velocities can be described using transport equation
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as it includes a term for the finite propagation speed. Transport equations are extensively
used to study the motion of chemosensitive cells [1,71,92].
Throughout the thesis, we will repeatedly use the so-called velocity jump process, and
the framework is presented in [71]. In a velocity jump process, stochastic changes are
applied to the velocity rather than position. A particle may change its current velocity
v € V C R? at a small time-step dt with probability Adt, where X is the turning frequency.
This frequency may take different forms depending on various internal and external fac-
tors, which will be addressed later. The inverse is the mean run length time between the
random choices of direction. Given that a jump occurred, a turning kernel 7'(v, u) defines
the probability of a change in velocity from u to v (in the same velocity space V).
In light of the above information, the evolution of the density function p(x,v,t) for in-
dividuals in 2d-dimensional (d = 1,2,...) phase space with coordinates (x,v), where
x € O C RY, is governed by the transport equation

dp

e + V- vp(x,v,t) = /\/T(v, u)p(x,u,t)du — Ap(x,v,t), t>0 (1.7)

v

The above velocity jump process best describes the motion of flagellated bacteria such as
E. coli that possess two behavioural modes; runs and tumbles. In one space dimension, this
model recovers one of the earliest correlated random walk models proposed by Goldstein
and Kac [35, 17]. When particles possess random motions with a constant speed, say c,
and switch directions at an instantaneous time with an unbiased constant reversal rate A,

the authors write the following coupled hyperbolic system of PDEs,

op™ op*
W) —o
ot ox

where p* = p(z, ¢, t). By introducing the macroscopic density p = p™ + p~ and the flux
j =c(pt —p7), the system reduces to a damped wave equation
Pp . Op  ,Pp

Lozt

L2 ot~ oz (1.9)

In higher dimensions, when individuals change directions according to the turning kernel,
the diffusion limit of the velocity jump process (1.7) is not straightforward. However, with
appropriate scaling of space and time, the asymptotic behaviour of the transport model

leads to its diffusion approximation [70]. At the same time, the turning kernel has to have
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some properties that ensure the limit’s existence. The macroscopic behaviour was further
analysed by the same authors under a variety of biases in the turning rate and kernel,
which led to either an anisotropic diffusion equation or a well-known KS type model [72].
We find various generalisations of the transport model (1.7). For instance, Erban and
Othmer [20] introduced internal dynamics of E Coli bacteria to the microscopic model.
Since these bacteria are chemosensitive, the internal state depended on an external signal
and evolved according to an ordinary differential equation. They later generalised the
analysis to a higher dimension [27] and applied it to a system which involves crawling
cells [28] where the diffusion limit led to the classical macroscopic description for chemo-
taxis. Incorporation of a resting phase is another extension of the transport equation;
this was investigated by Taylor-King et al. [98] for a group of swarm robotics: E-Puck.
E-Puck robots also perform velocity-jumps; however, their tumbling time is not negligible
as in cell migration. Therefore the authors introduced the time it takes for a particle
to reorient from velocity v to u by a new function K (v,u) and included a resting state
that defines the number of particles remaining in their turning time. They observed that
models including finite turning delays match well with experimental data compared to
the models without this delay.

Many previous velocity-jump processes are noninteracting; hence crowding effects are not
taken into account. This means overlaps are permitted which is not realistic in a dense
population. Treloar et al. [J9] established a micro-macro link by incorporating three
types of crowding interactions into a velocity-jump process. The first case is the simplest,
where multiple agents on the same lattice site are prevented, similar to the on-lattice
hopping models discussed earlier (see Figure (1.2)). In other cases, additional conditions
are imposed apart from the first. They derived a system of advective PDEs in each case
from the discrete conservation statements that describe the evolution of the subpopula-
tions (left and right moving agents). The simulations for micro-macro comparison were
performed on a one-dimensional lattice at a particular velocity. However, these models
are lattice-based and may not be realistic in some scenarios, as the mechanism allows
individuals to jump across. Also, the approximation restricts the choice of the model
parameters and the initial condition.

Gavagnin and Yates [32] relaxed the above restrictions and generalized the model on a
two-dimensional lattice to connect the microscopic model with the macroscopic descrip-
tion via the diffusive limit. A positive integer is interpreted as the agent’s velocity, where
magnitude is given by the number of lattice sites moved during a single movement event.
An agent can move or reorient itself as independent Poisson processes with different in-

tensities. They scale an additional parameter ¢ to bias the motion along the chosen
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Figure 1.6: An R-polarised agent with unit velocity (jump one lattice site) has four potential
configurations when a movement occurs with bias .

direction (see Figure (1.6)), considering four different exclusion properties consistent with
that of Treloar et al. [99]. The diffusion limit leads to a series of coupled generalized
diffusion equations consisting of an advective and a reactive term. Agreement between
the continuum and discrete profiles holds for any arbitrary reorienting rates which were
not achievable in Treloar’s work.

Franz et al. [31] analysed the transport equation for N interacting hard-spheres in higher
dimensions where the reflective (speed preserving) collisions dominate. The speed is a con-
stant and the velocity jumps are defined as in the equation (1.7); therefore, this work’s
ideas are significantly linked to our work. The authors reduce the higher-dimensional PDE
to a low-dimensional allowing the collision boundary term to be absorbed into the turning
rate from three methods: under molecular chaos assumption, Boltzmann integral; an ad-
justed velocity-jump process using Cattaneo approximation; and an alternative transport
equation with a correction term using matched asymptotic expansion. The effective diffu-
sion properties investigated in this paper are consistent with those for Brownian particles
studied in [12]. Estrada-Rodriguez and Gimperlein [29] obtained the macroscopic descrip-
tion of swarm robotics, starting from the kinetic equation, that incorporates alignment,
collisions and long runs according to a Levy distribution. Unlike in Taylor-King et al.
[95] work, this study assumes that tumbles are instantaneous; thus, no delays in turnings.
However, both studies neglected the interdependence between individuals’ velocities as
the experiments were conducted under low robot density.

By following the ideas from [7,12], Ralph et al. [31] derived a model for chemotaxis with
hard-core interactions. The author examined how the finite size of individuals affect the
behaviour of groups of particles moving according to a velocity jump process in one di-
mension. The particles are identical hard rods that run back and forth with constant
speed in a fixed-length single-file channel while interacting through reflective collisions.

The velocity changes are controlled by a chemical gradient, meaning longer runs along
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favourable directions with fewer turns. The author performed an asymptotic analysis of
the associated transport equation using the method of MAE in the limit that the volume
fraction of particles is small, and verified that the nonlinear PDE model captures the

stochastic properties of the N-particle system.

1.3.1 Turning frequency Although the hyperbolic model was a notable explanation
for biological interactions among individuals, with constant turning rates, it limits the
knowledge about how correlation depends on the internal and external factors. In partic-
ular, the turns may occur due to the influence of conspecific densities or external signal
(food/toxin). Thus more complicated models have been derived, incorporating more in-
volved turning frequencies.

When nearby individuals’ densities (e.g. left and right moving densities) directly influ-
ence the interactions, a density-dependent turning rate of the form A\* = pu + p*(p™, p~)
(where turning rate yu is for independent turnings and u*(p™,p~) are for right and left
turnings due to interactions) can be introduced to systems like (1.8) to investigate the for-
mation and movement of bacterial aggregations. These models are capable of describing
the rippling behaviour of bacteria such as myxobacteria [51]. In contrast, an extracellular
signal (attractant/repellent) can cause indirect interactions among organisms; hence, the
turning rates may depend not only on the signal S alone but also on the spatial gradient
of S. In the presence of such non-vanishing signal gradient, AT # A~ and particles will
move in the direction of an increasing gradient resulting in a prolonged run-phase. Hillen

and Stevens [12] investigated a slightly complicated form of (1.8).

opt op*

+ + - - _

o + CH + AT(S, S )pT = A (S,S:)p” =0 (1.10a)

p~ op~ - - + +

T —c e + A (S, S:)p” —AT(S,S:)pT =0 (1.10Db)
oS 0%S N B

where last equation describes the production, decay and diffusion of the external signal
S. The authors established the global existence of positive solutions from positivity and
boundedness of the turning rates. However, during the process of examining finite time
blow-up solutions for the model, Hillen and Levine[!()] observed that turning rates may
vanish (zero-turning-rate) before the solution blows up, which leads to negative densities

for p*. They considered the following forms for turning rates based on the previous
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experimental observations.

:t _ C

AT = 5 (e FX(S)S) (1.11a)
2

s_ O X(9)

A5 —2Dexp($ . S) (1.11Db)

where D is the diffusion coefficient, ¢ € R™ is the speed and y is the chemotactic sensitivity
coefficient. The former is suitable for shallow chemical gradients, or small chemotactic
sensitivities, or higher speed while maintaining the positivity of the turning rate. The
later is the most realistic model assumption which agreed well with the experimental

observations.

1.4 Owur research

1.4.1 Motivation and Intention Reviewing previous studies on collective dynamics
and self-organisation in the physical and biological sciences, we understand the impor-
tance of advanced mathematical frameworks to capture fundamental characteristics in a
system. Among these features, the excluded-volume effect is the simplest possible inter-
action arising from the mutual impenetrability of finite-size particles, and we recognised
how this effect was incorporated into two classical modelling approaches: IBMs and con-
tinuum models.

In this thesis, we develop a method similar to studies [ 1] and [%1], to analyse the impact of
collisions between individuals on the behaviour of groups of particles, driven according to
a velocity jump process. The ideas of the former study are applicable when analysing the
two-dimensional model, while the latter is closely related to the one-dimensional model.
In particular, we too examine a hard-core N-particle system, which gives rise to the so-
called excluded volume effects that influence population dynamics; though, we change
some aspects of the interacting systems.

Our model contains particles with unidirectional motion and instantaneous velocity changes,
much like Ralph’s model. However, the particles are now hard disks or spheres, and the
domain is a fixed-length narrow channel where occupants are allowed to cross each other
while collisions occur at random. During a pass, one particle has access to another parti-
cle’s excluded region; therefore, an interaction occurs through interface conditions. This
kind of setup is more vivid as individuals moving with constant speed will meet head-
on or pass one another if there is enough space. Examples where particles are driven

in a domain confined to a narrow channel, include various biological systems [%,67,55]
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and polymer solutions [37,50]. The assumptions of a narrow channel are reasonable to
model even pedestrian motion as unexpected contacts may occur on a pedestrian crossing
[77,79].

We suppose that there are no electrostatic or hydrodynamic interaction forces between
particles since our primary focus is on excluded volume effects. Once the particle-level
model is set, the goal is to find a system that models the motion of a single particle, that
is, the marginal density function with independent variables being the position, velocity
and time of a single particle. To this end, we perform an asymptotic analysis of the
associated transport equation under the low volume fraction assumption.

The system for the two-dimensional model can also be defined in a similar fashion, but
rather than considering reflective collisions this time, as specified by Franz et al., we sup-
pose an exchange of velocities after a collision. By doing so, we simplify the asymptotic
analysis. For elastic or reflective collisions, one has to use the method of MAE and deter-
mine the terms in the collision integral 2. Furthermore, they examine models employing
a constant turning rate with an unbiased turning kernel, which is not the case in our
models.

We consider velocity changes that are biased according to the individual’s environment.
In other words, the movement of an organism in response to a stimulus, a taxis. In par-
ticular, we consider chemotaxis, which is a directed motion along a chemical gradient.
There are other types of taxes; for instance, Ha and Levy derive a hierarchy of mathe-
matical models for phototactic bacteria (stimulation by light) employing a similar turning
operator as in chemotaxis [358]. Mazzag et al. [78] incorporate experimental observations
of the aerotactic bacteria (stimulation by oxygen) into a mathematical model similar to
Goldstein and Kac; yet, chemotaxis is the most intensely studied by far [73].

To analyse the models derived in this thesis, we consider the following form of A (similar
to (1.11a)):

AE,T) = Ao — y(S)7 - VS(7) (1.12)

where )¢ is a constant base-line turning frequency and ¢ is the velocity. The term
X(S)VS(Z) describes the change in the turning frequency in the presence of an exter-
nal chemical gradient. When x > 0, the stimulus S can be a chemoattractant which
leads to a positive taxis. A particle is less likely to change direction when moving in a

favourable direction; hence, returns a lower value for \. The sample signal functions for

2Franz et al. [31] introduced MAE similar to what can be seen in [12]. However, due to the velocity
component, the leading order terms in the asymptotic analysis may disagree at the collision boundaries.
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S are taken from the the paper [20].

1.4.2 Outline of the thesis Chapter 2 presents our core model, a system of N iden-
tical hard-core particles with unidirectional motion in a bounded narrow channel whose
dimensions are large compared to the particles’ size. This chapter allows us to introduce
the method and techniques used in the subsequent chapters. Due to size exclusion, we
find PDEs that are nonlinear in the transport term. To validate the model, we compare
the numerical solutions of the PDE model with simulations of the full-particle model.

In Chapter 3, We extend our core model from identical particles to different particles,
mainly two species. We call them blues and reds. Particles within one group are all
identical, but a blue and a may red have different sizes. Our analysis at the particle-
level model now produces a coupled system of nonlinear transport equations for the two
one-particle densities. The equations incorporate terms from both interspecies and in-
traspecies interactions. We also take one species as an obstacle and study the diffusion of
the other through the obstacle.

Going back to the N identical hard spheres system, we introduce resting particles in
Chapter 4. That is, a finite-sized particle moving back and forth with a constant speed
may suddenly stop its motion and enter into a resting state. We derive equations for both
the collision and the narrow channel systems with symmetric and non-symmetric turning
rates. Once again, we validate the models comparing the numerical solutions with their
respective stochastic simulations of the full-particle system.

We carry the fundamental ideas from the collision model in [¢1] and create the two-
dimensional problem in Chapter 5. In particular, the system has N identical hard-core
particles moving with constant speed in a two-dimensional bounded domain. Particles
switch their velocities due to collisions between each other or with the domain walls. Be-
sides collisions, direct reversals occur according to an independent Poisson process. Under
the low volume fraction assumption, we derive the population-level model analogous to

those one-dimensional nonlinear PDEs derived earlier.



16

Introduction




Velocity-jump process in a narrow
channel

2.1 Introduction

In this chapter, we analyse our main model: a system of N identical hard cores (spheres
or discs) on a narrow geometric configuration. The physical space is essentially a channel
in R with a probability of occupants being able to pass each other. The system mimics
what nature does, where individuals pass one another in a narrow channel while making
incidental contact with those moving in the opposite direction. The passing probability
depends on the size of the particles and the width of the channel. The extreme case
in which particles’ diameter is equal to the width of the channel is the so-called single-
file diffusion [55]. One can also view this as a problem of finite-size particles diffusing
through a confined domain; however, it is not to be confused with the particle densities
being dependent on the vertical position [I1].

Many examples of mathematical and computational efforts to understand confined domain
systems solely focused on either stochastic models [19,13] or continuum population-level
models developed for Brownian colloidal [3,11]. We establish the micro-macro link to a
velocity jump process in a narrow channel, where waiting times between velocity jumps
are exponentially distributed [71]. A single-file velocity jump process has already been
examined [%1]; the correlated motion with the ability of particles to bypass one another

that was ignored in this work has now become important in the present work. The

17
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@ 00 % °°.;
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(a) (b)

Figure 2.1: (a) A single-file channel where particle’s diameter is same as the width of the
channel. (b) A narrow channel where particles crossover and easily change order.

occupants exclude a volume in the channel, but in the passing regime, the occupied
regions behave as interfaces that are no longer excluded; hence the interactions occur via
interface conditions.

We begin in section (2.2) by writing down the particle-based description of the system,
which consists of an N-dimensional PDE for the joint probability density function in the

probability space.

2.2 Particle level model

In this section, we describe the stochastic system in compact velocity space with constant
speed. We neglect the effect of background noise and assume that the system does not
have external forces which restrict or prevent the particles” motion and turn velocity back
to zero. The system has N interacting particles in a one-dimensional domain that does
not change through time, meaning there is no birth/death. The particles are identical
hard spheres of diameter € and move either left or right with a constant speed ¢ € R*.
In other words, the velocity space V' = {—c,c}. The bounded domain ©Q = [0, L] is the
space available to a particle centre and for any particle centre X;(¢) € Q at time ¢ > 0
with velocity V;(t) € V, we write the relation

dX;
dt Vi

The stochastic changes are applied to the particle’s velocity rather than to its position
in space; therefore, a particle switches its direction based on N independent Poisson
processes with rates A\(xz,v) > 0. Collisions with another particle or with the domain
wall may also change the velocity; however, we expect fewer collisions when the domain
dimensions are larger than the particle’s size. Due to unidirectional motion, particles
will only interact with the left and the right ends of the domain. During a head-on
collision, the initial velocities, say ¢ and —c of two interacting individuals will be reflected

at a distance €, and these collisions are both energy and momentum preserving, which
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will not be the case in our two-dimensional model. The other important assumption is
that particles occupy a small volume of the one-dimensional domain, so that pairwise
interactions are dominated.
The equivalent PDE description in terms of the joint probability density function P(Z, v, t)
for N particles to be found at the position ¥ = (x1,...,xy) with velocity ¥ = (vq, ..., vx)
at time ¢, given by

oP al

ot Vel + 2(/\(% i) P(Z,7,t) — A(i, —0;) P(Z, 8,0,1)) = 0, (2.1)
where Vjz stands for the gradient with respect to the N-particle position vector ¥ €
ON, © € VY and s; is the operator for the velocity change in the " particle. The
third (fourth) term is the loss (gain) due to the velocity jumps with the switching rate
Az, v;) = Ao — xvi Dy, S(x;), the one-dimensional form of (1.12). In the passing regime,
the excluded area {¥ € OV : |z; — z;| < ¢,Vi # j} act as an interface where P has jumps
at x; £ e, Vi.
We now proceed to address the necessary initial and boundary conditions. If all the
particles are initially distributed independently and identically in the domain, the initial
condition

P(Z,7,0) = By(&, V) (2.2)

is invariant to permutations of the particle labels; however, they do not preserve their
initial ordering as the finite-size particles can pass each other.

The wall-particle boundary condition can be written as,
P(z,v,t) = P(Z,s;v,t) for x;=0,L. (2.3)

Inside the domain, particles collide with probability §, otherwise move independently.
This collision probability is another small parameter that depends on the particle size
and the channel width (say /) in a particular modelling situation. Here, we treat § as
an independent parameter. During a bypass, a particle can access one’s excluded region
from the left and right ends; consequently, an interface condition will replace the collision
boundary condition. The one-dimensional domain with these interface conditions mimics

particles’ motion in a narrow channel. We detail these conditions in the following section.
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Finally, P(¥, ¥, t) satisfies the normalization condition,

P(%, %, 1)didv = 1 (2.4)

QN x VN

The equation (2.1) together with the above conditions defines the individual-based model

which is higher dimensional; hence difficult to solve directly.

2.3 Population level model

The aim is to reduce the higher-dimensional PDE for the joint density P(Z,¥,t) to a low-
dimensional PDE for the marginal density of a single particle which is the population-level
model for p(z,v,t). We begin with the transport equation for two particles and integrate
it with respect to the configuration domain. Then through a systematic asymptotic

expansion we derive a nonlinear hyperbolic equation for the marginal density.

2.3.1 Point particles Consider the simple case when € = 0. The domain Q" has no

holes and particles are independent. Therefore, inserting

N

P(fv Ua t) = Hp(xivvivt>

i=1

in the transport equation, we get the evolution equations for the one-particle density

functions p* = p(z, %c, t) as

op™ opt
a_]Z + c£ F AT @)t — A (@) =0 (2.5a)
% - cg—i + A (z)p” = A (x)pt =0 (2.5b)

with the initial condition

p(w, v, 0) = pO(I> U)

and the boundary conditions on the domain wall z =0, L

pi<x,t) = ij(l’,t)
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The above system does not contain any confinement parameters. In fact, it is similar to
that of Goldstein and Kac [35, 17], except now the turning rate is a function of x which
can be replaced by the one-dimensional form of (1.12). Consequently, in terms of the total

density p(z,t) = p* +p~ and the flux j(z,t) = c(p* —p~), system (2.5) can be re-written

as
dp 05
5 + % == O (2.6&)
9j | ,0p 2 05 -
T +c pe 2c X@xp+ 2007 =0 (2.6b)

Differentiating (2.6a) with respect to time ¢ and (2.6b) with respect to space x, we elimi-
nate j and derive the telegraph equation

0?%p op 0?p 0 oS

ZF 2)\_:2__22_< —> 2.7
TG T e T 0 PNy (27)
Then taking the limit Ay — 0o and ¢ — oo in such a way that %(: D) held constant
results the following PKS (Patlak-Keller-Segel) type diffusion model [70].

op . Pp 0 oS
ot D8x2 Ao 89&( ) (28)

PX%

We will compare (2.8) with the diffusion equation for finite-size particles in our subsequent

analysis.

2.3.2 Finite-size particles When € > 0, the domain "V has holes and particles are no
longer independent. We find configurations in which two or more particles are approach-
ing each other; however, in the low volume fraction regime, the volume in the integration
space occupied by two particles dominates. A simple physical explanation in terms of
geometric ideas will help to understand this statement.

As illustrated in Figure (2.1), consider a narrow flattened pipe where cores of the occu-
pants are separated by O(e). Then the volume in the configuration space corresponding
to when two disks are close to each other is O(e2N) (for N — 1 pair interactions) whereas
for three disks it is O(e*N?) (for (N — 1)(N — 2)/2 triplets). Therefore, the dominant
contribution to collisions corresponds to two-particle interactions. Consequently, instead
of integrating the transport equation (2.1) over N-dimensional configuration space, we
can illustrate the method for two-particle interactions and later extend for N.

We begin with two identical particles of diameter € at position x; with velocity v; and at
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X24

X, =%, +€

Xy =X1—€ X, =% X1
(a) (b)
Figure 2.2: (a) Schematic of the excluded area |r; — 2| < € in the integration domain [0, L]

which is accessible to a second particle with the probability 1 — §. (b) The boundary layer
coordinates in the regions x; < x2 (upper left) and x; > x2 (lower right).

position o with velocity vy, which satisfy the transport equation

OP oP oP oL .
e + 7118—331 + UQG_:I:Q + M1, v1)P(Z,0,t) — Mar, —v1) P(&, —v1, v, 1)+ (2.9)

M2, v2) P(Z, U, ) — M2, —v2) P(Z, 01, —v2,t) = 0

in the configuration space (2.2(a)). This configuration space is different from both the
single-file channel and the independent-particle situation. In the former (x;—e¢, z1+€) is an
illegal configuration, while the latter does not have such regions. In the current situation,
the second particle passes this inner region with the probability 1 — J; otherwise, bounce
back. Therefore, when particle one is at xq, the space available for the second particle’s
centre is still = [0, L], but with discontinuities at x; & €. We now write the conditions
for the two particles that explain the situation near interfaces.

At the right interface,

P(xy, 2] +€,—c,e,t) = 6P(xy, 2] +¢€,¢,—c, t) + P(xy, 2] +€,—c,c,t) (2.10a)
P(xy, 2] +e,¢,—c,t) = (1 —=8)P(xy, 2] +¢€,¢,—c,t) (2.10Db)

and at the left interface,

P(xy, 2] —€,¢,—c,t) = 6P(x1, 2] —¢€,—c,c,t) + P(xy, a7 —€,¢, —c,t) (2.11a)
P(zy,2f —€,—c,c,t) = (1 = 8)P(x1, 2] — €, —c, ¢, t) (2.11b)

where 6 = d(e, ).
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2.3.2.1 Integrated equation

Let us now integrate equation (2.9) over 2 x V' and derive the population-level model in

terms of the marginal density p, where

p('rhvlat) - / P<$1,$2,U1,U27t)d$2d1}2
QxV

We rewrite the integral over subintervals [0, 21 — €), (21 — €, 21 +€) and (21 + €, L] where
necessary because the joint density function P has jumps at x; & €.
Begin by integrating the first term of (2.9) simply yields,
oP Op
—drodvy = — 2.12
ot T o (2:12)
QxV
since the domain is independent of ¢t. The integration of the second term of (2.9) requires
the use of the Leibniz integral rule as each of the subinterval has an upper or lower limit

that depends on x;.

0P 0 oozt te I
dx - de +P:C7:C7U7t 2 1— —PSCMT;U,t 2 !
O 2T Ony / 2 (21, 79 )‘m:xl e (71, 7 )mZ:wIL_E

Q Q

The integral over vy is the summation over {—c, c}. That is,

oP oPr
’Ula—xldl’gdvgz Z Ul/—dl’g

axv ve{-cct g

Hence, the second term of (2.9) reads

aP ap — 22:$++e
/ Ula_l’ldx2dv2 = Ula_:L‘l + E U1 <P(ZL’1, T2, 0, t)|x2:zi_—e
Oxv va€{—c,c} (213)

- P(wlax%ﬁ) t)|x2:$§r+e>

To=T] —€
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The third term of (2.9) generates

oP oP
Vg ——dxodvy = Vo—dx
281’2 2 2 Z 28:62 2
QxV q v2€{-cc}
— Z (%) (P(xla Zo, 177 t) z;zg;_e
vo€{—c,c}
— Tro=x, +€ — =7
+ P(ZL‘h T9,V, t)|xz:x%—e + P(l’l, T9,V, t) i;zﬁf-"-E)

Using the wall-particle boundary conditions,

Z UQP(Q?l,O,Ul,UQ,t) =0

voe{—c,c}

and
Z UZP(xbL?UlvU?’t):O

voe{—c,c}

Consequently the third term simplifies to

oOP To=x] +e€ . To=x, +€
/ v2a_352dx2dv2 = Z — Uy (P(%,Izaﬁam It — P(x1, 29,7, 1)| 1++> (2.14)

12:;171_—5 T2=T| —€
axv vo€{—c,c}

The integral of the last term of (2.9) vanishes as for any v,

Z M2, v9) P(Z, 0, 1) — M@2, —v9) P(, 01, —v2,t) = 0

vae{—c,c}

and the remaining term A(xy,v)P(Z, U, t) — A1, —v1) P(Z, —v1, v9, t) results

/ A1, v1)P(Z,7,t) — Mxy, —v1) P(Z, —v1, va, t)dxodvg =
axv (2.15)

Az, v1)p(xr, v1,t) — My, —v1)p(z1, —v1, t)

Now by adding (2.13) and (2.14), the right hand side yields

8 = zo=2T +e - xro=x, +€
vl—p—l— Z (v — vg) (P($1,5E2,U7t)|2 L — Play, s, 5,1 1++>

T2=T] —€ T2=x, —€
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From the summation term above, we get two separate terms (vq + ¢)[...] and (v; — ¢)[...];

since v; also has the same two choices for the velocity, the above equation reduces to

a ro=1xT +e xro=x, +€
Ul_ap + 2U1 <P(IE1, T2, V1, —V1, t)’;;:xl*te — P(.Z'l, ZTo,V1, —VU1, t)‘g;::pii_e> (216)
xTq 2= 2=

Combining equations (2.12), (2.15) and (2.16) we find the integral of the equation (2.9)
over {1 x V as
op op

+ +
- — o To=x, +€ . Ta=x] —€
ot U 01 201 (P<x17$27{01’ Ul’t)’:vzle_Jre - P(xl’xz’vl’ Ulj)‘zz:xf*&)

(2.17)
)\(xhvl)p(xl)vht) - )\(*rla _/Ul)p(xh _Uht) = 0

The joint density P is not specified at the interfaces, but we expect an expression for
P that is uniformly valid over the entire interval [0, L]. For freely moving particles,
we may take P(xy, o, v1,v2,t) = p(z1,v1,t)p(xe, va,t) (closure approximation); however,
this approximation is invalid for a correlated system. Therefore we seek a more reliable

interpretation for P asymptotically.

2.3.2.2 Evaluating the terms at the interfaces

An asymptotic expansion allows us to find an approximate P which does not breaks down
in the interval (x; — €, 21 + €). We implement the idea that when two particles are far
apart (|x; — x2| > €), they are independent, whereas when they are close to each other
(|1 — x2| ~ €), they are correlated. So we identify two interior layers at x; + € and at
x1 — €. Note that, when z; is close to 0f), it creates a boundary layer at 0€2; however,
since we assume that the length of the domain is higher than the particle’s diameter, we
may ignore this boundary layer.

In the outer region, where one particle lies further from the other particle (|zg — x1| > €)
define P,y (21, x9,v1,v9,t) = P(x1, 29,01, vs,t). Since particles are identical and indepen-
dent to leading order, for some distribution function ¢, we define the outer solution with

0 dependency. Indeed, we may think of § as a small parameter that depends on e.
Pout (71, 02,01, 02, 1) = q(21,v1,1)q(22, V2, ) + 5Po(iz($17$2, V1, Vg, 1)

In the correlated region, we introduce the boundary layer coordinates xy = =z, and
To = T1 + €T (see Figure 2.2(b)). Then the interface conditions (2.10) and (2.11) change
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accordingly, such that

p(ij,i’,?ﬂ,?)g,t) =1+ = 5?(@‘1, 1+,C,—C, t)

F=1—
o . . - (2.18)
P(&1,%,v1,v9,t)|5- - = —0P(&1,—17, —c,c,t)

Expanding the outer solution in terms of the inner variables, we get

o ) i i, 0P
Pt (%1, Z,v1,v9,t) = q(Z1,v1,t)q(Z1,ve,t) + exqa—jq + 5P0(i2 + (56th +... (2.19)
1 1
When v, = —wvy, the appropriate expansion for the boundary layer solution is in powers of

5, p(i'l, i’, V1, Vg, t) =~ po(i'l, .531 + E.i', V1, Vg, t) + 5]51(551, (%1 + Eii', V1, Vg, t) + ... that matches
with the outer solution at the interfaces as well as |Z| — co. Substituting the expansions
into (2.18), the O(1) and O(e) terms yield

]50 = (J(le,vlat)Q(thQ;t) + 65%@@177117& (571,U27t)

Er
If we suppose that Po(ig = P,n(l)(fvl, Z1,0,t) for & > 1 and PO%Z = Pl(l)(i'l, T, U,t) for & < —1

we get, at the right interface

0(5) : Pr(l) - pl - Q<3~3170; t>Q<j17 —C, t)a
orP" 0P,

) o
i~ o — 1@ e gali, —e ),

O(de) : 97,

and at the left interface

0<5) : ﬁl - Pl(l) = _Q(i'la —C, t)Q('ilvca t)a
)2

_ a .
i — 8_921 = q(Z1, —c, t) (Z1,¢,t).

O((SG) . a_;ilq

We may now go back to the integrated equation (2.17) and use the above results to

evaluate the terms at the interfaces.
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~ - F=1+ ~ - F=—17
P(l'lax?vl;UZat) F=1— + P(wlax7vl>v27t) F=—1—

(1) 5 (1) ~
W _pop_ pd or:” op. op  oP
) (Pr P+ P - P, ) + de ( 0% 0% + 0% 7,

0 0
(56 ;’Z’,C,t—~ L%,—C,t + Zi',—C,t—~ ‘%,C,t
1) gt —et) + alin ) gt
Since particles are identical and indistinguishable, we can write the nonlinear term, in

general, as

o (@1, 01,t)q(Z1, —v1, 1)

6_
071
and change the variable from Z; to z;. From the normalization condition (2.4) on P we
find, q(zq,v1,t) = p(xq,v1,t) + O(e) (Detailed description is given in appendix A.1.1).
Hence, density p(z1,v1,t) satisfies, to O(e), the nonlinear kinetic equation
Ip dp

0
LI SRV Pl —y,t /
ot + vy 8.171 + 01568331 (pp(xla V1, )) + )\(xhvl)p(xhvlv ) (220)

—Az1, —v1)p(x1, —v1,t) =0

Recall that we began our analysis considering pairwise interactions at O(e) which can
now be easily extended to N particles. For a particle interacting with N — 1 remaining

particles, we find

dp dp 4
ot T gy, T 20V = Ddeg— (pp(ar, —v1, 1) + Mo, v)p(an, v, 6) - (2.21)

@1, —v1)p(21, —v1,t) = 0

with the initial condition

p(xhvho) :po(Il,U1)

and the boundary condition

p(a1,v1,t) = p(a1, —v1,t)

Equation (2.21) describes the evolution of a particle at position x; with velocity v; at
time t > 0. Due to excluded volume effects, the PDE is nonlinear in the transport term.

If we separate the left and right moving densities p*, the kinetic equation can also be
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written as,
opt  op* 0 _ _ _
— — N —1)de—(p* + +t = _
Y + co + 2¢( )(56(% (PP )+ A (x)p" = A (x)p” =0 (2.22a)
op~  Op~ 0, _ _ _
— —c— —2¢(N —1)de— + — AT T = 2.22
5 " Cap 2 Joeo—(p7p7) + AT (2)p” = AT(2)pT =0 (2.22b)
The above PDE system is fairly similar to the model in previous work [%1], except now

the nonlinear term incorporates a collision probability. Although we assumed a small §
for the first-order perturbative correction, the probability may take any value between
zero and one as far as the model concerns; the extreme value resembles a collision system
(or single-file channel). We later determine the expression for ¢ in terms of the sizes of
the particle and the container. One can also think of this model as an off-lattice ver-
sion examined in [99]; however, the reduced continuum model we have obtained for the
population-level behaviour differs from the corresponding continuum limit of the discrete
on-lattice counterpart model. Specifically, the nonlinear transport terms of the coupled
system of hyperbolic PDEs obtained due to crowding effects do not agree with those de-
rived in our model.

We will next look at some mathematical properties of the system (2.22), restricting our
attention to the following nonlinear hyperbolic system of conservation laws (without ve-
locity jumps)

ap 0

—+—F(p)=0, 0<z<L, 0Z¢t<T 2.23
S F() =0, 0<u<L, 0<t< (223)

—cp” —c&pp*t
F, for a noninteracting system (2.5) yields linearly degenerate fields

()0 -

whereas for the interacting system produces genuinely nonlinear fields

{ c<a+\/5>,(‘1‘§(p++p)_ﬁ>],

+ + o
where p'= (p_) and F(p) = < PP > with & = 20e(N — 1). The Jacobian of
p

§p~
[da_m (<>“5)]}

(2.25)

Ep~
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where a = —€(p+2_p7) and b=1+&(p" +p7)+1(&(p" - p))°. Since the eigenvalues are
real and distinct, the system (2.23) is strictly hyperbolic.

We assess the validity of both the models (2.22) and (2.23) by examining the solutions for
both particle-level and population-level models in the following sections. The eigenvalues
and its associated eigenvectors above are essential to understand these solutions from
the numerical methods. This analysis shows the conditions under which the model can

describe population-level behaviour emerging from the particle-level dynamics.

2.3.2.3 Long-time dynamics of the kinetic model

The reduction of the point-particle velocity-jump process to a telegraph equation was
effortless; however, the process becomes more involved with finite-size particles due to
nonlinearity of the transport term. In fact, we can only expect to obtain diffusion limit
as an asymptotic description of the velocity-jump process.

We begin by rewriting the system in terms of the total density p(z,t) = p* + p~ and the
flux j(z,t) = c(p™ —p7).

dp 05

ot Tor !
9j | 20p 0 99 + - o (2.26)
8t+cax+6€<N 1>8x(6p J)+cAT=AT)p+ A" +A)j=0

with no flux boundary condition

From the representation (1.12) for the turning frequencies AT and A~, we can further
simplify the above equations. We then introduce the parabolic scaling ( = vy for space
variable and 7 = ~%t for time variable, where 7 is a small dimensionless parameter [70].

This yields the scaled system of equations,

9% 95 _,
Tor Tac ~
| (2.27)
122 100 (N = 1) (2 — %) — 29X e p+ 2haj = O
or aC aC a¢ °

Applying the regular perturbation expansions p = pg +vp1 + ... and j = jo +vj1 + ..., we
get
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9Jo
o
2X0j0 =0

=0

which implies the trivial solution j, =0

0 dj
o) ;ﬂ + aigl =0

8p 0 08 .

8£+6( )(9C(C po) — 2¢° XaCPo+2)\091:O
eliminating j; from the equations we get the drift-diffusion equation

dpo o[ c Opy 2 X (95

—_— == 14 2¢6

or ~ ac | g 20N = Dpo) 57 = 3o g0

In the noninteracting system, we found a PKS type diffusion model with a constant

(2.28)

diffusion coefficient (2.8). But here, we identify a density-dependent diffusion coefficient
D(p) = %(14—265 (N—1)p) which coincides with the collective diffusion coefficient studied
by Bruna ([12], chapter 2). The diffusion is increased relative to point particles by O(e),
while the drift term remains the same in both models. This increment in the collective
diffusion coefficient is because collisions influence propagation towards low particle density
areas (see [12], section 2.5.1). We expect a close result from the two-dimensional kinetic

model as well.

2.4 Time-dependent solutions

In this section, we study solution strategies based on characteristics for time-dependent
hyperbolic balance laws. Rather than adhering to standard numerical methods, this ap-
proach is comprehensive and practical. Numerous work has contributed to understanding
nonlinear hyperbolic systems of equations, such as the shallow water equations [!] and
compressible Euler equations [09]. The main ingredients in the study of such systems
are the concepts of characteristics and Riemann invariants. We apply them for both the
theoretical and computational developments in the system we study. To begin with, the
equations in (2.22) can be represented as a hyperbolic system
op

E*aﬁ (P =glx.p), 0<z<L, 0<t<T (2.29)
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where terms on the right-hand side have the same definitions as at (2.23) and the left-hand
A (@)p™ — AT (2)p*
A (z)pt = A~ (2)p~
fields (2.24) of the uncoupled system (2.5) give rise to the following system of ODEs:

side has the source term §(x, p) = ( > . When € = 0, the characteristic

dp™

il g1(z,p) along x =ct+ x

“ (2.30)
d_]t) = go(x,p) along x = —ct+ xg

with the initial condition pF () and the reflective boundary conditions. The system can be
solved by employing a numerical integration method with a fixed time step, which is not
the case in a nonlinear system. When € # 0, for every p € R? we found two distinct real
eigenvalues paired with two linearly independent eigenvectors (2.25). But the structure of
these eigenvectors does not provide much help for the latter computations; alternatively,
we consider the periodic extensions for the marginal densities.

Let up(x,t) be the odd extension of p™ —p~ and uy(x,t) be the even extension of p™+p~.

Then the solution domain changes to [—L, L], and substituting p* = “1"5“2 and p~ = 54
in to (2.22), the non-conservative system reads

ou ou

— +JU)=— =g(z,u), —L<x<L 0<t<T

or T W5y = 9@ d) (2.31)

with the periodic boundary condition u(—L,t) = w(L,1),

- 1
where @ = <u1>7 J () = ( S —B£U2)> and the source term

U9 C

PR H1Ug + oty
gz, ) =

system to analyse time-dependent solutions. Essentially we expect to get two ODEs for

with gy = A7 — At and pg = —A~ — A*T. We use this extended

some algebraic combinations of u; and uy along the characteristic curves.

2.4.1 A" =0 When particles do not experience random changes in the direction, we
can simply ignore the source term in (2.31). In this particular situation, the solution of
(2.30) is simply pi(x F ct). In an interacting system, we still find velocity changes due to
collisions, but we expect the nonlinear system to behave like the noninteracting particles
linear system at lower values of collision probabilities. Besides, the solution procedure
becomes more involved in the presence of nonlinear transport terms. To solve the system

(2.31), we first derive the characteristic ODEs from the eigenvalues and their associated
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eigenvectors. We then find functions that are invariant along the characteristic directions
and satisfy a set of convective equations.
The eigenvalues
_ _ §uy
A=cla+Vb) of J, where a=—>— and
2 . (2.32)
b=1 + fUQ + 4_1(51“)2

represent the characteristic directions at which hard particles propagate, paired with the

left eigenvectors
V =(1,—a+ Vb (2.33)

The system is strictly hyperbolic, because the eigenvalues are all real and distinct, as long

as b remains positive. Also, the A;-characteristic field is genuinely nonlinear as

c&2uy c€2uy
VA (uy,us) - Vi = d VAg(ur,ug) - Vo = — f 0.
1(U1 U2> 1 2\/1_) an Q(U,l UQ) 2 2\/5 or f?é

When the system (2.31) is multiplied by the eigenvectors, we derive the following PDEs

(w1)e + Ai(ur) s + Vial(ug)e + Aj(u2),] =0 for ¢=1,2

which then condenses and collapses down to two ODEs:

along the characteristics x'(t) = A;(uy, us),

du1 dUQ .
o — g = f =1,2 2.34
Vi p +V o 0 for 1 (2.34)
Since the asymptotic expansion is accurate up to O(e), we expand Vb and include terms

upto O(¢). This approximation simplifies the above ODEs into

duy dus
— T S(un + w))—= =0,
duq duy
T Gl —w) =) 55 =0,
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which are integrable using an integrating factor. Hence, it follows that the Riemann

invariants are

gug

Ri(uy,ug) = (u; +ug)e 2 on characteristics xz(t) = c(l + g(uQ — ul))t + 9,

(2.35)

Sug

Ro(ui,us) = (u1 —ug)e = on characteristics  z(t) = —c(1 + %(uz + up))t + zg

It is possible to obtain an exact solution for p™ and p~ in the nonlinear system (2.22)
during this unbiased situation. Since R; and R, are constant along their respective

characteristics, given the initial conditions, say u%(zo) and u3(xg), we write

Ri(uq(z,t), us(z,t))
Ro(uq(z,t), us(z,t))

Ri(ul(z — At), ud(z — Aqt))
Ro(ul(z — Agt), uy(z — Agt))

Now solving the above system, we get

1 1
pt = Z(R(; + RY)exp [-W(§re-rY)] + EW(%(RQ—RQ))
(2.36)

1
== (RY + RY)exp [-W(§(re-RY))]

p = 5VV(E(R?—R%))
where RY = Ry (ul(x — A1t), ud(x — Aqt)), RS = Rao(ul(z — Agt), ud(z — Agt)) and W is
the Lambert W function.

1
4

2.4.2 \* # 0 When the system possessed by an external signal, the particles begin its’
random turns unfolding the source term §(x, ) on the right-hand side of (2.31); hence,
following the same reasoning as in zero turnings, the system of ODEs (2.34) returns

du

d
Va s+ Vi

— Virgi + Viags for i=1,2
7 7t 191 + Viaga 1or 1

We can write the above system in a more concise form with the approximation to v/b; the
solutions propagate according to the differential equations
dR gu
— = ¢ 2" G(uy,uy) along the characteristics
dt (2.37)
x'(t) = Q(ur, u2)

where R = (R, R2) as defined in (2.35), G is the source term whose entries are V; - § =
pius + poug for i = 1,2 and Q(uq,us) = (Ay, Ag). The equations are integrable along

the characteristics. So computing the solution of the kinetic model (2.22) is equivalent to
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Figure 2.3: Signal functions: (a) S(z) = 1 — 2|z —0.5| with Ay = 2.5, (b) S(z) = 2¢~30 (= ~0.5°
with Ag = 20.

numerically generating the characteristic paths in spacetime. In the following section, we
discuss the methods of solving the full-particle systems and later match the results with

the numerical integration.

2.5 Full-particle simulations

In this section, we develop algorithms necessary to perform simulations of velocity jump
particles with (and without) hard-sphere interactions. We apply a simple time-stepping
stochastic simulation algorithm for point particles and an event-driven kinetic Monte
Carlo method for finite-size particles. To this end, we need to be more specific about the

signal function S. In one dimension, the turning frequency (1.12) becomes
M=\ FexD,S(2) (2.38)

and we consider two forms of signal functions which are given in Figure (2.3). The
Gaussian function is also used as bias interaction kernels in IBMs, where the neighbouring

individuals influence the travelling direction [94].
2.5.1 A Stochastic Simulation Algorithm (SSA) In a one-dimensional velocity
jump model, a particle positioned at X (t) evolves according to

dX
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This can be discretised using a finite time step At as
X(t+At)=X(t)+ V(t)At (2.39)

The initial positions X (0) are drawn from the initial density FPy(Z, 7). A point particle
which undergoes a velocity jump process has only two possible events; reflection near
boundaries and random turns. The reflective boundary conditions can be implemented
as follows:

If X(t+At) <0, X(t+At)=-X(t)—V(t)At

If X(t+At)>L, X(t+At)=2L—-X(t)—V(t)At (2.40)

complemented with V(¢ + At) = =V (¢).

The above conditions are used to avoid particles moving outside the domain walls when
stepping forward in time. However, they do not generate new positions; instead, detect
the wall, switch the velocity and proceed the random walk (that performed outside walls)
in the opposite direction. The final step is the execution of the random velocity jumps.
During the time interval (¢t + At) a particle will turn with the turning probability AAt;
otherwise, advances with the same velocity. The turning rate A has two possibilities based
on the particle’s direction of motion and is chosen according to the formula (2.38). (See
appendix (A.2.1) for the complete algorithm.)

We observe particle-particle interactions apart from random jumps and wall collisions in
a closed, narrow channel with finite-size particles. Therefore at the end of each time-step,
every sphere must be checked over every other for overlaps. A system of N particles gen-

erate Y=Y guch checks. If collision (one or more) occurred, the new velocities would be

2
computed by turning back the clock to the collision time and then continue the simulation.
It is essential to choose a small time step to avoid dropping any interaction. Despite the
simplicity, these checks at a minimal time interval increase the computational cost of the
method. In the next section, we present an improved algorithm to deal with finite-size

particles.

2.5.2 Event-driven kinetic Monte Carlo (KMC) algorithm. To perform sim-
ulations on velocity jump particles with hard-core interactions, we use an event-based
algorithm that fits into the general class of KMC methods. During this event-driven
algorithm, realisations advance from event to event [72]. The time is calculated for the
next possible event; hence automatically adjusts the time step and avoid missing any
interactions.

There are three types of events in our problem; collision with another particle (with
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probability ¢), collision with boundaries, and random velocity jump. Again from the low
volume fraction assumption, we can safely ignore three or more particle interactions. A
particle can bypass its neighbours and interact with a distant individual or with the walls.
Therefore, it is necessary to check the interactions of each particle with every other par-
ticle and walls. We may divide the domain into cells such that each section contains two
or more particles. This way, we can compute interaction times within a cell; however, a
higher number of occupants bring the step complexity back to an O(N?). Moreover, an
individual may experience instantaneous directional changes in between pair interactions.
Consequently, we expect different event queues from two consecutive iterations.

Let us now closely look at the basic operations in the algorithm for a chaotically colliding
N hard spheres in a narrow channel. The state of sphere i consists of position and veloc-
ity along with the last updated time ¢; < ¢, where t is the current simulation time. The
trajectory of the sphere is a unique straight line; thus, given the current configuration,
we can calculate position X (¢ + At) using the equation (2.39). If a particle reverses its
direction in the presence of an external signal S(x) at an instantaneous random time, we
can compute the next turning time ¢t 4+ 7. The derivation is adapted from the lecture note

[25], where we replace the chemical reaction rate with the turning rate (2.38).

X@®)+V ()T

1
o (—) = [ wa
X()
X(8)+V(t)r
= / Xo — XV (t)S,dy
X(1)

=XV ()T —xV(t)(S(X +V7)—S5(X))

where 7 is a uniform random number from the interval (0,1) and V/(¢) is either ¢ or —c.

When the signal function is of the form 2.3(a), we have

No+2Vy) i (1), 0.
L)oo Tin (G = A= (2.41)
(Mo —2Vx) tIn (%

and the signal 2.3(b) yields,

I (1) — AT — 2 (e—50(X+v7—0.5)2 _ 6—50(X—0-5)2> (2.42)

r
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To find 7, one can use either Newton-Raphson (NR) method or MATLAB fzero function.
Next suppose two hard spheres, ¢ and j, positioned initially at X,y and X with velocities
Vio and Vjo. If two collide, given the collision probability d, we can compute the collision

time at € = |X] — Xl|
|Xj0 _XzO‘ — €
[Vio = Viol

teoll = (2.43)

The interaction time finds a finite value only if two particles move towards each other
(Xjo—Xio)(Vijo—Vio) < 0 and collide with the specified probability; otherwise, we assume
a large value for t.,;. Besides, a collision does not occur at all if two particles moving the
same direction, |Vjo — Vig| = 0; or if already overlapped, | X ;0 — Xjo| < €. After a collision,
their velocities experience jumps. The final event time is the reflection on the walls, and

it can be calculated by dividing the distance to the wall from its speed.

(L—X)/Vi, Vi>0;
twall = (2.44)

Due to unidirectional motion, a particle will only hit either end of the channel. The
reflection time set to a large value if the particle moves away from the wall.

The above three functions create the event queue, and the algorithm picks the minimum
next event time. Using equation (2.39), every sphere will advance their position according
to this minimum time, but only the selected event’s participants change their velocities. To
avoid particles leaving the domain during the position advancement, we use the reflective

boundary conditions (2.40) (the basic algorithm is given in appendix (A.2.2)).

2.6 Comparison of transient solutions

This section is dedicated to assess the validity of the kinetic model 2.21 from the transient
solutions. The solution procedures studied under previous sections are illustrated through
practical numerical examples and the numerical results are compared with particle simu-

lations.

2.6.1 Numerical Integration Since an analytical solution for the nonlinear kinetic
model (2.22) is not achievable with varying turning rates over x, we resort to a numerical
integration method along the characteristics. This way, we avoid problems that occur
when using standard numerical methods for solving PDEs. We have already established

the equations for this numerical integration in section (2.4), where we have found a set of
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Figure 2.4: Two characteristics originating from xg = (z1,x2)|o at time to = (t1,t2)]o intersect
at P(zin,tin), then reach x1 = (x1,x2)}1 at t1 = (t1,t2)]1-

ODE:s for the Riemann variables Ry and Ry on the characteristic directions (2.37). Given

the initial conditions, we can obtain the solutions elsewhere by integrating along the

characteristic curves, and the numerical procedure is the simple Euler’s approximation.

Each integration step requires information carried by both sets of characteristics, and

they themselves depend on both u; and us which leads to a nonuniform grid.

Let us now establish the algorithm according to (2.37).

S1

52

S3

S4

Determine the time and position of the intermediate crossover point P(x;,, t;,) of
the two characteristics originating from xo = x(tg) (see Figure (2.4)). Here we use
the two equations; x;, = xg + (hi, h?) o Q, the output from the Euler’s step and

tin = to + (hi, h?), where his are the time steps for their respective characteristics.

Calculate the Riemann variables R at P using
R(Iin, tzn) - R<X07 tO) + (hia h%) © G

Each element in R is a combination of u; and us along the two curves, which gives

us two equations to solve and find the updated u; and uy at the crossover point.

Using the updated u; and wus calculate the new positions x; = x(t;) beyond the
intersection point. Similar to equations in S1, again from the Euler’s step we have
X1 = Tip + (h3, h3) 0 Q, and t; = t;, + (h, h3).

Find R beyond intersections using

R(x1,t1) = R(in, tin) + (h3, h3) o G
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Here hi and h, for i = 1,2 are calculated from the equations given in S1 and S3. The
total time elapsed, say h, is the sum of h}{ and h} along each characteristic. We cannot
maintain a fixed h since h} and h’ are constantly changing during the process. We may
start off with a uniform grid at ¢ = 0, but subsequently follows the characteristics. Hence

the curves will be approximate straight lines.

2.6.2 Numerical examples The numerical examples presented in this section aim to
the followings: illustrate the behaviour of the systems under biased and unbiased condi-
tions, investigate whether the model and associated discrete processes support travelling
wave solutions, and examine the effect of changing parameters, such as the size of the
particles and collision probability, on the solutions. Unless explicitly stated otherwise,
we consider a set of N = 100 particles with speed ¢ = 1 and chemotactic sensitivity
coefficient y = 1, placed inside a channel of length one (L = 1). Given the size of the
indistinguishable particles and the width of the channel, the formula A.3(iii) calculates
the collision probabilities.

In the event-driven algorithm, we generate random initial positions for the particles at the
beginning of each realisation; simultaneously, we avoid overlaps. The collision probability
will take care of the overlaps during iterations. The histograms were produced by dividing
the domain into 40 bins. At each step, we check the number of particles in each bin; sub-
sequently, the cumulative average is calculated; dividing the resulting value in each bin
by the number of steps, total particle count and bin width. For the two signal functions
(2.3(a)) and (2.3(b)), respectively performed 5000 and 500 realisations. Effectively, this
implies that we are using 5 x 10° ( and 5 x 10*) trajectories of all N particles to compute
the one-particle distribution histogram.

For the numerical integration, the domain [0, 1] is divided into & = 200 spaces. At the
beginning of each time step h, two characteristics emerge from each grid point z; while
at the end, two characteristics meet at each x;. As said in the earlier section, We may
be only able to choose an equidistant grid at the beginning of time. The subsequent
paths and time step will be computed automatically in the numerical procedure. At the
boundaries, we impose periodic boundary conditions.

The solid lines and the circles represent solutions for the PDE models and the KMC
simulations, respectively. In all figures, we follow the colour code (for both lines and
circles): , the point particle system; blue, the narrow channel system; red, the
collision system. Figures (2.5) and (2.6) collate simulations of both noninteracting and
interacting particles at time ¢ = 0.3. Initially, all the particles are evenly distributed

across the domain. We fix width of the channel (/) to 0.01 and examine the solutions for
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Figure 2.5: Transient marginal densities from the signal function (2.3(a)) when e = 0 (green),
5(0.002,0.01) = 0.4375 (blue) and §(0.005,0.01) = 1 (red). The particle simulations (circles) are
obtained by 5000 realisations.

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
X X X

Figure 2.6: Transient marginal densities from the signal function (2.3(b)) when ¢ = 0 (green),
§(0.002,0.01) = 0.4375 (blue) and 6(0.005,0.01) = 1 (red). The particle simulations (circles) are
obtained by 500 realisations.
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Figure 2.7: Transient marginal densities when A* = 0. Numerical results in the leftmost and
middle columns show the band travels to the right and left, respectively. The particle simulations
(circles) are obtained by 5000 realisations.

0.0314 and 0.1962 occupied fractions; the latter occupancy yields a collision system where
5(0.005,0.01) = 1.

We plot a subpopulation of right-moving p*, a subpopulation of left-moving p~ and the
total population p = p™ + p~ for a simple non-tumbling case in Figure (2.7), and with
biases in Figures (2.8) and (2.9) upto time ¢ = 0.4. The initial particle arrangement is
given by

95 45

par(x) - —]1[0,27().4] and pa (;(;) = m [

= 100 0.6,0.8]

We compare the numerical predictions of the narrow channel system with those cor-
responding to both the point particles and the single-file models. For more readable
graphs, we avoid particle simulations of the latter systems. The particle size is fixed to

€ = 0.002 so that Ne? remains constant during model comparison. We, therefore, change
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Figure 2.8: Transient marginal densities for the signal function (2.3(a)). Numerical results in
the leftmost and middle columns show the band travels to the right and left, respectively. The
particle simulations (circles) are obtained by 5000 realisations.
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Figure 2.9: Transient marginal densities for the signal function (2.3(b)). Numerical results in
the leftmost and middle columns show the band travels to the right and left, respectively. The
particle simulations (circles) are obtained by 500 realisations.
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the width of the channel to 0.004 to form a collision system. This comparison will explain
the importance of excluded volume effects on the propagating wavefronts in biased and

unbiased conditions.

2.6.2.1 Discussion

In the above numerical examples, we illustrate the time-dependent behaviour of the sys-
tems in the case of both vanishing and nonvanishing turning frequencies. In Figures (2.5)
and (2.6), the theoretical predictions for both point (green) and finite-size particles in a
narrow channel (blue) compare well with their simulation counterparts. Particularly in
the narrow channel, when 3.14% of the domain is occupied we observe 56.25% overlaps.
Due to this low volume fraction as well as more overlaps, the model and the simulations
are essentially in a close convergence. However, excluded-volume effects are significant in
the collision system, especially at the peaks !. An apparent reason for this observation is
that the high volume fraction (19.62%) occupied by the particles. In fact, we expect ap-
proximately the same outcomes for the narrow channel under this large occupied fraction.
Note that significantly fewer simulations were required for the signal function (2.3(b))
compared to (2.3(a)), as particles reorganize themselves rapidly under higher baseline
frequency.

The collision-free and single-file channel plots are the reference points that allow us to
see the competition between the most favourable signal environment and the volume ex-
clusion of finite-size particles. In general, we find higher densities around the peaks of
the signal functions as individuals aggregate into favourable regions. However, the peaks
are reduced for the narrow channel system (blue) and further reduced for the collision
system (red). In other words, the higher the collision probability lesser the peak. This
is because not all particles can be in and around the highest point of the signal. A par-
ticle redistribution would also co-occur, allowing more particles closer to the ends of the
channels (this can be clearly seen in the subpopulation plots of Figure (2.5)). Initially,
particles are evenly distributed in the domain; therefore, we do not find deviations in the
subpopulation densities about the centre after time t.

The idea of distinct waves for subpopulations is pursued in [20] and [#%]. The former
referred to travelling bands of point particles, while the latter suggested that in the case
where the travelling wave speed coincides with the individual cell speed. The wavefronts
of the point particle system (2.5) travel at constant speed c. Since € = 0, overlap within

the band is not a factor. However, when e # 0, velocity changes due to collisions. From

IThis effect is minor in Figures (2.5) compared to Figures (2.6) as the gradients of signal (2.3(a)) are
much more shallow than those of signal (2.3(b)) around the centre of the domain [31]
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the plots (2.7) and (2.8), we find the nonlinear system (2.22) match the noninteracting
particles linear system up to ¢t = 0.1; thereafter, two fronts collide. Specifically, in the
narrow channel, only 43.75% collisions are involved in this. The rebounded waves at
t = 0.3 are shifted outward; apparently, this shift progresses with the increasing collision
probabilities, which the eigenvalues (2.25) describe. We find the characteristic speeds, to
O(e), At =c+c&p~ and A~ = —c — c&p™, where £ = 20¢(N — 1). The maximum, 6 = 1
recovers the single-file nonlinear system [%1].

When X\ # 0, whether the particles are point or finite in size, they undergo instantaneous
velocity changes; waves distort before collisions (Figures (2.8) and (2.9) at ¢ = 0.1). The
travelling bands further disrupted due to interactions between finite-size particles, and
the difference between the linear and nonlinear PDE solutions become more noticeable at
t = 0.2. The 56.25% overlaps again raise the crowd in and around the centre of the narrow
channel domain compared to the single-file channel. Note that, higher baseline frequen-
cies stimulate the kinetic waves to diffusion mode. Hence we do not observe continuing

kinetic waves in Figure (2.9).

2.7 Stationary solution

In this section, we compare the steady-state solutions with the stochastic simulations
of the full particle model. In one dimensional setting, it is feasible to derive an exact
stationary solution. However, this is not the case in higher dimensions, and we will see
this in the chapter (5). For the full particle system, we use an indirect sampling method
known as the Metropolis Hastings (MH) algorithm.

When the system is at equilibrium, p is independent of time t; therefore, (2.26) yields
4 — (. From the wall-particle boundary conditions it follows that, j = 0; hence, the

dx
stationary density py satisfies the ODE

dpst
dx

dpst

s 2(N — 1)coeps:

+ (AT = A )pa =0 (2.45)

c
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Set £ = 2J¢(N — 1) and A = AT — A7, then

1 dpst dpst /\

Dst dz _'_6 dx - _z
A
1npst + gpst = - / <Cy> dy +InA
0
In(EpgetPr) = In(Age™Ji “edv) (2.46)

Ay) dy

<€pst>e£pst — Ageifox G
Dst = %W(Aée ) wdy)

where W is the Lambert W function and A is a constant to be determined using the

L
/pst(ac)dac =1
0
2w g

Note that, e = 0 returns the solution for the point particles py = Ae=Jo ~&" .

normalisation condition,

2.7.1 Full particle system To derive the stationary solution for the full particle
system, we consider the higher dimensional PDE (2.1) for two particles travelling with
velocity v; = —vg € {¢, —c}. To ease the notation, we use the superscripts +—, —+ for

the velocities of the joint density P(x1,x2,v1,vs,t) in the order of 21 and x5, and write

orP*t- oP*- orP*-

_ + P+— o\ P
_875 + C—axl 6_81‘2 + )\ (131) (.’L’1, ZL’Q) )\ (271) (1‘1, 1’2) (2473)
+)\7(2L’2)P+7 - )\+(SL’2>P++
oP~* 9P+t op~t
_ A~ Pt " ptt
En C@xl +c(9x2 + A (7) (71, 22) (z1) (1, 22) (2.47b)

AT (o) P~ — A" (a9) P~

with the reflective boundary condition on x; = 0, L and the interface conditions (2.10) at
the right interface, and (2.11) at the left interface.

Let the total density and flux be (p1,p2) = (P + P77, P"" + P'") and (j1,j2) =
¢(Pt — PV P"F — P¥7), where v is either ¢ or —c. Note that, the flux has no inflow
towards the excluded region while the total density has jumps across interfaces. For

instance, at the left interface, the sum and the difference of the two conditions (2.11a)
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and (2.11b) yield, respectively,
Jilzr,zy —€) = ji(z1, 2] —e)
and
p1(x1, 27 —€) — pi(xy, af —€) =20P " (z1, 2] —¢€)

We use the latter to establish the steady state solution for interacting system. Adding

equations (2.47), the kinetic model in terms of the flux at the steady state reads as

07 N 01 N AP(z) = A (z1) . AT(x9) — A (22)

Oor;  0xy c J2t c

J1=0 (2.48)

For two arbitrary functions /7 and 15, the exponential functions

v AT (W) -AT () g _ e At -aT W g

g1 =Y1(xq)e Jo c and  jo = a(x2)e Jo c

satisfy equation (2.48) and the no-flux boundary condition yields (ji,j2) = 0 for all
x1, 29 € [0, L]. Tt follows that, p; = 2P}" = py = 2P4" = Py(Z), which yields the kinetic
equation in terms of steady state P, as

a]Dst aPst A(xl) _ A(xQ)

- P, =0 9.49
01y 0o + c ¢ ( )

where A(z1) = AT (21) — A7 (1) and A(xg) = AT (22) — A7 (22).

The solution for the above equation is

_orrr A) g re2 Adu) . .
P, = Ae Jot S du=fo* = du  where A is an arbitrary constant.

In fact, there are three different arbitrary constants in the interacting system, one for
each region excluded by the two particles connected by the interface conditions. Let Aj,
As, and Asz be those constants for left outer region, inner region and right outer region,

respectively. For z1 > x5,

Py(z1, 27 —e)[1 = 8] = Py(ay, 2] —¢)

x

z1 A(u
Ale_ fO ! (c )d“_fo

- +
1 7€ A(w) _orrr A) g P TC Adw)
. du[l _ (5] _ AQ@ o du— [ Hdu

c
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Figure 2.10: Schematic of the excluded domain for three interacting particles when one particle
is fixed at x1. The shaded areas show the inner slabs of width 2e.

and since A\(x) is continuous, we get A;[1 — 0] = As.

For x1 < x4, the equation

Py(z1, 27 +€)[1 — 0] = Py(x1, 2] +€)

+ —
_orr A g 1 T Adw) _orm A@) g pT1 T Adw)
Ase Jo = du=Jo 3 d“[l — (5] = Ase Jo! = du=Jo e du

implies A3[1 — 0] = Ao.
Therefore, the stationary solution for a system with two identical particles can be written
as,

A(u) du

Pst = A[l — 5]6 i=1

o=z

where A is the arbitrary constant in the outer region. Note that, the collision probability
0 is invariant to switch of particles, and we still adhere to the low volume fraction as-
sumption. Using a similar approach, we can show that vector flux is zero for a system of

three identical particles and establish the stationary solution

Pst = A[]_ — (5]26 =10

In two dimensions (two particles), the inner region is a diagonal of width 2¢ (see Figure
2.2(a)), and we have already computed the density jump, which changes from a factor of
(1—10). In three dimension (three particles), a slab of the same width along the diagonals
represent the inner regions. As depicted in Figure (2.10) when one particle is fixed at x,

the density changes from 1 — ¢ when first enters from the inner slab of the second particle
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and then from (1 — §)? further from the inner slab of the third particle. If the system has
n(< N) interacting particles, one particle has n — 1 inner regions.

i.e. for position index i # j, define

1 |z;—z;| <e€
gb(l‘ivxj):{ 0 | j|

|z, — x| > €
Then,
N-1 N
=2 2 denwy)
i=1 j=1

Thus, we can write the steady state solution as

Tg

-3 A) gy,
Pu(@) = All - 3]"@e 50
(2.50)
with the normalisation condition / Pudi =1
QN

If all the particles are noninteracting, then 6 — 0 and

s
=10 (251)
2.7.2 The Metropolis-Hastings algorithm Integrating (2.50) in higher-dimension

and direct calculation of A may not be feasible; instead, let us move to the application of

MH algorithm to the stationary state of our model. To begin, let ®(zZ Z f AW gy be
=10

the energy associated with the configuration & € Q. Then, the stationary density (2.50)
becomes
Py (7) = A[l — 6]"@e®@)  for ze QN (2.52)

Note that ® is not defined outside the domain; therefore, we set ®(¥) = oo for 7 ¢ QV.

The MH algorithm samples configurations according to the density Pj; as follows:

S1 Select a particle ¢ at random and calculate the close encounters with the other x;s
fori#7=1,2,....,N.

S2 Generate a candidate y;, = x; + hX where X ~ N(0,1) and h a tunable parameter.

S3 Count the close encounters with y, and x;s for i # j = 1,2, ..., N. (the difference of

above counts in step 1 and 3 = (n — 1))
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S4 Compute the difference A® between the current and modified configurations

S5 Accept y; with probability p = min(1,(1 — §)" 'exp(-A®)) and set x;41 = y;, oth-

erwise set X;11 = X;

At the " iteration, the candidate y is generated from a randomly chosen particle and
displaced it by a normal random distance. It is essential to understand how the density
function changes with the randomly chosen particle. Therefore, in steps S1-S3, we com-
pare the close encounters before and after modifying each selection. Both the displacement
of the randomly chosen particle and the acceptance rate controls by the tunable parameter
h. If it is too small, the chain will converge slowly; on the other hand, if it is too large more
likely to get a lower acceptance rate. It has been established that for high-dimensional
target distributions formed by independent and identically distributed components, the
optimal acceptance rate approaches 0.234 [32]. We used h = 0.1, and it does not change
the rate of convergence drastically. The calculation of the acceptance probability does
not require knowledge of the normalisation constant. Moreover, the higher the A®, the

lower the probability of acceptance.

2.7.3 Numerical comparison of stationary solutions From the one dimensional
form of the turning frequency (1.12), we get A = —2¢xD,S. Then, the equilibrium

solution (2.46) becomes
1
pst = EM/ <A£e2X(S(m)7S(O)))

With the signal function S(x), the expression for the Lambert W function is too com-
plicated to be analysed by the ordinary calculus; therefore, we use Matlab function
fminsearch of norm of the integral to estimate the constant A. Nevertheless, one can
also use the NR method.

Figure (2.11) shows the model and simulation results with N = 100 for both point and
finite-size particles of size € = 0.002 and unit speed. In a narrow channel of length [0, 1]
this corresponds to 0.0314 fraction of filled volume. The width of the channel determines
the collision probability; for [ > 0.004, particles can pass each other, while [ = 0.004
turns it into a full-collision system. In accordance with the transient solutions, we choose
[ = 0.01 which returns 6 = 0.4375. The histograms for the MH algorithm are produced
by dividing the domain into 40 bins, and initially the particles are evenly spaced in the
domain. An acceptance rate in the 0.1 order of magnitude, and 10° steps of the algo-

rithm produce the desired results. We monitor the number of particles in each bin at
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Figure 2.11: Stationary marginal density ps; (solid lines) and the simulations from the MH
algorithm (circles) for e = 0 (green) and e = 0.002 (blue). (a) Solutions corresponding to the
signal function (2.3(a)). (b) Solutions corresponding to (2.3(b)).

every step: when a proposed move is rejected, the old configuration is added over to the
count, whereas if the move is accepted, the new configuration is added. At the end of the
process, the cumulative average is calculated; dividing the resulting value in each bin by
the number of steps, total particle count and bin width.

The stationary solution of the kinetic model agrees well with the particle simulation re-
sults for both interacting and noninteracting systems. As in time-dependent solutions, we
see a lower density around the peak of the signal functions for finite-size particles. Even
though we did not include stationary solutions from the single-file channel, we expect a
much lower peak in this situation unless for considerably smaller particle size 2. A narrow
channel allows some overlaps based on the passing probability around the maximum point
of the signal while the colliding individuals redistribute to other accessible areas in the

domain.

2.8 Summary

This chapter has considered a system of N identical interacting hard-cores of size € and

unit speed in a narrow bounded channel that undergoes a velocity-jump process. These

2Stationary solutions for the single-file channel (collision system) has already been studied in [$1]
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random changes in the velocity are instantaneous and distributed according to a Poisson
process. The finite-size of particles means that the motions are correlated; the interactions
in a narrow channel give rise to the so-called interface conditions. From a high-dimensional
PDE, we obtained the kinetic model under the small volume fraction assumption whilst
considering the interactions at the particle level. The equations are nonlinear in the trans-
port term, and it incorporates a collision probability that resembles a collision system at
its maximum value. We have verified the model with numerical simulations, comparing its
solutions with the corresponding stochastic simulations of the underlying particle system
as well as against the interaction-free linear system. The plots confirm that the model
captures the features at the particle level rather well. Besides, we have implemented both
time-dependent and stationary simulations of the system. The time-dependent solutions
are non-dissipative as we have considered a systematic approach based on characteristics
for hyperbolic balance laws. Note that, we do not comment on the collision system’s
outputs as they are examined already in [¢1] following different conditions. The study of
this core model allows extensions in many directions. In the following chapter, we will be
considering distinguishable particles in a narrow channel. Another interesting but com-
plicated extension is that considering anisotropic particles to examine how the transport

model changes with noncircular particles [75].
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3.1 Introduction

This chapter extends the model of identical hard cores in a narrow channel to several
particles. Specifically, we allow two species in the system and each population to have
a different number of particles with different sizes. We name these species the blues
and reds [13] and intend to derive a continuum model that describes the evolution of
each species’ population density. The analysis will yield a coupled system of nonlinear
transport equations, one for each species. The procedure is similar to Chapter 2, although
now interactions among identical species as well as opposite species are possible. Only
the latter type of interactions involving one blue particle and one red particle must be
computed; the former is similar to what we did for one species. The integration step
produces an unknown collision term to be determined using the asymptotic expansion.

The common lattice-based modelling approach for multi-species size exclusion has been
employed to develop models for facing pedestrian traffic on a passage [05], interacting
bath-tracer particles inside a narrow channel [60] and subpopulation cell motility within
a large population of cells [90], in which the particle’s motion is restricted, and one
defines hopping rules to estimate the interactions. Nevertheless, we have already learned
the drawbacks of these kinds of on-lattice models. Surendran et al. [91] investigated
a lattice-free IBM and its macroscale continuum approximation considering interactions
between individuals in a population consists of two distinct species; chasers and escapees.

Unlike our finite-size exclusion model, the interplays are attractions or repulsions, leading

53



54

Multiple species in a narrow channel

to four types of interactions.

We begin the next section by writing down the particle level model for the two species
in the population. The species have a small memory effect allowing them to sense the
chemical concentrations along their trajectory and respond to gradients of concentrations.
We then derive the continuum model for the one-particle density functions. This setting of
keeping two distinct densities in the continuum model enables us to describe the evolution
of a single tagged particle and transport through static obstacles. As in the previous
chapter, we compare numerical solutions of the coupled system with the full particle
simulations and validate the model; however, we use a standard numerical method this

time as the characteristics are much more complicated in the balance laws.

3.2 Two species particle-level model

Consider a system which consists of NV, blue and N, red hard discs (or spheres) of non-
dimensional diameters ¢, and ¢,., respectively. The total number of particles N = N, + N,.,
and they are diffusing in a bounded one-dimensional domain of length Q = [0, L]. Regard-
less of the kind, every particle move either left or right with a constant speed ¢ € R™, and
the blue (and red) particles switch their direction based on Poisson processes with rate
Mo(zi,v;) (and A (z4,v;)) where z; € Q and v; € V = {—c¢,c} for i = 1,..., N. As before,
we assume a low particle occupied fraction, so that Nyef + N,.e? < 1. To give an instance,
the occupied volume fraction in a narrow flattened pipe is m ((%)2 Ny + (%’")2 NT> JIL,
where [ is the width of the pipe.

Three types of pairwise interactions are possible: blue-blue, red-red, and blue-red; the
lattermost is the one that needs to be computed. The two interacting individuals involv-
ing one blue particle and one red particle will be reflected at a distance €, = %(eb +¢€,)
preserving both momentum and energy.

We may divide the position and velocity vectors to represent blue and red indices sep-
arately and re-write equation (2.1) for a two species system. Particularly, the higher-
dimensional PDE in terms of the joint probability density P(Z,,t) in space

(21,22, oy TNy TNy - ) € QY and velocity (v1,vs, ..., Un,, Uy, -, On) € VY at time

t can be written as follows:

Ny
P
88_75 + 0 -V P+, -Vz P+ Z[Ab(xi, v ) P(Z, U, 1) — Ny(z4, —v3) P(T, 820, )]+
i=1
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with the initial condition,

wall-particle boundary condition,
P(Z,v,t) = P(¥,s;u,t) for z; =0,L

where s; is the operator that switches the i velocity component regardless of the species,
whereas s? and s? correspond to each species’ turn. In other words,

b

— r—
ST = (U1, V2 coey —V4y ey UNpy ooy Un) AN STU = (U1, V2, ooy UNy s ooy — Uy ooy UN ).

In this chapter, we define switching rate (1.12) for different chemotactic sensitivity coeffi-
cient x, and x,. The initial distribution is invariant to the particle labels’ permutations in
that same species as they are identically distributed within the same kind. The configu-
ration space now contains three different holes that are reachable by another or the same
kind. It can generally be taken as {x; € QY : ||z; — xj|| > 2(e; +¢;), Vi#j} where
€; = € for i < N, and ¢; = €, otherwise. In the passing regime, equation (3.1) is defined
in QY. There are four interface conditions for each particle type; that is when red particle
entering (leaving) the excluded region of the blue (placed at x;) and vice versa. These
interface conditions are coupled as well as identical upon exchange of the blue and red
labels.

At the left interface,

Pt (zs,x; — €pyt) = 0P (g, 2y — €y, t) + P (2,27 — €4y t) (3.2a)
Pz, xf — ey, t) = [1 = 0P~ (zs, 27 — €prs t) (3.2b)

and at the right interface,

Pz, xf + ey, t) = 0P (ms, 2 + €y t) + P~ (i, 27 + €4y 1) (3.3a)
Pt (z, 7 + €y t) = [1 = S|P (s, 2] + €4, 1) (3.3b)

where ¢ is the red-blue collision probability that depends on the particle sizes of blue, red
and the width of the channel. Moreover, in a mixture of the two species, the interface
conditions for a single variety also hold; hence requires collision probabilities a3 and «,
from ¢, and ¢,, respectively.

As seen in one species system, our goal is to reduce the higher-dimensional PDE (3.1) for
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the joint density P to a low-dimensional PDEs for the marginal densities of one particle.
In particular, we now have two marginal density functions, one for each blue and red
particles. Since all the particles are identical within the same population, the marginal

densities b and r for the first blue and last red can be written as,

b(xy,v1,t) = / P(Z,7,t)dzs...deydvs...dvy

QN (@) x VN1

r(zn,vn,t) = P(Z,7,t)dx;...dey_1dv;...doy_q

QM (@n)x VN1

where QN (1) and QO (xy) denote slices of the configuration space 2V when blue particle

is fixed at z; and red at zx.

3.3 Population-level model

As in the previous chapter, we derive the low-dimensional PDEs for the marginal density
of each species. The model reduction is straightforward for point particles. For finite-size
particles, we begin with the transport equation for one blue particle and one red particle,
and integrate it with respect to the configuration domain. Then from the systematic

asymptotic expansion, we derive a coupled system of nonlinear hyperbolic equations.

3.3.1 Point particles When ¢, and ¢, are zero, the domain has no holes; thus, no

interface conditions. The product solution

Ny, N
P(Ea,t) = [ [ olaivit) [ rlaivit)
i=1 i=Np+1

corresponds to N independent particles yields the evolution equations for the one-particle

density functions b and r as

b b
a—(:t:, Up, t) + Uba—(x, Upy t) 4+ Np(, vp)b(, 0y, t) — Np(2, —0p)0(2, —,8) =0 (3.4a)

ot Ox
or or

g(x, U, t) + U?“a_(x7v7'7t) + Aoz, v)r(x, v, t) — A (2, =0 )r (2, —v,, 1) =0 (3.4Db)
x

in Q x V, with the initial conditions

b(z,vp,0) = bo(x,vp) and 7r(z,v,,0) =re(x,v,) (3.5)
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and the reflective boundary conditions
b(x, vy, t) = b(x, —vp, t), r(z,v.,t) =r(x,—v,,t) on x=0,L (3.6)

3.3.2 Interacting particles When ¢, ¢, > 0, the particles are no longer independent,
and the volume associate when they are close to each other is O(ef, N) (for disks in
a narrow flattened pipe). Here too, we assume a small occupied volume that leads to
dominant pairwise interactions. Since we have already examined equations for identical
particle pair interactions in the previous chapter, we now begin with one blue and one
red particle. The system derives for a pair N, = 1 and N, = 1 can be readily extended to
an arbitrary N.
For one blue particle (diameter €,) at position x; with velocity v; and one red particle
(diameter €,) at position zo with velocity vq, the transport equation (3.1) reads as

88_]; . a@P + U2§_IP; + Np(x1, v1)P(Z,0,t) — Np(x1, —v1) P(&, —v1, 09, 1)+ (3.7

(22, 00) P(Z, 0, t) — A\p(22, —v2) P(Z,v1, —va,t) = 0

with the interface conditions (3.2) and (3.3) defined for x; and x. The distinctive sizes of
the individuals make the configuration space (2.2(a)) asymmetric along x5 = 1. In light
of that, the space available to red particle when blue is fixed at x, explicitly, Q = [0, L]
with discontinuities at x1 & €,., where we define €, = %(eb + ¢,.) for the convenience. The
red passes the inner region of the blue with probability 1 — §, where § = (e, €, 1).

The marginal density functions b(xy, v1,t) and r(xg, vq,t) are now read as

b(xq,v1,t) = /P(f,f)’,t)da:gdvg (3.8a)
QxV

(a9, 19, 1) = /mfmaviymﬂwl (3.8b)
QxVv

We proceed to obtain an equation for b(zy,vy,t) with the support of the interface condi-
tions and reflective boundary conditions; a similar procedure would yield the equation for
the red marginal density r(xq, vo,t). Integrating equation (3.7) over 2 x V', and following
the steps in section (2.3.2.1) we derive the first three terms

0b 0b zo=zT +e — \XT2=x +e€

T v —— + 201 [P(@1, 2, T, ) [P L T — Py, 20, T, 1)L T (3.9)

Ot oz i To=T] —€py VY za=at —ep,
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Since Y A(x2,v2)P(Z,7,t) — A\ (z2, —v2) P(Z,v1, —v9,t) = 0, the integral of the last
vo€{—c,c}
term is zero. The remaining term \y(z1, v1)P(Z, U, t) — A\p(x1, —v1) P(Z, —v1, v9, 1) results

/ )\b(xlavl)p<f: v, t) - )\b(l"l, —’Ul)P(fE, —Ul,UQ,t)d@dUz =
axv (3.10)
Xo(z1,01)b(21, 01, 1) — N1, —01)b(21, —01, 1)

Combining equations (3.9) and (3.10) we get the integral of (3.7) over Q x V as

8[) (% - $2:$T+€br — $2:$T—€br
o + Ula_xl + 201 [P(x1, 22, T, t)|x2:x1,+ebr + P(x1, 22,7, t)m:x;_ebr]Jr (3.11)

Ap(21,01)b(21, v1,t) — Ay(21, —v1)b(21, —v1, 1) = 0
Consequently, we can write the corresponding equation for r(zq, vo,t) as well

or or - zlza:;—&-ebr — zliil?;_—ebr
g + Uga—xl + 20[P(x1, 9, U, t)|x1:x;+€br + P(x1, 22,7, t)m:x;_qw]+ (3.12)

A (X2, U2)T (T2, Vo, ) — A\p(X2, —v2)7 (22, —v2,t) =0

The next step is to find the unknown interaction term at the interfaces, and this can be
proceeded according to section (2.3.2.2). The expression deriving for P is now depends
on both the marginal densities b and r and it is not invariant to a switch of blue and red
particle labels. Therefore when blue is fixed at x; (red moves independently on [0, 21 —€y,.)

and (z1 + €, L]), for two arbitrary functions ¢, and ¢, we define
Pout (71, 12,7) = (21, v1)qr (22, v2) + 5Po(il)5(951,$2777)

in the outer region. In the inner region, the boundary layer coordinates changes to z; = 7,
and o = T1 + €,%, and the interface conditions (2.18) (the boundary layer coordinates

produce the same interface conditions from (3.2) and (3.3)) yields following relations to
O(0) and O(dep,) terms:

At the right interface,
O©0) : PV — P, = qy(i1, ¢, t)q,(F1, —c, 1)

oPY  oP
0%, 0y

N g
= qb(xb C, t)_CIr(l"b —C, t)

O(debr) . 8:%1
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At the left interfarce,
O(8) : Py — B = —qy(31, —c, t)q, (1, ¢, 1)
) )

——_Qb

8571 8x1 (

O((sebr> : )88~ Qr‘(xlac t)

Now we evaluate the unknown interaction term at the two interfaces from the above

outcomes.

.t
P(z1, 29, 7)~ 7 te + P(Z)’Jl,l’z,@)x?_xl_ or _

To=T +€br T2=T] —€pp
B~ ~ G=—1t
P(xl,x,vl,vg,t) o 1_ + P(xl,m 1)17?]271‘:)'@:_1, =

or"  oP N or" 6151>
014 07, 071 014
8lqp(T1,¢,t)q(Z1, —c,t) — qp(T1, —¢, 1) g (T, ¢, 1))+

§(PY — P+ P — PY) + 5e<

561,7, [qb(xl,c t)a (;ph t) —}-qb<j’1, >g~ (ml,c t)}

9
We observe a significant difference in the resulting expression compared to the nonlinear
term derived under identical and indistinguishable conditions, in which we found only
the O(de) contribution. We drop ”.” on 7 and use the normalisation condition on P
to determine the functions ¢, and ¢, (see Appendix (A.1.2)). Thus, the evolution of blue

marginal density is given by the nonlinear kinetic equation (omitting the time variable

and use subscript notation for partial derivatives for ease of notation), to O(ey,),

Oib + vp0:b + 20, N, O[b(z, ¢)r(x, —c) — b(x, —c)r(z, )] + 20, N, d€p, [b(a:, )01 (z, —c)
+b(x, —)0pr(z, ¢)] + 20,(Ny — 1) ey d:bb(z, —vp) + \o(, 0p)b(, v3)

—p(x, —vp)b(x, —vp) = 0

(3.13a)

coupled with the kinetic equation for the red marginal density

Or + 00,1 + 20, Npd[r(x, c)b(x, —c) — r(x, —c)b(z, ¢)] + 20, Npdey, [r(:v, ¢)0:b(z, —c)
+r(x, —c)0,b(x, c)] + 20.(N, — Day€.0,rr(x, —v,) + Ao, 0.)r(2, vp)
-\ (x, —v)r(z, —v,) =0

(3.13)



60

Multiple species in a narrow channel

in Q@ x R* and complemented with the initial condition (3.5), and the boundary condition
(3.6). The 0, ap and «, are collision probabilities of red-blue, blue-blue and red-red,
respectively. The above coupled system is the extended model for N, blue and N, red
particles. This extension is possible up to O(ey,) as pairwise interactions dominate at this
order. For instance, in equation (3.13a) the N, copies of the nonlinear term are from the
blue-red inner regions. Similarly, the N,—1 copies of the nonlinear term are a contribution
of pairwise interactions between identical particles.

Comparing the terms in distinguishing particles’ nonlinear system with that of identical
particles, we find the additional O(ep,) transport term that enhances (or diminish) the
diffusion. The third term is the leading-order contribution, and it did not appear in the
indistinguishable particle situation. One can think of this term as a contribution to the
density changes due to a collision, that simply vanishes when particles are identical.! The
last two terms in both equations (3.13) are the loss and gain terms corresponding to the

velocity jumps, explicitly given by
Az, vp) = Ao — oD S(x)  and Az, v,) = Ao — X0 D2S().

When the two species are identical, say v, = v,, ¢ = €. and x, = X, the collision
probabilities 6 = o = «,., as well as the governing equations of the densities b and r are
the same. Then, if we begin with equal densities by(z,vy) = 7o(x, v) for v, € {—c, c}, we
may set b(x,v,) = r(z,v,) VYVt > 0. Consequently, the two species model retrieves the

system for a single species.

Oib 4 00,0 + 20( N, + Ny — 1) pep 0, 0b(x, — vy, t) + Ny(, vp)b(x, )
ol — ) b(, —) = 0

Note that, we will not connect the parameters (above stated) in the model (3.13); hence,

they can be chosen independently.

3.3.3 Equilibria We compute the stationary solutions of the coupled nonlinear kinetic

model (3.13), which we denote by by and 7. In the case of point particles (e, = €, = 0),

'In the initial ordering, whether z; < x9 or z; > 2, one cannot distinguish between the particles
after a collision when they are identical.
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the equilibria are trivial as the system for by and r, decouples and we get

T /\b(y) dy

by () = Aye™ o (3.14a)
() = Age I 82 (3.140)

where Ay = )\ZF — X, A=A — A and A, A, are constants to be determined using
the normalisation condition. For finite-size particles, we rewrite the system in terms of
the first two moments; the total densities p, = bT + b7, p, = r* +r~ and the fluxes
Jo=c(b™ —=b7), j. = c(rt™ —r7). Then the system become

9py  9jp _ 0
ot ox
a]b 3,01; p, Oy
e +c s + 2¢N,.6(prjo — pojr) + 2N, (5657.(0 Po 5 8x)+
0 , _ ..
apep(Ny — 1)%(0 oy — Ji) + e = Ao+ (A +A.)d =0
Opr | Ojr _
ot + or 0
ajr apr . 8Pb . a]b
ot +c o + QCNb(S(prT pr]b) + 2Nydey, (C2PT6_1‘ - ,]r%)"‘

0
arer(Nr - 1)%(0 pr _jr) + C()‘:_ - )‘T_)Pr + ()‘j_ + A )jr=0

Then continuing with the same procedure as in section (2.7), we get the coupled system
of ODEs,

dbSt + 2c¢ N, 5ebrbstd + QC&bEb(Nb 1)b %
dx dz

dbg;
O€ppTst—— I + 2ca €, (N, — 1)ry

where we set the equilibrium states of p, and p, to by and ry, respectively. Observe the
multi-species interaction addition to each equation in the system (compared with (2.45)).

Integrating above, the resulting equations can be written as

TA
Inbg + 2N, 0€p, 75 + 2ap€p( Ny — 1)bgy + / () dy = Ay

0 C

Ay) (3.15)

Inrg 4+ 2Np0epbg + 20€,.(N — D)rgp + /
0
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L L
with the normalisation conditions [ by (z)dx = [ rg(x)dz = 1. We find solutions for by
0

0
and rg with the Newton-Raphson method, discretising the domain into K grid points,
approximating the normalisation integrals with a quadrature, and solving for 2K + 2

unknowns.

3.3.3.1 Multiple species system via MH algorithm

Similar to (2.50), we first find the stationary density for the multi-species particle-level
model. Then use the MH algorithm as in (2.7.2), though as particles can have different
chemotactic sensitivity, care must be taken when defining the energy associated with each
configuration. Note that, the candidate y; generated in the second step of the algorithm
may be either red or blue. Based on this selection, we count the distinct close encounters
with z; for 7 = 1,2,..., Ny and for j = N, +1, ..., N in the third step. In the fifth step, the
acceptance probability of y; is replaced by these reformulated stationary densities. We
derive the following forms for the close encounters among identical and different species

within the population.

Ne=1 N
Blue-Blue (or red-red): n(¢x) = Y. >, ¢w(i, ),
i=1 j=it1

1, |z — x| <e
s il < e for k=10 or r.

where ¢y (x;, z;) = {

0, |z, —xj| > €
Ny N
Blue-Red (or red-blue): n(dp) = > >,  éwr(xi, x)),
i=1 j=Np+1
1 i — x| < ey
where ¢y, (7, ;) = o ri—mlse
0, |z;—xj| > €y
Imitating the process established in the section (2.7.1), under no-flux boundary conditions,

the stationary densities become

B Ab[l — 5]n(¢br)[1 — ab]”(%) eXp{—(I)(f)} (3 16)
Rst( ) Ar[l — 5]n(¢”’)[1 — OCT‘]n(d)T) eXp{—fl)(j;’)}, :

&

~
8y

N~—
I

8y

where @ is the energy associated to configurations given by

@(f):zb//\b(y>dy+ 3 /A’”(y)dy for #eQV

- C . C
=1 0 7,=Nb+1 0

To gain more insight into the expression (3.16), let us consider a system containing two

blues and one red. For a blue particle (say fixed at z; as in Figure (3.1)), the density
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2€
<«

=

L x5

Figure 3.1: Schematic of the excluded domain for three interacting particles (two blues and
one red) when a blue particle is fixed at z1. The shaded areas show the inner slabs of width 2,
and 2¢,. = € + €.

changes from 1 — ¢ when first enters from the inner slab of the red particle and then from
1 — oy through the inner slab of the second blue particle, whereas for the red particle, the
density changes from 1 — ¢ when first enters from the inner slab of the blue particle and
then from (1 — )? further from the inner slab of the second blue particle. Therefore, we
find

By (T) = A[1 — O)[1 — o) exp{—®(¥)} and Ry (Z) = A,[1 — 0]* exp{—®(Z)}.

3.3.3.2 Numerical comparison

Eight examples of stationary solutions are shown in Figures (3.2) and (3.3) from the two
signal functions (2.3(a)) and (2.3(b)), respectively. We have taken N, = 40 blue particles
of size ¢, = 0.002 and N, = 60 red particles of size ¢, = 0.001 moving with a constant
speed ¢ = 1 inside a channel of length L = 1. Given the width of the channel and
the sizes of the particles, the formula (A.3) produces the collision probabilities between
identical as well as opposite species. We first take width [ = 0.01 to add more overlaps and
then narrow it down to [ = 0.003 to increase collisions in the system. The red and blue
solid lines (and dashed lines) indicate the stationary solutions derived from the equations
(3.15) using NR method. Since this method is sensitive to the initial guess, we define
initial densities through signal functions which provide estimates that are reasonably
close to the solutions of the coupled system. When discretising the domain into K grid

points, and approximating the normalisation integrals with quadrature, the density values
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bst(2;), rst(z;) for 1 < ¢ < K and the two constants Ay, A, yields a system of equations

for 2K + 2 unknowns as follows:

In Qu<k<ky + 2N, 0€0, Qi 1<k<oky + 20060 (Ny — 1)Qpi<k<ky
—2xp(S(z) = 5(0)) = Qa1 =0

In Qx1<k<ory + 2Npde, Q<r<riy + 2006, (N, — 1)Q(r41<k<2k} (3.17)
—2x:(5(x) = 5(0)) = Qex42 =0

m-Qu<r<ky —1=0 and m - Qxii<i<ory —1=10

where Q = (by(:),rs(:), Ap, Ar) and m = (1 4 2 4 ... 4 1), the one dimensional
quadrature. The simulations were initiated with orderly distributed blue (i < N;) and
red (N, < ¢ < N) particles in the domain. The domain is then divided into 40 bins and
the histograms are computed with 107 steps of the MH algorithm. Again, the tuneable

parameter 0.1 gives the desired outputs.

3.3.3.3 Discussion

The effect of reflective collisions on the equilibrium of a group of species that follow a ve-
locity jump process has been examined in this section. We have computed the stationary
solutions (3.14) and (3.15) for the respective point and finite-size particles systems. In
Figures (3.2) and (3.3), we have included the results for latter case with different chemo-
tactic sensitivity coefficients. We omit interaction-free plots from this figure as the results
would be similar to those green plots in Figure (2.11), but one can still use them as the
point of reference to understand the competition between the most favourable signal en-
vironment and the volume exclusion of finite-size particles; particularly, the blue plot in
Figures (3.2 (a)) and (3.3 (a)), for x, = 1.

Although the system contains more red particles, the domain occupied by blue (0.0126)
is higher than the red (0.0047). This is because the size of a blue particle is twice the size
of a red. Even so, we find a good agreement between the model (3.15) and the stochastic
simulations for the narrow channel system throughout the domain. Besides, the higher
passing rates encourage overlaps and hence the agreement. When the channel width is
reduced to [ = 0.003, only red particles overlap themselves; the rest of the interactions
(red-blue and blue-blue) will end up being collisions. Note that, we have derived the
equations for the perturbed system using the fact that 6 < 1, but we examine solutions
for higher probabilities (closer to 1) as far as the model concerned.

Both species aggregate in and around the centre of the domain as expected, but each
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Figure 3.2: Stationary marginal densities bs (blue) and rs (red) from the signal function
(2.3(a)) for particles in a channel of width 0.01 (solid lines) and 0.003 (dashed lines). Circles
depict the histograms from the MH algorithm for the former model, while asterisks describe
that for the latter model. Solutions in (a) and (c¢) are for x; = 1 and x, = 1.5; in (b) and (d)
are for x, = 0.5 and y, = —0.5.

species’ densities change according to its sensitivity toward the signal. One can think
of the signal as a chemoattractant for positive chemotactic sensitivity coefficient while a
chemorepellent for negative of that. In the first column of the Figures (3.2) and (3.3),
Xr > Xp» > 0; therefore, red densities are higher than that of blue where the signal max-
imise. The peaks are reduced in the collision system, and we see a noticeable deviation in
the simulation results in Figure (3.3 (c)). This is because not all particles can aggregate
at the centre according to the steep signal gradients of the signal (2.3(b)).

The red and blue particles accumulating to opposite ends for y, < 0 and x;, > 0, and the
outcomes are illustrated in the second column of the Figures (3.2) and (3.3). Particularly
blues are attracted, and reds are repelled in the central part of the domain. A blue does
not block a red at the centres and vice versa. However, particles disperse to less crowded
areas. Consequently, we find a higher density of reds at either end of the domain. We
do not observe significant changes in the densities from the collision system compared to
the narrow channel. In fact, we see a reasonable closeness between the solutions and the

particle simulations.
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Figure 3.3: Stationary marginal densities bg; (blue) and rg (red) from the signal function
(2.3(b)) for particles in a channel of width 0.01 (solid lines) and 0.003 (dashed lines). Circles
depict the histograms from the MH algorithm for the former model, while asterisks describe
that for the latter model. Solutions in (a) and (c) are for x; = 1 and x, = 1.5; in (b) and (d)
are for x, = 0.5 and y, = —0.5.
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3.4 Multiple species time-dependent solutions

This section illustrates the time-dependent behaviour of the particle-based model and
the population-based system with numerical simulations. We applied a solution strategy
based on characteristics as eigenvalues and eigenvectors were readily available in the single-
species model. However, with the nonlinear transport term from the opposite species
interactions, the method becomes more complicated. Therefore, we resort to a standard
numerical method to find transient solutions. We begin by writing the coupled system
of equations in terms of the left- and right- moving densities and applying the periodic
extensions as in (2.4). This initiation yields a non-conservative product due to O(e,)
terms.

The system (3.13) may be rewritten in the form

O™ 4 cOybt + 2eN,8[bTr™ — b r ] + 2eN, ey, [0 O™ + b7 0|+
2¢(Ny — 1)apep:bTb™ + Mp(z, )b — Np(z, —c)b™ =0

Ob™ — cOyb™ — 2¢N,0[b r™ — b~ 1] — 2cN,.0¢p, [b+&,ﬂ“_ + b_ﬁj] —
2¢(Ny — 1)ayepd,b~ bt + Np(, —)b™ — Np(z, )bt =0

O™ — cOpr™ — 2eNyO[rT b — rbT] — 2eNydep, [ 0,7 + 1~ 9,b" | —
2¢(N, — V6,0, r™ + Moz, —c)r™ — N\ (z,0)rt =0

Ot + Ot + 2eNyO[rTb™ — rbF] 4 2cNydey, [rT 007 + 170,07 ]+
2¢(N, — Dae,0,7 1t + Moz, c)rt — N\o(x, —c)r™ =0

Let up, (z,t) be the odd extension of b — b~ and wuy, (z, t) be the even extension of b* + b~
together with the extensions u,, (x,t) and u,,(x,t) for the red densities. Then the modified

system reads

ou, OF, - - oU.

—&” +—axb(Ub)+Kb(Ub) o 5 = Gila) U,

ou. OF., - - oU, B - (3.18)
o (UT)+KT(UT)—8$ + 8, =G, (z)- U,

with the periodic boundary condition Uj(—L,t) = U;(L, t)
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(128 ClUj,

= i = i i€i(N; — 1) (u, —u?
where U; = (u 1> and flux terms F;(U;) = (cu » F caieil ), ull)) for i = b,r;

Kb(ﬁb) _ —2c0€p Nyptty,  2¢0€p, Ny, and KAU:) _ —2c0€p, Ny, 2¢d€p,. Nyt
0 0 0
2¢N, 8 det(U, U,
are the terms in the non-conservative products; S, = ¢ e()( b )> and S, =

0
iy = —A; — A for i =b,r.

2c¢Nyo det U;,(j i i
( eNod det( b)>; Gi(x) = <M02 ,u01> the source terms with p; = \; — A and

Note that, the flux terms are similar to those in the single species system; hence, the
ggf produces eigenvalues for each separate system analogous to those in (2.32).

The coupled equations in (3.18) can be further combined and written under the form:

Jacobian

U )Y

- 3.19
BT + J(U) 5 G(z,U) (3.19)
U o K Gy O S
where U = | 2" |, 7(U) = | % an and G = | .U—{""|. This integrated
U, K, o O G, Sy

system’s eigencharacteristics are more involved than that of the single-species model,
leaving us no choice other than adapting one of the usual numerical schemes. To this end
we follow the Roe-type path conservative schemes proposed by Parés and Castro [70].

We define an equidistant mesh size Ax with mesh interfaces x; = iAxz for i € IN. As

usual, the cell average at time ¢ is given by

zi+Azx/2

1
zi—Ax/2

Since the method is based on the theoretical notion of path, we first define a family of
paths ¢ : [0,1] x R* x R* — R* that satisfies the properties in ([70], Definition 1). We

confine ourself to the simplest choice:
(b(S; UL, UR> = UL + S(UR — UL) for se€ [0, 1]

then a Roe linearisation J,(Ur, Ug) can be defined such that ([70], Definition 3),
e J7,(UL, Ug) has four distinct eigenvalues for any Uy, Ug,

e J5(U,U)=J(U) VU,
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1
o 75(UL,Ug)- (Ugr—Uyp) = [ T(¢(s; UL, Ug))9sé(s; Up, Ug)ds for any Uy, Ug.
0

From the specified path, 0,60 = Ur—U/; hence, the elements of Roe matrix are simply the
averages of Uy and Ug. In the descretized system, the intermediate matrix is Jij1/2 =
Js(U;,Uizq) for i € N, and the CFL condition has the form

At
C’:A—max{|/\j|,1 <j<4} for 0<C<1
x
where A;s are the eigenvalues of the matrix and At is the time step. We may now adapt
the numerical scheme ([70], 4.63) as
At At
Ut + At) = Us(t) — <— [Fis12 — Ficipo] — = [Bix12 - (Ui — Uy +
At '
Bi_12- (Ui — Uifl)} + 5 [Gi+1/2 + Gz‘—l/ﬂ

where Fii1j0 = §[F(Uipr) + F(Uy)] — § [max{|AT Al1 < j <4}] (Ujyy — Uy), the

Rusanov flux and

L . . . [0 K,
Bii172 = [ B(¢(s;U;, Ujyq))ds, with B being the block matrix K ol The last term
0

r

is obtained by applying the trapezoidal rule to the integral of G(z, U) over the interval
[x; — Az /2, x; + Az /2].

The solution of the particle-level model is obtained using the event-driven KMC method
described in section (2.5.2). The only difference is that now we count interactions among
red-blue particles by computing the collision times between reds and blues. Distinguishing
between the two species, we must now construct two histograms, one for each population.
The histograms were produced by dividing the domain into 40 bins. At each step, we
count the number of blue and red particles in each bin; subsequently, the cumulative
averages are calculated.

To corroborate our methods and to understand the importance of volume exclusions, we
perform simulations of the discrete and continuum models for finite-size particles. The
Figures (3.4),(3.5), (3.6) and (3.7) shows the results of time-dependent simulations of each
species under different chemotactic sensitivity coefficients when N, = 60, N, = 40 and
width of the flattened channel [ = 0.01. To generate the plots in the first two figures, we
set €, = 0.002 and ¢, = 0.001 that yields 31.95% red-blue, 43.75% blue-blue and 20.99%
red-red collisions. Then halve the sizes of the species for the latter plots. Initially, the blue
particles are uniformly distributed, that is by(z) = 1, and the red particles are normally

distributed with 0.5 mean and standard deviation 1. The distribution is truncated so that
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Figure 3.4: Transient marginal densities for the signal function (2.3(a)) at time ¢ = 0.4.
Blue particles of size ¢, = 0.002 with x; = 0.5 (blue line) and red particles of size €, =
0.001 with x, = 1 (red line). The collision probabilities §(0.002,0.001,0.01) = 0.3195,
a4(0.002,0.002,0.01) = 0.4375 and «,-(0.001,0.001,0.01) = 0.2099. Histograms computed from
5000 realisations (circles).

its integral over the domain 2 is one.

The theoretical predictions for finite-size particles compare well with their simulations in
both types of external biases, while excluded volume effects are noticeable for opposite
chemotactic sensitivities even though the volume fraction of particles is only 0.0055 (see
Figure 3.6). This discrepancy is because the impediment is high from one species to
another when they are moving away from each other. However, the agreement between
the model solution and particle simulation is reasonable for steeper gradients (see Figure
3.7). For positive chemotactic sensitivities, subpopulations flow towards the maximum of
the signal functions. Besides, the higher the sensitivity, the higher the aggregation at this

location.

3.4.1 Without tumbling and bias In the simple case where )\Z?t =0 for i = b,r,
no random changes will occur in the velocities of particles; the only changes are due to
collisions. The solutions for noninteracting particles (3.4) are simply waves travelling at
constant speed; b*(x,t) = bi(x F ct) and r*(z,t) = 73 (x F ct). We expect the coupled
nonlinear system to behave like the noninteracting particles linear system up to the point
when the two fronts collide. Figure (3.8) shows the results of time-dependent simulations

for point particles as well as finite-size particles (¢, = 0.002 and ¢, = 0.001) with N, = 20,
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Figure 3.5: Transient marginal densities for the signal function (2.3(b)) at time ¢ = 0.4. Blue
particles of size €, = 0.002 with x; = 1.0 (blue line) and red particles of size €, = 0.001 with x, =
1.5 (red line). The collision probabilities §(0.002,0.001,0.01) = 0.3195, ;(0.002,0.002,0.01) =
0.4375 and «,-(0.001,0.001,0.01) = 0.2099. Histograms computed from 500 realisations (circles).
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Figure 3.6: Transient marginal densities for the signal function (2.3(a)) at time ¢ = 0.4.
Blue particles of size ¢, = 0.001 with x; = 0.5 (blue line) and red particles of size €, =
0.0005 with y, = —0.5 (red line). The collision probabilities §(0.001,0.0005,0.01) = 0.1550,
a4(0.001,0.001,0.01) = 0.2099 and «,-(0.0005,0.0005,0.01) = 0.1025. Histograms computed
from 5000 realisations (circles).
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Figure 3.7: Transient marginal densities for the signal function (2.3(b)) at time ¢ = 0.4.
Blue particles of size ¢, = 0.001 with x; = 0.5 (blue line) and red particles of size €, =
0.0005 with x, = —0.5 (red line). The collision probabilities §(0.001,0.0005,0.01) = 0.1550,
a4(0.001,0.001,0.01) = 0.2099 and «,(0.0005,0.0005,0.01) = 0.1025. Histograms computed
from 500 realisations (circles).

N, = 100 and [ = 0.01. We initiate with the same initial conditions mentioned earlier
and collate plots at different times.

It is evident from the plots that the initial uniform density of the blue particles does not
change in time when size-exclusion effects are ignored (blue dash-dot line). In contrast, the
non-uniform density of red particles pushes blue particles towards the domain edges when
they are of finite size. The shift depends on the red’s travelling direction; particularly,
the red travelling to the right (or left) pushes blue to the right (or left) end. On the
other hand, the red particles’ initial profile, in which particles are dense in the centre
of the domain, spreads faster when excluded-volume effects are included compared to
interaction-free case (at time ¢t = 0.3 and ¢ = 0.5). This indicates that the collisions bias

the spread towards areas of low particle densities.

3.4.2 Tagged particle With a tagged particle, it is not the collective motion we are
looking at anymore; it is now the movement of an individual particle. But higher densities
of background particles impede the tagged particle diffusion, and excluded volume effects
become complex. The Lorentz and Rayleigh gases are well studied in this context, where
one assumes the only interactions present are between a unique particle of one species

and a collection of particles of another species [77]. The linear Boltzmann equation has
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Figure 3.8: Transient marginal densities for the non-tumbling point (dash-dot lines) and finite-
size particles (solid lines) when N, = 20 (blue) and N, = 100 (red). The collision probabili-
ties 6(0.002,0.001,0.01) = 0.3195, «;(0.002,0.002,0.01) = 0.4375 and «,(0.001,0.001,0.01) =
0.2099.

given the macroscopic evolution of the tagged particle density.

The advancement of a tagged particle over time is often monitored by the particle’s mean-
square displacement that can be related to the self-diffusion coefficient. It is well known
that the mean square displacement scales linearly with time for interaction-free diffusion.
However, when the tagged particle is immersed in a crowded system, it exhibits so-called
anomalous subdiffusion diffusion. This effect is more apparent in narrow channel systems,
especially single-file [0,19].

We compare the time-dependent solutions of an individual tagged particle in a crowded
environment. We do this by colouring one particle in red, leaving the remaining particles
to be blue. Setting N, = 1, N, = N, and ¢, = ¢, = ¢ in (3.13), under non-tumbling

conditions give

Oeb + vp0,b + 200 [b(z, )r(x, —c) — bz, —c)r(z, ¢)] + 2vpd¢€ [b(x, ¢)Dyr(z, —c)
+b(z, —) 0,7 (z, ¢)] + 2vp(N — 1)6€d,bb(z, —vp) = 0

Oyr + 0,0, + 20, Né[r(z, c)b(z, —¢) — r(z, —c)b(x, ¢)] + 2v,Nde[r(z, ¢)0,b(z, —c)
+r(z, —¢)0,b(z,¢)] =0

(3.21)
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Figure 3.9: Transient marginal densities for the non-tumbling tagged red particle when N = 50
(solid lines) and N = 100 (dashed lines) blue particles. The particle’s size is € = 0.001 and the
channel width is [ = 0.01 yields the collision probability §(0.001,0.001,0.01) = 0.2099.

Looking at the equation for the tagged red where particle’s velocity changes are solely
depended on the collisions, we see that mobility is affected by the crowders, the blues.
For a better understanding, we compare the results of N = 50 and N = 100 crowders at a
longer run time in Figure (3.9). All the particles are of size 0.001 and placed in a channel
of width 0.01. At ¢ = 0, the blues are uniformly distributed, while the tagged particle
is normally distributed with 0.5 mean and standard deviation 1 with a positive velocity.
That implies, initial 7~ (z) is zero. The tagged particle moves to the right until it collides
with the crowders. This shift is more vivid in the solid line compared to the dashed
at t = 0.2, because the red will be less unobstructed from a fewer number of crowders.
The diffusion of tagged particles immersed in a densely populated domain gives rise to
immediate collisions; therefore, r~(z,t) value rises and the dashed line is lies above the
solid line in the top right plot. We do not observe a notable shift after time ¢t = 0.2;
instead, the tagged particle’s density begins to spread. Although the concentrations are
higher in the centre, the spread slows down with more crowders (see left plots at times
t=0.4and t =0.6).

In Figure (3.10), we compare tagged particle situation to the one-species collective motion.
Since the red particle is identical to all the blue particles except in colour, we unlabeled

it so that if the initial densities are the same, then r* = b* for all z €  and the coupled
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Figure 3.10: Transient marginal densities for the non-tumbling tagged red particle with N =
100 blue particles (dashed lines) and collective motion (solid lines) when r* = b* at t = 0. The
collision probability 4(0.001,0.001,0.01) = 0.2099.

system (3.21) yields
Or + 0.0, + 20, Nded,rr(x, —v,, 1) =0

that coincides with the equation (2.21) without switching rates. We consider a 0.79%
occupied fraction for the comparison as the models perform well under small volume
fractions. The same initial condition is applied to red particles and the subpopulation
densities are plotted. We observe left and right moving travelling bands in the collective
motion since particles are identical and indistinguishable (solid lines). In comparison, the
tagged red concentration spread over the domain from the initial profile (dashed line) and

the crowders undergo collective motion.

3.4.3 Transport through obstacles The two species model (3.13) itself can be con-
sidered as one species diffusing through an obstacle. The only difference is that the
obstacles are mobile crowders. We may use the same model to study the impact of having
static obstacles in a system. This has been found in many different contexts: bacte-
rial motility in porous media in which individual cells are hopping and intermittently

trapping for a short time as they move through the pore space; the instantaneous speed
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calculations of each cell differentiate the two modes [10], diffusion of probe molecules into
absorbed polymer layers where the diffusion rate is reduced with the density of surface
obstacles encountered by tracer molecules [#3], protein transport in the plasma membrane
where hopping becomes the primary transport mechanism under a high area fraction of
obstacles [93], and in anomalous subdiffusion of inert tracer particles in the cytoplasm
of mammalian cells where the embedded proteins provide an obstacle-rich environment
[103].

Starting from the particle-level model described in section (3.2) for two interacting species;
red and blue, we set the blue particle to be the static obstacle. The red particles switch
their velocities due to collisions among themselves as well as with obstacles. While the
former collisions are both momentum and speed preserving, the latter only preserve the
speed. According to the new settings, we should re-evaluate the interaction term because
the interface conditions change considerably. Particularly a red particle that passes the
obstacle or reflects at the obstacle satisfies

P(xy, xp, vy, O,t)];i:ijiz = 0P(z,,z +¢€¢,0,1)

P(ZBT,{L‘b,UT,O,thb:xi—_E = —0P(z,,x, —€,—c,0,t)

Tp=T, —€
as well as the integral (3.9) for red marginal density r(z,, v, t) reads

0 0 _ _ -
S s v | Plag vy, 0,0 oy, 0,077 | (3.22)

ot oz, Tp=Tr —€py zp=a; —epr

The obstacles’ distribution b(x,0,t) is given by by(z),t > 0; hence, we find the equation

O + 0,051 + v, Nyobo () [r(, ¢) — 7(x, —C)] + v, Nybey, [1(z, ¢) + r(z, —c)| ubo(z) (3.23)
+20,. (N, — Day€,.0,rr(x, —v,.) + Ao (2, v.)7r(2,0,.) — Ao (2, =0 ) (2, —0,) =0 '

in Q x R*, where § is the collision probability of red-blue interaction, together with
reflective boundary condition r(z,v,,t) = r(z, —v,,t) on 9Q x R*. Tt is apparent that
the result is the same as setting b*(z,t) = b°(x) in (3.13b). Accordingly, we only need to

consider equations for U, from the extended system (3.18), where

K ([jr)a_ﬁb _ <2c&brNbuT28mbo) d S — <26§Nbunb0> |
ox 0 0

The two Figures (3.11) and (3.12) show the results of time-dependent simulations when
N, = 60 and N, = 40 placed in a narrow channel of width [ = 0.01. Blue obstacles
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Figure 3.11: Marginal density of mobile red particles at time ¢t = 0.4 when the blue obstacle
sizes are €, = 0.002 (solid line & circles) and €, = 0.005 (dashed line & asterisks). Histograms
computed from 500 realisations. The red particle size is ¢, = 0.001 that yields collision prob-
abilities 6 = 0.3194 for ¢, = 0.002 and § = 0.6444 for ¢, = 0.005. The collision probability
remains at 0.2099.

are uniformly distributed; b = 1, and the initial density of the red particles is a one-
dimensional Gaussian of mean 0.5 and standard deviation 1. In Figure (3.11), the solutions
of the kinetic model (3.23) are compared with event-driven KMC simulations of the N-
dimensional system for the obstacle sizes 0.002 and 0.005 at time ¢ = 0.4. The size of the
red particle is 0.001 with chemotactic sensitivity coefficient x, = 1.5. Regardless of the
obstacle size, the reds cluster around the signal’s peak, but the density is reduced for the
larger obstacle size as they block piling more reds in the centre of the domain. In fact, we
do not see a good agreement between the model and the particle simulations. In contrast,
there is a better agreement on the reduced obstacle size. Note that, red-red interactions
influence the outputs in the same way for both cases as the collision likelihood among
themselves does not change, whichever the obstacle size.

The plots in Figure (3.12) are generated assuming that the reds are under no external
influence. Thus we concentrate on the behaviour of red subpopulations as they interact
with the blue obstacles and themselves via excluded volume interactions. Here we compare
both point (¢, = 0) and finite-size (¢, = 0.001) particles’ solutions of (3.23) by setting the

obstacle size to 0.002. For non-tumbling point red particles, the equation transforms to

O + 0051 + v, Nydbo () [ (z, ¢) — 7(x, —¢)] + v, Noey, [r(, ¢) + r(x, —c)| Oybo(x) = 0
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Figure 3.12: Transient marginal densities for red point particles (dashed lines) and finite-
size particles (solid lines) at different times. The obstacle size is set to € = 0.002. The col-
lision probabilities for the finite-size red-red «,(0.001,0.001,0.01) = 0.2099 and red-obstacle
4(0.002,0.001,0.01) = 0.3194.

where €, = €,/2 and § = €,/1. Their movement is unobstructed until it meets an obstacle,
whereas a finite-size particle can be blocked by its kind. Therefore point particle’s sub-
populations are shifted more in their respective directions (dashed lines in Figure 3.12 at
t = 0.2). The initial profile, in which red particles are concentrated in the centre, spreads
more slowly for finite-size particles than for point particles indicating that the overall
distribution of red is reduced. This behaviour is evident in both left- and right-moving
reds after ¢ = 0.2 (solid and dashed lines at ¢t = 0.4 and t = 0.6).

3.5 Summary and discussion

We find many efforts to describe multiple species with size exclusion processes that have
been directed at on-lattice models, where one takes the continuum limit of a discrete model
and obtain a PDE describing the average occupancy of the agent population. However,
less attention has been given to off-lattice systems with several species experience instanta-
neous tumbles or random changes in velocity. In this chapter, we examined such a scenario
by predicting the macroscopic description of the particle-level attributes. Specifically, we

allowed two interacting species of hardcore to have different sizes and chemosensitivities,



3.5 Summary and discussion

79

and extended the model derived in the previous chapter. The result is a coupled system
of nonlinear transport equations for the two marginal probability densities associated to
each species. Both identical and opposite species interactions emerge as nonlinear trans-
port terms, involving coupling terms to interpret the inter-species communications in the
narrow channel.

We have assessed the validity of our kinetic model to predict the system’s behaviour
by comparing its numerical solutions with the simulations of the discrete particle-based
model. Both the stationary and time-dependent simulations agree well under low occupied
fractions, supporting the notion that our PDE system captures the same population-level
behaviour observed under expensive particle simulations. Our two-component nonlinear
transport model is used to characterise the transport properties of a tagged particle sys-
tem. A single tagged particle exhibits outspreading from its initial order rather than
travelling bands (collective behaviour of identical particles). We also studied the motion
of finite-size particles through static obstacles. In fact, one species itself can be considered
as some sort of a mobile obstacle in our original model. The difference is that collisions
bias the spread towards areas of low particle densities during the latter case, while immo-
bile obstacles adversely affect the overall spread.

An interesting extension of two-species model is to study the role of the interactions and

the speed synchronization of the travelling pulses when each population travels at different

speeds in the channel [23,21]. The interface conditions can be handled assuming elastic

collisions while reflecting at the solid boundaries. The summation term Y (v;—v9)[...]
vae{—c,c}

does not simplify to 2vy[...]; instead, it will produce additional terms corresponding to each

velocity. One can also extended the model to examine heterogeneous population that is

composed of agents from three different subpopulations [17].
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Velocity-jumps with a finite set of
speeds

4.1 Introduction

This chapter goes back to the velocity jump process analysed in Chapter 2 and introduces
the zero velocity to the compact velocity space. That is, particles can now move either to
the left or the right with a fixed speed ¢ or suddenly become motionless. This transition
from one velocity to another is reasonable since several organisms may tend to take a rest
for a short time during the motion; a particular case could be narrow bands of chemical
pheromone trails formation by ants while foraging for food [30]. The system still accounts
for the excluded volume, and upon collisions, particles block each other until eventually
a random velocity switch or a bypass frees them. We study the effect of elastic colli-
sions between hard cores where particles exchange velocities after a collision. The speeds
typically change during fully elastic collisions, but the total momentum of the system is
preserved. If the system has at most two velocities {¢, —c}, reflective and elastic collisions
are equivalent. It should be noted that the set-up here is to introduce zero velocity to the
system and is not to be confused with the case when one species is appearing as a static
obstacle that has already been studied in section (3.4.3).

We begin by writing the PDE in terms of the joint probability density for the individual-
based model description. As in previous chapters, we aim to reduce this high-dimensional

PDE to a practical low dimensional description for the one-particle density under two

81
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channel domains: single-file and a channel with a sufficiently large width so that occu-
pants can easily change order. Asymptotic analysis in the limit of small volume fraction
is performed, resulting in nonlinear transport terms that describe pairwise interactions
among the three subpopulations. We adopt the characteristics method applied in the sec-
tion (2.4) to find numerical solutions of the coupled system and compare them with the
full particle simulations to validate the model. For a more comprehensive understanding,
we generalise the derived nonlinear model for a velocity-jump process that comprises a
finite set of speeds in section (4.3.3), and also reexamine the original system under re-
flective pair collisions in section (4.3.4). Interestingly, the resulting PDE for the latter
system is similar to that of multiple species model when one species blocks the motion of
the other.

4.2 Formulation of the particle-level model

To begin with, we consider a random motion of a point particle either at rest or moving at
a constant speed ¢ in one dimensional domain. That is, the system has a finite set of three
possible velocities with the transition rate AY} in [¢, ¢+ At], where vy, v, € {+¢,0, —c} and
v1 # vy. Denoting the one-particle density by p(x,c,t) with position x and velocity ¢ at

time ¢, the probability of finding the particle in the interval [a, b] can be written as

b
/p(x, ¢, t)dx

P(X(t) € la,b,V(t) =c)

So we write the rate of change % as

[ % @t = @) - 0.0+ [ P@ox @i+ [ ox e
—/er(J?,t))\Sr(l‘)dl‘—/er(l’,t))\Jr(JI)dJ?

where first two terms of the right hand side are for the rates of change when a particle
enters at the boundary a and leaves from the boundary b; third and fourth are gain terms
when switching to c; the last two terms are the loss terms when switching from ¢ to 0 and

—c. There is no contribution from the terms A1, A\J and A~.
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By rearranging the terms we get

b

op™ op™
/(8—12 +ca—2; —pOAi—p‘A;+p+>\g+p+>\f) dr =0

a

Since [a, b] is an arbitrary interval from RJ, we get

op* op™ o
o et —AL@) = pAL@) + PN (@) + PN () = 0

Similarly, for the subpopulations with velocities 0 and —c, we have

a 0

5 PPN A (@)~ p AT (@) — A (@) = 0
op~ dp~ —y— —y— +y+ 040 _
5 Sy TP Ao(@)+pmAL(e) —ptAL(e) —pPA(x) = 0

where the transport term for a stationary particle disappears, and the rate of change only
depends on velocity-jumps. Hence the above system of equations can be written in the

following compact form for a point particle.

dp dp " o b
E(mavut)—i_v%(xﬂ}?t)—i_ ,G{ZO_ }/\v’(x)p(xav7t) )\v (I)p(x,v,t) =0 (41)

An extension of the above model (4.1) for two particles is provided in the appendix (A.4).
Thus for a system of N particles, the evolution of joint probability density P(Z, ¥, t), where

eV and 7€ VYN = {c,0,—c}V, is governed by the following transport equation:

N
OF L 5.v.p+ >y (Afj () P(Z,0,t) — \Y (2;) P(, 8,7, t)) =0, (4.2)

ot 1=1 v'€{c,0,—c}

where s/ is the operator that changes the " velocity component to v'. Compared to
particle level model (2.1) in Chapter 2, the reaction term (due to a random choice of
velocity) contains additional transition terms as a result of the zero velocity component.

The model completes with the initial condition

P(z,7,0) = By(&,7) (4.3)
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and the wall-particle boundary condition (assuming reflective collisions at the solid bound-
aries)
P(z,v,t) = P(Z,s;v,t) for x;=0,L (4.4)

where s; is the operator that switches the sign of the i'* velocity component. It is now
remaining to specify the conditions during interactions. These conditions may vary de-
pending on the channel domain; particularly, particle interactions occur through collision
boundary conditions in a single-file channel switches to interface conditions when parti-
cles collide with a certain probability that mimics the narrow channel. We intend to look
through these interaction conditions between moving and stationary particles in-depth in
the following section, and derive the population-level model for the marginal density p of

one particle in a reduced dimensional space.

4.3 Population-level model

We derive the population-level model for identical hard disks of non-dimensional diameter
¢ < L in a bounded domain Q = [0, L] that satisfies the linear, but higher-dimensional
PDE model (4.2). We expect two nonlinear transport terms from the subpopulation in-
teractions in the resulting PDE. The collision (single-file) and the narrow channel systems
are studied under separate sections, and for both, we assume that the volume fraction is
small. This assumption allows us to write down an integral equation for the one-particle

density in terms of the two-particle joint density and later generalise for N.

4.3.1 Collision system In a one-dimensional collision system, particles cannot pass
each other and remain ordered in the same manner as for the initial time. The hard cores
create holes in the domain; hence, equation (4.2) is defined everywhere except at illegal

configurations. So we redefine the configuration space as
QN = {7 QY i |x; — x| > €, Vi # j}.

Therefore, P satisfies the normalisation condition

/ P T,1) = 1.

QN xVN
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Since particle-particle collisions are elastic, the collision boundary condition can be written
as
P(Z,7,t) = P(%,s0,t) (4.5)

where sj- is an operator that swaps the velocity components 4, j at |z; — z;| = €. We can

now progress to obtain the population-level description for the one-particle density

p(z,v,t) = / P(Z,7,t)dzs...deydvs...doy.

QN Y(z)yxvN-1

4.3.1.1 Integrated equation for a collision system

A system consist of two particles at (z1,v;) and (z9, vy) satisfy the transport equation
oP oP oP '
4+ v1— + vg=— + (Ao (1) P(Z,0,t) — AL, (21) P(Z, 517, 1)
ot 0x1 0xs v !
v’ e{e,0,—c} (46)

TN (22) P(Z,7,1) — AL, (22) P(Z, 40, 1)) = 0

Let Q(zq) be the space available for the second particle when first particle is at xy;
explicitly it is comprised of the left region [0, 1 —¢€) and the right region (21 +¢, L]. Then

integration of (4.6) over Q(z;) x V produces a similar result as in section (2.3.2.1).

ap ol To=x1+€ v
E—i—vla_xl—i_ Z Ul _U2 Jfl,IQ,U,t) xz—zi—e—i—%(Av’l(l‘l)p<x1avl7t) (4 7)

—/\Z/1 (z1)p(z1,0',1)) =0

The first term comes from the independence of the configuration domain from time
The second and third terms come from integrating the transport terms v, gp and vy 22 8x ,
applying the Leibniz integral rule and wall-particle boundary conditions. Continuing to
integral of the summation over the velocity-jumps,

3 (Ag}P(f, U,t) — NV P(F, 8,0, 1) + N2P(&, 5, 1) — AU, P(, s), t)>

v

Qaer)xv VEY

-y ()\U,p 21,00, 1) — )\Z;p(xl,v”t)) n / 3 (A;’%P(f, T,1) — XY P(, 8,7, z))

eV Qa1)xV eV
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we note that

ST S (N2 (22) P, 0, 1) — AL (w2) P(F, 4, )

va €V V' eV
— Z (NS P(F,v1,¢,t) — A P(F, 01,0, t) + XY P(,01,0,) — Ay P(Z, 01,0/, 1)
v'eV
+ A P(F,v1, —e, t) — AV P(, 01,0, 1)) = 0

Hence the only term remaining will be the loss and gain terms due to the velocity jumps
of particle 1, which is the last term of (4.7).

4.3.1.2 Evaluating the collision term

To=x1+€

vo—ei ¢, When two particles are far apart

To evaluate the collision term P(xy,zs,7,1)

(|x1 — xo| > €), we define P, (w1, z2,v1,v9,t) = P(x1, 29, v1,09,t) as
Poui (w1, 22,01, 0, 1) = q(x1, 01, t)q(x2, Vo, t) + €P§i2($lax2; V1, Vg, t)

for some distribution function ¢. In the inner region where |x; — 25| ~ €, we define the
inner coordinates x1 = Z; and xo = &7 + €Z. Then P(%1,Z,v1,v9,t) = P(x1,x2,v1,09,1)

and the collision boundary condition (4.5) becomes

P(il,i,vl,vg,t) :P(:il,:%,vg,vl,t) at =41 (48)
Now expanding the outer solution in terms of the inner variables, we get

9¢

qai +P(1)<i'1,'l}1,1)2,t) (49)
1

Pout(T1, %, 01,09, 1) = q(T1,v1,8)q(T1,v2,t) + € | T out
We look for a solution in powers of €; P & Py+¢eP,+... that matches with the outer solution
as |#| — co. Since the leading order term satisfies (4.8), we find Py = q(&1, vy, )q(F1, v, 1).
If we suppose that Po(iz = P,n(l)(jl, Z1,0,t) for £ > 1 and Po(ig = Pl(l)(jl, 71, 0,t) for

T < —1, the collision boundary condition (4.8) requires that O(e) terms to satisfy;
at the right boundary (Z = 1),

q(i‘l, U1, t)afglq(fl, Ug,t) + P(l) = q(a?l,vz,t)ajlq(il, Uy, t) + Pr(l)(i’l,i’h Vo2, U1, t) (410)

r
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Figure 4.1: Configurations for identical and indistinguishable particles when xo > x; and
ro < 7.

and at the left boundary (Z = —1),

(1) _

_q(jla U1, t)af1q('/z‘17 V3, t)+f)l _q(j‘17 V3, t)afith(jla U1, t)—i—-Pl(l)(j:la jl) V2, U1, t) (411)

Therefore, we find the inner solution, to O(e),

5in . . ey .
P(xl7$avl7v27t) = Q(l'l,'l)l,t)Q(xl,’Ug,t>+€ I’Q%‘l‘PCSZ(xl,l’l,'Ul,Ug,t) (412)
1

that satisfies (4.10) and (4.11). We can relate PY and P ) using the fact that particles
are identical and indistinguishable. For instance, suppose v; = 0 and v, = ¢, then at the
right outer region P = P(l)(xl, T9,0, ¢, t), but the same configuration can be obtained

out —

in the left outer region when P = P( )(331, x9,¢,0,t) (see Figure (4.1)). Therefore, more

out —

generally we can write,
Pr(l)(xla T2, V1, V2, t) = Pl(l)(xb X2, Vg, V1, t) (413)

We may now evaluate the collision term P(zy, zq, @, t)[22Z511¢ = P(#, 7, 7, 1)|2Z,, where
O(e) terms yield,

- Jq L
q(Z1,v1, )8" (1,02, ) + PW (31,0, ) + q(71, 01, )6~ (Z1,v9,t )—Pl(l)(ﬁav,t)
~ a ~ ~ a ~ —
= q(Z1, v, >8~ (Z1,v9,t )+Pz(1)($1;712,7)1,t)+Q($17U17 )6~ (T1,v2,t) — Pl(l)(xl,v,t)
0 dq
=q(il,vl,t)a—;(fi‘l,vg,t)+q(§:1,v2, )a~ (Z1,v1,1)
= 81531 [Q(i'hvht)Q(xlvv%t)]

We have used the inner solution (4.12), the relation (4.13) and the left boundary condition
(4.11) in the first, second and third lines, respectively. From the normalisation condition

(A.1.1) we find q(z1,v1,t) = p(z1,v1,t) + O(€); consequently, the nonlinear kinetic model
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(4.7) for N interacting particles in a single-file channel can be written as,

dp dp P
o owy T Z< =) (N = Deg— [plon,vn, Op(er, v, )] + .
> (M @aplasvr.t) = X @epan, o) =0
v' eV

4.3.2 Narrow channel The idea is very much similar to the narrow channel model
discussed earlier in Chapter (2), albeit we have stationary hard cores with elastic colli-
sions. Since particles have three possible velocities, let us redefine the interface conditions
(2.10) and (2.11) in a more general setting.

If two particles have velocities v; and vy that exchange after collisions; at the right inter-

face,

P(xy,xf +€,v9,v1,t) = 6P (x1, 2] + €, 01,00, t) + P(xy, 27 + €, 09,01, 1) (4.15a)
P(z1, 2] + €,v1,09,t) = [1 — 0] P(x1, 2] + €, v1, 09, t) (4.15Db)

and at the left interface,

P(xy, 2] — €,01,09,t) = 6P(x1, 2] — €,09,v1,1) + P(x1, 2] — €, 01,09, 1) (4.16a)
P(zy, 27 — €,v9,v1,t) = [1 — 8] P(x1, 2] — €, 02,01, 1) (4.16Db)

where vy, v € {¢,0,—c} and § = 0(¢,l) is the probability of collision. Mimicking the
derivation process in section (2.3.2.1) with the above interface conditions and the bound-
ary condition (4.4), integral of (4.6) over 2 x V' produces the PDE for the marginal density
p(z,v,t) analogous to (4.7):

9, 0
Py vl—p + Z S(v1 — vo)(P(wy, 2] + €,v1,09,1) — Py, 27 — €, 9,01, 1))+
eV (4.17)
Z <)\Z}($1)p($1,vht) - )\zl(-’ﬂl)]?(%,vl,t)) =0

v'eVv

Evaluating joint densities at the interfaces (see section (2.3.2.2)) and using the normali-

sation condition, we derive the population-level model for a narrow channel system that
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contains stationary particles as

0 5,
_p—i— 1a—+ 25 v — vg)( —1)68—[ p(1,v1, t)p(x1, va,t)] +
ey " (4.18)
> (N @pler v, t) = X (@)pler, o) =0
v'eV

Both the systems (4.14) and (4.18) are complemented with no-flux boundary conditions
on JNQ and the initial condition p(x1,v1,0) = po(z1,v1). The nonlinear transport terms
obtained by the asymptotic expansion are accurate up to the first order ¢, and the term
count depend on the velocities (v, s) that the first particle, at x; with vy, possibly contact.
As far as the model concerned, when § = 1 we recover the kinetic model for the collision
system; therefore, we consider the latter model to analysis time-dependent and stationary
solutions. We expect a good agreement between stochastic simulations of the full particle
system with the solution of the population-level equation.

From the given set of velocities {c, 0, —c} equation (4.18) can also be written in terms of

the subpopulation densities:

aer ap 0 9 + o
a0 T Cog TN = DI (07D + 26N = )deq - (pp7)+ (4.19)
A (@)™ = A (21)p” + A (z1)pT — Ap(z)p” =0
ap(] a t o0 a _ 0 0
o~ (W = Doeg=(p"p) + o(N = Ddeg=(p"p7) + X (a)p (4.19D)
=g (@)pt + A (21)p° = Ag (z1)p” =0
apf_ﬁp__ B o Lo B g L _
ot C@wl N 1)56(%1 (") = 2¢(N 1)563 1(p Pt (4.19¢)

Ao (z1)p~ = A2 (20)p” + X (z1)p” — A (z)p" =0

where each equation consists of two nonlinear transport terms from the existing subpop-

ulation interactions. In vectorial form with p'= (p™, p°, p~), we can write the gain terms

0 X5 AL
as | Ay 0 Ay | that can be rewritten in terms of a constant (or constant matrix) x:
AT A2 0
0 A A
kAT 0 XY [, where A\ s are transition probabilities such that each row adds upto
DY W
one. This idea is similar to the turning kernel 7' defined in [71]. We assume non-zero

transitions rates which are independent of time; therefore, transition probabilities are
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stationary.

For bidirectional moving particles in section (2.3.2.3), we discussed the long-time dynam-
ics of the kinetic model by taking the parabolic limit. The approach works for the current
system (4.19) with the same flux function j(z,t) and total density p(x,t) = p™ + p° +p~
(see Appendix (A.5) for details), returning the drift-diffusion equation

T O x9S

= (1+3ed(N —1)po) 9C a9

which is very similar to the equation (2.28). The only difference is that the additional
term in the density-dependent diffusion coefficient (proportional to the excluded volume)
is multiplied by a factor of 3. This means the collective diffusion is increased relative to

point particles in the presence of finite size particles.

4.3.3 The discrete velocity-jump model In this section, we generalise our nonlinear
model (4.18) for a system that comprises a finite set of speeds. The common modelling
approach that suggests itself pertaining to discrete distributions of velocities is the use
of a discrete-velocity Boltzmann (DVB) system [I7]. The system consists of PDEs that
essentially describe the evolution of discrete distribution functions in term of elementary
interactions. These interactions are included in the collision operator as loss and gain of
particles’ velocities due to collisions. With the molecular chaos hypothesis, these systems
are more straightforward than the Boltzmann equation on a continuous velocity space.
Boltzmann-type approaches have been used in the context of traffic flows, where the
collision operator is replaced with a probability distribution representing interactions that
lead to the gain or loss of the test speed depending on the local traffic conditions [30].
With a small number of discrete velocities, the authors prove the existence of a class
of quantized equilibrium distributions and their uniqueness. In an arbitrary finite set
of speeds, the generalised Goldstein-Kac model is also a DVB system where random
transitions from one velocity to another replace the pairwise collisions [50]. Hence, this
system closely resembles our interaction-free model.

Here, attention is drawn to a class of nonlinear hyperbolic equations that describes a
system with a family of n velocities, V' = {—cha, ey —C1,0, 1, ...,Canl} and transition

rates i > 0 for v;,v € V; v; # v. The dynamics of such a system, with interaction
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treatment, is dictated by the generalised model

Opi Ip; 0
T +v; o + vezvé(vi —v)(N — 1)6% [p(z, vi, t)p(x,v,t)] +
| , (4.21)
Z (/\Zl(x)p(m,vi,t) — )\Zi(a:)p(x,v,t)) =0, 1=1,...,n
veV
v; FU

where p; = p(x,v;,t) is the i'" subpopulation density and §, ¢, N have usual meaning.
It is important to include both positive and negative values of the speed ¢; in order to
apply the wall-particle boundary condition in the integrated equation (4.17) (see 2.14 for
details). Besides, simplifying the integral of the summation over the velocity-jumps also
requires possessing these states for the velocities. In (4.21) the nonlinear transport term
retains all terms up to first-order due to pairwise interactions. If we consider higher-order
interactions where three particles or two particles and the boundary are close, additional

correction terms will appear in the model.

4.3.4 Interactions through reflective collisions When elastic collisions are not
applicable in biological applications, especially if living organisms do not transfer mo-
mentum when interacting with each other, reflective collisions are a valid alternative. At
this point, stationary particles may act as static obstacles until, eventually, a random ve-
locity switch frees them. We cleave to the system derived in section (4.3.2) and re-evaluate
the interaction term because the change in the interface conditions corresponding to one
moving and one obstacle requires some derivation steps to be modified. Interestingly, the
resulting PDE is similar to the multiple species model when one variety obstructs the
passage of the other.

For particles travelling in opposite directions in a narrow channel, the interface conditions
(4.15) and (4.16) remain the same as there is no distinction between elastic and reflective
collisions. When a mobile particle interacts with an obstacle, it will pass or bounce back;
hence, the following changes occur:

—t
P(x1, 5,01, 0, tﬂiilii—ii = 6P(xy, 2] +¢,¢,0,t)

X :$+—E —
P(xy,79,v1,0,8)]? 1" = —0P(xy, 2] —€,—c,0,t)

To=T; —€

We may now go back to the asymptotic expansion discussed in section (2.3.2.2), set

vy = 0 and re-evaluate the term for the obstacle at the interfaces. In this way we derive
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the kinetic model, to O(e)

0 0 op° 0

Ly U1—p + duyp’ (pt —p7) +ovie(pt +p7) g 2u10e—pp(z1, —v1, 1)+

ot 8:1:1 8351 8:61 (4 22)
Z (/\5,1 (x1)p(x1,v1,t) — /\Z'1 (xl)p(xl,v’,t)> =0 for veV
eV

in Q x R*. The stationary particle density p' changes with time as occupants are allowed
to randomly choose directions according to the external stimuli and move along. At the

same time, any moving occupant can quiet motion.

4.4 Transient solution

In this section, we consider the time-dependent evolution of the system. As in previ-
ous chapters, the particle-level system is solved using the event-driven KMC algorithm,
while the kinetic model is integrated using characteristics. Below we give details of the

algorithms used and numerical examples.

4.4.1 Balance laws When € = 0, the characteristic fields of the uncoupled system
(4.1) give rise to the simple ODE system

dp™ _ _

il AL ()" + AL (@)p” — Af(z)p™ — AE(2)pT  along x = ct+

d 0

d_]t? = A (@)pT + Ay (@)p” — A%(z)p° — A2(z)p° along ==z, (4.23)
dn-

d_ztj = A2 (2)p" + AT (2)pt — Ny (@)p — A (x)p~ along = —ct+x

which can be numerically integrated with a fixed time step. For finite-size particles,
we may write the nonlinear hyperbolic system (4.19) in matrix form and examine the
solutions. However, we recall the less supportive structure of the eigenvectors in our
previous constant speed models; in fact, here we get even more complex eigenvalues due
to zero velocity component. Therefore, we begin with the periodic extensions for the
marginal densities.

Let uy(z,t) be the odd extension of p* —p~, us(x, t) be the even extension of p™ +p~ +p°

and ug = p°. Then the solution domain changes to [—L, L], and substituting p* = “412=1
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and p~ = “2=4=" into (4.19), we find the system in a nonconservative form
ou o(u)
—+JU)—= =g(z,u), —-L<z<L, 0<t<T
0 ) 5 = g, o

with the periodic boundary condition u(—L,t) = w(L,1),

Uy —2c€uy o1+ 28us — Euz) —c(1l 4+ Eug)
where @ = | uy |, J(1) = c 0 0
Us —cfug 0 —cuy

(3 =%+ A7 = AP (w2 —ua) — (B + 3 27+ XNDur + (A% — A2)us
jlo, @) = 0

— —+ + —
(% + %) (= us) + (3 = FJur = (A + N Jug

Due to complexity of the exact eigenvalues and eigenvectors of J, we try to find approx-
imate values, upto O(e), using asymptotic expansion. This time we expect three ODEs
for some algebraic combinations of u,uy and ug along characteristic curves.

Notice the exact eigencharacteristics
07 0 » | Cs -1 y | T6 —1 (425)

of the simple non-interacting system. When € # 0, we introduce e-dependency to the
above and use the characteristic polynomial and eigenequation to evaluate each element.

Accordingly for the nonlinear system, we find approximations

0 -1
—Cful, £U3 , ¢ — Cg (Ul — Ug) , —£(u1 + U9y — 'LL3) -1 N
1 1
(4.26)
1

—c—c§(u1—|—uQ), f(ul—uz+u3)—1
1
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that reduce the balance laws to the following ODEs:

dUQ dU3

§u3ﬁ + T G on Cy:2/'(t) = —cfuy
duy duy  dus /
—E—[f(ul%—uQ—u;;)—i-l]E—i-E:gg on Cy:a'(t) =c—c&(ug — us)
du duy  du
d—;+[f(u1—u2+u3)—1]d—;+d—;=g3 on Cs:a'(t) =—c—c&(ug + uz)

(4.27)
. (B0 4 20 ) (g — ug) + (2 — 20wy — (AL + A )ug
where G(z, @) = | (A7 = AT = A)(us — u2) + (A5 + AT+ 2)ur — 200 us
With no direct velocity transitions, particles change their course only after a collision; the

Riemann invariants
{ugefw, (us — up — ug)et™?, (ug + uy — ug)e&”}

satisfy such ODE system and, hence, simplifies the left hand side of (4.27). The simplified
system 1is integrable along the characteristics. So computing the solution of the kinetic
model (4.19) is equivalent to numerically generating the characteristic paths in spacetime.
We will compare these solutions with the full-particle simulations under zero, symmetric

and non-symmetric transition rates.

4.4.2 Discrete model The solution of the discrete model can be obtained using the
event-driven KMC method described in (2.5.2). The only difference is that now we must
assign zero velocity for some set of particles in the system and work out on times for
each velocity transition. However, in a collision system, it is not necessary to compute
collision times of each particle with every other particle or wall. Because we are working
on a restricted domain (one dimensional), it is suffice to examine interaction times with
the neighbouring particle or wall. This reduces the complexity of the algorithm. We also
noticed that all event times of particles that are not involved in the current event remained
unchanged. Therefore, we calculate them once before the time loop and update the stored
data according to the new velocities of the interacting particles as time evolves. That is,
the number of events to update per particle is two neighbouring interactions and one turn
event. These changes significantly reduce the run time of a collision system compared to

a narrow channel as fewer collision times are to be calculated.
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4.4.3 Numerical Examples The numerical study aims to illustrate the behaviour of
the systems under symmetric and asymmetric transition rates apart from examining the
effect of biased and unbiased conditions. Unless explicitly stated otherwise, for all the
numerical examples we take particles of speed ¢ = 1 and chemotactic sensitivity coeffi-
cient x = 1, and place them inside a narrow channel of length 1 and width [ = 0.01. The
solid lines and the circles depict solutions for the PDE model and the KMC simulations,
respectively.

We utilise the system of ODEs established in section (4.4.1) to find the solutions of the
nonlinear kinetic model (4.18). The numerical integration procedure discussed in section
(2.6.1) would work except now we have three characteristic curves emerging from each
grid point in the domain. These curves are approximate straight lines; hence, there will
be two intermediate crossover points. The first point is the intersection of Cy and C3 in
(4.27), followed by the second intersection of Cy with Cy (or C3) based on the inclination
of the curve. At each crossover point, we compute the respective Riemann variables and
update uq, us and ug.

In the event-driven algorithm, we generate random initial positions for the particles at
the beginning of each realisation while avoiding overlaps. The collision probability calcu-
lates from the formula A.3(iii) handles the overlaps during iterations. To construct the
histograms for the full-particle model, we use 40 bins and compute bin averages using ac-
cumulated mobile and immobile particles at each realisation. For the two signal functions
(2.3(a)) and (2.3(b)) we perform 5000 and 500 realisations, respectively.

Figures (4.2) and (4.3) collate simulations of both noninteracting ( ) and interact-
ing states at ¢ = 0.3 when N = 102 particles are evenly distributed in the domain at
the beginning of time. Here we cleave to the turning frequency (1.12) where we define

asymmetric transition rates as
AN =2 =X —cxSe, Ag =2 =Xo+exSe, AL =2 =X (4.28)

We find 43.75% collisions when 3.2% of the narrow channel is occupied (blue) while fully
collisions when 20% is occupied (red). As in previous chapters, the purpose of having
collision-free and single-file diffusion plots is to use them as reference points to see the
competition between the most favourable signal environment and the volume exclusion
of finite-size particles. We see a good match between the kinetic models (solid lines) and
the particle simulations (circles) for noninteracting and narrow channel systems in all the
subpopulation and total density plots. But the usual discrepancy between the two for

a collision system is vivid in the domain centre. Here, the signal gradient is high, and
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0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
X X

Figure 4.2: Transient marginal densities from the signal function (2.3(a)) when € = 0 (green),
4(0.002,0.01) = 0.4375 (blue) and §(0.005,0.01) = 1 (red) at t = 0.3. The particle simulations
(circles) are obtained by 5000 realisations.
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0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

Figure 4.3: Transient marginal densities from the signal function (2.3(b)) when € = 0 (green),
0(0.002,0.01) = 0.4375 (blue) and §(0.005,0.01) = 1 (red) at t = 0.3. The particle simulations
(circles) are obtained by 500 realisations.
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that results in notable excluded-volume effects. Initially, 1/3 of the total population is
uniformly distributed stationary particles with a constant transition rate; however, they
behave according to the extracellular chemical concentration. In fact, we find higher den-
sities around the peaks of the signal functions (top left graphs in Figures (4.2) and (4.3)).
The physical interpretation of such output one can think of is that it counts the density
of immobile particles that have already moved in the favourable direction (direction of
increasing S) with the random speed transformations.

The next four figures illustrate travelling bands of subpopulations under different transi-
tion rates. For all the plots, we begin by taking a set of N = 135 particles and distributing

them according to a step function:

pg (z) = (55/N)1jo.1,0.3, py(z) = (35/N)1p.a06, o (x)=(45/N)1ljg70.9

The particle size is fixed to € = 0.002 so that the volume fraction remains constant
during model comparison. We, therefore, change the width of the channel to 0.004 to
form a collision system. We avoid full-particle simulation results to produce more concise
graphs. In Figure (4.4), we have considered the simple case where particles do not un-
dergo velocity transitions. This comparison purely explains the importance of excluded
volume effects on the propagating wavefronts. In particular, solutions of the noninteract-
ing system are simply waves travelling right and left at constant speed ¢ and the initial
distribution p§(z) itself. We find the nonlinear system obey the noninteracting particles
linear system up to ¢t = 0.05; thereafter, both right and left moving fronts collide with
the stationary wave. The disturbances move along the characteristic curves at speeds
{c€(p~ —pT),c+c€(P° +2p7), —c — c£(p° + 2p™)}, indicating that the existing speed of
a particle is increased or decreased by other particles moving in different directions (O(§)
terms). These shifts are apparent at ¢ = 0.3; however, ignorable for p°(z,0.5) (see bottom
left plot in Figure 4.4).

To produce Figure (4.5), we let the symmetric transition rates be positive constants such
that AT = A\] = a, A\f = AL = 3, A2 = A\j = 7. This means, we are looking at
particles moving in one-dimension subject to an unbiased velocity jump process. This is
the dominating process that dictates the behaviour of the particles until ¢ = 0.05. Let
us correlate those outputs with the transition rates in the following way. In p°(z,0.05),
the left density, corresponding to (3, is lower than the right density, corresponding to =,
because < 7. For pt(x,0.05) and p~(z,0.05), the gain from stationary particles is
higher than that of oppositely moving particles as a < § < . Despite the subpopulation

density fluctuations, the total density does not vary much from the initial profile. After
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Figure 4.4: Transient marginal densities at various times without velocity transitions.
Solid lines; green when 6(0,0.01) = 0, blue when §(0.002,0.01) = 0.4375 and red when
0(0.002,0.004) = 1. The dash-dot black line is the initial travelling band.
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Figure 4.5: Transient marginal densities for symmetric transition rates a = 1.5, g = 2.5 and
v = 3.5. Solid lines; green when 6(0,0.01) = 0, blue when 6(0.002,0.01) = 0.4375 and red when
4(0.002,0.004) = 1. The dash-dot black line is the initial travelling band.
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Figure 4.6: Transient marginal densities for the signal function (2.3(a)). Solid lines; green
when 6(0,0.01) = 0, blue when §(0.002,0.01) = 0.4375 and red when §(0.002,0.004) = 1. The
dash-dot black line is the initial travelling band.

t = 0.1, waves distort due to particle interactions, and wave shifts become noticeable even
in stationary particle’s densities (see plots in Figure 4.5 at ¢t = 0.5).

Figures (4.6) and (4.7) are generated from the non-symmetric transition rates (4.28) to
analyse travelling bands during biased velocity jump processes. The outcomes for left
and right moving wavefronts are similar to those in the constant speed model (see Figures
2.8 and 2.9), except now we have distribution curves for immobile particles. The ini-
tial profile, in which stationary particles are concentrated in a strip in the centre, spreads
more slowly for point particles than for finite-size particles, indicating that immobile point
particles have already moved in the direction of increasing S with the random velocity
transformations. Moreover, we find continuing kinetic waves (see plots in Figure 4.6 at
t = 0.2) and a low number of velocity transitions (the dashed blue lines in Figure 4.7 at

t = 0.03) under lower baseline frequencies.
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Figure 4.7: Transient marginal densities for the signal function (2.3(b)). Solid lines; green
when §(0,0.01) = 0, blue when 6(0.002,0.01) = 0.4375 and red when §(0.002,0.004) = 1. The
dash-dot black line is the initial travelling band, and the dashed blue line is for base frequency
Ao = 10.
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4.5 Stationary solutions

In section (2.7), we discussed the equilibria of a system which consists of bidirectional
moving particles with a constant speed. The approach works for the current system
with the same flux function as the immobile particles do not contribute to it. From the
reflective boundary condition, the flux vanishes, and if p™ = p~ = p (say), the equation
(4.19b) returns

(A +Ag)

po =Ap, where A= m-

Since the total stationary density py(z) = p* +p~ +p°, we get p = (2pjj\). Inserting these

results into (4.19a) (or 4.19¢) and rearranging the terms gives the following ODE for pg:

dpst
dx

dps .
C + QCfpst% + ()\8_ - >\3_/\ + AT — )\+)pst =0,

where £ = de(N — 1). Hence, the stationary solution for the kinetic model (4.18) satisfies

the nonlinear equation
1 X
¢Jo

for an arbitrary constant A. When ¢ — 0, the above equation produces the stationary

solution for the interaction-free system
pst(x) = Aexp(—2 [[ (AT = AIA+ AT = A))dy), (4.29)
while finite-size particles yield

par(z) = ;—fw 26 Aexp(—L[Z (N — AUA +AF — A7)dy)]

L (4.30)
with the normalisation condition / pst(x)dr =1
0

The solution (4.30) is valid for both the collision (§ = 1) and narrow channel systems.

4.5.1 Comparison with the full-particle system The microscopic stationary den-
sity of the collision system is different from that of the narrow channel due to illegal

configurations. The MH algorithm (2.7.2) defined in the second chapter works for the
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current narrow channel system in the same fashion, except now we have a different en-
ergy function. However, for the collision system, we must redefine the N-dimensional
microscopic density and modify the algorithm accordingly.

Up until the point of illegal configurations, we can define the stationary density for the

full-particle system (4.2) as
N .
Py (%) = Aexp (—% > fo‘rl(/\ar —NA+ AT — /\Tr)dy) for 7e QN
i=1

Since a single-file channel prevents overlaps, P, is not defined for configurations ¥ €

ON\ Q. However, it is possible to extend it in the entire configuration space QY as
Po(#) = Acxp(—(2)) (4.31)
by introducing the energy associated to arrangements

N
IS O = AA RN =)y, Teql
O(7) =< " i=1

0, otherwise.

Hence, the MH algorithm allows us to sample configurations directly from the density
(4.31) as follows:

S1 Select a particle ¢ at random and generate a candidate y, = x; + hX where X ~

N(0,1) and h a tunable parameter.
S2 Compute the difference AP between the current and modified configurations

S3 Accept y, with probability p = min(1,exp(-A®)) and set x;;1 = y;, otherwise set

Xi+1 = X

For the numerical example, we consider following two cases:

Symmetric transition rates

When )\3- = )\f Vi # j, the multiplier A becomes one, and the reaction term (due to the
random choice of velocity) vanishes. Hence the symmetry between turning rates leads to
the outcomes; p° = p, and constant stationary density py = éW(ZfA) Then applying
the normalisation condition yields, py = % That is, distribution fall into a uniform
steady state.

Asymmetric transition rates

Inserting transition rates (4.28) to the multiplier A, we get p’ = p, resulting in the
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Figure 4.8: Stationary solutions of the kinetic model for N = 102 point (green), narrow channel
(blue) and collision (red) particles. Densities in (a) from signal (2.3(a)) with € = 0.002 and in
(b) from signal (2.3(b)) with € = 0.001. The results from the MH algorithm (circles) use 10°
MH steps for noninteracting particles and 107 for hard-core particles.

equilibrium solution pg = 2—1£W [2§A63X(S(‘”)*S(O))} from (4.30). We use Matlab function
fminsearch of norm of the integral to estimate the constant A.

Figure (4.8) compares the model and simulation results for the latter case with N = 102
and y = 1. We take two different particle sizes for the signal functions, ¢ = 0.002 for
(2.3(a)) and € = 0.001 for (2.3(b)), to reduce the disparity between the model predictions
and the stochastic simulations, especially in the collision system. Both point and finite-
size particles are distributed inside a narrow flattened pipe of length 1, which form a
narrow channel at width [ = 0.01 and a collision system at [ = 2¢. The histograms for the
MH algorithm are produced by dividing the domain into 40 bins. An acceptance rate in
the 0.1 order of magnitude, and 107 steps of the algorithms produce the desired outputs.
As in time-dependent solutions, we see a lower density around the peak of the signal
functions for finite-size particles. The peaks are even much lower in the single-file channel
unless for considerably smaller particle size. The stationary solutions of the kinetic model
agrees well with the particle simulations except in this situation. In fact, the discrepancy
is notable in 4.8(b) relative to 4.8(a) despite having only half of the occupied fraction.
This is because the gradients of signal function (2.3(b)) are steeper near the centre than
that of (2.3(a)).
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4.6 Summary and discussion

We find many efforts to describe interacting systems with discrete velocity distributions,
specifically collision systems, using a discrete-velocity Boltzmann (DVB) system where
a collision operator describes relations for velocities before and after encounters. How-
ever, to our knowledge, no attention has been given to finite-size species that experience
both collisions and instantaneous velocity changes at a given set of speed values. In this
chapter, we examined such a scenario by predicting the macroscopic descriptions of the
particle-level attributes in a single-file and narrow channel. Specifically, we allowed im-
mobile species of hardcore to interact with the same species of having a constant speed
and extended that model for a finite set of speeds. The result is a system of nonlinear
transport equations for the marginal probability density associated with each subpopula-
tion. The number of nonlinear transport terms depended on the pairwise subpopulation
interactions.

We have assessed the validity of our kinetic models to predict the system’s behaviour
by comparing its numerical solutions with the simulations of the discrete particle-based
model. Both the stationary and time-dependent simulations agreed well under low occu-
pied fractions, particularly in the narrow channel, supporting the notion that our PDE
model captures the features at the particle level rather well. With suitable initial condi-
tions, the subpopulation densities exhibit travelling bands under non-tumbling, symmetric
and bias asymmetric transition rates. These time-dependent solutions are non-dissipative
as we have considered a systematic approach based on characteristics for hyperbolic bal-
ance laws. The characteristic speeds were enhanced further by the stationary particle
density causing outward shifts in the subpopulations.

An interesting extension in future work would be introducing a soft-core potential for
particle interactions in the discrete velocity jump processes. Individuals in a real-life sys-
tem may repel (or attract) each other over a region rather than on an excluded volume
created by the particle’s finite size. A simple repulsive soft pair potential like the expo-
nential [01] or a repulsive-attractive potential like the Lennard—Jones [01] is appropriate

for such systems to account for the softness.



Hard-core interactions in two
dimensions

5.1 Introduction

Hard-core interactions in velocity-jump processes are typically observed in a two or three-
dimensional domain, whereas we have thus far introduced them only in one dimension.
Let us, therefore, extend the one-dimensional collision system examined by Ralph et al.
[81] in a higher-dimensional setting. Particularly, we focus on the two-dimensional analy-
sis, but the methods would easily work out in a three-dimensional regime. The equations
derived in the previous work are quite similar to the kinetic model we have derived in
Chapter 2, though we allowed particles to pass each other like in a narrow channel. In
a much larger domain, an ample amount of space will be available for the occupants to
move freely and pass each other without overlapping. Nevertheless, a collision may occur
if one particle blocks the others’ trajectory. Although it is demanding, we can consider
this work as a direct extension of a one-dimensional collision system.

The behaviour of groups of particles moving according to a velocity-jump process is a clas-
sical problem in higher-dimensional domains. However, as we stated before, many models
ignore excluded-volume effects; if one wishes to incorporate volume exclusion, just as
in unidirectional motion, a common approach is to use agent-based models (ABM). For
instance, one can write the mean-field approximation model for the four-directional mo-

tion on a lattice (pedestrian flow [(6]) and derive the diffusive continuum description [32].

107
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The travel directions are pre-defined, like left, right, up and down; therefore, ABM models
may be restrictive and sometimes unreliable. The recent researches by Franz et al. [31],
and Estrada-Rodriguez and Gimperlein [29] derived population-level models for velocity
jumps in two dimensions which aligns with our work. Both studies adopted the molecular
chaos assumption, and collision treatment has emerged in the source term. Besides, the
former utilised the hypothesis with a first-order correction term that emerged in Bruna’s
work [12] from the method of matched asymptotic expansion, which may not be directly
applicable to the velocity changes at the collision boundaries.

As in previous chapters, we begin by writing the particle-based description of the system,
which consists of, in the probability space, a PDE for the joint probability density func-
tion. Reduction of this high-dimensional model from N interacting finite-size particles to
the evolution of the one-particle marginal density explained in section (5.3). In the limit
of small volume fraction, asymptotic analysis is performed, resulting in a nonlinear hy-
perbolic equations for the one-particle density function analogous to the one-dimensional
model (33) derived in [%1].

Generally, two types of collisions often consider in higher dimensions; reflective and elas-
tic. In the one-dimensional constant speed case, elastic and reflective collisions were one
in the same thing. We are interested in systems with speed preserving collisions where
particles always maintain a constant speed ¢ € R*. Therefore, we examine the system
when particles exchange their velocities during close encounters. We shall detail later the
situation when particles reflect directly off each other. Note that, exchanging velocities
are different from reflective collisions as they preserve both total momentum and energy
in the system. For example, take v = (¢,0) and u = (0, ¢) to be the initial velocities, and
suppose the collision occurred perpendicular to x direction. Then resulting velocities can
be derived as follows.

For exchange velocities:

For reflective collisions:

vV =v—2(v-n)n; u=u-2(u-n)n
V= (Cv 0) - 2[(07 0) ’ (O’ 1)K0a 1>; u' = (07 C) - 2[(07 C) ’ (07 _1)](07 _1)
v = (¢,0); u' = (0,—c)
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For elastic collisions:

v =v—[(v—u)- nn; u=u+[(v—u) nn
= (¢,0) = [(¢, =¢) - (0, )] (0, 1); u' = (0,¢) +[(¢, =¢) - (0, =1)J(0, =1)
= <C7 C); u = (0, 0)

5.2 Particle level model

Let us consider a system of N identical disks in a two dimensional domain, 2 = [0, L] X
[0, L]. This is the space available to a particle centre X;(t) at time ¢ > 0 with no-flux
boundary condition and it does not exactly correspond to the physical domain. The
particles are hard cores of diameter ¢(< L); therefore, the actual free space is somewhat
smaller than €2. When a particle’s speed is constant, the dynamics of the particle is

governed by
dX;

dt

where V; = ¢(cos ;,sin 6;) with ¢ being any positive real value and 6; € [0, 27]; the set of

=V, for 1<i<N

possible orientations that can be defined through physical limitations in applications. We
assume that the system does not have external forces limiting or preventing the particles’
motion and turning velocity back to zero. But as before, particles switches its direction
of motion according to independent Poisson processes with rates A(X;, V;) > 0 or collision
with another particle or the domain wall. If the domain dimensions are larger than the
particle’s size, we cannot expect many collisions.

Now we can write the equivalent higher dimensional transport equation in terms of the

joint probability density P(r,v,t) for the system described above.

N
VD vz V. P+Z (75, 3) P(r,v,t) — A(7, —5) P(x, siv,t)) = 0 (5.1)

where v = (71,7, ...,7y) € QF with 7} = (24,5) and v = (¥, ¥y, ..., vy) € VY. Since
a particle can only change its orientation, we can define the velocity space V = cO,
where © contains unit vectors. The term A(7, —¥;) is the rate at which particle ¢ reverses
it’s direction and s; is the operator which represents this transformation in the density
function. Due to hard-core interactions, equation (5.1) is defined in the configuration

space (different from the physical domain) QY x V¥ where

—{rGQN |7 — 75| > € Vi#j}
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Initially, the particles are independently and identically distributed in the domain; hence,
the initial condition
P(I’, v, 0) = PO(ra ’U) (52)

is invariant to permutations of the particle labels. We assume reflective collisions with

the wall; hence, the probability density satisfies the wall-particle boundary condition,
P(r,v,t) = P(r,s,v,t) on 0f (5.3)

where s; is the operator that changes the angle when " particle hit the wall. During
particle interactions, two particles collide at a distance € and exchange their velocities.

So the boundary condition for the collision between particles ¢ and j is
P(r,v,t) = P(r,s;v,t) on |[|Fi—7||=¢ (5.4)

where s;; is the operator that swaps the angles of the interacting particles. The above sys-
tem is higher dimensional, and we have dealt with such systems in our previous chapters.

In the next section, we derive the population-level model using similar techniques.

5.3 Population level model

We are interested in a lower-dimensional model given in terms of the marginal density
p(71, 01, t) = [ P(r,v,t)dr...dFxyd0s...dUy, which is much more realistic and solvable.
As before, the reduction process begins with the low volume fraction assumption. If N
particles occupy the two dimensional domain, chosen a particle, there are N — 1 possible

pair interactions and w

triplets. Since the particle centres are separated by a
distance of O(¢), in the configuration space, the total volume occupied by two particles
is O(N¢?) and three particles is O(N?e?) 1. During particle-particle-wall encounter, the
volume fraction is O(Ne?). We take the domain to be large enough (volume of O(1))
so that under low volume fraction, the dominant contribution is when two particles are
close.

So let us restate the individual-based model and the boundary conditions for two disks
at (7, 7) € Q2 with velocities (¢, 7») € V2. The space available for disk 2 when disk
1 is fixed at 7 defines as (7)) = Q \ B, where B, = {1, € Q : |[|r'] — || < €}. On
the configuration space, Q(7) is a slice at 7. The excluded area defines here split the

boundary into two: 0B, the collision boundary; and 092 \ 0B., the reflective boundary.

LA more general description is given in [12]
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Then equation (5.1) reads

oP

— 4+ - Vi P+ Uy - Ve, P+ X7, 01) P — N7, —01) P(71, T, — U1, Ua, t)+

ot (5.5a)
)\(7:’2, 172)P - )\(772, —172>P(7?1, Fg,ﬁl, —’172,t) - O

P<7717F2a171a1727t) = P(/’?177?2717176*7t)7 FQ € aQ (55b)

P(Fl,FQ,Ul,UQ,t) = P(Fl,FQ,UQ,Ul,t) on ||’I?1 — FQH = € (55(3)

—

where v, is the reflected velocity for wall collision given by v, = vy — 2(0h - 7)7.
As has been the case throughout this thesis, we aim to reduce the equation (5.5a) term

by term and derive the population level model for the marginal density

p(Fl,ﬁl,t) = / P(F177?2,171,172,t)d772d272.
Q()xV

Begin integrating the the first term yields

P
O iy, =

T N (5.6)

Q(F1)><V

as Q(71) x V is independent of ¢. For the second integral, we use the Reynold’s transport

theorem.

/ (171 . V;l P)dfgdﬁg = 171 . Vf‘l / PdFQdUQ - / (171 . ﬁ)PdSFQdUQ

Q7 ) xV QxV OB xV (5.7)

- _»1 ° V_ip - / (Ul . ﬁ)P(Fla F2717171727t>d5772d172

OB xV

Here dSr, is the surface component with respect to 7. On the collision surface, the
outward normal is 77 = (7} — 73) /|| — 72| and it is pointing into the ball B.. In fact, we
have a second outward pointing normal at the boundary of 2, which we denote by 7iq.
Also note that, dB.(7) is the only moving boundary which contributes to the theorem.
Since the particle size is fixed over time, the velocity of the boundary is the same as its
centre.

Now, using the Divergence theorem,

/ (’172 . VF2P>d7:‘2d172 — / (?72 . ﬁ)PdSFQdﬁQ

Q(f1)xV OQUOBxV
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To evaluate the integral along the wall 0€2, we define two subsets
V+(ﬁQ):{l7€VUﬁQ>0} and V‘(ﬁg):{UEVUﬁQ<O}
Then,

/ (0 - i) PdSy, di, = / (0 - i) PdSr,dis + / ( - i) PdSr, dis

OOxV oOxV+ XV~
= — / (172 . ﬁQ)P(I‘, 171, 17*, t)dSF2d’l72 + / ('172 : ﬁQ)PdSFQdU2
XV~ XV~

=0 (from (5.5b))

Therefore, the third term simplifies to

/ (’172 . VFQP)dFQdﬁQ - / (172 . ﬁ)P(Fl, 772, '171, 172, t)de‘QdUQ (58)
Q(F)xV OB xV

In the fourth term, A is independent of 75; therefore, one can simply integrate to obtain

/ A7, U1) P — N7, —01) P(7, T, — 01, Ua, t)dFadiiy =
Q) xV (5.9)
(71, T )p — A7, —vh)p(ry, =01, )

Since —vi = ¢ (cos(m + 62),sin(m + 6)), the integral of (7, —Ua) P(71, 7o, U1, —0Ua,t) over
V when {6, : 7 < 0, < 27} is same as the integral of A(7%, Us) P (7, 7, U1, U, t) when
{6y : 0 <6, < m}. Thus, integral of the fifth term over V' vanishes. Now combining (5.6),
(5.7), (5.8) and (5.9), a single particle transport equation takes the form
8p — — — — — — — — — — — — —
a(Tl, V1, t) + vy - Vplp(rl, V1, t) + [(1}2 — ’Ul) . n]P(rl, T9, V1, Vg, t)deéd'UQ
OBe(71)xV (5.10)
+ A7, 0)p — (71, —0)p(71, —v, ) =0

The next step is to find an estimation for the collision integral over the collision surface
0B (7)), where particles are more correlated. We first transform the integral into a surface

integral over unit disk by taking the normal 7 such that 7, = 7} 4+ eri. Then, further
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separate the collision boundary into sub-boundaries, B;" and dB; . This yield

7- / ((By — T) - R P(FL, P, Br, T, £)d S, AT

636 (Fl)XV

= [ =8 PG+ il B 0~ Sd

= / [(172 — 171) . ﬁ]P(Fl, Fl + Eﬁ, ?71, ’172, t)(—G)dSﬁd”UQ

B (0)x

YXV
+ [(’(72 - 271) . ﬁ]P(Fl, 7?1 + Gﬁ, 171, 172, t)(—ﬁ)dSﬁdﬁg

0B; (0)xV

where By (0) = {#i : (vy — @) -7 < 0} and 9B{ (0) = {7 : (Uy — @) -7 > 0}. From the

collision boundary condition (5.5¢), we find

7= / 6[(62 - /(71) ’ ﬁ] (P(Fla Fl - €ﬁ7 1727?71715) - P(Fh??l + Eﬁa v, t))dsﬁd/&é

8By (0)xV

which still contains the unknown joint density function P. So to evaluate Z, we suppose
the independent motion of far off particles whereas their correlation at nearby. The
methodology is similar to what we have discussed in section 4.3.1.2, except that now it

should be implemented in two dimensions. Hence, we get

P(F, 7 + €, v, 1) = q(71, 51, 8)q(71, oy t) + € [q(fl,al,t)ﬁ (P, B, t) + Pgig(a,v,t)}

(5.11)
where Po(iz is the first order correction of the outer solution. However, the same approxi-
mation would not work for every interacting system. According to the physical description
of our model, particles exchange their velocities during close encounters meaning the lead-
ing order term satisfies the collision boundary condition (5.5¢), enabling us to write this
approximation. On the contrary, when the system experiencing reflective (or elastic)
collisions, the order O(1) terms may not satisfy the collision boundary condition. For
example, let us recall the velocities during reflective collisions given in the introduction:
when 7 = (¢,0), ¥)' = (¢,0) and v, = (0,¢), ¥’ = (0, —c). Then it is apparent that the
leading orders q(77, ¥, t)q(7, Vo, t) # q(71, V1, t)q(72, Us', t). At that point, one can utilise
the method of matched asymptotic expansion to evaluate the collision integral.

Now, substituting the approximation (5.11) to the integral Z, O(e) terms vanishes and
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O(€?) terms yield,

0(62) : / [(172—171) 'ﬁ](—q(Fh?Tg,t)ﬁ'Vf‘lq(Fl,ﬁl,t) —q(F17171,t>ﬁ'Vflq(Fl,ﬁg,t)
OB] (0)xV

+ PO, G, T, t) — P

out

= / (T — 01) - 1) ( = Vi [q(7y, 01, 8)q (71, Ta, 8)] - 1) dSrd 0o

(7:17 /1717 7727 t)) dSﬁd/JQ

0B (0)xV
+ / (T — @) - ) (Pl (71, T, T, 8) — P (7, B, T, 1)) d S5y
0B1 (0)xV
™, o RN N =
— [ 5= 5 Valalri, 1, 0a(r Bt
1%

To write the expression back in the original variables we use the normalisation condition
on P which yields, ¢(7y, v1,t) = p(71, U1, t)+O(€?). Moreover, in a system of N individuals,
pairwise interactions leads to N — 1 excluded regions. Hence derives the following two

dimensional kinetic model for p(7y, 1, t) to O(e?),

ap, . B oL T oL Lo L. .
E(ﬁ,vbt) + U1 - Vi p(771, U1, t) +/ 562(]\[ — 1)(0) — ) - Vi [p(771, 01, 8)p(71, Vo, )] diy
v
+)\(7?1, ?71)])(7?1, 171, t) — )\(771, —ﬁl)p(f’l, —171, t) = 0
(5.12)
together with the initial condition
p(Fl,ﬁl,O) :pO(FhUl)? Where po(ﬂﬂﬁ) = P(](I‘,V)dFQ...dFNdﬁQ...dUN

QN =1 (F)xvN-1

and the reflective boundary condition p(7y, v, t) = p(1, U, t) on 0.

In the particular case of € = 0, N particles are independent in the domain QY and we
recover the noninteracting linear model from (5.12). This is the long-established velocity-
jump model that describes the motion of organisms undergoing a stochastic reorientation

event in higher dimensions [30, 71].

5.3.1 Velocity-space discretisation The nonlinear transport model can also be used
to analyse systems that consist of a finite set of velocities. Such systems mimic the motion

of persistent walkers on a lattice when each lattice site is occupied by at most one particle



5.3 Population level model

115

or none. For instance, when individuals have an assigned direction of motion; vertically
or horizontally, we may take V = {c(cosf,sinf) : § = 2 k = 0,1,2,3}, possibly the
simplest extension of the one-dimensional collision system. This is a well-known square
lattice structure studied by Gavagnin and Yates [32] when each agent has been assigned
a polarisation in one of the four directions of the lattice. The agent’s velocity defined
by the number of lattice sites moved during a single movement event. Moving on to the
next example, the case when V' = {c¢(cosf,sinf) : § = %’T, k=0,1,2,3,4,5} is more like
an agent attempting to undergo a migration event choosing a target site from six nearest
neighbour lattice sites [29].

In general, we can discretise the angular domain [0, 27] into m intervals of size A0 = 27/m
and reformulate an equation capable of describing any situation like the above. In the
divided domain, set I; = [0;_1/2,0;+1/2) for i = 0,1,...,m — 1, and approximate p(7,0,t)

by a piecewise constant function p;(71,t)/Af, where p;(71,t) = [ p(r1,0,t)df. We further
I;
ease the notations by setting ; = 6 and 0, = ¢ correspond to ¢} and ¥, in (5.12) and

integrate it with respect to 6 € I; to obtain the PDE for p; (7, t).
Begin integrating the first term:

dp . opi
[ L 0.0 = 2 (5.13)

I;

Integrating the second term,

/ Vi p(F,0,1)d0 = ACH (cosf,sinb) - Vi p;df
I 7 (5.14)

_ sin(A6/2) .
= T/Qvei Vi pi(71, 1)

where U, = c(cosb;,sinf;). By discretising the existing integral V' and applying the
second integral over I;, the third term simplifies as
2
[ [ 7 =)@ - ) Oa o7, 0.00(7, 0.0 doas
m—1

Z 7 DiDj //[(Cos 0,sin0) — (cos ¢, sin ¢)|dpdd  (5.15)

j=0

C7T€

A92

I I

sin(A0/2) =
= me*(N — sm Z Ug, — Uy,) - Vipip; for i#j
TAe2 2
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Substituting the bias term for A, the fourth term becomes

/)\(Fl, 0)p(ry,0,t)do = / ()\0 — cx(cosf,sin ) - V,:IS(Fl))p(Fl, 0,t)df

Ii Ii

= pido — CX?V S(r) - /(cos 0,sin0)df (5.16)

1;

= )\i(Fl)pi(Fla t)

where \;(77) = Ao — %Xw V#S(r1). Similarly, we can evaluate the fifth term and
write
/ NFL O+ m)p(FL, 0+ 7, 0)d0 = Ao (7 )pin (7o 1) (5.17)

I;

where Ay (7) = A0+51“A§j’2/2 XUs, - Vi S(7,). Combining (5.13), (5.14), (5.15), (5.16) and

(5.17), we get the discretised version of (5.12):

i , sin(A60/2) _, . sm sin(A#/2) s
BN (7‘1, ) + T/zvgi . Vﬁpi<7"1,t) + 7T€2<N AQ/Q JZO U@ — U@ Tlpz-pj—i-
Xi(T)pi(71, 1) — Xigr (T1)Pign (F1,) = 0

(5.18)

5.4 Diffusion limit

To analyse systems on a macroscopic scale, one can compute the diffusion limit of a trans-
port equation. In fact, with a high frequency of directional changes, the motion resembles
diffusion. In our previous discrete velocity-jump models, we investigated the long-time
dynamics of the system by applying algebraic operations on the subpopulation probability
distributions following up with an asymptotic expansion. In higher dimensions, one needs
to use the analogous first two Velocity moments:

the number density (zeroth moment): f p(7, U, t)dv; and
the momentum flux (first moment) : J(r t) = ,0(7" t)u fp 7, U, t)Ud0,

where u is the average velocity. The process yields a system of two equations that in-
cludes the third moment, and it is essential to close this system before investigating the
parabolic limit. To this end, we use the Cattaneo approximation, which is studied by
Hillen [39].
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To begin with, let us first integrate (5.12) over V?*:

gt/ (U1)dvy + Vi - / (vl)vldv1+§e( — 1)V - // )p(U2)]dv1dUs

1%
+/ ()\(7’_”1, 771)]9(’(71) - )\(Fl, —ﬁl)p(—ﬁl))dﬁl =0
v
The third and the fourth integrals vanishes; therefore, we obtain the continuity equation
Op +Vs-j=0 (5.19)
at 7”1 J - .

Next, multiplying (5.12) by ¢} and again integrating over V,

i
8_.1]5 + V5, -/p(ﬁl)ﬁlﬁldﬁl + gEQ(N —1)Vaz - p/p(vl YU U dUy — }
v 1% (5.20)

Vv

where f p(U1)0101dY; is the second velocity moment. To close the system we replace this
v
higher moment from the Cattaneo approximation (see appendix (A.6)):

2
s L C
/p(Ul)UﬂhdUl = E'OI (5.21)
v

where [ is the 2 x 2 identity matrix. Substituting (5.21) and the turning frequency (1.12)

in the integrated equation (5.20), we derive the moment system

dp

- = 22

T +V#7-j=0 (5.22a)
2 2

% + 5 Vapt eV = )V (% - m?) + 2] = Px(S)pVr S =0 (5.22D)

with the boundary condition m-j=0 on 0 (5.22¢)

2we write p(71, ¥1,t) = p(¥1) to ease the notation
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where 7 is the outward normal. We now apply the parabolic scaling t = 7/4? and 7| = 7/

for a sufficiently small parameter v > 0. So the system (5.22) becomes

dp .
tew +Vi-j=0
dj T cp)? . )
728% +57Vep + 562(N — 1)VVr (% - |J|2) + 200§ — Ex(S)ypV#S =0

Now using the regular perturbation expansion p = pg+vyp1+... and j=j,+7j;+ -,

we get
which implies the trivial solution j, =0
9po
@ M V;- j, =0
(rY) 87— + J1
2

5V,?po + %62(]\7 — 1)Vi(cpo)? + 200§, — X (S)poViS = 0

eliminating j; from the equations we get the drift-diffusion equation
dpo c? po

=V |— (1 (N -1 0 — —— o 24
5, Vi 4)\0( + e ( )po) Vipo 2)\Ox(S)V,ﬂ , (5.24)

where the effective diffusion coefficient D(p) is given by &(1 + me2(N — 1)p) and the
drift F'= %X(S)VFS. When ¢, \yg — o0

CQ

D(p) = Do(1+ me*(N —1)p), where Dy = o
0

(5.25)
The above drift-diffusion equation is consistent with that for Brownian particles which is
investigated by Bruna and Chapman (see eq.(11) in [12]) but differs from the continuum
population-level description of the on-lattice model used by Gavagnin and Yates [32]. The

noninteracting system, however, aligns with our reduced linear model.

5.5 Eigenstructure of the two-dimensional system

In this thesis, a fair amount of work has been devoted to understanding the 1D nonlin-
ear hyperbolic system using the concept of characteristic lines. We were able to write

more transparent characteristic relations in terms of directional differentials along a sin-



5.5 Eigenstructure of the two-dimensional system

119

gle characteristic direction (see section (2.4)) that were eventually supported us when
establishing time-dependent solutions. However, the situation is more complicated in 2D
problems. The characteristic curves become characteristic surfaces that involve two in-
dependent directions of directional differentiation described as bicharacteristic directions
[51]. Moreover, a simple decoupling of the equations is not possible since the Jacobian
matrices in the x- and y-direction cannot be diagonalized simultaneously. Therefore, in
the present section, we discuss the eigenstructure of the 2D model following the ideas
from the study [71], though we will not extend those in examining Riemann invariant
manifolds.

The system (5.22) can be written in terms of three unknown functions on 3-dimensional

spacetime that give rise to the differential conservative form

oU | 9F(U) , 9G(U)

- =0, —-L< <L 0<t<T 5.26
o T as 3 : <zy<L 0<t< (5.26)
P
where U = | pu | with (u,v) being the directional velocity,
pv
pu pv
FU) = | L0+ %) = 8l | and G(U) = 0 with € = me*(N — 1),
0 S+ ) —5liP

It is noted that, for the flux Jacobians Jr and Jg, the differential operator
D=1 % +J Fa% + Jga% is hyperbolic if real characteristic surfaces exist, and any charac-

teristic surface ¥(r,t) = 0, for r € R? satisfies the characteristic function

det (I%w + JF%w + JG(%LD> =0 (5.27)
0 1 0
Consequently, substituting the Jacobian matrices Jp = %(1 +&p) —Epu —Epv | and
0 0 0
0 0 1
Jo = 0 0 0 in (5.27), a straightforward calculation derives the

C2
SA+8&p) —Epu —Epv
following factors for a polynomial in the derivatives of :

W (oY j¢ o o j€ a _
(5% -vo-Zivan) (5 -5 -vos Qi) =0 29

ot
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where o = \/202 + 2pc?€ + &2 (j . ”g—z)Q. We may expand the square root in powers of ¢,
but we only add terms up to O(e?) as the PDEs obtained by the perturbation method are
expected to be accurate to this order. This simplification eliminates the spatial gradient
of ¢ in ¢ itself, which would be helpful in our following calculations.

We find each factor in (5.28) is in the general form of the Hamilton-Jacobi equation, where

the Hamiltonian can be identified as

R

H(I‘,p) = 9

o
p=E §HPH for V¢ =p

From Hamilton’s canonical equations, we then derive the bicharacteristics for the nonlin-

car system (5.26):

I_‘(t)_aH__.E:i:ap_ € o

= —= ——— =—""4 —n
Ip 2 2|l 22
where n = % is the spatial unit vector, and o is independent of p. The eigenvalues
of the matrix n - (Jr, Jg) are given by the formula A = —W%—f = Hu(;f ). therefore, we

have the eigenvalues analogous to those in 1D form (2.32):

3§ o j§ o
{O’ 2 T n+2}

5.6 Stationary solution

In the present as well as in the following sections, we assess the validity of the two-
dimensional velocity jump model, comparing both stationary and time-dependent solu-
tions of (5.22) with particle-level simulations. The numerical techniques for both the
particle- and the population-level models are similar to the ones used in the previous
chapters, yet we detail the modifications that support the higher-dimensional applica-
tions. For the numerical examples, we consider the two-dimensional forms of the two
signal functions 2.3(a) and 2.3(b), where the maximum indicates a higher amount of nu-
trients (see Figure (5.1)).

When the system is at equilibrium, the time derivative in the equation (5.22a) can be set

to zero. This implies, j satisfies

Vi -j=0 in €, and
n-j=0 on 0N
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(a) (b)
T~ 23
16
05.]
12

0.8

0 o

Figure 5.1: (a). S(7) = 1 — 2|7 — 0.5||, with A = 2.5 and (b). S(7) = 2e= 07~ 051" with
Ao =20

Consequently, the flux vanishes and the equation (5.22b) yields

(1 + 7T62(N - 1>pst) vﬁpst - QPStX(S)VﬁS =0

with the normalisation condition / psdry =1
Q

The solution to the above equation is
In pee(71) + e (N — 1)pa(71) = 2x(S)(S(71) — S(0)) = 4, (5.29)

where A is an arbitrary constant which can be determined from the normalisation condi-

tion. Note that, when ¢ — 0 we simply obtain the stationary state for the point particles:

p0, = (S =S@)+4)

o (2X(S(F)=5(0))) (5.30)
B [ e(2x(8G)=-5@))

Although Lambert W function worked for (5.29) in one dimension, it is unlikely to find

a closed form solution in higher dimension because of the nonlinearity; hence, we obtain
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numerically.

5.6.1 The Metropolis—Hastings algorithm When the system consists of point par-

ticles, the stationary solution for the N-particle model (5.1) is
N
Py = Hpgt(f;vt) i QY
i=1

= Aexp {i <2x(5)(5(ﬁ) — S<6))>}

i=1

The same solution works for finite-sized particles in QY; however, we will face the same
difficulty as in the one-dimensional situation. That is, integrating P;; over a complicated
domain QY to find the arbitrary constant A. We have already overcome this problem in
our previous models by using an indirect sampling method: the MH algorithm. In the two
dimensional setting, the definition of Py can be extended to all QY as P, = A exp(—®(r)),

by introducing the energy & associated with each configuration:

o) - | X (ASE) = 5@)). real

00, otherwise

We then follow the MH algorithm described under section (4.5.1) to sample configurations

according to the density Py; by constructing a Markov chain over the configuration space.

5.6.2 Numerical example Since an exact stationary solution for the nonlinear PDE
is not feasible, we solve (5.29) numerically using the Newton-Raphson method, discretising
both x and y directions into K grid points. From these discrete counterparts, the density
values pg(z;,y;) for 1 < 4,7 < K and the constant A yields a system of K? equations
with K2 + 1 unknowns. Approximating the normalisation condition using the composite
Simpson’s rule, we can write the (K2 + 1) equation. So the resulting system can be

written as

InQy + me2(N — 1)Qx — 2(S(z45,9;) — S(0)) — Qg1 =0 for 1<k < K?

K2
ZMka—lzo

k=1

(5.31)
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Figure 5.2: Stationary marginal densities ps; under the extracellular signal function (5.1(a))
for finite-size particles. (a) pg from (5.29) for € = 0.002. (b) Histogram from the MH algorithm
for € = 0.002. (c) ps from (5.29) for € = 0.01. (b) Histogram from the MH algorithm for
e = 0.01. Plots (a)-(d) have the same colour bar. (e) Stationary marginal density (solid line)
and the particle simulation (circles) at y = 0.5. The green indicates ¢ = 0.002 and blue € = 0.01.

where Q = (ps(:),C) and M, is the k' entry of the linearised matrix %(me) with m

being the one dimensional quadrature (1 4 2 4 ... 4 1). The Jacobian is a (K2+41)-
by-(K? + 1) matrix given by,

o + (N - 1) 0 N |
1
. 0 o, TTEN 1) 0 -1
Jacobian = 2 _
M, M, oo Mgz 0

The Figures (5.2) and (5.3) show the model and simulation results of randomly positioned
N = 200 particles of size ¢ = 0.002 and ¢ = 0.01 inside the square domain, whose chemo-
tactic sensitivity coefficient y is one.  The histograms are produced at an acceptance
rate in the 0.234 [32] order of magnitude with 10® steps of the MH algorithm, dividing
the domain €2 into 40 bins along each dimension. At the end of the process, we divide
the resulting value in each bin by the number of steps, the number of particles, and the
bin area. In both figures, the stationary solutions preserve the radial shape and centres
of their respective signal functions, indicating that the particle densities are higher in
and around the centres of the domain. In fact, the densities are significantly high for

steeper gradients (see Figure (5.3)). Although there is competition between finite-size
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Figure 5.3: Stationary marginal densities ps under the extracellular signal function (5.1(b))
for finite-size particles. (a) ps from (5.29) for e = 0.002. (b) Histogram from the MH algorithm
for € = 0.002. (c) ps from (5.29) for € = 0.01. (b) Histogram from the MH algorithm for
e = 0.01. Plots (a)-(d) have the same colour bar. (e) Stationary marginal density (solid line)
and the particle simulation (circles) at y = 0.5. The green indicates € = 0.002 and blue ¢ = 0.01.
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particles, the agreement between the model (5.29) and the stochastic simulations is good
when ¢ = 0.002. Essentially the outputs are in close convergence with the point parti-
cle solution due to the low occupied fraction (=~ 0.000628). However, when we raise the
dimension of the particle to 0.01 (keeping the number of particles the same), the model
deviates noticeably from the simulation result around the centre of the domain (see Figure
5.3 (e)). This result confirms that the equilibrium of the kinetic model (5.12) works well
under the strict condition: Ne? < 1.

5.7 Transient solution

In this numerical study, we compare the time-dependent solutions of the kinetic models
(5.12) with the simulations of the full particle system. We use the algorithm explained in
section (2.5.2) that counts the frequency of collisions to perform full-particle simulations
in two dimensions, and this is detailed in the next section. The numerical solutions of the
model is achieved applying a first order explicit finite volume scheme in the discretised

velocity space (5.18).

5.7.1 Event-driven KMC algorithm For the simulations, the KMC algorithm would
work based on the three events: random turns, collisions with the wall and collisions with
each other. We assume positions and velocities of the N particles are X; = (z;,y;) and
Vi = (u;,v;) with no two particles overlap at any time. That is ||.X; — Xj|| > € for i # j.
The algorithm jumps from one minimum time to another; therefore, we calculate the
event times as follows.

Turn time (Tyurn): Ao —x (S(X + V1) = S(X))—In (£) = 0, where 7 is a uniform random
number. When a turn event happens, the particle rotates by 1809°¢ and proceed in the
new direction.

Boundary collision time (7,q;): Particles rebound at the hard boundaries. We can sim-
ply calculate this rebound time, dividing the distance from the relevant collision wall
(x,y =0 or x,y = L) by its velocity component (horizontal or vertical). We can identify
the collision wall by checking the sign of each velocity component and update the reflected
velocities accordingly. Here we use the inward normal.

Particle interaction time (7.): Computing future collisions of an individual with every
other occupant increase the computational cost. Besides a particle is more likely to inter-
act with neighbouring particles, rather than faraway ones. To identify one’s neighbours,
we first get the minimum time from turn times and wall collision times. Then, calculate

the distance (d,,,,) that a particle can run during this minimum time. Pairs that fit into
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the range which is created by d,,;, are counted for collision time calculations; otherwise,
time is set to infinity. If two particles, say at X; and X with velocities V; and V}, collide
at a future time 7.4y,

(X + Vireoun) — (X + Vi) |[* = €

Therefore, we find the collision time through

=b=vb"—ac Vabz’ac, a#0,b<0 and b —ac>0

Teoll =
0, otherwise

where a = [[V; = V}||%, b = (X; — Xj) - (Vi = V;) and ¢ = ||X; — Xj||* — €%. Note that,
if @ = 0, the particles are moving in the same direction. The value ¢ may also be zero if
two particles are already at the collision site. After the interaction, the two particles will
exchange their velocities.

The above three events create the event queue, where we find the next minimum event
time. Interestingly, all event times of particles that are not involved in this chosen event
persist. Therefore, we can calculate them once before the time loop and update the stored
data according to the new velocities of the interacting particles as time evolves. That is,
the number of updated events per particle is N collisions and one turn event. These

changes reduce the complexity of the algorithm to O(N) and hence the run time.

5.7.2 Numerical examples The numerical examples presented in this section aim to
illustrate the behaviour of the systems under biased and unbiased conditions and examine
the effect of changing parameters on the solutions. Unless explicitly stated otherwise, we
take 400 particles of speed ¢ = 1 and x = 1 in a unit square domain Q = [0, 1] x [0, 1]
with no-flux boundary conditions. To generate model solutions, we discretise the velocity
space into 20 velocity directions and the spatial domain into control volumes of size
dr = dy = 0.005. We then approximate the numerical flux at each interface using
the so called local Lax-Friedrichs (Rusanov) scheme. To produce histograms, we divide
the domain into 40 x 40 bins and calculate the cumulative bin averages, performing
10* realisations. Essentially this implies that we are plotting a distribution of 4 x 10°
particle positions. In all figures, we collate simulations of both noninteracting ( )
and interacting particles (blue) at time ¢ = 0.2; the solid lines and the circles indicate
solutions for the PDE models and the KMC simulations, respectively.

Figure (5.4) illustrates the time-dependent behaviour of the system in the case of vanishing
turning rates. In other words, we are examining only the effect of collisions. The particles

are initialised uniformly at random inside a 0.5 x 0.5 square with centre at (0.5,0.5), that
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Figure 5.4: Transient marginal densities p at time ¢t = 0.2 under no external stimulus. The
first column shows model solutions for (a) point (c) e = 0.005 and (e) € = 0.01 particles with
their respective histograms (from the KMC algorithm) in the second column. Plots (a)-(f) have
the same colour bar. Plots (g)-(i) represent a cross section at y = 0.5 where the green indicates
point and blue indicates finite-size particles. The dashed black line is the initial condition.
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Figure 5.5: Transient marginal density p(7,t) under the extracellular signal function (5.1(a)).
(a) p from (5.18) for e = 0. (b) Histogram from the KMC algorithm for e = 0. (c¢) p from (5.18)
for e = 0.01. (b) Histogram from the KMC algorithm for € = 0.01. Plots (a)-(d) have the same
colour bar. (e) Transient marginal density (solid line) and the particle simulation (circles) at
y = 0.5.

is,
p(7,0,0)=1p, 6 €[0,2n]

where D = [0.25,0.75] x [0.25,0.75]. Care was taken to avoid overlapping of finite-size
particles during this initialisation. The initial profile spreads out with time, maintaining
an excellent match between the model solution and the simulation for point particles
(see first row of Figure (5.4)). In fact, the theoretical prediction for size € = 0.005 also
compares well with their simulation counterparts because of the low occupied fraction of
particles. However, excluded-volume effects are significant for size e = 0.01 (see Figure
5.4(1)). This discrepancy can also be attributed to additional numerical diffusion in the
PDE solution.

To generate Figures (5.5) and (5.6), we introduced the extracellular signals (5.1(a)) and
(5.1(b)) to both point and finite-size particle systems. We started simulation by evenly
distributing particles across the domain. After ¢t = 0.2, we find higher densities in and
around the most favourable location, the centre. In both figures, the point particle model

seems to give a good approximation to the KMC results; however, when looking at the
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Figure 5.6: Transient marginal density p(7,¢) under the extracellular signal function (5.1(a)).
(a) p from (5.18) for e = 0. (b) Histogram from the KMC algorithm for e = 0. (c) p from (5.18)
for e = 0.01. (b) Histogram from the KMC algorithm for e = 0.01. Plots (a)-(d) have the same
colour bar. (e) Transient marginal density (solid line) and the particle simulation (circles) at
y = 0.5.
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slice in Figure 5.6(e), we see a slight disparity. In addition, the same slice plot confirms
that the model solutions for ¢ = 0.01 differ significantly from the particle simulation
under steeper gradients. The main reason for this discrepancy is the appreciable volume
fraction in the test problem even though it is only 0.0314; besides, one can attribute
the steepness of the signal function that may further enhance numerical diffusion in the
PDE solution. Overall, these results confirm the validity of the adjusted system (5.12) as a
reasonable approximation under low occupied fractions for particles undergoing a velocity
jump process with exchange velocity hard-sphere collisions in the considered parameter

region.

5.8 Summary and discussion

The aim of this chapter was to extend the one-dimensional collision system examined by
Ralph et al. [¢1] in a two-dimensional setting, examining the effect of exchange-velocity
collisions on the general behaviour of a group of particles. These collisions differ greatly
from the reflective and fully elastic collisions as they preserve both total momentum and
energy in the system while maintaining the existing speed. While this chapter conceptu-
ally differs slightly from the one-dimensional work, it fits well into the context of classical
velocity-jump processes in higher-dimensional domains. In the absence of random velocity
switches, the system solely defines a hard-core collision system.

As in previous chapters, under the hypothesis that the occupied volume fraction is small,
we obtained the population-level description through a systematic asymptotic expansion
in € while accurately considering the interactions at the particle level. The exchange-
velocity collisions simplified the analysis as the leading orders satisfied the collision bound-
ary conditions. On the contrary, when the system experiencing reflective (or elastic) col-
lisions, one has to use some other systematic method to find solutions that are valid in
the whole domain, including the region where particles are correlated [31].

The low-dimensional transport equation we have derived is for the one-particle probabil-
ity density that measures the probability of finding any particle at a given position and
velocity (given that the particles are identical and indistinguishable), and it carries a non-
linear transport term accounting for the excluded volume in the system. From this kinetic
model, we then derived moments equations using the Cattaneo approximation technique,
where parabolic scaling led to the collective diffusion constant, which is consistent with
that for Brownian particles investigated by Bruna and Chapman [12].

Finally, the theoretical predictions of the derived model are compared with full-particle

simulations and against the interaction-free case of point particles. We have performed
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stationary and time-dependent simulations of the system; to this end, we adopted the
two algorithms: MH and event-driven KMC, which were introduced in one dimension,
with modifications to the 2D system. In both cases, the nonlinear PDE has captured the

particle level’s features well under low occupied fractions.
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Conclusion

In this thesis, we have studied systems of hard-core particles with short-range interactions
and stochastic changes applied to the velocity. Velocity jumps in collective behaviour
under external impetus could arise in many different contexts and be analysed using
different techniques. Out of the two classical modelling techniques, agent-based and
continuum PDEs, we focused on the latter. Specifically, we intended to introduce a
method that allows for a more accurate way of studying general dispersing systems without
using any ad hoc closure assumptions. We introduced our core model in the second
chapter, including the method and many of the techniques we used throughout this thesis.
In the subsequent chapters, we removed limitations from this model and extended those
techniques accordingly.

The model derivation procedure is initiated by writing down the particle-based description
of the system in the probability space, a PDE for the joint probability density function.

The cases considered in each chapter, respectively, are as follows:

Chapter 2 focussed on a system of N identical and indistinguishable finite-size par-

ticles moving in a narrow channel with a fixed speed.

Chapter 3 eliminated the assumption of identical the particles and introduced two

types of particles or species to the system; namely, the blues and the reds.

Chapter 4 primarily studied both one-dimensional collision and narrow channel sys-
tems consisting of stationary particles and later extended the model to allow a finite

set of speeds.
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Chapter 5 extended the one-dimensional velocity-jump model with hard-core inter-

actions in higher dimensions, where pairwise collisions swapped velocities.

The high-dimensional particle-based description was then reduced to a practical low-
dimensional description for the one-particle density under the small volume fraction as-
sumption. Here we used the regular perturbation expansion from the interaction-free case
to find a solution to the system that is valid throughout the domain, including the cor-
related region. The resulting population-level model is nonlinear in the transport term
due to excluded volume effects, and it is manifested in all of the above cases. The non-
linearities are all pair-products of subpopulation densities. This can be explained by the
fact that they represent pairwise interactions and come from the outer solution. If we
had considered three-particle interactions, we would expect to obtain a product of three
subpopulation densities in the continuum model.

In order to assess the validity of the PDE models, we compared their numerical solutions
with simulations of the N-particle system. This involved a numerical integration method
along the characteristics to find transient solutions for our core model. The technique was
successfully adopted for the model in the fourth chapter as well. This way, we avoided
problems that occur during standard numerical methods for solving PDEs. However, in
the third and fifth chapters, we had no choice but to resort to standard numerical meth-
ods due to the complexity of the eigenstructures. During particle-level simulations, we
utilised Metropolis-Hastings for the equilibrium state calculations and the event-driven
kinetic Monte Carlo method for the transient state calculations. We modified the steps
of these algorithms in accordance with the dynamics of the systems: collision and nar-
row channel. The adjusted models seemed to give a good approximation to the averaged
stochastic simulations of the particle-level model. Note that we have only included the
leading-order nonlinear term in the PDE; however, it is possible to go back to the asymp-
totic expansions and algebraically calculate the next higher-order correction terms. These
augmented models could match the simulations more firmly.

The main assumption that entered the models’ derivation and validation procedure is the
occupants’ low occupied fraction. It should be low enough so that pairwise interactions
are the dominant ones, and the agreement between model solutions and the particle sim-
ulations are acceptable. On the other hand, we discussed how the choice of particle’s
size could lead to problematic convergence behaviour in the numerical examples. We also
assumed that the dimension of the container (with solid boundaries) is much larger than
the particle length to avoid wall-particle-particle interactions. This way, the holes from
illegal configurations may be hidden from the outside. In its simplest form, the velocity-

jump process assumed that particles move at a constant speed; however, we managed to
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extend that for a finite set of speeds in Chapter 4.

We repeatedly applied our test systems to chemotaxis, where entities adjust their mo-
tion according to an extracellular chemical. The time-independent turning (or transition)
rates were defined using the fact that an agent is less likely to change when moving in
a favourable direction; however, if the frequency of these changes becomes large, then
the motion looks more like diffusion. We were able to formally derive the macroscopic
limit under the diffusion-dominated regime via parabolic scaling and a regular pertur-
bation expansion. In the numerical examples, we exercised two forms of signals, and in
both, nutrients were found about the peak of the function. In most models, we used a
positive chemotactic sensitivity coefficient that led to positive taxis. But we examined
how this coefficient directs the chemotactic substance (positive or negative) in general
from the multiple species model. We have also accompanied the one-dimensional kinetic
models to examine travelling bands. Here we only considered PDE solutions for several
specific examples instead of having exhaustive numerical tests to assess the validity of
our continuum models against the simulations of the discrete models. We were able to
obtain travelling wave type solutions for the subpopulations in one dimension as well as
the two special cases: tagged particle and transport through obstacles in the two-species
model. Despite the restriction of a low-volume fraction, our models provided insight into
the mechanisms by which particle-level characteristics emerge at the population level,
particularly the nonlinear terms.

This work bridges the existing statistical techniques and a PDE modelling framework for
finite-size particles’ random walk systems. The modelling techniques and model exten-
sions presented help one to understand direct interactions through interfaces and collision
boundaries, as well as indirect interactions via a chemotactic medium. The methods
can, in theory, be applied to a range of systems on different scales and analyse the results
against those already known in statistical mechanics. However, it is crucial to describe the
dynamics in each situation. This is where we believe our work could have significant con-
tributions. Furthermore, since all the models are based on simple one or two-dimensional

PDEs, they are accessible and ready-to-use tools for any discipline.

6.1 Future work

One of the important future works would be the extension of the two-dimensional model
when particles reflect directly off each other. This type of collision might be the most
relevant for biological applications as organisms do not usually transfer momentum during

interactions. We can carry out the ideas of the two-dimensional problem in Chapter 5
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with changes to the collision boundary condition. That is, rewriting condition (5.5¢) as
P(F177?276171727t) :P(Flylr?Qaﬁl/aUQ/at) on HFI_FQH =€

where 7" and U5’ are the velocity updates after a reflective collision. Franz et al. [31] have
already studied this problem, but complications arose from using the same outer solution
as Bruna’s work without implementing it in the velocity space.

To systematically determine the collision integral Z, we can use the method of matched
asymptotic expansion that accounts for both the independent (outer) region and the cor-
related (inner) region. It is successfully utilised to tackle the one-dimensional chemotaxis
model by Ralph et al. [81]. The method involves finding a solution in the outer region
and hence obtaining the matching inner solution. This way, we will find a solution that
satisfies boundary conditions and is valid throughout the domain. We expect a qualitative
difference in the resulting kinetic model, especially in the nonlinear transport term.

So far, we have considered hard-core interactions that assumed impenetrable particles
where the potential is infinity for overlaps. But it is often the case that particles interact
via two-body soft-core potentials where they attract or repel each other over a region
rather than at a particular distance. Such interactions were examined within systems of
self-propelling particles [2,22]. The most common soft-core potentials adopted in physical
and biological applications are the Lennard-Jones [10] and Morse [02] potentials. They
explicate both the situation where particles repel each other in a shorter range and attract
each other in a longer range. Introducing these pair potentials to the velocity jump model
would be another extension of our previous work. Interestingly the N-dimensional PDE
in probability space is now defined in the whole space since there are no illegal configu-
rations with a soft-core potential. The hard-core collision boundary condition is replaced

by the interaction rule [15]:
v =0 — VU(||ri = 75l]) for i#j

where ¥} is the velocity update of the i*" particle and U : R? — R is a given potential
which is a function of the separation distance (since particles are isotropic). We suppose
that the particle-wall interactions are hard-core; therefore, we still have the reflecting
boundary conditions. As has been the case throughout this work, we reduce the di-
mensionality of the problem by looking at the marginal density function of one particle.
Presumably, we expect the resulting transport equation to have the same structure as its

hard-spheres counterpart, except that now the nonlinear term might depend on the pair



6.1 Future work

137

interaction potential.

In Chapter 4, we derived a model for a collision system with a finite set of velocities via
asymptotic expansion. It would be interesting to produce a comparable result by applying
Rost’s method [%1] to this system and explore the two methods’ solutions. Ralph et al.
[31] successfully used this compression method to derive a model for the constant speed
interacting-particles problem. The idea is to eliminate the excluded regions among par-
ticles and convert the system into an interaction-free problem using a coordinate change.
One can then easily write the kinetic equation for the marginal density under this com-
pression; consequently, decompress back to the original variables. In contrast to the
asymptotic approach, this method works well under constant (> 0) transition rates (the

position-dependent rate would become discontinuous in the mapped problem).
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Appendix

A.1 Normalisation conditions

In this section we establish the relationships between marginal densities and the outer

functions.

A.1.1 Identical particles To obtain a closed equation for the one-particle density
p(z,v,t), we used ¢(z,v,t) = p(x,v,t) + O(e€) in section (2.3.2.2). Although there is no
sharp boundaries at the left and right interfaces, we begin by introducing an imaginary
radius v, with € < 7 < 1, that divides the region €2 into two; the inner region: €2;, =
{z9 € Q: e < |r; — 23] <7}, and the outer region Qy, = Q\ Q.

From the definition of the marginal density (in terms of the joint density) and using the

imaginary separation between inner and outer regions, we can then split the integral.

p(xlavlat) - / P(l‘l,.fQ,’Ul,UQ,t)dl'Qd’Ug

QxV
= / P(xl,xg,vl,vg,t)d@dvg—l— / P(ZEl,IQ,Ul,UQ,t)dIQdUQ
Qin XV Qout XV
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Since particles are independent in the outer region, we replace the second integrand by

the product solution and transform the first integral to inner variables.

p(x1,v1,t) = / €P(Z1,,v1, 9, t)dTdvs 4 q(x1,v1,1) / q(xa, v, t)dxoduy

{1<|"E|<’Y€}XV Qo'u,t><vv

where 7. = «v/e. Using the fact that Q,, = Q\{z2 € Q : |r; — 22| < 7} in the second
integral, and inserting the leading order inner solution q(Z1,v1,t)q(Z1,ve,t) to the first

integral, we can write

p(x1,v1,t) = €q(T1,v1,t)p(Z1, 1) / dz + q(z1,v1,1) / q(x2, v, t)droduy

{1<Iz|<7e} XV

— / q(z2, v, t)dxodvy
{lz1—z2|<y}xV

= 2¢(ye — V)g(z1, v1, t)p(z1, 1) + O(*) + g1, 01, 1) / q(x2, v, t)dxoduy
QxV

— 27q(w1,v1,t)(p(21,1) + O(7))

p(x1,v1,t) = q(x1,v1,t) / q(z9, Vo, t)dzodvy — 2¢q(zy,v1,t)p(a1,t) + O(2,7%) (A.1.1)
QxV

where p(...,t) = q(...,c,t) + q(..., —¢, t) and we drop ~ on z; in the second line. Imposing
the normalisation condition above and applying the binomial theorem for the fractional

power, we get

1= /q(ml,vl,t)dxldvl / q(xg, va, t)dxodvy — 2¢€ / q(x1,v1,t)p(x, t)drdoy + ...

QxV QxV QxV
2

/ q(z,u,t)dzdu| =1+ 2e¢ / q(z,u, t)p(z, t)dzdu + O(€?,7?)

xV QxVv
/ q(z,u,t)dzdu =1 + e/p2(z, t)dz + O(*,7?)
QxV Q

(A.1.2)
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Substituting this result in (A.1.1)
p(xlavbt) Zq(xl,vl,t)+eq(x1,v1,t) /p2(2,t)d2’—2p(l‘1,t) +O(62772)
Q

Set v = /€, then we get p(x1,v1,t) = q(x1,v1,t) + O(e) as required.

A.1.2 Multiple species To obtain a closed equation for two types of particles, a
similar result required to relate the outer functions ¢, and ¢, with the marginal densities

b and r. The same procedure as outlined above (upto (A.1.1)) yields

b(x1,v1,t) = qp(x1,v1,1t) / qr (T2, v9, t)dxodvy + O(€p,)
QxV

and

r(zg, vo,t) = ¢ (a2, va,1) / qp(x1, v1, t)dz1dvy + O(€p)
QOxV

Then applying the normalisation condition, we get

/ (2, u, t)dzdu / ¢ (z,u, t)dzdu =1+ O(epr)

QxV QxV

This relation determines the leading orders of the integrals upto a constant. Without
loss of generality setting one integral to 1, we find b(x1,v1,t) = q(x1,v1,t) + O(€,) and
(22, v2,t) = q-(T2,v9,t) + O(ep,.) as required.

A.1.3 2D system We may extend the work in (A.1.1) to relate the outer function
q(71, 71, t) back to the marginal density p(7, v1, ). In two dimensional domain, the inner

region €, corresponds to an annulus. Then equation (A.1.1) reads as

p(71, U1, t) = q(71, 01, 1) / (7, Uy, t)diydy — me2q(7y, U1, 1) p(71, 1)
QOxV
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where p(7,t) = fV q(7, U1, t)dv;. Next applying the normalisation condition to the above

and repeating the steps in (A.1.2), we get

2

/q(F,U,t)dFdz? —1+0(&)

xV

that produces the required results p(ry, v1,t) = q(71, U1, t) + O(€?).

A.2 Algorithms

A.2.1 SSA

1:
2:

Compute position X (¢ + At).
If X(t+ At) is outside the domain [0, L] , proceed the random walk to the opposite
direction.

a If X(t+ At) <0, X(t+ At) « —X(t) — V(t)At and V(t + At) «+ =V (1).

b If X(t+ At) > L, X(t+ At) + 2L — X(t) — V(t)At and V(t + At) «+ =V ().
Calculate \: if V(t) > 0, A = AT, else A+ A\
Generate a uniform random number 7.

Check for random velocity jumps: if r < AA¢, then V(¢ + At) + =V (1).
Go back to step 1 for t « ¢t + At.

A.2.2 Even-driven KMC algorithm

. Initialise position vector X and velocity vector V for N spheres.

: Compute pairwise collision times.

a Generate uniform random number 7.

b If r < collision_probability and particles moving towards each other, calculate

collision time Tfj” fori£75=12,...N—1.

¢ Else set Tf9" « large_value.

. Calculate the collision times T*% for i = 1,2, ..., N with the walls 0 and L; otherwise

set T < large_value.

Compute random turn times 77*™" for i = 1,2, ..., N.
alfV;>0, A« AT, and 7+ 7.

b Else A <~ A7, and 7 + 7.
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0,0)

Figure A.3.1: The collision square illustrates the space available for the red particle when the
blue particle is fixed at y. The upper left and the lower right triangles represent, respectively,
passing below and passing above.

. Find the minimal time from the event queue: t,,;, < {T<", T T},

S Ot

: Update the positions using time t,,,.
a If X;(new) < 0, X;(new) <— —X;(old) — V;(old)dt and V;(new) <— —V;(old),
b If X;(new) > L, X;(new) < 2L — X;(old) — V;(old)dt and V;(new) < —V;(old),
where dt = t,,;, — t
7: Change velocities of the participants of the corresponding event.
a If i collide with j, V;(new) < —V;(old) and V;(new) <— —V;(old).
b If wall-particle interaction, V;(new) <— —V;(old), where i =1 or N + 1.
¢ If a random turn, V;(new) < —V;(old).

8: Go back to step 2 for t < t,.n

A.3 Collision Probability

In general, the collision probability depends on the sizes of the species and the container.
Here we consider two species (blue and red) with hard-cores inside a narrow channel, so
it is not to be confused with the case when one species is immersing in a fluid with much
smaller particle size. Take a blue particle with diameter ¢, and a red with €, such that
€y + €. < the width of the narrow channel (say [). Let’s assume that the blue is at v,
where Y ~ U(%,1 — 2). Then the space available for the red particle to unobstructedly
move is given by the top and the bottom triangles of Figure A.3.1. The total probability
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of red passing blue is

-2) (l—er—%)
/ P(passing below|Y = y) fy (y)dy +

(er+3) 7

—

P(passing above|Y = vy) fy (y)dy

The total space available for the red particle is [ —¢,. Given that the blue particle is at y,

the probability of the red particle passing the blue particle; below (upper left triangle) is
max{O,yfebrf%}
l—er

function for the blue particle is the constant function 1/(l — ¢,). Therefore, the above

O,I* - Tﬁei 111 ]
maa{0,l—y—ery —4 } The position density

and above (lower right triangle) is

l—ep

integrals produces the following result.
) (I—er—%)

y— 32— 6 l—y—%-&  (I—&—¢)
/(z—@)(z—eb)d“ / =l —a) ==yt =a)

(67""1‘%)

m‘g‘

Since the collision probability is (1— the total probability of red passing blue), we remark

the following special case:

i. When ¢,,¢, — 0, collision probability vanishes; hence, we obtain the independent

system,

ii. When [ = €, + ¢, particles cannot pass each other; hence, the system becomes a

collision system,

)? for identical particles.

iii. When €, = ¢, = €, we get the passing probability (lli 2e

€

A.4 Two independent particles

We extend the work in section (4.2) for two particles in a rectangular region S = [aq, as| X
[b1,b2]. When the particles are positioned at z; and x5 with positive velocity ¢ at time t,

denoting the two-particle density by p(x1,xs, ¢, ¢, t), the probability can be written as

P (X0(t), Xa(t) € S,Vi(t), Va(t) = ¢) = //p(a:l,a;’g,c, e, 1)1 ds.
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So the rate of change is

bo a

++
//a .1'1,1'2, )dxlde _C/erJr(alaxZa )dx2+c/p++($lybla )dxl

b1 ai

bo a

—c/p++(a2,x2,t)dx2 —c/p++(x1,b2,t)dx1

// (21, 22, )AL (x2)da1dxs + // T (@1, T2, )AL (22)dw1dy
// (2, w2, )N (1) daydg — // (w1, 2o, )N (1) dz 1 ds
// (21, w2, )N (w9)daydg — // FH (2y, , O (09) dy iy

where first four terms of the right hand side are the rates of change when particles enter
at the boundaries a; and by, and leave at the boundaries as and by. The positive terms
of the integrals are the contribution to the rate when switching to 4+c¢ while the negative
terms corresponds to velocity changes from +c.

By rearranging the terms we get

8p++ ++ ap—i--l- B _ o
/ [ (5 et e s o) = A o) = 7N () = A ()

x

+p NS (1) + pTFAT (21) + pTAS (22) + pTTAT (22)) dayda, = 0

Since the region S is arbitrary, we get

ap++ ap++ 3p++ L o
o “om " om — "X (1) = p AL () — pPONY (22) — pT AL ()

+p++)\ar(a:1) + p++)\f(x1) +p++)\g(x2) +p++)\f(x2) =0

and we derive eight other PDEs similar to the above, starting from the probability P for

the combinations of subpopulations.
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A.5 Diffusion limit

We consider the long-time dynamics of the model by taking the parabolic limit of (4.19).
First, we write the system in terms of the flux function j(z,t) = ¢(p™ — p~) and total

density p(z,t) =pT +p° +p~:

dp 05

ot T or 0
9j 2 0p 9 99 20 0 0 + - + =\
5 T ¢ 8x+£8x<0p j )+C£ax(pp ) (AT =A)p+ (AT ML)+

c _ 1 ..

5()‘3 _)‘O)P+§(/\3L+/\o )j 4+ (XY _)‘SL)pO =0
3p0 8 .0 Cc + _ 1 + -\ 0 0 0 __
Cof ¢ %(JP)—g(Ao +)\0)P—§(/\o =X )i+ (Al + A )p" =0

with no flux boundary condition

where £ = de(N — 1). From the transition rates (4.28), we can further simplify above
equations. We then introduce the parabolic scaling ¢ = ~x for space variable and 7 = %t
for time variable, where v is a small dimensionless parameter. This yields the scaled

system of equations,

dp 95
T9r T ac =0
dj dp 0 , 0 08 ,
2 2 22 2 2 0y _ 32 i = 0
Vg e a§+v£a<(6p J7) + e 5(9((/)10) VEXGeP + 3]
op° a . oS .
2 _ 0y _ - 2 0 —
Ve 7058C(Jp ) cAop+vcxaCJ + 2cAop” =0
Applying the regular perturbation expansions p = pg+ vyp1 + ... and j = jo +vj1 + ..., we
get
9jo
O):=—=0
1) 5
2/\0j0 == 0

2e\p° — chopo =0

which implies the trivial solution j, =0 and p° = %
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O) i + T =0
@,00 22 *¢ 0 a8
aC +§6C< Po) + = (‘X( )_3CX8CPO+3)\O]1_O

eliminating j; from the equations we get the drift-diffusion equation

opy O [ dpo cx@S

B ac |3 T GE T e

A.6 Cattaneo approximation

In transport equations, velocity moments of the density are derived by multiplying it
with powers of velocity and integrating over velocity space. In general, the n'» moment
equation will contain n + 1°* moment as well. In order get a closed system of n-moments it
is necessary to find an approximation for this n+ 1 moment. According to Hillen [39], this
estimation can be found using minimization principle. The Cattaneo closure is the second-

moment approximation, and we make use of this method to estimate [ p(r,v,¢)vvdv.
v
First, define the functional J on p as

2

90 = [ (5 = No=p)— - (v —3))av (A6.1)

2
v

where A = A(r,t) and p = p(r,t) are Lagrangian multipliers. Then the first-variation of
J yields
p—A—p-v=0 (A.6.2)

We calculate the Lagrangian multipliers such that the first two moments of the minimizer

Pmin are p and j.

p(r,t):/pdv:/()x—l—u-v)dv:c)\/dézd@])\

\4 \4 e

3
j(r,t):/pvdV:/(/\—i—u-v)vdv:/u-vvdv:%|®|u

%4 \%4 1%
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Here [vdv =0 and [vvdv = £|0|I, where I is the 2 x 2 identity matrix and |©| = 2.
v v

Therefore, A(r,t) = CIZJI and p(r,t) = ﬁj From (A.6.2), we can write the minimizer as
1 2
min(T, V, 1) = —— —J- >
Pmin(r, V, 1) 0] (p+Zi-v)

and find the second-moment of p from the second-moment of the minimizer.

1 2 2
/pvvdv = / w(p + gj v)vvdv = %[
v v

A.6.1 Boundary condition We also use p,,;, to find the appropriate boundary con-

dition in terms of the velocity moments. From the reflective boundary condition
p(r,v,t) =p(r,v*t) on 09,

where v* = v — 2(v - n)n for outward normal 7.

Substituting the minimizer and v* we get

ﬁ(p—&—%j V) = ﬁ(er%j (v =2(v-m)n)))

(v-m)(-n) =

Since v -1 # 0, we get j- 1 =0 on 0.
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