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Abstract

Active matter is the study of many-body systems driven out of equilibrium
at a local level. Typical examples are found in biology and span many length
scales, such as flocks of birds or tissues of cells. This thesis focuses on non-
momentum conserving (dry), polar systems, whose hydrodynamics are gener-
ically described by the Toner-Tu equations. These systems exhibit a variety
of emergent behaviour, such as collective motion and phase separation, which
often only emerge at high densities.

By adapting the standard lattice Boltzmann method for fluid mechanics,
we develop a new method for simulating dry, polar active fluids. In particular
this method is easy to implement and effective at high densities. Through a
Chapman-Enskog style expansion, we confirm that the corresponding macro-
scopic equations are the Toner-Tu equations, and connect the system param-
eters with the coefficients of the equations.

We demonstrate the functionality and adaptability of our method by
recreating two different phenomena: motility-induced phase separation and
collective motion. Furthermore, by incorporating contact inhibition of lo-
comotion effects into the collective motion model, we uncover two new first
order phase transitions and a potentially new critical transition. We interpret
these transitions through a stability analysis.

In addition, we perform a stability analysis on an open interface of a fluid
that obeys an incompressible version of the Toner-Tu equations. We find
that collective motion stabilises the interface, but the interface is unstable
when starting from a stationary state. This has implications for both wound

healing and the results of our simulations.
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Chapter 1

Dry active matter

Active matter refers to any system of interacting bodies, some or all of which
can expend internally stored or ambient energy to generate self propulsion [1].
This broad definition encapsulates a diverse collection of systems spanning a
wide range of length and time scales. Examples include: flocks of birds [2],
schools of fish [3], herds of mammals [4], tissues of cells [5-8], collections
of swimmers such as spermatazoa [9] or colonies of bacteria [10-12], and

networks of actin filaments [13] or microtubules [14, 15].

In recent decades there has been a growing movement amongst physicists
to examine active matter as a special class of non-equilibrium system [16,17].
Unlike a classical many body problem, driven out of equilibrium by a localised
source of energy, active matter systems are driven out of equilibrium by
some or all of the constituent particles themselves [1,16]. The goal of most
studies is to determine the conditions and mechanisms required to generate
the observed emergent phenomena of the systems, be it self-organization
[15,18-21], pattern formation [13,22-27], active turbulence [15,28-32], phase
separation [16,21,33-37], orientational order [38,39] or collective motion [3,
40-49].
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16 Chapter 1. Dry active matter

1.1 Classification

The broad definition of active matter means that the field is simply too di-
verse to describe every system with one model. However, efforts have been
made to find connections between systems which share certain characteris-
tics and emergent behaviour [1]. As we shall see these characteristics are
inherently linked to the symmetries of the systems, a theme we will return

to frequently in the course of this thesis.

1.1.1 Dry and wet

One of the main distinguishing features is how the self-propulsion is gener-
ated; specifically via a method that conserves momentum or one that does
not. If a system is dominated by friction, say through interaction with a
fixed substrate in two dimensions or porous media in three, then the system
is said to be dry. The active particles can accelerate, whilst the solid media
remains unchanged, hence momentum is not conserved. Dry active matter
includes most systems confined to a solid surface, such as herds of animals
and collective cell migration [1].

In contrast, systems with a liquid medium are referred to as wet active
matter. For an active particle to propagate forward they must send the
ambient fluid in the opposite direction, thus conserving total momentum.
This induces a velocity field in the medium, which in turn affects the motion
of other active particles in the system, perhaps even over long distances. In
this case forces are generated with respect to the relative velocities between
the active particles and the ambient medium, therefore Galilean symmetry is
upheld. Wet active matter includes systems of swimmers, such as bacterial
suspensions and spermatazoa, although not all systems suspended in a fluid
need be considered wet. For example, birds can fly only by inducing flow
in the surrounding air, however flocks of birds are frequently treated as dry
systems [1]. In minimal flocking models, many of which are inspired by
birds, each particle is typically assumed to respond only to the positions and

orientations of other particles, and is unaffected by the medium in between
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[50,51]. Certainly if the Reynolds number of the air is high enough, the
effects of a single bird will be short ranged. Furthermore, there is evidence
that, in large flocks of starlings, the individuals do not seek the energy-saving

benefit of resting in other birds’ wakes [2].

1.1.2 Polarity

In most of the cases studied, active particles are elongated and the direction
of their propulsive forces is dictated by their shape. The symmetry of an
elongated particle only allows for two possibilities. If the particles generate
forces in a specific direction relative to their axis, we can identify a ‘head’
and a ‘tail’, and as such the particle is considered to be polar. Alternatively,
if the head and tail are indistinguishable, perhaps because the particle is
oscillating back and forth, or because it generates a force dipole, then the
particle is said to be nematic. It is therefore natural to consider the polar or
nematic order of the entire system. A particle does not have to be elongated
to exhibit either of these types of forces. On a hydrodynamic level the shape
is largely irrelevant and we are more concerned with the symmetries of the
forces involved, than the symmetries of the shape.

Furthermore, polar particles do not always exhibit collective polar order.
For example, microtubules are polar structures, however if bundled together
with alternating polarity, as in an antiferromagnet, and driven by kinesin
motors, the resulting global order is nematic [15]. As such, the order of a
system depends not just on the symmetries of the individual particles, but

on the symmetries of their interactions.

1.2 Emergent phenomena

This thesis is concerned with dry polar active matter in two dimensions. So
far we have only described the properties of individual active particles. A
collection without any interactions would be the active equivalent of an ideal
gas, which, it should be stressed, is already significantly different from its

passive counterpart due to a microscopic irreversibility, as evidenced through
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interactions with ratchet-like structures [16,52,53]. Including interactions be-
tween particles, such as repulsion, attraction and alignment creates a wealth

of emergent behaviours. We examine three cases in particular.

1.2.1 Motility-induced phase separation

Perhaps the simplest form of interactions are purely repulsive. Intuition may
suggest that repulsive forces flatten a density profile, with particles trying to
maximise their distance away from their neighbours. In fact when a persistent
self-propulsion is coupled with short range repulsive forces, the very opposite
can happen, resulting in what is known as motility-induced phase separation
(MIPS) [16,33,54-58].

This arises from two related mechanisms. Firstly, it has been observed
that active particles tend to congregate in regions where their speeds are slow
[59]. This is well demonstrated using light sensitive strains of E. coli bacteria,
with heterogeneous distributions of light leading to matching density profiles
[60].

Secondly, in systems with repulsive forces, the converse is also true; in
areas with high densities, the speeds slow down. The exact reason for the
slowdown differs depending on the system of interest. Run-and-tumble bac-
teria respond to chemical secretions by their neighbours, which affects their
own behaviour [61]. Active Brownian particles on the other hand don’t alter
their behaviour in the presence of other particles. Rather, at high densities,
they experience many collisions in a short time, disrupting their motion. If
their trajectory is averaged over a short interval, they are seen to effectively
slow down at higher densities [33, 54].

In either case, under certain circumstances a positive feedback loop can
develop and an instability occurs. A density fluctuation leads to a small
region of higher density, with slower speeds. If the drop in speed is drastic
enough, then more particles will congregate due to the slower speeds. The
density rises further and the dense region grows spatially until it reaches a
stable equilibrium with two phases: a dense liquid phase and a sparse gas

phase.
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1.2.2 Collective motion

A closely related property to the polarity of an active system is collective
motion. In the previous section, there was no overall flow in the system in
either phase. MIPS arises purely out of variation in the typical speeds of the
particles, under the assumption that the distribution of particles’ directions is
approximately isotropic. Here we consider interactions that specifically align
the particles. These interactions are purely orientational, hence they are
distinct from repulsive or attractive forces, either of which may be included

in conjunction.

Although exhibited by a range of examples, the emergence of collective
motion from a many-bodied system is generally referred to as flocking, as
many of the seminal studies were inspired by the dynamics of flocks of
birds [40]. A variety of techniques have been employed over the years, to
understand the basic mechanisms at play, and to characterize the onset of col-

lective motion using the language of phase transitions [7,42,47,50,51,62—66].

A particularly well known model that exhibits a transition to collective
motion is the minimal agent-based Vicsek model [42,50,51,62,63,67]. The
model evolves many point particles discretely in time at a fixed speed. At
each step the particles reorientate themselves to align with the net direction
of all its neighbours within a fixed radius, plus some stochastic noise [50].
Therefore if the particle speeds are set to zero, the system reduces to that of
a 2D XY model [51]. No other forces are included, and no specific direction is
imposed on the system. As the particles move at fixed speed, and are never
impeded by neighbouring particles, it is unambiguous to refer to the polar
order and the net velocity as the same thing. Some sample frames from a

Vicsek model are shown in Fig. 1.1.

Starting from a noisy system of complete disorder, as the average density
increases, or equivalently the noise strength decreases, a spontaneous break-
ing of symmetry occurs, resulting in collective motion, with a net velocity
that is stable and changes direction slowly in time. Most interesting of all is
the transition between these two states. Rather than alignment smoothly in-

creasing across the system, phase separation occurs, forming a dense aligned



20 Chapter 1. Dry active matter

> ~T N ‘&__// T N\ g\\/ A 4y /HT
@ 7R R i MO R e D
'@7\\»;&:&? AT AT N %\;&/%\\ N
L S r VAN I SO
AR RS ,i

g

| = ) [ SN e B R
%%%V%\%\: \X\\T\gl&\%f/%’ £ - A\lk\zg\f ' 4?\%%\\ X
Yon/ 7N /
ST I S Ry Y
(b)

S
4

N 20N \\

R ) AN

' \\\T f fﬂ‘/ / / V\\} ;
\\\ X%/ ? \WU’ Za RN
N s et k%/ / /A;//ﬂ?-

T ) =5 LT
] o ‘7;1/77 p= T — A 5
(@ A A G IR
///// A///////// /{/
/// :Z//// //{/ %

P
7

: L7 2
/%M%f }/[i/f jé/"é /é*é%‘ﬂ?/

I e N ] 7 =7

G e T e fid g 77 0] Z ey -
L e L T
T S A e
=Y SV 2 = A e,
1AL, //gé;f%/ el 0 s TN
W s 7y e T
N e S Y
L) 2y 77 A T
B P - DA A

/

/

Z YUy
Va7 4 e 2 ! ﬁ /ﬁ//lﬁ/ %%
e e et /] iy —
LG T =N N v

Figure 1.1: Example frames from a Vicsek model, which studies flocking dy-
namics. Each arrow represents the location and direction of a point particle.
At each time step the arrows advance forward by a constant distance, then
reorientate to align with the net direction of all neighbours within a fixed
radius, plus some stochastic noise. Boundary conditions are periodic. (a)
shows a noisy system with no global order, (b) shows a system in the process
of aligning, (c) shows a final steady ordered state.
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phase, which then propagates through the disordered sparse phase [63]. In
periodic geometries, the aligned phase typically forms bands in two dimen-
sions, or planes in three dimensions, which propagate in a direction normal
to the interface. This transition was originally believed to be continuous [50],
however this result has since been attributed to finite size effects, with the

transition now believed to be discontinuous [63].

1.2.3 Fingering instability

Finally we consider a system which includes attractive forces. Isolated epithe-
lial cells will naturally crawl on the substrate they rest upon, suggesting they
qualify as dry polar active matter [68]. Together they form tightly packed
epithelial sheets. Given room to manoeuvre, such as in a wound healing
experiment, they will collectively flow to fill the void, but do not separate
from one another, demonstrating that there are adhesive forces between the
cells [48,69-72]. A commonly observed phenomenon in wound healing assays
is that an initially straight wound does not heal uniformly, rather, finger-like
protrusions develop which propagate into the void [69,71,72]. The primary
mechanism driving this phenomenon is a matter of debate. Some believe it
is due to specialised ‘leader cells’ at the tip of each finger, dragging the other
cells behind them [69,71-73]. Alternatively, studies have suggested that it
is an emergent phenomenon, resulting from the collective interaction of the
cells, implying it should be treated as an active matter problem [8].
Furthermore, there is disagreement over what type of active matter the
tissue should be considered as. Although individually the cells behave in a
polar fashion, experiments on monolayers have observed weak nematic order,
as recognised by the presence of nematic defects [74-76]. Topological defects
are discontinuities in the director field, and are realised in a finite number
of distinct shapes. These shapes depend on the symmetries involved, as
demonstrated in Fig. 1.2. If polar interactions dominate a system, then all
nematic defects would be eliminated. The presence of nematic defects implies
that the cells actually interact in a nematic manner. One way to shed light

on the nature of the system is to attempt to replicate observable behaviour
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Figure 1.2: (a) An example of a nematic defect (blue spot) in two dimensions.
The dashed lines represent the orientation of head-tail symmetric particles.
The field is ordered as neighbouring particles are aligned, but the direction
of the field is not well defined at the blue spot, hence it is a defect.

(b) Here we have recreated this situation with a polar field, in which asym-
metric particles align with their neighbours. As they are asymmetric the
particles can be associated with a direction, and thus can be represented
by a vector field, with the direction signified by the arrows. The red arrow
is consistent with the field directly above, whilst the magenta arrow aligns
with the field directly below. However, as they point in opposite directions,
this clearly violates the rule of particles aligning with their neighbours. In
two dimensions this rule violation can be tolerated at a single point as in
(a), but not along the length of a line, as the situation would be inherently
unstable. As such, this type of defect is specific to nematic systems, and is
not exhibited by polar fields.

with the various models. We investigate this further in Chapter 4.

1.3 Modelling

A recurring theme from these systems is phase separation, with a significant
variation in density between the two phases. In the first two, the phase sep-
aration emerges from the system, whilst the fingering instability is exhibited
during the relaxation of an artificially created phase separation. In partic-
ular, all of these phenomena occur only in a dense regime. Therefore it is

imperative that the methods employed to study these systems are effective
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at high densities.

Now that we have introduced the systems of interest, how best can we
model these systems, especially in the dense regime? Biological systems are
typically complex, so to draw comparisons excess detail must be stripped
away to leave the core mechanics that generate the behaviour of interest. A
variety of techniques have been established over the years, but largely fall

under the following categories.

1.3.1 Agent-based modelling

We have already introduced a quintessential example of agent-based mod-
elling of active matter, namely the Vicsek model. This is an extremely min-
imal model, designed only to capture the effects of flocking, without even
volume exclusion. The Vicsek model has inspired many variations, incorpo-
rating more effects, such as cohesive forces [42], turning effects [77], velocity
reversals [32], chirality [78], to name just a few. In addition to collective
motion, there are many agent-based models investigating MIPS [12,33], and

tissue mechanics [8, 79-81].

All molecular dynamics simulations come with a computational cost.
Whilst easy to program for a small number of particles, the complexity in-
creases dramatically with the number of particles N. Not only does the
motion of each particle have to be tracked at each time step, its trajectory is
determined through the interactions with its neighbours, which must there-
fore be calculated. Hence a naive approach to the system will have complexity
of order O(N?). Smarter algorithms can improve upon this for systems with-
out long-range interactions, obtaining an order of O(NN,) where N, is the
average number of neighbours within interaction range [67]. However, NV, also
increases with density, meaning that to simulate a dense regime comes with
a hefty computational cost. As a guide, current state of the art simulations

of Vicsek models involve tens of millions of particles [67].
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1.3.2 Symmetry and hydrodynamics

We established earlier that the categories of wet and dry, polar and nematic,
are based on the symmetries of the systems. This is not a coincidence. When
coarse grained to a hydrodynamic level, the microscopic details of a system of
particles become largely irrelevant, and it is the symmetries which determine
the equations of motion. This principle is the foundation of fluid mechanics.
For simple passive fluids, these are the famed Navier-Stokes equations. It is
noteworthy that the same equations apply for many different fluids. There
is no “Navier-Stokes for water” and a different “Navier-Stokes for air” —
they are one and the same. Microscopically these fluids may not be similar
at all, yet on a much larger scale the differences are mostly irrelevant. The
only change to the equations of motion are the values of the coefficients. In
fact if we consider an arbitrary system of particles, and insist that it respects
temporal, rotational, translational, chiral, and Galilean symmetries, then
that system is necessarily described by the Navier-Stokes equations in the
hydrodynamic limit. [82] In this way, the Navier-Stokes equations are said to
be universal.

The same logic can be applied to active systems. For dry polar active
matter, the Galilean symmetry is broken, as is conservation of momentum.
This leads instead to the Toner-Tu equations [40,41,43,49]
%—FV-(pu):O , (1.1a)
ou 5
E—i_)\l (u-V)u+ X (V-u)u+ AV (Juf’)

= VP —u(u-V)P + [a(p) - Bu]u+ Drv2u - (11D)

+DV(V-u)+ Dy (V-ulu+f,

in the hydrodynamic limit, where p is the density field, and u the velocity
field. P, and P, are pressure terms, isotropic and anisotropic respectively,
and f is a delta-correlated noise function. The continuity equation (1.1a) is
the same as in the Navier-Stokes equations, however the momentum equa-
tion (1.1b) has many more terms. This is to be expected, since the continuity

equation is simply enforcing conservation of mass, which still holds in a typi-
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cal polar active fluid, but conservation of momentum certainly doesn’t, hence

the new terms.

Although there are many ways of deriving these equations, the method
that Toner and Tu used was to appeal to symmetry [40]. Assuming that the
dynamics of u depend only on functions of p and u, they listed every possible
combination of terms that the dimensionality and symmetries permitted.
This list includes many more terms that do not feature in Eq. (1.1b); these
extra terms were eliminated by considering orders of magnitude and observing

that in the hydrodynamic limit they are negligible in comparison.

Eq. (1.1b) appears to be far too complicated to solve, with a plethora of
non-linear terms. However for the purposes of this thesis, the key term to
note is that of [a(p) — Blu|?] u. This term is simultaneously a driving and a
damping force, and does not depend on the derivatives. For u to be bounded
we must have § > 0. The sign of a then heavily impacts the nature of the
system. If o < 0, the system is constantly applying the brakes, with all
velocity experiencing drag. On the other hand if a > 0, the system has a

steady solution: a constant uniform flow with
a(p)
lu| =/ —= . (1.2)

This solution is that of uniform ordered collective motion. The fact that it
can be a solution to the system (in the absence of stochastic noise) is an
excellent indicator that these equations do indeed model a polar active fluid.
Note that the solution only dictates the speed, not the final direction. There

is no preference to the direction; there is no external field applied.

Although we have established that dry polar systems are described by
the Toner-Tu equations (1.1), solving these equations is far from trivial, with
an abundance of non-linear terms. Furthermore the effects of each term
on the system are not always obvious, and to reproduce the dynamics of a
particular system, one would need to know the values of the coefficients. This
is a limitation of the symmetry method of derivation; we gain no information

about the values of the parameters.
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1.3.3 Kinetic theory

A potential remedy to the issue of unknown parameters is to derive the
hydrodynamics by another means. Rather than appealing to symmetry to
determine the form of the macroscopic equations, one can instead derive the
equations starting from the microscopic system, using multiscale expansions
[44, 64, 66, 83-85]. Typically this involves first approximating the system
to a one-particle distribution function, f(r,&,t), described by a Boltzmann

equation [83],

Ve V= Lalf] 4 Tl (1.3

where Iy [f] and I, [f] account for the self-diffusion and collision effects
respectively. f(r,&,t) should be interpreted as a probability density of a
particle at location r and time ¢ moving with velocity €. For particles in
two dimensions moving at fixed speeds, & can unambiguously be described
by an angle # indicating the direction of motion [44,66,83]. The macroscopic
variables, and hydrodynamic equations, are then obtained by integrating over
various moments of f to remove the dependency on &.

This approach has its own downsides. Determining a closed useful ex-
pression for I, [f] is extremely difficult, even in the simplest case where only
binary collisions are considered, which itself is only valid in a sufficiently
dilute system [66]. In order to proceed more approximations are employed,
such as truncating the expansions in the Fourier-space representation of the
angular argument of Eq. (1.3) [83]. The resulting macroscopic equations
are consistent with the Toner-Tu equations (1.1) [83], and the microscopic
parameters can be linked to the macroscopic coefficients, but the number
of approximations made in the process raises questions about the range of

validity of this approach.

1.4 A mesoscopic approach

As a main part of this thesis we develop a new method for simulating dry
polar active matter based on the lattice Boltzmann method for simulating

passive fluids, the details of which are presented in Chapter 2. This method



Chapter 1. Dry active matter 27

effectively solves a discretised Boltzmann equation (1.3) for dry polar active
systems. As opposed to deriving the form of I, [f] directly from the micro-
scopic system of interest, we instead adapt the result for the standard lat-
tice Boltzmann method, using symmetry and phenomenological arguments.
As a result we expect our results to be applicable to multiple systems who
share these symmetries. Furthermore the method is easy to implement and
functions effectively in the dense regime. We also prove that our model in-
deed reproduces the Toner-Tu equations in the hydrodynamic limit using
Chapman-Enskog style multi-scale expansions.

We demonstrate the versatility of our method by using it to simulate
two types of dry polar active matter; that is, a system that exhibits MIPS,
and a system that exhibits collective motion. The results of our method
are presented in Chapter 3. Not only can we successfully reproduce the
phenomena of both MIPS and collective motion, but by including contact
inhibition of locomotion effects into our alignment model we discover two new
first order phase transitions and a potentially new critical transition. We also
use the Toner-Tu equations to interpret our new-found phase transitions from
the perspective of a stability analysis. Using a renormalization technique, we
successfully connect the parameters of our model with those of the Toner-Tu
equations.

Finally in Chapter 4, we perform a stability analysis on a strip of fluid that
behaves according to an incompressible version of the Toner-Tu equations.
The results have implications both for wound healing and for the outcomes

of our alignment model.
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Chapter 2

Lattice Boltzmann methods

applied to dry active matter

In this chapter, we introduce the standard lattice Boltzmann method for
simulating fluid flow, and explain how this can be adapted to describe dry
active systems with two simple, but significant, adjustments. In addition, we
derive the corresponding hydrodynamic equations using a Chapman-Enskog
expansion, and observe that they are a version of the Toner-Tu equations, as

expected from the symmetries of the modified system.

2.1 Lattice Boltzmann methods for passive
fluids

Simultaneously solving the equations of motion for every single constituent
molecule of a fluid would be a monumental task. Thankfully, we have no
need to do so if we are concerned only with the collective effect. Instead, by
ignoring the microscopic details and treating the system as a continuum, a
new set of governing equations can be derived which describe the large scale
behaviour of the system. Information, such as the trajectories of individual
particles, is lost in the process, but the task is simplified to a significantly
more manageable challenge. For simple fluids, these macroscopic equations

are the famed Navier-Stokes (NS) equations. Despite the simplification, solv-
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ing these non-linear partial differential equations analytically still remains a
formidable challenge. With the exception of some noteworthy exact solu-
tions, numerical solutions are the best we can collectively obtain. As such,
an abundance of computational methods have been developed with the aim of
directly integrating the equations to higher and higher accuracy whilst min-
imizing computational time. Perhaps none are quite like the Lattice Boltz-
mann method (LBM). Instead of solving the NS equations directly, the LBM
evolves a Boltzmann equation describing a microscopic system which in no
way resembles a physical fluid, yet whose macroscopic behaviour obeys the
NS equations. [86,87].

That such a method should work emphasises the universality of the Navier-
Stokes equations. By identifying the underlying symmetries of a classical
many-body system, one can derive the hydrodynamic equations of motion
(EOM) that govern the macroscopic dynamics of that system, and, cru-
cially, any other system that respects the same symmetries [88]. In the case
of simple fluids, temporal, rotational, translational, chiral, and Galilean sym-
metries necessarily lead to the Navier-Stokes equations in the hydrodynamic
limit [82]. Conversely, breaking any one of these symmetries would likely
render the NS equations invalid for describing such a system. For example,
removing both the Galilean symmetry and conservation of momentum leads
instead to the more general Toner-Tu EOM (1.1) [40,41,49], which generically
describe dry polar active fluids [1].

Analysis of a hydrodynamic theory can elucidate the universal behavior
exhibited by all generic systems respecting the prescribed set of symmetries;
conversely, any particular many-body system defined by certain microscopic
rules that respect the same set of symmetries can also be used to study the
associated universal behaviour in the hydrodynamic limit. This is the reason
that ‘toy’ models in physics are so useful and can provide insights beyond
their own curiosities — if a toy system respects the same symmetries as a
more physical system then it must exhibit the same universal behaviour in
the hydrodynamic limit. This is how lattice gas cellular automata systems,
the predecessor of LBMs, can be relevant to fluid mechanics. Although they

consist of discrete particles moving and interacting on a lattice in discrete
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time, with the right collision rules they exhibit behaviour identical to the NS
equations in the hydrodynamic limit [89].

This is a powerful concept. A simple system can be studied in place of
a much more complex one provided that they share the key similarities. By
constructing a minimal model, stripped of unnecessary detail, computation
time and effort can be saved. The crucial question is what is the minimal
level of detail required to accurately achieve the goal. The history of lattice
gas models reveals the challenge this question once posed. The first model
which fits the description above was the Hardy, de Pazzis and Pomeau (HPP)
model [90-92]. Defined on a square lattice, it can successfully produce some
features typically associated with fluid flows, however the method itself is
insufficient for exploring the full NS equations as it cannot generate the non-
linear effects, nor the dissipative term. The problem was discovered to be a
lack of isotropy in the system, a problem that was solved by Frisch, Hasslacher
and Pomeau in two dimensions and d’Humiéres, Lallemand and Frisch in
three dimensions [86,89,93].

Lattice Boltzmann methods are a natural evolution from this formula and
were developed towards the end of the 1980s [94-97]. Lattice gas automata
are Boolean and stochastic in nature; results are obtained only through copi-
ous statistical averaging across large time and length scales [96]. The lattice
Boltzmann framework effectively performs this averaging in advance, and, in-
stead of finite particles, transports and collides probability densities accord-
ing to a Boltzmann equation. As a result LBMs are (typically) deterministic
systems, and need only be solved once [96]. Other more pressing issues are
also resolved. Lattice gas models do not exhibit Galilean invariance, and the
equation of state is velocity dependent; both of these issues are remedied in
the LBM [97].

Lattice Boltzmann methods have their limitations: they cannot recreate
supersonic flows as a low Mach number is a key assumption in their derivation
[98,99]. A further consequence is that they exist in the incompressible limit,
but they are not strictly incompressible, though attempts have been made
to achieve as much [99-101]. The pressure field is related to density by an

equation of state, whereas in the incompressible NS equations the pressure
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term is a Lagrangian multiplier.

The key advantages of LBMs come in their simplicity. They are relatively
easy to program when compared with direct NS solvers and can be heavily
parallelised [86,98]. Boundary conditions are especially simple to apply in
a lattice gas model [87]. A no-slip condition can easily be implemented by
simply reflecting any particles that arrive at a boundary node, causing the
particle to ‘bounce-back’, travelling back along the path it arrived on with
its velocity reversed [87,102]. The same idea extends to lattice Boltzmann
models, although it should be noted that whilst the LBM is second order
accurate in the Mach number, the bounce-back boundary condition gives
only a first order accurate no-slip condition [87]. As a result it lowers the
accuracy of the system. Nonetheless the simplicity in applying the rules
makes the LBM ideal for complex geometries and have been extensively used
to simulate flows through porous media [103].

The adaptability to complex geometries also has uses in the world of active
matter as LBMs have been employed to simulate the fluid part of suspensions
of active swimmers [104]. In these simulations the active swimmers are each
several lattice spaces in diameter and are modelled as collections of boundary
nodes with specified surface pressures. Not only do they induce flow in the
surrounding medium, they in turn respond to the flow and propagate through
the system, meaning that the nodes must fluctuate between being boundary
nodes or being in the fluid depending on the current location of the particles.

Other variations of LBMs have also been used for simulating complex
fluids such as passive and active liquid crystals [28,30,74-76,105-115]. This is
typically accomplished by solving the fluid part of the system with LBMs and
using an alternative method, such as finite differences, to solve the nematic
crystal part. This combination of methods has earned them the title of hybrid
lattice Boltzmann methods.

These examples all describe wet active matter with momentum conserving
forces [1], however the development of the LBM for dry active fluids is still
missing, which is the focus of this chapter. Lattice gas models have been
successfully used to simulate active matter [116, 117], however, like their

passive counterparts, these systems require extensive averaging over long time
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frames in order to produce results. By designing a lattice Boltzmann style
simulation, we hope to reduce the total computation time, whilst also creating
a robust model that can be easily adapted to produce a variety of active
systems. In this thesis we modify the conventional LBM to reproduce two
different behaviours of dry polar systems in two dimensions: motility-induced
phase separation (MIPS), and collective motion with contact inhibition of
locomotion (CIL). The simulation method developed enables us to explore
the rich phase behaviour of the systems. In particular, in the CIL model we
have uncovered two novel first-order and a potentially novel critical transition.

These results will be discussed in detail in Chapter 3.

2.2 Overview of the lattice Boltzmann method

The lattice Boltzmann method refers to solving the discretised Boltzmann
equation on a lattice. The Boltzmann equation itself concerns the temporal
evolution of a distribution function f(¢,r, &), which here corresponds to the
mass density of matter moving with velocity £ at location r and time t.
Although f is the variable being evolved in time, it is rarely the object of
interest; rather macroscopic variables obtained from f are the goal. In simple
fluid simulations the typical variables of interest are the mass density field p,

and the velocity field u, which are related to f by

pltr) = [ @€ f(tx.€) (2.12)
pltultr) = [ d°€ fit.x, €06 (2.1)

where D is the spatial dimension.

Discretizing & into a finite number of velocity vectors, ce; directed towards
neighbouring spatial nodes naturally constructs a lattice in the domain. The

evolution equation can be expressed as

afi
ot
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Figure 2.1: Lattice configuration for the (a) D2Q9 and (b) D2Q7 sten-
cils. This shorthand indicates the dimension D (in this case both are two-
dimensional), and the number Q of lattice vectors e; directed to the nearest
neighbours. These are demonstrated by the blue arrows for a particular
node. Also included is a zero vector eg = 0, denoted here by the cyan circles.
Both of these configurations possess the required symmetries to accurately
reproduce the behaviour of the Navier-Stokes equations.

where f; is the mass density moving with velocity ce; and €2; is a collision
operator. It should be stressed here that in the discretisation of £, an assump-
tion has been made that the amount of material moving at speeds greater
than max; c|e;| is negligible. This restricts the realm of validity of the LBM,

as we will discuss later.

The DQ notation is conventional for describing the lattice structure of
the domain, where D is again the spatial dimension, and Q is the number
of nodes each is connected to, including itself. Typically a ‘zero’ vector is
included in the discrete directional space to help balance higher moments.
Here we will take ey = 0. There are many suitable choices of lattice, but
they must contain the necessary number of symmetries to preserve enough
higher moments of the system in question according to the desired level of
accuracy [89,118]. For example, a D2Q5 lattice, that is, a two dimensional
square lattice is insufficient to accurately reproduce the Navier Stokes equa-
tions, as was observed in the HPP model [86], but a triangular lattice, D2Q7
(Fig. 2.1(b)), is sufficient [89,118]. This is not to say that any square shaped
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lattice cannot work — by including the diagonal components, as in the D2Q9
model (Fig. 2.1(a)), not only is a functioning model achieved, this model is
more accurate than the D2Q7. Naturally the trade off is in computational
efficiency. In the D2Q7 model the non-zero lattice vectors are all equivalent,
but in the D2Q9 model, the diagonal directions require different weight-
ing from the horizontal and vertical directions. Furthermore the speed of
sound ¢, is different. Even more specific lattices are required to acquire high
enough orders of isotropy to study systems more advanced than isothermal
fluids [118].

Here, we will focus on a D2Q7 lattice, which is a triangular lattice in
two dimensions with a discretised distribution function f;(¢,r), where i =
0,1,...,6. The corresponding vectors are e; = 0, and e; = cos[(i — 1)7/6]% +
sin[(i — 1)7 /6]y for i > 0. The local mass density and velocity are thus given
by

6 6
p:Zfi , u:%Zficei , (2.3)
=0 i=0

where the lattice speed c is the ratio of the lattice spacing Ax to the time
increment At. For accurate solutions velocities must obey |u| < ¢, which
is known as the low Mach number assumption. As a result LBM cannot be
used to simulate supersonic flows [119]. Typically scales in the LBM scheme

are chosen such that ¢ = 1, though this is not essential.

The discretised Boltzmann equation can then be evolved using the single

relaxation parameter Bhatnagar-Gross-Krook (BGK) collision operator [120]
1
fl(t + At’ r+ CeiAt) - f’t(t7 I') = _; [fl(ta I') - fieq(ta I')] ) (24)

where fi4(t,r) is a lattice dependent steady-state (equilibrium) distribution
and 7 is a relaxation parameter. When simulating the Navier Stokes equa-
tions, 7 is linearly proportional to the viscosity, though its exact relationship
to macroscopic parameters is lattice dependent. The evolution of this equa-
tion is typically split into two processes: the streaming step and the collision
step, the latter of which is effectively a local redistribution. To obtain the NS

equations in the macroscopic behaviour, the moments of f;* should match
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the symmetries of the NS equations. However, in a discretised system there
are a finite number of degrees of freedom to work with, therefore it is im-
possible to match every moment ad infinum. As such, as many moments as

possible are fulfilled, prioritising those of lowest order.

The first three moments are
Q-1 Q-1
M= fi=p.
i=0 i=0
Q-1 Q-1
Z fieqcez' = Z fice; = pu (2-5)
i=0 i=0
Q-1
Z fiic’ee; = puu + P .
i=0

The pressure term P obeys a simple equation of state P = ¢2p, where c, is
the lattice dependent speed of sound. These three moments have been shown
to be necessary and sufficient to generate NS behaviour. In two dimensions
these amount to six independent restrictions on the vector fi, hence @) must
be at least six. This explains why a D2Q5 framework is insufficient, but
D2Q7 is sufficient.

The general form of f{* is of a truncated Taylor expansion in u. In fact,
the expression can also be obtained by discretizing the Boltzmann distribu-

tion for velocities at thermal equilibrium [98],

fea — P oxp | — (€ - u)2 (2.6)
" @rrT)PRTY 2RT '
o 3 gu (£-u? upP
~ —<27TRT>D/2 exp (—m> 1+ T + 2 (RTP? ~5n7| (2.7)

where R is the ideal gas constant, D is the spatial dimension and T is the
temperature. For this truncation to be valid, u must be small, |u| < vRT =
cs; this is the aforementioned low Mach number assumption. From here, as
¢ is discretised to {ce;}, the prefactor exp(—&?/2RT) must be replaced with
constants so as to satisfy Eq. (2.5).
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In a D2Q7 framework

.. .. 2 2
£ = wip [1+4e’cu+8(el u) —2'“'} , (2.8)

where w; are lattice specific weights: wy = 1/2 and w;x, = 1/12. For com-

parison the D2Q9 equivalent is

(2.9)

2 2
£9Z wip [1 N 3eZCu n g (eZCQU) B gll;‘ } ,
where e = 0, e; = (1,0), e; = (0,1), e3 = (—=1,0), e, = (0, —1), e5 = (1, 1),
e = (—1,1), e7 = (—1,-1), eg = (1,-1) and wy = 4/9, w; = 1/9 for
i€ {l1,2,3,4}, w; =1/36 for i € {5,6,7,8}.

Note that f only depends on p and u and not the other values of f;. As
mentioned the speed of sound c, is lattice dependent, as is the relationship
between 7 and the macroscopic viscosity v. Explicitly these are

o — 1
T 2t (2.10)

or — 1
D2QO: €= — v=""""CAt. (2.11)

D2Q7: Cs =

UV =

These relationships are derived during the recovery of the Navier-Stokes equa-
tions in Section 2.5.1. As v > 0 necessarily, we require 7 > 1/2, although
it should be noted that as 7 approaches 1/2; the system becomes unstable.
As such, when simulating high Reynolds number (low viscosity) flows, it is
advised that other system parameters, such as Az and At, are modified to
ensure 7 is large enough for the system to be stable.

The significance of 7 > 1/2 can be readily understood by looking at a
simpler problem. Recall that 7 is a relaxation parameter, determining the
rate at which the distribution f; at a lattice site relaxes to the equilibrium
distribution f;*. Consider instead the simple difference equation

T

Tivy1 — L3 = —— (212)
T

where 2y > 0. This resembles Eq. (2.4), and describes a sequence z; which
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relaxes towards a constant value, in this case 0. If 7 = 1 it arrives at 0 in a

single step. Rearranging

Tit1 = <1 - 1) T . (2.13)

T

If 7 > 1, then z; steadily decreases without ever becoming negative, resem-
bling an overdamped system. Conversely if 1/2 < 7 < 1, the sequence tends
towards 0 whilst fluctuating in sign, thus resembling an underdamped sys-
tem. If 7 < 1/2 the sequence does not converge to 0 at all. Therefore the
issue with 7 being too close to 1/2 in the lattice Boltzmann algorithm is
actually a vanishing of the damping effect, hence the lack of stability in the

system.

2.3 Basic algorithm

O O
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Streaming Redistribution
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Figure 2.2:  Schematic of the temporal evolution of a lattice Boltzmann
algorithm for a single site. The collision step simply redistributes the values
at a site towards the profile described by f;.

To evolve the system numerically the evolution equation (2.4) is typically
broken into two alternating steps, namely the streaming step and the collision
step. Some intermediate calculations are pre-requisite for the collision step

so a more detailed description of the algorithm for a single step is as follows:
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Standard LBM algorithm:

1. Streaming step: An intermediate post-stream distribution f]
is evaluated by advancing all of the values f; one lattice space

forward in their corresponding directions, for each lattice site:
fi(r + ce;At) = fi(r) . (2.14)

2. Calculate macroscopic variables: Eq. (2.3) is employed to
calculate the new values of p and u from the post-stream distri-
bution f;.

Q-1

Q-1
p=> i, pu=>" fice; . (2.15)
=0

1=

3. Calculate equilibrium distribution: The equilibrium distri-
bution is calculated using the newly found macroscopic variables
p and u. For the D2Q7 model:

e € -u
fiq:wip 1+4 +8 D) 2
C C C

(2.16)

4. Collision step: Assign new values to f;, one time step ahead of

the previous values, given by

fi=fim (Y (2.17)

where f! is again the post-stream distribution.

Only the streaming step involves relating neighbouring lattice sites —
all the remaining processes occur at individual sites, independent of all oth-
ers. Therefore in a single time step information is at most transmitted by a
distance of one lattice spacing. Hence the speed at which information can

propagate through the system is determined by ¢ and the geometry of the
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lattice. Furthermore, deconstructing the algorithm in this way permits the
use of parallelisation techniques for efficient computation.

Note that most LBM guides introduce the streaming step first, though
it is irrelevant whether the streaming or collision step is performed first, so
long as the macroscopic variables p,u are always calculated from the post-
stream distribution. Strictly speaking f/ as described here corresponds to
fi(t + At,r + ce;At) given in Eq. (2.4) and the initial distribution f; would
be the actual intermediate distribution, however given that the values of f;

are rarely of interest, this is unlikely to be a great source of confusion.

2.4 A lattice Boltzmann method for dry ac-

tive fluids

So far we have described the basic algorithm for the LBM which recovers
the Navier-Stokes equation in the incompressible limit. Here we will explain
how we adapted the LBM for dry active matter. Some of the details are
model specific. To date we have successfully recreated the behaviour of two
types of dry matter using our LBM: a non-aligning system that exhibits
motility-induced phase separation (MIPS), and a flocking system with con-
tact inhibition of locomotion (CIL). CIL is an effect observed in cell assays;
as the cells become more crowded, their individual speeds decrease [48]. Al-
though both of these systems are described by the Toner-Tu equations (1.1),
they occupy very different locations in parameter space as we demonstrate
in Section 2.5.2. As a result they behave in vastly different ways. For further
explanation, and the unexpected outcomes of our simulations, see Chapter
3.

Despite the differences between the systems, we achieved them in a simi-
lar manner. Ultimately we make just two adjustments to the method already
described, the crucial change being that we replace the equilibrium distribu-
tion f;4 with that of our choosing which generates the system of interest. We
will denote this new steady state distribution as f>° in order to differentiate

the two. The second change was to include stochastic fluctuations into the
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evolution equation. Therefore our discretised Boltzmann equation is now

filt + At,r + ce;At) — fi(t,r) = —% [fi(t,x) = [t r)] +nilt,x) . (2.18)

where 7 is a relaxation parameter as before, and

ni(ta I‘) = ﬁZ(ta I‘) - ; Z ﬁl(t7 I‘) ) (219)

where 7); are temporally and spatially uncorrelated random variables uni-
formly distributed in the interval [—o,o]. Note that this particular choice
of noise alters the local velocity, but Eq. (2.19) ensures that the density is
conserved. It is possible for one or more of the f; values to become negative
after adding this noise. This is not permitted, hence we immediately correct

this using the following procedure at each lattice site.

Negative correction procedure:
1. If fo <0, simply set fy = 0.

2. If f; < O0for¢ > 0, then take j, such that e; is the reverse direction
ofe; (144,24 5,3 6),and add |f;| to f;, then set f; = 0.

3. By now f; > 0 for all 7, however it is possible that the density
has changed. This is corrected by rescaling

fi (2.20)

_P
szf]‘fl.

As was established earlier, in the standard LBM f{* is constructed so as
to satisfy the moments in Eq. (2.5). The first two conditions in Eq. (2.5) en-
sure that the collision operation preserves mass and momentum respectively.
Therefore built into the system are conservation of mass and conservation of
momentum, both of which are key symmetries in the NS equations. When
this is considered in conjunction with the isotropy of the lattice itself, it is of
little surprise that this system generates the behaviour of the NS equations in

the hydrodynamic limit with almost all of the necessary symmetries fulfilled.
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The remaining symmetries are ensured by the third moment in Eq. (2.5).
Hence through considering symmetries alone one can almost deduce the final

equations. See Section 2.5.1 for a rigorous derivation of NS from LBM.

Active systems do not respect the same symmetries as Navier-Stokes.
The crucial difference between active particles and passive particles is that
active particles can generate local propulsive forces. As a result, spontaneous

motion can develop, resulting in a violation of momentum conservation.

Therefore in order to model dry active matter in a LBM, we choose f>°
such that density is conserved, but that momentum is not. In fact we chose

/55 to maintain the form of f{% so that

*

35 = w;p 1—|—4ei'u +8

(ei-u’)? |u?
! c c? —2 c?

: (2.21)

where u has been replaced by u*. The weights w; are as before. This au-
tomatically ensures that the density p is preserved, but the momentum is
dictated by what we choose the steady state velocity field u* to be. This
also explains our choice of noise in Eq. (2.19). Any rotationally invariant
noise will suffice so long as it preserves density. There is no need to seek a

momentum balancing noise since momentum is not conserved anyway.

Due to both the noise and the replacement of u — u* in f55, it is possible
that

fi(t,r) — % [fit.r) = fB(t,r)] <0, (2.22)

when 7 < 1, even if f; > 0 for all 7. Therefore to ensure that no values become
negative, we only use 7 > 1. Different values of 7 were tested for the models
described below. Results were qualitatively similar to those described in
Chapter 3, however if 7 is too close to 1 in the MIPS model, the nature of the
lattice has too strong an effect, with unrealistic hexagonal structures forming.
As mentioned previously, the value of 7 is proportional to the viscosity v. As

the viscosity is not the focus of this thesis we maintain 1 < 7 < 2.

For our algorithm to be consistent with Eq. (2.18), we must add the noise

after the collision step. Our algorithm is now given by
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Active LBM algorithm:

1. Streaming step:
fi(r + ce;At) = fi(r) . (2.23)

2. Calculate macroscopic p and u:

Q-1 Q-1
p=> 1, pu=>"fice; . (2.24)
= 1=0

3. Calculate u*: This step is model dependent. In our MIPS and
CIL models, u* is a function of p and u, as calculated in step 2.

Future models may be more elaborate.

4. Calculate steady state distribution f5:
For the D2Q7 model,

u* (ei X u*)Q

SS € -
> — wip |1+ 4 8 2 2.25
fi wip |1+ c + 2 2 ( )
5. Collision step:
/ 1 ! SS
fi=f= (- 15) (2:26)
6. Add noise:
S (2.27)

where 7); is given by Eq. (2.19).

7. Negative correction procedure: As described earlier, we
amend f; so that f; > 0.

The choice of u* determines which active system is described. As such
this is where our MIPS and CIL models differ.
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2.4.1 Motility-induced phase separation

Motility-induced phase separation is exhibited by several different types of
active particles, such as run-and-tumble particles and active Brownian parti-
cles. Though the exact mechanism by which MIPS arises is different in each
system, certain properties are shared. Both types of particle self-propagate
with some persistency to their directions, interactions with their neighbours
cause them to slow down, and particles congregate in areas where they are
slow moving. These are the key ingredients required to generate MIPS. As
our model is already coarse-grained we do not specify which system we are
recreating, and simply present a general model that exhibits MIPS. In fact,
it has been shown that the coarse-grained dynamics for active Brownian par-
ticles and run-and-tumble particles are equivalent if the orientation rates and
swim speeds do not depend on the swimming direction [34]. This is the case
for our system, hence we do not make a distinction between the two systems,
and adopt a notation consistent with the LBM.

We use the following definition for our steady state velocity u*,

C(l—p%)Vp if p < p*

0 otherwise

ut =

(2.28)

where C' is a positive constant, dictating the sensitivity of the system to
density gradients. The parameter p* acts as an upper bound for the local
density as permitted by the system; above this there is no net flow, regardless
of density gradients, hence the density cannot rise further. As we established
earlier, the LBM only works for small speeds, however it is not obvious a
priori how large the values of Vp will be. Hence for stability purposes we
include a precautionary step in our algorithm, where, if need be, we reduce

the magnitude of the velocity to a prespecified Up.,. Explicitly
|u*| — min (Ju*|, Unax) - (2.29)

The standard LBM does not typically feature gradients. Indeed, apart

from the streaming step, all of the calculations and operations are strictly
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localised to each lattice site. To calculate a gradient we must include informa-
tion from neighbouring nodes. We do so by incorporating a finite difference
procedure into the routine [121]. It is important to use a finite difference
stencil which is isotropic when projected to the lattice. A suitable choice is
given by

Vp = Al(p1 — ps)er + (p2 — ps)ex + (p3 — pe)es] (2.30)

for A = 1/(3Ax), where in this notation p; = p(t,r + Azxe;) [121]. The

resulting stencils are

Opo _ 2(p1 — pa) + (p2+ ps) — (p3 + ps5)

or 6AT ’ (2:31)
dpo _ (p2+ p3) — (5 + pe)
5y iy . (2.32)

We motivate the expression in Eq. (2.28) firstly by intuition, and secondly
through comparison with other studies. For our system to experience MIPS
the speed of particles must decrease in regions of high density. The speeds
of individual particles do not feature in our system, as u* is a macroscopic
variable. However, a consequence of all particles’ speeds decreasing is that
the net speed |u*| will also decrease. This is clearly achieved by the term
(1 —p/p*), with the net speed hitting zero altogether for p > p*. Physical
systems of hard particles have an upper limit as to how tightly they can be
packed, hence it is natural to have a maximum density p*. In Chapter 1,
we established that there is no alignment mechanism in a MIPS model, and
that directions of particles are typically random and isotropic. This raises
a question as to how we can have a non-zero net flow at all. The answer
comes in the form of a statistical average. Consider a fixed point in space
and assume that there exists a persistent density gradient in a fixed direction.
As they are heading into a region of higher density, particles moving in that
direction will be impeded more than particles moving in any other direction.
Within a short time the non-impeded particles have left the vicinity, whilst
the impeded particles remain. As the time span was short, most of these
particles will have maintained their current direction, due to our persistency

assumption. As a result there is a net flow towards regions of higher density.
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This is also consistent with the observation that particles will congregate in
areas of lower speeds or, equivalently, higher densities; we expect there to be

a flow towards those regions.

We can also arrive at the expression in Eq. (2.28) through comparison with
previous studies in the field. For a system of non-interacting active particles
propagating with fixed speed v(r), and orientational relaxation time 7(r),
where v and 7 can vary in space, it has been shown that the macroscopic

density obeys the following

dp
VA | 2.
T Vv-J, (2.33a)
J=—-DVp+Vp++/2DpA , (2.33b)

where V is a drift velocity, D is a diffusivity, and A is a white noise [16].

With negligible translational diffusivity these can be expressed as

(2.34)

= —Vloguv, (2.35)

where d is the dimension. Generalising this system to include interaction
effects, allows v and 7 to now depend on the local density p, as well as r. By
extension so do D and V. For simplicity we assume 7 to be constant and
v to depend only on p. Numerical studies of active Brownian particles have
shown that the effective speed has an approximately linear dependence on
the density [33,54,57,58]. Hence we adopt

v(p) = vy (1 — ﬁ*) : (2.36)
P
The drift velocity V becomes

2
V= ;f; (1 - %) Vo . (2.37)

Finally we observe that Eq. (2.33a) is a continuity equation and equate
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J = pu in our system. We take the drift velocity to be the steady state
that u tends towards, that is V = u*. The term DVp features in our model
as the pressure term in our hydrodynamic equations, as can be seen in Sec-
tion 2.5.2, and of course we also have noise. Our system is very similar to
that presented in Eq. (2.33), albeit our velocity u is dynamic, whilst J has
no time dependence. In that sense, Eq. (2.33) is the overdamped version of

our model.

2.4.2 Alignment with contact inhibition of locomotion

In the model described in the previous section, the net flow of matter was
largely determined by the gradient of the density field. In a periodic system,
this means that a steady state cannot have a constant unidirectional flow, nor
homogeneous polar order, as either of these would require the density field to
be endlessly growing in a particular direction. This lack of collective motion
is to be expected since the active systems on which the model is based have
no mechanism for their active particles to align their velocities.

In this section we consider an alternative model with an alignment mech-
anism. Explicitly we attempt to produce the collective behaviour of two

dimensional dry active polar particles with the following characteristics:
e nearby particles align their velocities in the local net direction of motion
e there is no preferred direction of motion
e particles propel themselves to move at the same fixed speed
e high densities impede the mobility of the particles

The first three of these are very common from previous studies of collective
motion, with local alignment occurring by assumption, such as in toy models
like the Vicsek model, or through two (or more) body collisions [44, 50, 51,
62,66]. These studied the minimum requirements for collective motion to
emerge from local interactions. The third assumption is a common theme in

dry active matter; local momentum is not conserved with propulsion usually
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generated through an interaction with a fixed substrate, from cells crawling

on a surface to wildebeest running on a plain.

The final assumption is a phenomenon observed in wound healing ex-
periments; epithelial cells propagate around a growing sheet of tissue, but
their motion gradually decreases as the density increases, effectively stop-
ping entirely as the sheet reaches confluence [48]. This relationship between
local speeds and density is generally known as contact inhibition of locomo-
tion (CIL), although the exact reason it occurs between epithelial cells is
debated [122]. Regardless of why it occurs in cells the effect can be witnessed
in many other systems of collectively moving bodies with volume exclusion,
such as people walking down a crowded corridor, and most famously in traffic
flow [123,124].

To encapsulate these into the model we take

w = Uolp) o (2.38)

|u
where Uy is a predetermined local mesoscopic speed, which may be density-
dependent. This expression amounts to accelerating or decelerating the fluid
without changing the instantaneous local direction, although it should be
considered in the context of particles reorienting to align with the net direc-

tion, as opposed to particles speeding up or slowing down.

CIL is included by choosing U, to be a decreasing function of density; we

use
—Ap*+ B if B> Ap?
Uo(p) = (2.39)
0 otherwise
where A and B are positive constants. We do not allow U to become neg-

ative; as in wound healing assays, we assume collective motion ceases if the

density is high enough.

In violating conservation of momentum, our system is necessarily not
equivalent to the Navier-Stokes equations. By imposing a fixed particle speed
we have also lost Galilean invariance, as this speed is specific to the rest

frame of the substrate. As a result we are in the realm of the Toner-Tu
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equations [40,41]. In Section 2.5.2 we demonstrate this using Chapman-

Enskog analysis.

2.5 Relationship to hydrodynamic equations

2.5.1 Recovery of the Navier-Stokes equations

Sydney Chapman and David Enskog introduced a multiscaling method to
derive a hydrodynamic description from a microscopic Boltzmann equation.
Given that the lattice Boltzmann method can be viewed as a discretisation
of the continuous Boltzmann equation, by extension the same conclusions
apply to the hydrodynamics of the LBM [98]. Alternatively the asymptotic
techniques can be directly applied to the lattice Boltzmann equation, as we
will demonstrate here.

There is no consensus on how Chapman-Enskog analysis should be im-
plemented, however all of the derivations share a common theme, namely f;
is asymptotically expanded about the equilibrium distribution f;® by a small
perturbation parameter € and various orders of the expansion are matched
to give a hierarchy of equations. What the small parameter ¢ represents
varies between studies. Some studies take At as ¢, justified by the fact that
a discretised differential equation must be evolved in small time increments
to be valid. However, strictly speaking this should be ¢ = At/T where T is a
typical time scale of the system, since the definition of the lattice Boltzmann
equation permits arbitrary rescaling of . Other methods use the Knudsen
number as €. This is a dimensionless parameter comparing the microscopic
length scales with the length scales of the system, and is often referenced
when discussing the validity of a continuum assumption in fluid mechanics
or other statistical mechanics formulations. Typically it is defined as the
mean free path divided by a representative length scale. In lattice Boltz-
mann systems terms the mean free path is simply Ax, as this is the distance
travelled between collision evaluations. Hence £ would be equal to 1/N where
N is the number of nodes spanning a typical length in the system.

Of course, Ax and At are explicitly linked by ¢ = Az/At, which per-
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haps explains why both methods arrive at the same conclusion, and either

formulation is valid.

Presented here is the analysis using ¢ = At, which is assumed to be small,

as given by [99].

To begin, we introduce Chapman-Enskog (asymptotic) expansions
=Y eV =+ efV+ P+ (2.40)
n=0

where € = At. Note that the index in brackets does not indicate a derivative.

We also need to expand the time derivative across multiple scales,

0= "0y, = Oy + €0, + 00 + ..., (2.41)
n=0

so df /Ot; measures variation that occurs on time scales 1/e. Finally we take

a Taylor expansion of the first term in Eq. (2.4)

filx + et t + A =" DR filx.t) (2.42)
n

n=0

where D; = (0; + ce; - V) so the LHS becomes

Filx+ eieAt t+ AL — fixt) = Y Z—TD;‘ Fxt) — fi(x,t)  (2.43)

n=0
S,
- 2; th fi (2.44)
- .
=eD;fi + ED? fi +O(%) . (2.45)

Inserting the asymptotic expansions into Eq. (2.4), and truncating to O(&?)
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this becomes

2

£(Dyy+-c0s, + ce; - V) ( FO 4. f}”) n % (O + cer - V)2 £O 1+ O(?) (2.46)

=< [(8to +ce; - V) fi(O)]

1
+ &2 latlffo) + () + ce; - V) fI + 5 (O +cei- V)

(2

+0(%) .

The RHS is simply

- % ([ = o] + sV + 2212+ 0(E) -

Matching the orders we obtain

O(") ;9= f
(1)
O( Do f® = 1i_
-
1
O(e?) - Ot + Doy S0+ 5D 1 =~

where D = 0, + ce; - V.

Using Eq. (2.50), we can rewrite Eq. (2.51) as

2T

1
atlfi(O) + <1 - —> Dtofi(l) -

From Eq. (2.49) and the definition of f; we now know that

£

T

(2.48)

(2.49)

(2.50)

(2.51)

(2.52)

(2.53)

(2.54)
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meaning
Q-1
=0, (2.55)
i=0
Q-1
> cffei=0, (2.56)
i=0
for k> 1.

From here, we essentially arrive at the result by summing over various
moments of Eq. (2.50) and Eq. (2.52) using the identities above, coupled

with some tensor identities specific to the lattice.

Summing Eq. (2.50)

Q-1 Q-1 Q-1
STD Y =30, f0 + 3 ey VY (2.57)
1=0 =0 =0
Q-1 Q-1
=0y [0+ V- (ceif”) (2.58)
1=0 =0
Q-1 Q-1
=0, Y SO+ ey (2.59)
i=0 i=0
=0pp+ V- (pu) (2.60)
= —lelf-“) =0 (2.61)
T g i )

where we have used the identity
V(@A) =9 (V-A)+ A (V) , (2.62)

the linearity of V- and the fact that e; is a constant vector for all i.
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Similarly, summing over the first moment of Eq. (2.50) leads to

Z celDtO Z ce; atof + Z ce; (ceZ Vf ) (2.63)
= 0y, Z celf + Z ce;V - <cez )) (2.64)

Q 1
—(9tOZcer + V- Zceez (2.65)
=0
= 0,y (pu) + V- I¥ (2.66)
1R
==Y eV = (2.67)
T “
=0
where
Q-1
MO =3"f%e (2.68)
=0
= puu + PI , (2.69)

and P = c?p is a pressure term. As mentioned previously c; is a lattice de-
pendent quantity, in fact, as a result of this specific summation. Substituting
the respective definitions of f{® into this summation gives ¢, = ¢/v/3 in the
D2Q9 model , whilst ¢ = ¢/2 in the D2Q7 model.

In summary, thus far

Orp+ V- (pu) =0, (2.70)
D (pu) +V-TIV =0, (2.71)

which we recognise as the Euler equations; the Navier-Stokes equations in

the limit of zero viscosity.
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Now we do the same for Eq. (2.52). Summing the zeroth moment.

Q-1 1
E 8t1fi(0)+ (1 - 9 ) Dtofi(l)
- T
=0
1

Q_

1\
= 0y, fz'(O) + (1 - _) (O +ce; - V) f;

1 Q- d Q-1
_atlp—i_(l_Z) ﬁto i +V 7
=0 0
- atlp
Q-1
_ 1 (2) _
==Y 1P =0
=0

And the first moment

Q-1 1
Zceiatlfi(()) + (1 - Z) ce; Dy, f

=0

Q-1 Q-1
0 1 1
= 8t1 ; ceifi( ) + (1 — ;) ; ce; (8,50 + ce; - V) fz( )

Q-1

Q-1
1 1 1
= 0y, (pu) + <1 - Z) O 7 ifi( 'tV ;C2eieifi( )

1
Q-1
1
f-(2)cei =0

_7- ‘ ;
=0

where I Z? 01 c’e;e; f; @,

(2.72)

(2.73)

(2.74)

(2.75)

(2.76)

(2.77)

(2.78)

(2.79)

(2.80)

(2.81)
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Now we have to calculate II' explicitly.

Q-1
o =" ee, " (2.82)
=0

Q-1
=7y Peie; Dy, f” (2.83)

=0

Q-1
= —7T Z [E)tochieifi(O) + V. cgeieieifi(o)] (284)

=0
=—7[0,1V +V-T] , (2.85)

where I' = ZQBI cde;ee; fi(o).

1=

In index notation
Lagy = ;0 (Japtiy + artis + 0pyta) (2.86)
where ¢, is again the lattice dependent speed of sound.
Hz(']l') =T <8tong‘)) + Vi - Fijk) (2.87)

= -7 (8t0(pu@-uj + C?,O@'j) + C? [5ijak(puk) + ai(ﬂ”j) + 0; (pW)]) (2.88)
= —T (Oh (pusuy) + 2 [0:(puy) + 95 (pus)]) - (2.89)

The time derivative can be eliminated by making use of the Euler continuity

and momentum equations

Do (puitiy) = wiu;Oy, (p) + puiOy, (u;) + pu;Os, (u;) (2.90)
= w;u;Ok(pur) — Ok(puiug)u; — w;Ok(pujuy)

(2.91)
— c;(Dip)u; — ciui(9;p) -

Ignoring terms of O(u?), valid by the low Mach number approximation, leaves

1) = —7¢2p (i) + O(ws)) - (2.92)

)
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Thus

Iy, (pu) = — <1 — %) V-1 = %v [p (Vu+ (Vu)")] , (2.93)

where v is the viscosity given by

21 — 1
2

UV =

AL . (2.94)
Note that this definition is lattice dependent due to the presence of ¢, and

features At = € in its definition.

In order to unite these equations with the Euler equations, we recycle the

definition of the full time derivative as 9, = 0y, +¢0;, hence the full equations

% +V-(pu) =0+ 0(M?), (2.95)
% + V- (puu) = =VP + v [V*(pu) + V(V - (pu)))] + O(M?) , (2.96)

where M is the Mach number, as terms of order O(u?®) were neglected.

2.5.2 Recovery of the Toner-Tu equations

The analysis for the active fluid model proceeds in much the same way as
before, with the key difference being that the values of certain moments have
changed. The noise term will be ignored for now and treated in a separate
manner in Section 3.2.5. Therefore the governing equation (2.18) is the same
as Eq. (2.4) and using the same expansions, equations (2.49),(2.50),(2.51) are
as before with fi4+ f55. Recall that f55 is simply

f35 = f . (2.97)

% i
u—u*
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Summing Eq. 2.49 now leads to

Q-1 Q-1
fi(O) = fiSS =P, (2.98)
=0 =0
Q-1 Q-1
cfi(o)ez- =Y cfe; = pu*, (2.99)
=0 =0
but
Q-1
Y fi=p. (2.100)
=0
Q-1
> cfie; = pu# pu* (2.101)
=0
hence
Q-1
V=0, (2.102)
=0
= u-—u
cfVe; = (2.103)
£
=0

Evidently p(u — u*) = O(¢), so u is assumed to be close to u*. For all other

k > 1 we again have

Q-1
f® =0 (2.104)
=0
Q-1
S efPei=0. (2.105)
=0

To naively continue from this point would result in some rather cumbersome
algebra. The more insightful approach is to realise that the velocity field that
the final governing equations will be expressed in terms of is neither u nor
u*, but something in between. By making this transformation now rather

than later greatly simplifies the analysis.
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In fact, by expressing our active lattice Boltzmann model in the form of
a conventional lattice Boltzmann scheme with a body force term, we can use

the results of [125] to derive the macroscopic equations.

Let’s introduce the notation

. e Y 2
Ei(p,u) = wip 1+4e1 u+8(ez w)

2.106
c c? c? ( )

Hence in the conventional LBM fi% = &(p,u) and in our active model 35 =
gi(pa u*)'

The evolution equation becomes

1
where .
Fi= —[&lp.u) = &ilp,u) (2108
Note that
u*—u
I = Fice; = =AtF. 2.1
;ZO,;ZceZpT t (2.109)

As in [125], we define the ‘actual velocity’ according to

V:u—l—@:u—i(u—u*). (2.110)

After expressing Eq. 2.107 in terms of the actual velocity,

where

Fi= Fot—[6(pw) — &(ov)] = - 6l w) —&v)] L (2112)

we can now use the results of [125] to determine our macroscopic equations.

They are the continuity equation
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Op+V-(pv) =0, (2.113)

and the momentum equation

d(pv)+V-(pvv)=—-VP+ V. -II+F+ V-0, (2.114)
where
= pv(Vv+(Vv)T) , (2.115)
and .
0= (T — 5) At (VF +Fv) — TZeieiFi . (2.116)

Note that in deriving this, several O(u?) terms have already been ignored, as

consistent with a small Mach number assumption. From Eq. (2.112),

TZeieiF’i = pu'u’ — pvv . (2.117)

Rearranging Eq. (2.110), we can express u in terms of u* and v,

= 27v —u’) . 2.11
u=o— (27v —u") (2.118)
Thus
Fel w-u=L—2 w—v. (2.119)
TAL At27 —1
Substituting this into ©, and factorising gives
O=—pu —v)(u —v). (2.120)

Transferring V - © to the left hand side of the momentum equation, we can
see that it relates to the term V - (pvv). However, as (u* —v) ~ O(e), we
can safely ignore V - ©, as it is of order O(g?).

Finally, using the continuity equation, we can express the momentum

equation as
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p(OV+v-Vv)==-VP+V-pv(Vv+(Vv)")+F. (2.121)

The analysis so far is valid for both the MIPS and the CIL models. The

only difference stems from the choice of u* in F.

MIPS model:

For the MIPS model, u* depends on the density, with

Fuips 2 P
= 1—— — . 2.122
s (- 5) ) (2122)

We have divided by p because Eq. (2.121) is expressed in terms of pv, whereas
Eq. (1.1b) is in terms of u. Only one of the terms in Eq. (2.122) depends on

v, and it necessarily corresponds to au in Eq. (1.1b), with

2

AT (2.123)

o= —
The expression for « is similar to that of v in Eq. (2.94), however they are
independent variables as v also depends on the lattice speed ¢. Since o < 0
the velocity decays to a fixed value, which would otherwise be 0 if not for the
remaining term in Fypps/p. Since VP = ¢?Vp, this is effectively an unusual
pressure term where the coefficient varies with density. The key aspect is
that for p < p, the coefficient is positive. Hence this pressure acts in the
opposite direction from the conventional pressure term. Instead of material
flowing away from areas of high density (pressure), material flows towards
them. In summary, the macroscopic velocity v decays to a value predomi-
nantly determined by a balance between the density term in Fyups/p, the
standard pressure term V P, and the noise, which we have not included in the
Chapman-Enskog analysis. This is consistent with the model in Eq. (2.33);

this same balance is described in the definition of J.
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Figure 2.3: Comparing the form of the momentum generating term from the
Toner-Tu equations (blue) with the version from the LBM derivation (red).
The latter is a linearisation of the former.

CIL model:

As for the CIL model we use the fact that u, u* and v are parallel vectors

to express u* in terms of v and Uy by

u \%

w = Uy = U, (2.124)
lul v
Thus
Fen 2 v
_ UY —v) . 9.125
. At(%—l)( "W V) (2.125)

Fcr/p corresponds to a linearised version of [a(p) — B|ul*| u in Eq. (1.1b),
where the linearisation has occurred about the stationary points |u| = y/a/3

The linearisation is visualised in Fig. 2.3. Matching the terms gives

1 Q
= — = — . 2.12
“Caer-n 0 TR (2.126)
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These are not well defined when Uy = 0. In this case

Fer 2
= _ 2.127
P At2r — 1) (2.127)
From this we can deduce nothing about £, but conclude that
2
= 2.128
T A1) (2.128)

as in the MIPS model. These values of a are consistent with the claim that
au is a driving force; oo > 0 gives a non-zero flow Uy, whereas if o < 0 flow
will decay to u = 0.

We stress here that both systems are versions of the Toner-Tu equations,
albeit with very different coefficients. As such the overall behaviour is not

the same, as we demonstrate in Chapter 3.



Chapter 3

Applications to dry active

matter

In Chapter 2 we introduced the lattice Boltzmann method for simulating
the Navier-Stokes equations, along with the modifications we implemented
to adapt the system to describe dry active matter. In this chapter we present
the results obtained for two different systems: a model that exhibits motility-
induced phase separation (MIPS), and an active fluid with an alignment
mechanism combined with contact inhibition of locomotion (CIL). In partic-
ular, we are able to construct phase diagrams by varying the system parame-
ters. Most interestingly we uncover several new phase transitions in the CIL

model, including a potentially novel critical transition.

3.1 Motility-induced phase separation

3.1.1 System setup

As established in the previous chapter, the modifications made to the lattice
Boltzmann method renders our new system in the realm of the Toner-Tu
equations, and we expect it to behave like a dry active fluid. As such, we
simulate our system in a simple rectangular geometry with periodic boundary
conditions, and observe the behaviour over a range of parameter values. Since

the system is active, we do not need to apply any external forces in order to

63
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drive the system out of equilibrium, hence periodic boundary conditions suf-
fice for this study. We deliberately adopt a non-unitary aspect ratio. Doing
so reduces the number of possible configurations for certain steady states, and
therefore aids our data collection. Specifically, in the event of phase separa-
tion, the two phases adopt a topology that minimizes their effective surface
tension, hence they will predictably form strips running along the shortest
length of the rectangular domain, in this case the vertical axis (Fig. 3.1(d)).
We use this predictability to our advantage during data collection, as the
system can be safely averaged over the y-direction whilst preserving the in-
formation of interest. Note that this is a geometrical consideration and no
external fields have been applied. We expect that solid boundaries could be
implemented using the standard techniques for LBMs, such as the ‘bounce-
back’ method [87]. The effects of boundaries on the flow would certainly be
worth studying in the future, though they are not investigated here.

In the results presented here only the mean density p and the noise
strength are varied, with all other parameters fixed and presented in Table
3.1.

Parameter Value

T 2
C 50
Px 0.2
Az 1
Umax 0.3
c 1

Table 3.1: Parameters used to obtain the results depicted in Fig. 3.1, Fig. 3.3
and Fig. 3.4. Values are non-dimensional.

3.1.2 Typical behaviour

To demonstrate the typical behaviour we used a system of 180x 60 nodes. The
system measurements were therefore 180Az by 60Ay where Ay = (v/3/2)Ax.
Fig. 3.1 displays sample still frames from running our MIPS model. Each of
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Figure 3.1:  Sample behaviour of our MIPS model for various parameter
values. The plots show a dot for each of our 180 x 60 triangular lattice sites.
The colour of the dot denotes the direction of u according to the colour
wheel in Fig. 3.2, whilst the size of the dot describes the density p according
to Eq. (3.1). White space implies a region of low density. (a),(b),(d) are
produced with p = 0.1, however (a) has a larger noise strength, o = 0.031,
than (b)-(d) where o = 0.014.(c) has a higher mean density, p = 0.18, and
the liquid/gas ratio is large enough such that the gas forms bubbles in the
liquid. (d) has the same parameters as (b) but is taken from a significantly
later time step, and has nearly reached the theoretical steady state of a single
dense phase running along the shortest axis of the rectangular domain.
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.

Figure 3.2: Colour wheel used to determine direction of velocity u in Fig. 3.1,

3.6 and 3.9(b).

these images portrays a snapshot of the lattice in its entirety for a single time
step. The values of the macroscopic variables at each node are represented by
a coloured dot; the size of the dot is the scaled local density, whilst the colour
denotes the direction of the local velocity according to the colour wheel in
Fig. 3.2. As our system is two dimensional a single angle (colour) is sufficient

to determine the direction. The area of each dot is assigned by the following

. ] 3/2
a = agp (M) +e, (3.1)

Pmax — Pmin

formula

where pmax, (Pmin) is the maximum (minimum) value of p over all of the lattice
sites in that frame, and ag is an appropriately chosen value for the size of
the biggest circle, which depends on the spacing of the particular plot. A
small value € is added to ensure no values are exactly zero. Areas of low
density manifest as white space with small dots, whilst high density points
are large and colourful. The magnitudes of the velocities are approximately
as dictated by |u*|, hence we only concern ourselves with the direction.

Across each of the plots in Fig. 3.1 there is almost no correlation between
the colours of the dots and their nearest neighbours. This demonstrates that
the systems are all highly disordered, and there is no collective motion, even
at relatively small scales.

Fig. 3.1(a) shows a noisy system. Although some clusters of high density
can be seen, these are fairly spontaneous events and none last long enough

to grow and survive. Fig. 3.1(b) shows a system with identical parameters
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as (a), with the exception that the noise strength has been reduced. The
difference is visually striking, with large high density globules forming; clear
phase separation.

The value of the density in the liquid and gas phases are dictated by the
parameters of the system. As a result the total density simply dictates the
liquid/gas fraction in the domain. If the total density is increased, such that
the liquid/gas ratio is greater than 1, the image is inverted, with areas of low
density dispersed among a single fully connected region of high density, as is
the case in Fig. 3.1(c).

Despite the visual difference between (b) and (c), the inevitable steady
state of the system is the same: namely, a single vertical strip of high density
liquid, albeit the strip would be significantly thicker in the case of (c¢). This
arrangement minimizes the effective surface tension of the system [37]. By
choosing an elongated domain we have biased the system to separate in this
particular fashion, with the strip running across the shortest length of the
periodic rectangle. This steady state has almost been achieved in (d). As
there is no collective motion, the clusters have effectively zero velocity. This
means it takes a long time to reach the steady state, as clusters must either
merge, or evaporate, until they have formed a single strip. For this system
size, it can take in the realm of O(107) time steps to do so. In contrast, the
CIL model can achieve a steady state in approximately O(10%) time steps, as

we will discuss later.

3.1.3 Phase diagram

Here we demonstrate the capabilities of our model by producing a phase
diagram. To do so, we fix p = 0.12 and vary only the strength of the noise,
o. Due to the length of time it takes to reach steady state, we reduce the
system size to 90 x 30 lattice sites. By inspection the system appears to
behave qualitatively similar to that of the larger lattice, hence we conclude
that there are no strong finite size effects. The system is large enough for
our purposes and does not take as long to reach equilibrium. Despite this,

we still opt to take all of our samples from a single long run, in order to
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minimize the chance that the system has not equilibrated when taking our
measurements.

The simulation was initialized with ¢ = 1/70 ~ 0.014, in a state close
to theoretical equilibrium. It was allowed to evolve for a further 10° time
steps before measurements were taken. A sample was then taken every 10
time steps, for 100 samples. After taking the final sample, the noise strength
was increased by do = 1/700. The system was allowed to relax for another
10° time steps before the measurements resumed at the same rate as before.
After a further 100 samples the noise strength was increased again by do and
this process was repeated until o = 3/70.

To determine whether or not phase separation had occurred, we quantified
the large scale density variation by a parameter Kp As mentioned previously,
due to the aspect ratio of the geometry and the periodic boundary conditions,
the steady state is a single strip of high density parallel to the y-axis. At this
stage, the system is largely invariant in the y-direction. Averaging over the

density in that direction,

I
pla) =7 [ dupla). (3.2
y Jo
thereby reduces the effects of the small scale stochastic fluctuations. We then
took Kp to be simply the standard deviation of p,, hence large values of Eo
indicate phase separation.

Plotted in Fig. 3.3 are the mean values of Avp for the 100 samples for
each value of 0. The error bars are the estimated standard deviation of
the samples (not the sample mean), indicating the spread of the sample
distribution. Large values of Avp indicate phase separation, but given that
the system is noisy, Avp is never exactly zero, hence we must impose a cutoff.
The value of Kp falls with increasing noise, as one would expect from the
results in Fig. 3.1. Furthermore it falls faster and faster, until it quickly levels
out around o = 0.0275, at which point the standard deviation of the samples
drops as well. From inspection of the samples, this is the point at which the
phase separation ceases to be obvious. Hence we use Kpthreshold = 0.0430,

with ANp > ANpthreshold taken to be phase separated.
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Figure 3.3:  Relationship between the noise strength o and the large scale
density variation Ap, that is, the standard deviation of the density in the
z-direction. Measurements are taken from a 90 x 30 lattice, with parameters
given by Table 3.1. Each data point is the average of 100 samples taken at
intervals of 10* time steps from a single run. Upon taking 100 samples for a
fixed o, 0 was increased and the system allowed to relax for 10° time steps
before further measurements were taken. The error bars are the estimated
standard deviation of the 100 samples. It was deemed by inspection that
the cutoff threshold for phase separation corresponds to Appeghola = 0-0430,

with &) > Apiireshold taken to be phase separated.
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Once it had been identified which samples counted as phase separated,
that is those with ¢ < 0.0271, we attempted to measure the density in the
liquid and gas phases. To do this we made the assumption that the system
had reached the theoretical steady state, so that the dense phase is entirely
contained in a single vertical strip. To obtain the typical density value, both
in and out of the strip, we averaged the density profile over a rectangle
spanning the entire y-axis, but only 20Az wide. This rectangle was shifted
along the entire domain, with the highest and lowest values obtained taken
as the density of the liquid and gas phases respectively.

Fig. 3.4 displays the results of this procedure, where the orange squares
are the mean gas densities, and the blue circles are the mean liquid densities.
Error bars for the standard error of the mean are smaller than the marker
size. The data points appear to trace out a convex hull, the uppermost limits
of which we have estimated with the black dashed line. Any system whose
mean density and noise strength, (p, o), falls within the yellow region will
experience phase separation, with the density of their liquid and gas phases
given by the values on the blue and orange curves for that o, respectively.

Evidently there is a limit onresnola for the noise, above which phase sep-
aration does not occur. The point at which the liquid and gas curves meet
is necessarily critical. The form of the phase diagram is qualitatively sim-
ilar to those from other studies on the subject, including lattice gas sim-
ulations [116], molecular dynamics simulations [35], and analytical argu-
ments [16]. We do not go into any further detail about the nature of MIPS
here, however we have demonstrated that our method has the capability
to investigate this system, and may prove to be a useful tool for providing

further insight into this phenomenon.

3.2 Contact inhibition of locomotion model

3.2.1 System setup

This section will focus on the results of the CIL method as described in
Section 2.4.2.
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Figure 3.4: A phase diagram for the MIPS model. Presented are the mean
densities of the liquid phase (blue circles) and gas phase (orange squares)
for the samples with noise strength o < 0.0271. Samples from outside this
range were deemed not to have exhibited phase separation. Densities were
obtained by assuming that the system is at equilibrium and hence is separated
in a single vertical strip as in Fig. 3.1(d). The density profile was averaged
over the y-direction, then averaged over a region 20Ax wide, with this region
shifted until the maximum and minimum average densities in the system were
obtained; these were deemed to be the liquid and gas densities respectively.
Error bars for the standard error of the mean are smaller than the marker
size. The meeting of the two curves has been estimated by the black dashed
line. Results were sampled as described in Fig. 3.3, where the criterion for
MIPS is also explained.
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Ultimately we seek the conditions for steady large scale collective motion
to exist in the system. We use the average speed of the entire system as an

order parameter ¢, given by

0= Erelattice p(r)u(r)
Zrélattice p(I‘)

Necessarily 0 < ¢ < B. Even in complete disorder ¢ will never be exactly

(3.3)

zero in a finite system, as the random vectors would have to balance out
exactly. Furthermore, as ¢ is strictly positive, it can not have an average
value of zero either. In fact for a disordered system (@) ~ N~Y/2 where N is
the number of nodes in the system. Hence a cutoff value must be introduced
to distinguish between disordered and ordered systems. The magnitude of u
is also relevant in our definition of order ¢, not just the direction. By this
measure, a system with large values of |u| at each lattice site, but randomised
directions, is equally disordered as a system with all of the vectors u aligned,

but |u| very small throughout.

The system setup was similar to that in the MIPS model. For all of the
results from the CIL model, we used a lattice of 180 x 60 nodes, again with
periodic boundary conditions. A larger system of 360 x 120 nodes displayed
no obvious qualitative differences, hence we concluded that 180 x 60 was large

enough to account for any major finite size effects.

Every simulation was initialized by choosing two uniformly distributed
random numbers for each lattice site — the first deciding the initial direction
for u with each direction in [0, 27| equally likely, and the other choosing the
initial density such that it falls within £10% of p, the prescribed average den-
sity. The initial magnitude of u is given by Uy, and the initial distribution
fi given by f75. The system was then evolved 10000 steps before any mea-
surements were taken since our study focused on the steady state behaviour.
Typically this could be achieved in roughly 1000 time steps, hence 10000
steps should guarantee that we are in a steady state for the vast majority of
cases. This is significantly faster than the MIPS model, the reason being that
flows develop which transport matter around the system quickly, as opposed

to the MIPS model in which the clusters were essentially stationary.
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As detailed below, during the course of a simulation the mean density
would be deliberately changed by a small amount §p at certain time steps.
This was achieved by adding 6p/7 to every f; across the lattice; the system
was not reinitialized. We refer to a single extended simulation with varying
density as a ‘run’. For measurements that involved averaging over multiple

runs the initialization process was repeated between each run.

3.2.2 Typical behaviour

In our study we were interested in the steady state behaviour of the system,
including the conditions for a particular state to occur and the nature of the
transition between two states. Fig. 3.5 shows how ¢ behaves with varying
average density p holding all other parameters constant.

Two curves have been traced by slowly increasing (blue) and decreasing
(red) the total density in the system. The results displayed are averaged over
50 independent runs for each direction. A single run involved initializing
the system once, and taking a sample every tgmple time steps, altering the
average density by dp immediately after each sample is taken. Therefore, a
single run provides one value of ¢ for each value of p sampled.

For each increasing density run, the system was initialized with p = 0.09
and increased by [0p| = 0.0025 every tsample Steps. For higher densities the
system would reach equilibrium faster, hence in order to be able to detect the
hysteresis effect between HO-RB and RB-HD, a lower value of tsample = 500
was used for p > 0.2, with tgmple = 1500 otherwise. In a finite system,
using a large enough tgmpie Would eliminate all hysteresis effects, hence we
must choose a value that allows the system enough time to stabilize without
destroying the hysteresis entirely.

Similarly for the decreasing density runs, we initialized the system with
p = 0.35 and again decrease it by |0p| = 0.0025 every tsumple steps, with
tsample = 000 for p > 0.2 with temple = 1500 otherwise. The system was
reinitialized between increasing and decreasing runs. As a result, they should
be treated as independent.

The values of ¢ for samples at equal densities, p, taken in the same
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Figure 3.5: (a) Order parameter ¢ (Eq. (3.3)) vs. the average density p for
A=2,B=0.3(Eq. (2.39)). Measurements were taken whilst slowly increas-
ing (blue) or decreasing (red) the total density in the system. The results
align with the exception of four hysteresis loops, which locate the correspond-
ing first-order phase transitions. The phase transitions partition the system
into four distinct regimes: HD — homogeneous and disordered, B — banding,
HO - homogeneous and ordered, RB — reverse banding. (b),(c) Magnified
versions of the purple and orange dashed boxes respectively, highlighting the
hysteresis effect in each.
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direction of the cycle were collated and averaged. These average values trace
the respective curves in Fig. 3.5. The error bars are the estimate of the
standard error of the mean, that is, the estimate of the standard deviation
o, of the samples at each value of p scaled by the square root of the sample
size, o,/v/50.

The remaining parameters were fixed at the values given by Table 3.2.

Parameter Value

T 1
B 0.3
A 2
c 1
o 1/70

Table 3.2: Parameters used to obtain the results depicted in Fig. 3.5, Fig. 3.6,
Fig. 3.8 and Fig. 3.9, with the exception of A which was varied in the latter
two figures. Values are non-dimensional.

The two curves coincide well, with the exception of four regions, in which
there exist hysteresis loops. These loops indicate the existence of meta-stable
states; we therefore use them as proxies for the locations of first-order phase
transitions that separate distinct regimes. The central two hysteresis loops
are harder to spot; (b) and (c) are magnified versions of the purple and orange
boxes respectively. Although they depict a smaller hysteresis than the more
obvious pair, the actual difference between the values in the two branches is
irrelevant. All that matters is that it is non-zero and clearly larger than the
error bars. From this we can deduce that there is a discontinuity in the order
parameter, which is indicative of a first order transition.

As evidenced by the value of ¢ collective motion exists only for the central
values of p, in the three regions labelled B, HO and RB. Recall that ¢ cannot
be exactly zero, hence the regions marked as HD are considered to have no
collective motion. We now examine the characteristics of the steady state
in these regions. There are four distinct regimes, which are represented in
Fig. 3.6 using the same visualisation scheme as in Fig. 3.1.

The first of these states is one of global disorder. Small clusters of sim-
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Figure 3.6: Snapshots of the typical steady state behavior of each of the
phases. Display scheme is same as that in Fig. 3.1. Regions of uniform colour
indicate collective motion in that region. The coloured symbols are identifiers
for the data points in Fig. 3.9(a). Parameter values used are given in Table
3.2, with p = 0.105, 0.1425, 0.185, 0.2875 for HD, B, HO, RB respectively.



Chapter 3. Applications to dry active matter 77

ilar colours demonstrate that there is mild local alignment, but this cannot
extend more than two or three lattice sites, and there is no collective motion
across the system. Density fluctuations are also localised, hence we refer to
this as the homogeneous disordered (HD) regime. In comparison, the third
example is also homogeneous in density, but everywhere is predominantly
red. Therefore there is a strong correlation in the velocity field across the

system and we have collective motion. We refer to this state as homogeneous

ordered (HO).

Returning to Fig. 3.5(a) we can see that two of the regions, those of the
highest and lowest mean densities p presented, are in the HD phase and
their behaviour is equivalent. They provide the lowest values of ¢ whilst
the HO regime has the highest. These regions are separated by what we
refer to here as the banding (B) and reverse banding (RB) regimes, each
of which are revealed to be a co-existence of a HD phase and a HO phase,
as visualised in Fig. 3.6. Their existence can be understood if we consider
the transitions involved. Starting from the low density HD region, noise
dominates and there is no global alignment. Upon increasing the density
we enter the banding regime, where alignment effects take over and dense
locally aligned bands spontaneously develop, which propagate through a low
density disordered region. We recognise these bands as a HO phase moving
through a dilute HD phase. Evidently and intuitively, the density must be
a minimum value in order to overcome the noise and induce stable collective
alignment. For the mean density values comprising the banding regime, this
threshold would not be achieved if the matter was spread evenly across the
system. However there is enough matter such that when concentrated in
a band, the threshold can be achieved, and hence stable collective motion
can exist within the confines of the band. As the mean density is increased
further, the density in each phase remains constant. Instead, the high density
bands grow in thickness until eventually the dilute HD phase vanishes in a
similar fashion as to how the bands appeared, resulting in a single HO phase.

The first transition, HD-B, marking the onset of collective motion, is
easily recognised from previous flocking studies [42,62,63,66] which found it
to be first order. The second transition, B-HO, where the dilute disordered
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phase vanishes to leave homogeneous collective motion, is also present in
these models but is less well studied. This is probably because higher density
molecular dynamics simulations are more difficult to compute, although it has
recently been shown to also be a first order transition [66]. Our results are
in perfect agreement with both of these as evidenced by the aforementioned
hysteresis loops. This lends credence to the conclusion that the two remaining
hysteresis loops at higher densities also indicate first-order phase transitions,
which to our knowledge have not been reported previously. These transitions
do not exist in minimal flocking models with no volume exclusion effects,
such as the Vicsek model, and, as we will see, are a result of our contact
inhibition of locomotion assumption. The transitions separate the HO region
from another HD region, again through a coexistence regime similar to the B
regime (Fig. 3.6), but with the properties inverted — the high density regions
are disordered (HD), whilst the low density regions are aligned and moving
(HO). In the steady state, as material in the HO phase flows into a dense
band it comes to a halt, extending the band on that side, whilst on the other
side the band decays as the material flows away. The net result is that the
dense band, although locally stationary, appears to propagate against the
direction of flow, hence we call it reverse banding (RB). In other words, the
dense band moves due to condensation on one side and evaporation on the
other.

In active matter, this phenomenon was first reported in a collective cell mi-
gration model [124], and likened to density waves observed in traffic flow [123].
Interestingly, the same mechanism also underlies the directed motion of con-
densed drops under the influence of a chemical gradient [126], as well as the
formation of a drop lattice in a chemical reaction-controlled phase separated
drop system [127]. The RB regime also bears striking resemblance to the
glider phase observed in a lattice gas experiment on flocking models [117].
However, they find the dense phase to be ordered, whilst their dilute phase is
disordered; the reverse of our findings. Alternatively, as our system does not
distinguish between velocity and orientation, applying our measure of order
to their system would consider their dense phase disordered (or very weakly

ordered) as the particles are jammed and cannot move, but their sparse phase
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would also be disordered, as there is no obvious alignment between the par-
ticles. Therefore since both phases are disordered, their model would have
more in common with our MIPS model, albeit they have a steady drift to

the dense phase.

The reverse banding exists for a different reason than the banding phase,
but the logic is similar. In the HD-B transition, the noise was overcome by
increasing the density. This is because, in terms of changing the direction of
motion, the noise has a stronger effect on nodes with low densities. The same
is true for nodes with low speeds, because our noise is defined such that it acts
on the momentum pu with constant strength. We discuss this in more detail
in Section 3.2.5, but for now we demonstrate the effect visually in Fig. 3.7.
Displayed on the left hand side are vectors representing the corresponding
values of f; (blue arrows), and the resultant velocity vector (yellow arrow),
for three different distributions at a single node. The second distribution has
the same velocity as the first but a lower density, whilst the third has the
same density but a lower speed. Added to each of these is a noise distribution,
identical in each of them, resulting in the corresponding distributions on the
right hand side. Of particular interest is the deflection of the velocity from
the original direction. For the first distribution the deflection is minimal; less
than 30°. The same cannot be said for the second and third distributions, in

which the velocities have almost reversed direction entirely.

So in addition to density, there is a minimum requirement on the speed for
collective motion to occur. Recall that the speed is given by Uy = B — Ap?.
The parameter B was chosen such that this is achieved for our choice of o.
However, since A > 0, as p increases, Uy decreases, until we fall below the
minimum again, thus we have the higher density HD region. As with the B
regime, if the density is non-uniformly distributed, then the density in certain
regions can be low enough such that collective motion exists. This is exactly
what is happening in the RB regime. The density is pooled in bands which

are stationary, permitting collective motion to occur in a dilute phase.
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Figure 3.7: Schematics demonstrating the effect of identical noise functions
on different distributions f;. The length of the blue arrows indicate the value
of f; in the respective direction, with f, represented by the cyan circles. With
both high density and high speed, the velocity vector (orange) is deflected by
a small amount, whilst distributions that lack either of these are vulnerable
to large changes in direction.



Chapter 3. Applications to dry active matter 81

3.2.3 Phase behaviour

The results so far have been for a single fixed A = 2. We claimed that the
higher phase transitions in Fig. 3.5 and the related RB and HD regimes only
exist because the velocity decreases with ever increasing density, which we
view as contact inhibition of locomotion. To verify this we now vary the
parameter A, as well as p, as A controls the rate of CIL in our expression
for Up. From this we create a phase diagram. In order to do so we need
to be able to systematically classify the sampled data points as one of the

aforementioned regimes, HD, B, HO or RB.

The parameters are the same as in Table 3.2, except of course A is now
varied. Results were obtained by fixing A then slowly varying p, much as
for Fig. 3.5 except: there were no descending runs, Ap = 0.01, and tsample =
10000, which is enough for the system to reach its steady state. The starting
value for the density was p = 0.05, and the highest value was p = 0.35. Each
run was repeated 10 times therefore there were 10 independent samples for
each point (p, A). At each point, the parameters ¢, Avp, ¢ (see below) were
calculated for each of the 10 samples, then averaged and compared with our
cutoff values. We determined the cutoff values by examining borderline cases
by eye.

In order to categorize the system’s behaviour, we used the following sys-
tematic method. Firstly, anything above the red line B—Ap? = 0 was marked
as motionless, as this would have Uy = 0 throughout the domain. As estab-
lished, we have a finite system, and so even in the most disordered phase ¢
is never exactly zero, and as it is strictly positive it cannot average to zero
either. Therefore we must impose a cutoff value to distinguish between a
completely disordered state and one with an ordered phase (including the B
and RB regimes). We used the cutoff @nreshola = 0.024, with ¢ < Oinreshold
marked as HD.

To determine whether or not phase separation had occurred we used the
same parameter Ap as defined for the MIPS model. As before, we had
to impose a cutoff to distinguish between phase separated regions and local

noise. This time we chose this to be ANpthreshold = 0.012, with ANp > &)threshold
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considered to be either within the B or RB regimes. Fig. 3.8 shows a 3D
representation of &) over the parameter space. The two high ridges clearly
correspond to the B and RB regions. These narrow in thickness and the peak
decreases as they approach each other and seem to vanish at the point where

they meet.
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Figure 3.8: Surface plot showing the steady state behaviour of Avp over the
parameter space, with high values of Ap indicating phase separation. The
two high ridges visible correspond to the the banding B, and reverse banding
RB regimes.

The two aforementioned quantities, ¢ and Kp, do not enable us to dis-
tinguish between the B and RB phases. Therefore we also measured the

following parameter:

2 retattice P(T)[B — |u(r)[]
Zrelattice p(I’)

where ( is large if high density regions are stationary, as in the RB regime.

(=

(3.4)
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Hence we identified RB values with ¢ > Cinreshola = 0.1.
These rules are summarized in Table 3.3. Visual inspection of the samples
at several distinct points in the phase diagram shows the categorization to

be largely accurate.

Regime % &70 ¢
HD < 0.024 - —
HO >0.024 <0.012 -

B >0.024 >0.012 <0.1
RB >0.024 >0.012 >0.1

Table 3.3: Rules used to classify points in Fig. 3.9.

The results are compiled in the phase diagram in Fig. 3.9(a). The marker
symbols correspond to those in Fig. 3.6, as classified by our rules. Also
included is a region of red asterisks; these are the points for which B < Ap?,
hence Uy is zero throughout the system. The red line marks the dividing line
B = Ap?. The background colour of the phase diagram is the interpolated ¢.
The black curves are hand-drawn and mark the approximate locations of the
first order phase transitions between the various regimes. They have been
deemed first order partly through extrapolation from the results for A = 2,
but also because of the sharp change in ¢ across the these lines, suggesting
that there is almost certainly a discontinuity, hence a first order transition.
Most curiously, these lines meet at the point marked by the star, which we
discuss further shortly.

Note that when A = 0, we recover the expected phenomenology of a
typical polar active model, such as the Vicsek model [50], in that the system
transitions from the HD phase to the B regime followed by the HO phase
as density increases, with no further change. However, as A grows, we see
that the HO phase will transition back to the HD phase via the RB regime
as density increases further. This agrees with our claim that these latter
phases exist due to contact inhibition of locomotion. As A increases further
the values of p for which the RB regime exist also decrease. Interestingly, the

reverse is true for the B regime. For a fixed small density, initial increases
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Figure 3.9: (a) Phase diagram comparing average density p with coefficient
A. Each sample point was identified as belonging to one of five regimes,
categorised by the coloured symbols (see Fig. 3.6). The red asterisk region
has zero motion because |u| = B — Ap? < 0 with equality depicted by the red
line. Black lines depict approximate locations of phase transitions (drawn by
eye) which meet at a critical point (star). The dashed blue curve also passes
through this point and is a contour of pUy. It corresponds to the theoretical
separatrix agr = 0, with ag > 0 below the curve. See Section 3.2.5 for
details. (b) Snapshot of behavior close to the critical point at p. ~ 0.18 and
A, ~ 2.75, using same display scheme as in Fig. 3.6.
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Figure 3.10: Phase diagram is identical to Fig. 3.9(a), apart from the back-
ground colour which now corresponds to the density variation parameter Avp
Here, the R and RB regimes are clearly recognisable as the areas of high
Ap. They appear to act as buffer zones between HD and HO, except at the
critical point (star), where the R and RB regimes meet and vanish.
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in A have little effect and our transition lines are roughly parallel with the
vertical axis. However, eventually A does begin to have an affect, and the
transition responds by necessarily increasing the density. This is in line with
our earlier comments; to overcome the noise, one must increase the density or
increase the speed. As the speed falls, the density must increase to maintain

the same outcome.

This leads to the most interesting outcome of our research. As the two
leftmost transition lines bend to the right as A increases, and the rightmost
lines travel to the left, all four first-order phase transition lines converge to a
single point, indicated by a star in Fig. 3.9(a). If the phase boundary is now
traversed by varying A at this fine-tuned density, the system will go directly
from the HD phase to the HO phase, without any spatial heterogeneity as
displayed in the B or the RB regimes. This is also evident from Fig. 3.8,
as the critical point matches up with the point where the two ridges vanish
as they meet each other. The order parameter ¢ also rises from (almost)
zero in the HD phase to a positive value in the HO phase in a continuous
manner. We therefore conclude that such a transition is critical and the star

thus indicates a critical point of this active fluid model.

A snapshot of this critical behavior is shown in Fig. 3.9(b). We will
discuss this critical point further in our hydrodynamic analysis. There is no
obvious banding, though density variations appear larger than in the HD or
HO regimes. More visually striking is that the regions of aligned motion are
much further reaching, at places spanning the entire width of the domain,

though no single direction dominates the entire system.

3.2.4 Analytical interpretation

As established in Chapter 2, in the hydrodynamic limit our model is necessar-
ily described by the Toner-Tu equations due to our imposed symmetries. We
now connect our simulation findings to the Toner-Tu model by performing a

linear stability analysis.

We will use the version of the Toner-Tu EOM derived through our Chap-
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man Enskog analysis in Section 2.5.2, that is:

Op+V-(pv)=0, (3.5)
p(Ov+v-Vv)==-VP+vV-p(Vv+(Vv)')+F, (3.6)

where P = ¢?p and we take F = pa(p) — B|v[*] v.

Since the bands in both the B and RB regimes are perpendicular to the
direction of collective motion in the dense and dilute regions, respectively,
the most unstable wave vectors in the HO state are expected to be parallel
to the direction of motion. Therefore, we need only consider a 1D system,
where the coordinate x is the direction of the collective motion. Expanding
about a homogeneous collective motion state with p = py + dp exp[st — ikz],
v = \/W + dvexp[st — ikx] and o = ag + a10p, we have to linear order:

<5 — ik, /%) dp = ikpodu (3.7)
00 (s — ik, /% + 200 + 2Vk;2> ou = <i/{:c§ + poQu 4 /%) op

Note that for a stable system [ > 0 necessarily, thus ay > 0 implies collective

motion, with ay < 0 giving a stationary state.

Solving for s and focusing on the real part, which determines the stability

of the system, we have

R [ ] —20&0 + O(]{JQ) (3 8)
eS| = 2 y .
22 (030 — daoc2B] + O(K?)

where Re[s] > 0 implies instability. The first eigenvalue —2qy corresponds
to the fast relaxation that occurs when the velocity deviates from the mean
field value \/W in the absence of spatial variations. The second eignvalue
quantifies when the instability sets in. In particular, if oy — 0 and «; # 0,
the system is always unstable. In previous studies of collective motion, «; is
typically assumed to be positive, so that alignment increase with density, and

as a goes from negative to positive the system will necessarily become unsta-
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ble resulting in the banding instability [42,50,62,66]. This also corresponds
to the banding (B) regime in our system, since a higher density reduces the

effects of the noise, and as such alignment increases with density.

However, it is also clear from Eq. (3.8) that the instability condition does
not depend on the sign of ;. Hence, if o decreases as density increases, for
example due to contact inhibition, the system will again be unstable. This
is exactly what occurs in our simulation and corresponds to the Reverse-

Banding (RB) regime in our phase diagram.

In our simulation we found that all four first-order phase transition lines
converge at a critical point. With our hydrodynamic argument, we can see
that this critical point is reached by setting both «ag and «; to zero, which
is achieved by fine-tuning p and A in our simulation. We believe that this
critical point uncovered is distinct from any critical behaviour discussed in
the context of dry polar active matter. We are aware of critical phenom-
ena analyzed, either analytically or computationally, in the following active
matter systems: 1) self-propelled particles with long-ranged metric alignment
interactions [46,128], 2) incompressible active fluids [129], 3) critical motility-
induced phase separation [116,130, 131], and 4) self-propelled particles with
velocity reversals and alignment interactions [32]. Our critical system is dif-
ferent from system 1) because ours does not have long-range interactions,
from 2) because our velocity field is not divergence free (in fact, imposing the
incompressibility condition by itself amounts to a type of long-range interac-
tions), from 3) because critical MIPS happens in the disordered phase while
criticality in our system occurs at the onset of the ordered phase, from 4)
because our system exhibits collective motion while system 4) exhibits only
orientational order, but no collective motion. Besides the above comparison,
as our model spontaneously breaks rotational invariance at the critical point,
it is also distinct from critical active matter in which the direction of motion
is determined by an external field [132,133].
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3.2.5 Fluctuation-induced renormalization of «

In Chapter 2, we confirmed that our system indeed simulates a version of the
Toner-Tu equations. There we found our system parameters to be related
via
1 o
o= y _ - . 39

At (21— 1) b Ug (3:9)
We have just demonstrated that the critical point relates to the parameter a
through its relationship with p in o =~ ag + a;p, but the expression we have
derived for a does not depend on the density at all, yet we still observe the

same critical point.

The reason for this apparent contradiction is the noise; Eq. (3.8) was
derived from a deterministic system of equations, but our LBM has stochastic
noise which we previously did not incorporate into our Chapman-Enskog
derivation. We will do so now by renormalizing « to account for the noise.
We will not perform a full renormalization procedure on the EOM, as all we
seek is to relate the result of the Chapman-Enskog expansion to our linear

stability analysis.

Firstly, we must understand the macroscopic effect of the noise. Recall
that

7
> =0, (3.10)
i=0

hence there is no contribution to the continuity equation. Let’s define

7
h = Znicei : (3.11)
i=0
From the definition of n; it follows that

<hac> = <hy> = <hzhy> =0, (3.12)
(he(x,t)he (X, 1)) = (hy(x,t)hy (X, 1)) = Po®0(x —x)5(t —t') . (3.13)

Our previously derived Eq. (2.121) now becomes
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p(OVv+v-Vv)==VP+V-pv(Vv+ (Vv)")+Fcr+h. (3.14)

This equation is in terms of the momentum pv, and not u as in Eq. (1.1b).
Therefore the stochastic noise f in Eq. (1.1b) is related to h by

f= (3.15)

SRR~

Thus (|f|?) = 2c¢%0?/p?.

The renomalization calculation mirrors almost exactly the corresponding
calculation in the study of incompressible active polar fluids at criticality
[129], except that the projection operator is absent here since our system is

not incompressible. Specifically, the shift in « is given by

_ —B/ (IEF) (3.16)

27TD27T (ng? + a)? + Q2

d°q 1
=—F- P /(270 P ug® +a (310

2028 Spdt
p? (uA? + a) (2m)P

(3.18)

where Sp = 27°/2/T'(D/2) is the surface area of a unit sphere in D dimen-
sions, A~! corresponds to the small length scale cutoff, and Ad¢ corresponds
to the width of the momentum shell being integrated over in the above coarse-

graining process.

Adding this shift to o modifies it to, to O(«):

6202 SDdg 1
—ufio a1 1
“n a( PPUZ A (QW)D> a( CpoU(?) ’ (3.19)

where we have used 3 = a/UZ as in Eq. 2.126 and C} is some constant.

The results of our stability analysis indicate that the critical transition
occurs when Uy and p are fine tuned such that ag = 0 and dagr/0p = 0,

which can be achieved in our LBM by fine tuning p and A in the expression
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of Uy, specifically to

3VC AR

55 =370 (3.20)

ﬁ:

In our simulations we found p, ~ 0.18, A, ~ 2.75. These values give B ~
0.27,C7 = 0.001, which is fairly consistent with our actual value of B = 0.3.
In fact we can go further. In Fig. 3.9 the blue dashed line depicts the full
contour for agp = 0 using these values. For parameter values below this curve
a > 0 and we have collective motion, with o < 0 for parameter values above.
By design this line cuts through our critical point (star), however it also
bisects the banding and reverse banding regions, in perfect agreement with
both our stability analysis; in the vicinity of this curve oy ~ 0 and a; # 0

except at the critical point.
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Chapter 4
Interfacial instability

The work presented in this chapter was published in the paper:
D. Nesbitt, G. Pruessner, and C. F. Lee, “Edge instability in incompressible
planar active fluids,” Physical Review E, vol. 96, no. 6, pp. 1-7, 2017.

The figures, equations, and any comparable text, are reprinted with
permission. Copyright 2017 by the American Physical Society. See

Appendix A for the licence agreement.

The banding regime of the CIL model manifested as a strip of dense
aligned matter which propagated through a sparse disordered region. A single
strip minimises the effective surface tension between the two phases, but for
such a configuration to be stable at all is far from trivial. For example, the
setup has similarities with the Saffman-Taylor instability, a classic example
of interfacial pattern formation in fluid dynamics. Also known as viscous
fingering, it refers to the interfacial phenomenon observed when a fluid is
injected into a Hele-Shaw cell, displacing a resting fluid of higher viscosity.
In such a case, the leading edge of the advancing fluid does not propagate
uniformly, but splits into finger-like protrusions [134]. Whilst this is well
understood in the context of classical fluids, what happens when we instead
use an active fluid?

The answer to this question has direct relevance to epithelial tissue. In its

simplest form, as in wound healing experiments, the tissue consists of a single
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layer of tightly packed cells. These cells not only interact through adhesion
and contact forces, they can also generate motility forces by crawling on the
substrate; the tissue certainly qualifies as active matter. When an in vitro
cell monolayer is scratched, or barricades are removed [69,71], simulating a
wound, the tissue spreads to fill the void (Fig. 4.1). However, a common
observation from experiments is that an initially straight wound does not
heal uniformly [69,71]. Instead finger-like protrusions develop at the leading
edge, reminiscent of those in the Saffman-Taylor instability.

The exact reason for this pattern formation remains unclear, with some
attributing the effect to particular ‘leader’ cells guiding the rest [69,135,136].
These cells can be observed at the tip of the finger and are typically much
larger and more active than the other cells in the tissue [69]. It was believed
that the trauma from the formation of a wound induced the formation of
leader cells, however the method of removing barricades debunks this idea,
as the trauma is minimal yet both leader cells and finger formation are still
observed [69].

Nonetheless, particle simulations have shown that the phenomenon can
emerge from the collective motion of actively crawling cells with strong cell-
cell adhesion, with no need for leader cells [§8]. These results suggest that
the fingering pattern may be a form of emergent behaviour; that collections
of cells will always behave as such with no need for specialised leader cells,
much like how the Saffmann-Taylor patterns form out of two homogeneous
fluids. These findings motivate treating the sheet as an active fluid, as such
an emergent behaviour should be observable from the macroscopic equations
of motion. Though what exactly are the equations of motion for a sheet of
epithelial cells is also cause for debate.

The particles in the molecular dynamics simulation mentioned above gen-
erate motility forces in a random direction, with a bias towards the direction
they are already moving, hence they are polar. The motility forces are of
constant strength with respect to the fixed substrate, therefore the system
is dry. Cells interact simply via short range repulsive and medium range
attractive forces, meaning the cells are roughly the same distance apart from

one another. In addition to this the cells grow and divide when larger than
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a certain threshold [8].

Alternatively, other studies consider epithelial layers to be nematic in na-
ture. Several works have investigated the effects of topological defects within
the structure of a tissue layer, and how they induce motion [74,76]. In par-
ticular, by representing a cell division event with a local nematic dipole, sim-
ulations were able to reproduce similar finger-like growth to that of MDCK
cells [75].

In contrast, a recent analysis of a minimal hydrodynamic model suggested
that the fingering instability could arise simply out of cells collectively crawl-
ing on a substrate, without cell division, which qualifies instead as a dry
polar active fluid [6]. A linear stability analysis suggested that the edge of
a homogeneous incompressible planar active fluid is stable when the fluid is
moving at a constant rate, however the interface becomes unstable if the fluid
is initially stationary. However, their results included non-physical singulari-
ties in the growth rate, which they acknowledged was caused by neglecting a
time derivative, meaning that the growth rate was not well defined. Here, we
perform a more thorough theoretical analysis of the same model as in [6] to

resolve these singularities and arrive at a qualitatively different conclusion.

4.1 Incompressible hydrodynamic model of wound

healing

The model system consists of an incompressible two-dimensional dry polar
active fluid propagating in the direction of its free surface, as illustrated in
Fig. 4.1. This setup is similar to that of Saffman-Taylor, however we do
not apply a pressure gradient to the active fluid; any propulsion will be self-
generated. We also assume that the fluid being displaced is of negligible
viscosity and density. The flow in this region is therefore not solved for and
instead is treated as a space of constant pressure. As in Saffman-Taylor, we
seek wave numbers of unstable perturbations, with a maximal growth rate
corresponding to a typical finger thickness. In wound healing assays, fingers

can be as few as five to ten cells thick, thus it is not clear if a continuum
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Void
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Figure 4.1: Schematic of the model geometry. A two dimensional strip, with
thickness L, of active fluid, bounded between a solid wall and an empty void,
is permitted to move with speed vy in the direction of the void. The trailing
wall co-moves with the bulk fluid.

model will be able to replicate these, although both [75] and [6] observe finger

formation using continuum models.

It was claimed that the following set of equations are sufficient to generate

the fingering behaviour [6]:

p(%—ltl—k)\(u-V) u) = uV*u — Vp + au — bju*u , (4.1a)

V-u=0, (4.1b)
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where p and u are the density and flow field of the active fluid respectively; p
is the pressure and pu a viscosity. These are a simpler version of the Toner-Tu
equations given in Eq. (1.1). Eq. (4.1a) is the incompressibility condition,
which eliminates many of the non-linear terms in Eq. (1.1b). The pressure is
now isotropic and simply a Lagrangian multiplier to enforce incompressibility.

The two terms au and b|u|2u account for the activity, where a and b are
constants. Each of these acts in a direction tangential to the instantaneous
velocity of the fluid. The former acts as a driving term with a > 0 inherently
assuming that the propulsion forces within the fluid align with the instan-
taneous velocity; a < 0 means that the active forces are acting against the
motion. The non-linear term b|u|2u provides resistance, preventing arbitrary
growth, hence b > 0 necessarily.

As mentioned, this is a dry model and momentum is not conserved [1].
Furthermore Galilean invariance does not apply and the prefactor of the
advective term, A, need not be unity. The underlying assumption justifying
this model is that the mechanics of the cells are dominated by interaction
with the substrate, specifically through their ability to crawl. The active
terms in Eq. (4.1a) prescribe a preferred speed for the fluid to move at, much
like the cells crawling on the substrate, but there is no preferred direction.
The fluid is simply accelerated or decelerated in the direction it is already
moving. This effectively assumes that cells move in the net direction of their
neighbours, and tend to realign their own velocities to match this direction.
Assuming that the net result gives a non-trivial polar order, upon taking the
hydrodynamic limit the polar order dominates, thus higher order effects such
as nematic order are negligible in this minimal model [137].

Mass is conserved in the active fluid via the incompressibility condition
Eq. (4.1b) and the density p is assumed to be constant — a fair assumption,
as cell division and death rates are low in comparison with the effects of
motility forces in wound healing assays [6,69].

Eq. (4.1) is rich in physics: it has been shown that the fluctuating form
of the equation is connected to the Kardar-Parisi-Zhang model in 2D [138]
and its associated critical behaviour is described by a novel universality class

in non-equilibrium physics [129]. Here, we will focus on the stability criteria
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when an interface is present.

We now perform a linear stability analysis on these equations using the
geometry depicted in Fig. 4.1: a strip of active fluid of thickness L, bounded
by a solid wall on one side with an open interface on the other. The fluid
is assumed to move with a constant uniform base flow vy in the direction of
the open interface, with the rear wall co-moving with the fluid. In such a
homogeneous flow, u = vpX, all of the derivatives in Eq. (4.1) vanish, leaving
a balance between the active terms. The solution vy = 0 exists for all real a,
however a > 0 has the additional solution: vy = \/a_/b. We will refer to the

vo = 0 case as the stationary case and to vg > 0 as the mouving case.
We add a small perturbation to this flow u = (vy + u,)x + u,y and
the interface h = vot 4 h, where ||, [ug|, |u,| < 1. We consider sinusoidal

perturbations with wave number ¢, using the form

Uy = Ael@vot)Fwitiay (4.2a)
u, = Be'@— vt twitiay (4.2b)
p = Cer@wt)twitiay (4.2¢)
h = hoe?ttiay (4.2d)

so that the real part of w describes the growth rate of the mode, with a

positive value corresponding to instability.

Substituting Eq. (4.2) into Eq. (4.1) gives, to linear order,

plw+ (AN=Duvr) A= —rC + u(r* — ¢*)A+ (a — 3bv3)A | (4.3a)
p(w+ (A= Dwr) B = —igC + u(r* — ¢*)B + (a — bv3) B, (4.3b)
rA+igB =0 . (4.3¢)

This is a homogeneous system of linearised equations in the constants A, B

and C'. As such, it can be expressed in the form of a matrix equation
MiA =0, (4.4)

where A = (A, B,C)T. For the solution to be non-trivial, the determinant
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of the matrix of coefficients, M;, must be zero. This restricts the values of r

to be the roots of the quartic polynomial

0= pr +p (1= N vor” = [pw +2uq” — (a — buf)] r?

(4.5)
—p(1 =N vog’r + ¢* [pg* + pw — (@ — bvg) + 2bvg] .
Hence the general solution for the velocity perturbation is
4
Uy = Z Ajer]- (z—vot)+wt+iqy (46)

j=1

where 7; are the four roots in Eq. (4.5). The other perturbation fields u, and
p can also be expressed in terms of A; by referring back to Eq. (4.3).

The remaining unknowns A; and hg are fixed by the boundary conditions.
No-slip is applied at the rear wall, meaning all velocity perturbations (u, u,)
in the flow field must decay this far from the interface and thus at the rear
wall x = vgt — L
=0. (4.7)

r=vot—L

Uy = U
r=vot—L

The velocity of the interface h(y,t) must be continuous with the flow field.
Linearised at the free surface equilibrium, z = vyt, this becomes
oh

= (4.8)

Uy

rx=vot

The fluid occupying the void region in Fig. 4.1 is of negligible viscosity com-
pared to that of the active fluid. Hence this region is not solved for and is
assumed to be of constant pressure. Therefore the tangential stress on the in-
terface must be zero, Eq. (4.9a). The normal stress must be balanced by the
surface tension «y and the pressure difference across the interface, Eq. (4.9b).

Linearised about x = vyt these conditions are

Ot Quyl (4.92)
ay x=vgt 8'@ r=vot
ou d%h
2 = — =v—:. 4.9b
2 8(13 oot plx:vot v ayQ ( )
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The five boundary conditions give another system of homogeneous linear
equations, this time in terms of the four A; and hy. After factoring some
arbitrary non-zero terms, such as the complex number i and exp(ig+wt), out

of the equations, the system can be expressed as

Myv =0 (4.10)
where
e—Lrl e—LTQ e—Lrg e—Lr4
7"_167Lr1 T_zefLrg 1“_367Lr3 T4 efLm 0
q q q
M, = 1 1 1 1 —w , (4.11)
ri+e® r3+q® rite® ritq® 0
q q q q
C1 Co C3 C4 7q2
(3¢ — 1?) + (pw — (a — bv2))rj + pro(1 — N)r?
B =) (= (o= by o=

e
and v = (Ay, Ag, A3, Ay, ho)T. Again, for a non-trivial solution the matrix of
coefficients, My, must have zero determinant. Since the r;’s are the roots of
Eq. (4.5), and thus determined by w and ¢, the determinant f(w,q) = det M,
is a function of w and ¢. The problem is reduced to finding roots of f(w,q)

for the two cases.
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4.2 The unstable stationary case

In the stationary case, vy = 0, factoring out non-zero constants reduces
fw,q) =0 to

fiw P a\’

0=—< —kcosh(L(k —q))— (w——>
S { (L(k = a)) 5 p
4 2P a
+ k:(l — cosh(L(k — C]))) [Sq + 4¢° = (w — —)]
a P (4.13)

— sinh(Lk) sinh(Lq)(k — ¢)* (¥* + k*q + 3kq® — ¢°) }

_P (w _ E) q3{ k cosh(Lk) sinh(Lq) — gsinh(Lk) cosh(Lq)}

p p
k:+\/q2+£(w—g). (4.14)
p P

We first consider the long wavelength limit (small ¢). Expanding the terms

where

in powers of ¢ we obtain an asymptotic expansion for w:

a u ™2 16(—1)*!
o () +;(”ﬁ ¢+0)  (@15)

w =

where n is any integer. It follows that w is real for sufficiently small ¢. Our
numerical calculations suggest that this holds for all real ¢ and we will assume
that w is real henceforth.

With this assumption we can show by contradiction that w is bounded
above by a/p. If we assume that w is greater than a/p, Eq. (4.14) implies
that £ > ¢. Upon inspection we find that each line of Eq. (4.13) is strictly
negative, and thus the right hand side cannot be zero. This means there are
no solutions for w > a/p. This in particular resolves the diverging growth
rate encountered in [6]. Conveniently it also provides a finite range in which
to numerically search for unstable modes.

Fig. 4.2(a) depicts the full unstable solution for the parameter values given

in Table 4.1, obtained by solving f(w,¢) = 0 numerically. Where necessary,
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Figure 4.2: Stability diagram for the stationary case: vy = 0. Red circles
(blue crosses) indicate unstable (stable) solutions. Plot (b) is the same as
(a) but focused on a smaller range of w. The solid blue curves in (b) show
the results obtained when the inertial terms are ignored [6]. Although the
solution curves in (a) appear to smoothly cross w = 0, we can see from
(b) that the curves in fact turn sharply, and do not cross the dashed lines.
Parameter values are given in Table 4.1.
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we have excluded the zeros of f corresponding to degenerate cases of Eq. (4.5).
These must be treated separately to determine if they are genuine solutions.
As it so happens none of these are legitimate solutions, and can be safely
disregarded. See Section 4.2.1 for details.

Parameter Value References
P) 10% kgm~* -
o 10 Pa s (139, 140]
vy 10° Pa ym [141]
L 100 pm [71]
a/b 2.7x 1073 pm s7! [69]
a 60 Pa s pum™2 6]
b 107 Pa s®m—* 6]
A 1 -

Table 4.1: Values of parameters used, chosen to be physiologically relevant
to epithelial cells. The density of water was used for p as this is a reasonable
approximation for cells. For a and b, we use the values employed in [6]. As
we discuss, this value of a is likely too large to be physiologically realistic.
A is a dimensionless coefficient. For simplicity we take A = 1, meaning the
LHS of Eq. (4.1b) is the material derivative of u.

As the growth rate is now bounded above by a/p, there are no singularities
as discussed in [6], and we seck the wave number that provides the largest
growth rate. The highest curve outlined in Fig. 4.2(a) appears to obtain its
maximum in the limit as ¢ — 0. This is in accord with the expansion in
Eq. (4.15) — the constant part of w is largest when n = 0, at which point
the coefficient of the next lowest order term, ¢?, is negative. As such the
growth rate initially decays away from its peak at ¢ = 0. The actual value
g = 0 is not a valid mode. This would correspond to a flat wave, which would
necessarily violate conservation of mass if it were to grow.

To understand why the most unstable mode occurs as ¢ — 0, recall that
there is no external pressure, and the only driving force in our system is the
internally generated active force au. This force provides the same growth
rate for all wave numbers q. The motion is resisted by viscosity and surface

tension. The strength of each of these increases with ¢, thus suggesting that



104 Chapter 4. Interfacial instability

the maximum growth should be in their absence, namely in the limit ¢ — 0.

Viscosity counteracts shear within the velocity field. Due to the no-slip
condition at the rear wall coupled with the incompressibility condition, any
velocity perturbation at the free surface naturally induces shear throughout
the fluid, as depicted schematically in Fig. 4.1. As g drops to zero, the shear
due to variation in the y—direction becomes negligible, however the shear
in the xr—direction remains, as the velocity must vanish across the width L.
Hence the very minimum we require for any perturbation to grow, is for the
driving force au to be stronger than the viscosity component corresponding
to the latter direction, ud*u/dz*. We therefore expect instability to occur
only if
(4.16)

for some unknown dimensionless constant C. We can quantify C' by returning
to the asymptotic expansion (4.15). Since max,w is achieved for n = 0 as

q — 0, we indeed find that the stationary case is linearly unstable only if
™
S D 4.17
- (417

Hence we have a condition for instability. Evidently a negative value of a
implies the system is stable — an expected result as both active terms would

be acting against the motion.

Fig. 4.2(b) focuses on a region of much smaller w. Also plotted are the
results obtained using the analysis of [6]. Within this region the solutions
actually align very well, revealing that their simplification to ignore the in-
ertial terms in their analysis is valid when |w| is ‘small’. We can clarify the
meaning of small by returning to the governing equation (4.1a). Deeming
podu/ot to be negligible with respect to au is to assume that |w| < a/p,
hence their solution is valid only within this region. Ultimately this means
that although the flow has a very small Reynolds number Re, it also has a
very small Stokes number St, which are given by the ratios

pu-V)u

Re = ———"— and St:(u-V)u

pViu du/ot (4.18)
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If St ~ O(1) and Re < 1, both of the terms (u- V)u and du/0t would be

negligible, however in this case only the former is.

4.2.1 Degenerate solutions

Some roots of f(w,q) are not solutions to our system. If any of the columns
of the matrix M, are identical, then the determinant is trivially zero. This
occurs if any of the roots r; are repeated, that is, if the quartic Eq. (4.5) is
degenerate. This situation arises along a small number of curves, w; = w;(q).
In these cases the form of the general solution is no longer given by Eq. (4.6),
and M,, as given in Eq. (4.11), is not valid. Therefore f(w,q) cannot be
used to determine whether or not w;(q) is a solution; f is trivially zero. The
analysis must be repeated in these cases, using the correct general solution
and deriving a new f;(w;(¢q),q). This new function depends only on ¢, so
the solutions we seck are pairs (w;(¢*), ¢*) where f;(w;(¢*),q*) = 0. Here we
derive the conditions for degeneracy and analyse them in turn.

For vy = 0, Eq. (4.5) reduces to

prt = (pw + 2p¢* — a)r® + ¢*(ug® + pw — a) = 0 (4.19)
hence I
r2:q2_|_(pw_a) (pw_a) . (420)
24
This is degenerate in two cases
wy = a4 , Wy = e Hq2 : (4.21)
P pp

In what follows, let u, = e%**q, (x — vot), and similarly for u, and p.

Degenerate case: wy =a/p

The general solution is

U, = (A + Agx)e? + (A3 + Agx)e 4. (4.22)
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The corresponding @, and p are obtained from Eq. (4.1) and given by
i
q
1

—Q{Alq(a —wp)e® + Ay [(a —wp)(1+qz)+ 2q2} e?”®

Uy = = [(A1g + Az(1 + q2))e™ — (qAs + As(=1 + gz))e™™] (4.23)

D=
q (4.24)

— Asq(a — wp)e™ ™ + Ay [(a — wp) (1 — qz) + 2¢%) e’qx}.

As before the boundary conditions provide a linear system of equations in A;
and hg. The determinant of the matrix of coefficients must be zero, which

reduces to
0=2+4(Lg)? + 2cosh 2Lq + 2L (gsinh(2Lg) — 2(Lg)?) . (4.25)
ap

This equation has no solutions for any real ¢ regardless of the parameter

values, hence the root w; = a/p can be disregarded.

Degenerate case: wy =a/p— (1/p)q>
The general solution is

Uy = A1e? + Age™ @ + Asx + Ay (4.26)
The corresponding det My = 0 reduces to

0 = “(uq* — a)(4 — 5cosh(Lq) + Lgsinh(Lq))

=

(4.27)
+ vq(Lq cosh(Lq) — sinh(Lq)) .

It is not obvious how many solutions there are to this equation, if any at all;
it depends heavily on the parameter values. For the values used in Fig. 2
there are exactly two solutions for which wy > 0. These match the points
where the curve wy = a/p — (1/p)q* intersects the curves obtained from the
non-degenerate cases. Assuming this result applies for all parameter sets, we
could garnish information about the full solution from the number of valid

points on the degenerate curve ws(q). For example, if there are no such
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solutions to Eq. (4.27), then we can conclude that all of the unstable solution

2

curves are bounded below w = a/p — (u/p)q®. Otherwise we would have

discontinuities in our full solution.

4.3 The stable moving case

In the case vy = \/a_/b the roots of Eq. (4.5) cannot be written explicitly in
a useful format, hence we present only numerical results. As all numerical
solutions obtained found w to be real, we assume that this is true generally.
As for the stationary case, w has multiple values for each ¢, all of which were
negative, implying that the moving case is stable. There are also degenerate
cases which were found to be removable as detailed in Section 4.3.1. Fig. 4.3
displays the highest roots found for the tested values of ¢, plotted alongside
the original results obtained using the analysis of [6]. They align very well,
confirming that the inertial terms have little effect on the dominant behaviour
of the solution in the moving case, and it is always stable.

As with the stationary case, by ignoring the inertial terms in [6], their
results are single valued, and the branch obtained is that with the smallest

values of |w|.

4.3.1 Degenerate solutions

In the moving case, vg = /a/b, the quartic equation (3) cannot be solved in
a useful format for general parameters, hence for simplicity we restrict our

attention to the special case A = 1. Therefore Eq. (4.5) becomes
4 2.2 | 20 2 _
pr® — (pw + 2pq”)r* + ¢“(pg” + pw + 2a) =0, (4.28)

SO

1
r? = —(pw + 2uq® £ v/ p*w? — Spag?). (4.29)

2

Roots are repeated in the cases

2a oy
—— - —q
PP

, WL = + q . (430)

W3 =
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Figure 4.3:  Stability diagram for the moving case (vy = y/a/b) showing

the growth rate versus the wave number of the perturbation. Results are
numerical (crosses) and plotted alongside the solution obtained after ignoring
inertial terms (curve) [6]. Parameter values are given in Table 4.1.

The former provides only negative values of w, which are stable and thus do
not require further analysis. Therefore, for the moving case there is only one

potentially unstable degenerate case, namely

wi = /Buag/p . (4.31)

As before let u, = ¢ T!q, (x — vgt), and similarly for u, and p. The general

solution has the form

ﬂx = (Al + AQ(Z’ — Uot))er(x_vot) + (Ag + A4(ZL‘ — ’Uot))e_r(z_vot) (432)
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where r is the positive solution to

= ¢+ +\/2a/p q. (4.33)

It is not apparent what the corresponding 4, and p are, so we assume:

i, =(By + By)e’s + (Bs + By)e ™, (4.34)
P =(Cy + Cy)e™ + (Cs + Cye ™™, (4.35)

where the Bj and éj are all functions of £ = x — vyt, and relate directly to

A;, for each j respectively. Using the incompressibility condition we obtain

o o
B =24, g, (4.36)
g q
i (=1
By = —%Ag B q“f) A (4.37)

By substituting Bj into the momentum equation for w,, we can obtain

2 .2
&, — r(ulg q?z“ )+pw)A1 ’ (4.38)
~ 2 _ 2 _ 2
g, — e 7‘)+pc;z(1+7“§) 217 (4.39)
G — r(u(q2—z2)+pw)A3’ (4.40)
q

2 .2 - _ 2

&, — _ (u(g 7‘)+puq2(1 r§) — 2ur A, (4.41)

Applying the boundary conditions and factoring out constants, we get a
matrix system Mv = 0 as before, this time:

e—Lr _Le—Lr eL’!‘ _LeL’r 0
re " (Lr —1)e ™ —rel” (Lr+1)e” 0

M = -1 0 -1 0 w (4.42)
2+ ¢? 2r r? +¢? —2r 0

C1 C2 —C C2 74
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where

a1 =r(p(3¢* = %) + pw) (4.43)
co = 3u(q* —r?) + pw . (4.44)

Once again the determinant of this matrix must be zero, explicitly

0 = 2vq¢*r(2sinh 2Lr — 4Lr)
+ pw {r*(2cosh2Lr + 14 — 4L*r?)
+ ¢ [P*(8L*r* + 12 cosh 2Lr — 12)
+¢*(12L*r* 4+ 6 — 6 cosh 2Lr)] }
+ w’p {r*(2cosh2Lr — 2 + 4L*r?)
—¢*(2cosh2Lr — 2 — 4L*r%)} .

(4.45)

By examining each of these lines we can deduce that there are no solutions.
Recall that all of our parameters are positive, including r,q and w. By
inspection the first two lines are strictly positive individually. The square
brackets straddling lines 3 and 4 are also strictly positive, seen using the fact
that 72 > ¢? from Eq. (4.33). Similarly the curly brackets straddling lines 5
and 6 are also strictly positive. Hence there is no way that the expression
on the right hand side can be zero, so we conclude that the degenerate root
wy = ++/8uag/p is not a solution to our system, and can be disregarded

from numerical results.

4.4 Relevance to wound healing

We have performed a linear stability analysis on a strip of incompressible
active fluid governed by the hydrodynamic equations of motion in Eq. (4.1)
about a stationary system and a constant uniform flow. The fluid density
was assumed to be constant and uniform.

Our results for the moving case, with speed \/a_/b, were no different from
those in [6], and the system is always linearly stable, at least for the case
A=1
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We found that from a stationary position, the interface can be unstable,
subject to the criterion in Eq. (4.17), and recognised that it describes a
balance between the viscosity and active driving force. However, we have
concluded that the most unstable mode is simply the largest wavelength that
the domain permits; our model assumed the strip to be infinitely long, hence
no restriction was placed on the wave number. In the context of wound
healing, our model suggests that the typical thickness for the growing fingers
will be of the system size. Our results are qualitatively different from those
obtained in [6], due to the inclusion of the inertial terms in our analysis.

Given that the cells in a wound healing assay would be starting from
an equilibrium state, the stationary case is far more relevant. As such, the
existence of an instability is promising, but the lack of a maximal mode
would ultimately suggest that our incompressible active fluid model is insuf-
ficient to produce the fingering behaviour exhibited in wound healing exper-
iments. Furthermore, using physiologically relevant parameters (see caption

2 accord-

of Fig. 4.2), the minimal a required for instability is 2.5 Pa s ym™
ing to Eq. (4.17). However, in a typical experiment the time scale is of the
order of hours. If we assume that it takes one hour to achieve a steady state,
we would expect dimensionally for p/a to be about one hour. Using the
same value of p, the density of water, a would therefore be of the order of
2.8 x 1071 Pa s yum™2. This is many orders of magnitude smaller than the
minimum required for instability, explaining why instabilities of the order of
the system size are not observed in experiments. Note that the actual density
of the cell layer never needs to be incorporated into the analysis in [6] since
the L.H.S. of Eq. (4.1) is set to zero.

Our work thus strongly indicates that compressibility of the tissue is crit-
ical for fingering instability. Indeed, examining wound healing assays reveals
a stark difference between the typical diameter of a cell in the bulk of the
tissue, and that of a cell in the finger-like protrusions, with the latter be-
ing significantly larger [71]. Even without an interface, the velocities of cells
within a confluent layer have been shown to vary with cell density [48]. All

of these suggest variations in the cell density should not be ignored.

Our work has relevance beyond tissue regeneration. Since we have shown
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that the boundary perpendicular to the moving direction of 2D incompress-
ible active fluids is stable, our work suggests that the recent predictions on
the scaling behavior of incompressible active fluids in the moving phase [138]
may be studied on an open system, thus potentially facilitating the experi-
mental verification of the theory.

Finally, the results for the moving case may also have some relevance
to our work in Chapter 3. Although the system simulated in Chapter 3 is
compressible, under certain conditions phase separation occurs, in which an
aligned band of roughly uniform density propagates through a much more
dilute region at a constant speed. The resulting image is similar to Fig. 4.1
with a second open interface instead of the fixed wall, and a dilute medium
in place of the void. Crucially this band is stable in time, in agreement with

the moving phase in this study.
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Conclusions

5.1 Summary of results

In this thesis we developed a new lattice Boltzmann method for simulating
dry polar active fluids, with attention focused to the behaviour at compara-
tively high densities. This was achieved by intentionally breaking conserva-
tion of momentum, necessarily rendering the hydrodynamics of our system in
the realm of the Toner-Tu equations. We confirmed this using a Chapman-
Enskog analysis, and furthermore derived the relationships between the sys-
tem parameters and the corresponding coefficients of the macroscopic equa-
tions. We used our method to successfully simulate two types of behaviour
associated with dry active fluids, namely motility-induced phase separation
and collective motion, producing phase diagrams for each. By incorporating
contact inhibition of locomotion into our collective motion model we uncov-
ered two new first order transitions at high densities, and a potentially new
critical transition. By performing a stability analysis on the corresponding
Toner-Tu equations, we were able to interpret this result analytically, and
derived the conditions for this critical behaviour to occur.

In addition we performed a stability analysis on an open interface of a
strip of fluid described by an incompressible version of the Toner-Tu equa-
tions. The strip was found to be stable if moving at a fixed speed, which

is consistent with our observations from the CIL model, where stable dense
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bands propagate through a disordered sparse phase. The strip was found
to be unstable if initially stationary, however in contrast to the conclusions
of a previous study, the most unstable mode was found to be the longest
wavelength limit, thereby implying there is no characteristic wavelength de-
veloped by the instability. This contradicts the claim that the incompressible
system could describe the observed fingering instability in wound healing as-
says, however it remains possible that a compressible system may be able to

produce this instability.

5.2 Future work

By far the most significant and most unexpected results of our work was the
discovery of two new first order phase transitions and in particular, a poten-
tially new critical behaviour. As mentioned, we believe this to be a new form
of critical behaviour associated with active matter, however more detailed
investigation is required to confirm this beyond doubt. This would involve
determining the critical exponents, a task which we believe our LBM is ideal
for performing. Our LBM is already quick to run, and has the capability of
being parallelised to enhance the speed further.

We have also demonstrated our LBM to be adaptable to other active sys-
tems, with its ability to generate MIPS. Since the computational time of our
model does not depend on the density of the system, our model is poten-
tially more efficient than comparable molecular dynamics models, especially
at high densities. However, we have not performed any rigorous complexity
comparisons or speed tests to confirm this.

Through our Chapman-Enskog analysis, we have derived a clear link be-
tween our system parameters, and those of the overarching Toner-Tu equa-
tions. Not only is this beneficial for the particular systems that we inves-
tigated, permitting us to interpret our results through stability analysis, it
also paves the way for future studies of other systems, such as chiral active
matter. By understanding the relationship between the choice of u*, and the
forcing term F, we can not only quickly the derive the corresponding Toner-

Tu equations for any alternative choice of u*, but can also reverse-engineer
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a particular choice of Toner-Tu equations to obtain the required form of u*
so as to be simulated by our LBM.

For the purposes of this study, periodic boundary conditions were suf-
ficient, however our LBM can also be expanded to include more compli-
cated boundary conditions using the standard methods developed for LBMs.
No-slip, impermeable walls are particularly easy to implement, meaning the
method is well suited to simulate flow in complex geometries.

Although our systems of interest began as a single homogeneous phase,
they naturally separate into multiple phases. Our method could also be
adapted to simulate other types of multiphase flows, such as a mixture of
two or more different fluids, perhaps even related by chemical reactions. In
particular one could surely reproduce the system described in Chapter 4,
which could be viewed as phase separation between two immiscible fluids, one
of which is active. This could provide further insight into the behaviour of a
dry polar active fluid, starting from rest, and could verify the conclusions of
our stability analysis for the stationary case by incorporating compressibility
effects.

Finally, we adapted u in the definition of f;, in order to break conserva-
tion of momentum, however we preserved conservation of mass. By adopting
a similar approach for the density p, we could also expand our method to
simulate systems which do not respect conservation of mass, such as cell di-
vision in a spreading epithelial sheet. Furthermore, by preserving the form of
£, which is derived from the Maxwell-Boltzmann distribution for particle
velocities at thermodynamic equilibrium, we assumed that active particles
generate a similar distribution. It raises the question over what other distri-
butions could be used, and which systems do they represent. Further work
could be performed on active molecular dynamics models to determine the
corresponding distribution, linking the microscopic and mesoscopic pictures.
However, we emphasise that the macroscopic (hydrodynamic) picture will be
largely unchanged, as long as the key symmetries are preserved.

The advent of lattice Boltzmann methods made particle simulations for
passive fluids effectively obsolete. We cannot predict what the future holds

for the study of active matter, but we expect that the lattice Boltzmann
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methods developed here will continue to prove both useful and fruitful in the

uncovering of new results.
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