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Abstract

Collective behavior and, more specifically, flocking are phenomena observed in living systems,
from bacterial colonies and spermatozoa, to larger systems such as insects and birds. These
organizations exhibit changes from disordered to coherent behavior, which are examples of
spontaneous symmetry-breaking out of equilibrium. Collective migrations in these systems
can be predicted by simple models such as the Vicsek model (VM) or its variants, in which
particles tend to align their velocities to an average of their neighbours’. The change from a
disordered state to an ordered state can occur continuously or discontinuously and a variety
of resulting patterns are possible. The study of mathematical models of these systems may
reveal these changes to be bifurcations in their governing equations.

We consider a system of particles moving within a two dimensional box with periodic
boundary conditions. In Chapter 2, and following Ihle’s approach, we derive a kinetic equation
for a one-particle distribution function in the limit of infinitely many particles by assuming
molecular chaos. The kinetic equation is discrete in time and space and it always has a
simple uniform solution that corresponds to the disordered state of the system. We have
carried out a linear stability analysis of this state and studied the possible bifurcations issuing
from it. In the usual case, particles align their velocities to their average velocity with any
other particles within a circle of influence plus s ome angular n oise, w hich has a uniform
probability density. The spectrum of the linearized equation has always one multiplier on
the unit circumference and there is another one that moves from inside to outside the unit
circle as a control parameter crosses a critical value. We use bifurcation methods to derive
amplitude equations that describe solutions issuing from the disordered state. The amplitude
equations comprise a conservation law for a density disturbance coupled to a two
dimensional vector equation for a current density. Analysis and numerical simulations of
these equations show that their solutions exhibit an interplay between parabolic and
hyperbolic behavior in two different time scales when the distance to the critical value of the
bifurcation control parameter goes to zero. In this limit, there appear oscillation frequencies
that give rise to resonance phenomena if the alignment rule contains a periodic function of
time. Direct simulation of the VM confirms the existence of these resonances.

In Chapter 3, we use the same methodology to study the effect of modifying the probability
density of the noise in the alignment rule by which VM particles change their velocities. The
mechanism of velocity synchronization consists of: active particles may be conformist and
align their velocities to the average velocity of their neighbors, or be contrarian and move
opposite to the average angle. Depending on the weights of conformist and contrarian or
almost contrarian rules, we study the ordered state solutions of the amplitude equations
corresponding to period-doubling, Hopf, or pitchfork bifurcations of the disordered state.

In Chapter 4, we consider the collective migration of epithelial cell monolayers moving on
a surface. This phenomenon is crucial for many relevant processes including wound healing,
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morphogenesis, and cancer-cell invasion during metastasis. There are many experiments
on confluent cellular motion and different mathematical and computational models in the
literature. A convenient model based on the physics of foams considers the cells as
non-overlapping two dimensional convex polygons. In the active vertex model we study,
the cell centers are in a Delaunay triangulation and are subject to forces that constrain them
to have target areas and perimeter length, other forces that try to align their velocities to
neighboring cells (as in the VM), friction with the substrate, inertia, and stochastic forces. We
have simulated numerically this model in two different cases related to wound healing and to
invasion of one cell collective by another one: (i) a cellular monolayer spreading on empty
space, and (ii) the collision of two different cell populations in an antagonistic migration assay.
For (i), we discuss how inertia is necessary to explain the larger size of cells in the boundary
with respect to those in the interior of the layer. For (ii), we discuss which parameters of the
model produce results that agree with experiments by P. Silberzan’s group. In both cases,
the interfaces that separate cells from empty space or cells belonging to different populations
are quite rough and may shed and absorb islands as time elapses. To analyze both images
from experiments and results of numerical simulations, we use topological data analyses of
the interfaces.
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CHAPTER 1 I

Introduction

The term active matter describes diverse systems across scales, from bacteria colonies [1, 2, 3]
and spermatozoa [4] to larger scales as insects [5, 6] or birds [7, 8]. Active matter comprises
a novel class of non-equilibrium living and non-living systems that are characterized by (i)
having a large number of self driven units (active particles) and (ii) each agent conforming
the system is capable of transform free energy into systematic motion. A recent review is [9].

Anyone to have observed the dynamics of the coordinated motion of a group of starlings, or
the synchronous motion of a school of fish swimming together, can understand the motivation
for the study of active matter; individual units that move in group or flock and generate
large-scale complex dynamical motions. The rules governing the principles of physics that
define the behavior of each individual, the mathematical models describing those behaviors
and the exhibition of novel phases (i.e., stable configurations of the flocks) and phase transitions
different from those in thermal equilibrium are topics which deserve to be studied.

1.1 Flocking phenomena

The interaction between active particles produces collective motion, i.e., individual particles
move coherently forming patterns and shapes, a phenomenon called flocking. As it has been
detailed above, there is a myriad of examples in living systems that seem similar at different
scales. Flocking has been a lively subject of investigation since the mid 1980s. One of the
first studies in the field is the pioneering work of [10], which studies the motion of birds
by analyzing a recorded movie. He concluded that any unit can initiate a collective motion,
which is propagated along the system as a wave. Typically entities in a flock have a nonzero
polarization (the arithmetic mean of the orientation of their velocities). In a more recent
experiment [1 1], their authors have concluded that starling flocks have scale-free correlations
(they have a correlation length that scales with the flock size) that decay as a power law with
a surprisingly small exponent. As the interaction range between birds is of the order of a
few bird sizes, the interaction range may be much smaller than the correlation length, which
scales as the flock size [11].

In nature, motion usually arises collectively because its effectiveness. For example,
colonies or groups are stronger against a predator or are more efficient to obtain food. The
collective behavior is a consequence of the interaction between the units conforming the
system, which can be simple or more complex as combination of simple interactions. As
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4 INTRODUCTION

a result, a wide range of generic behaviors arise, including non-equilibrium order-disorder
transitions, characteristic instabilities or pattern formation.

The main challenge when developing a study describing the observations of a collective
motion, is to obtain the best definition of the individual trajectories of the entities. This work
can be hard due to the large number of particles and the dimension of the space where they
move. Accordingly, there exists a wide range of mechanisms to study collective motions.
For example, in a well-defined area, the optical technique called Particle Image Velocimetry
(PIV) obtains the velocity field of a fluid or cells using averages. Another technique is that of
[12] who study experimentally a school of fish inside a shallow box, thereby approximating
their motion to a two-dimensional configuration.

Figure 1.1: Collective organizations arising in nature. (A,B) Individual and collective swimming of a fish and a
school of fish respectively. (C,D) Individual fly and flocking migration. (E,F) Individual and cooperative behavior of
ants. (G,H) Single epithelial cell on a substrate and a monolayer of epithelial cells conforming a frog skin. (A) Adapted
from (https:/thefishsite.com/articles/how-climate-change-is-effecting-top-marine-predators). (B) Adapted from
(http://simontucket.com/_Portfolio/PortPages_Hi/ll_FishSchool.html). (C) Adapted from (https://www.jjharrison.
com.au/). (D) Adapted from (https://pixabay.com/photos/flock-of-birds-migratory-birds-sky-2150470/). (E) Image
from [13]. (F) Adapted image from (https://commons.wikimedia.org/wiki/File:Ant_and_honey4.jpg). (G) Image
from [14]. (H) Image from https://www.uwlax.edu/biology/zoo-lab/lab-2--microscopy-and- the-study-of-tissues/.

To understand flocking, it is convenient to pose and study mathematical models with
minimal ingredients, yet capturing the essence of the phenomena. One of the earliest is the
Vicsek model (VM) [15], which takes ideas from statistical mechanics into a non-equilibrium
context. The VM comprises a set of self-propelling particles moving with unit speed so
that each particle adapts its velocity to the average of the direction of neighboring particle
velocities except for some alignment noise. The particle motion does not depend on the
environment, which seems to be the case for birds within visual contact but not for fish or
bacteria swimming in water. The VM is an example of “dry active matter” [9].

The analysis of active matter borrows many ideas and methods from equilibrium systems.
For example, the formation of a flock from a disordered state is similar to the ferromagnetic
transition in equilibrium statistical mechanics. We can define an order parameter, the
polarization, that plays the same role as the magnetization. In the disordered state of a
system of infinitely many particles, there is no flock and the mean orientation of the particle
velocities is zero. Depending on the interaction range and parameters characterizing the
particles behavior, the polarization may become positive, which characterizes the formation
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of aflock. Itis also possible to define correlations and correlation lengths that probe deeper into
flocking [11]. In Section 1.3, we discuss several models of flocking phenomena [9, 16, 17, 18].

1.2 Tissue-cell migration

The discipline of active matter studies systems across scales, ranging from sub-cellular
processes to the dynamics of tissues and organs. Concerning tissue cells, interesting dynamics
occurs when an epithelial cell aggregate advances through an empty space, as in the case
of wound healing, or it collides and encroaches a different tissue, as in cancer invasion.
Advancing cellular fronts may display wave phenomena [20, 21], finger formation [22, 23, 24],
or the interpenetration between oppositely moving fronts [25, 26]. Additionally, collective
cell migration possesses challenging fundamental questions within the fields of soft and
active matter, namely the characterization of fluid, solid or glass-like behavior associated with
flocking and jamming-unjamming transitions [9, 27, 28, 29, 30, 31, 32, 33, 34]. The behavior
of these systems is dictated by processes occurring at the individual cell level and also by
collective phenomena arising in a group of cells.

On a smaller scale, cell motility has been widely
investigated. The individual motion of one cell is a a b
well-known phenomenon studied in vivo, as for example '
the migration of an individual dissociated cancer cell
presented in [35]. However, there are some differences
between single-cell motion and that of a group of cells

migrating. During the migration of a single cell, its Figure 1.2:  Individual and
collective migration. a) Single cell
on a 2D substrate. b) Collective cell
migration. Figure from [42].

membrane is retractile. In contrast, for an epithelium,
cells maintain their junctions and the retraction of the
individual cell is no longer possible. Thus, the mechanisms
are completely different during collective-cell migration,
where the cell-cell contact must be conserved maintaining the integrity of the layer to get
their purpose. Indeed, during a collective migration, there also exist relative displacements
within the tissue and a reorganization between the cells. For illustration, Fig. 1.2.a shows
the individual motion of a single cell. In Fig. 1.2.b the motion of cell 1 depends on its own
activity and on the behavior of cells 2 and 3.

In particular, the dynamics, the morphogenic response and the collective strategies of
eukaryotic cells are crucial in processes like morphogenesis [35, 36], tissue repair [37, 38],
development [39] and embryogenesis [40]. Such living systems move in response of external
signals to accomplish their functions. These stimuli are sent in the form of chemical gradients
or notch signaling among others. While directional migration is dictated by these external
influences, cell motility is also restricted by physical constraints. Cells, tissues or embryos
need to study the environment to make their way squeezing through gaps, obstacles or to
propel in a rheologically complex external matrix, with the main goal of finding the most
efficient route. Processes as metastasis, branching morphogenesis [36] or embryogenesis
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[40] are examples where living systems can deform their shape or anticipate their motion
to facilitate their migration. In fact, it has been recently shown using experiments in vivo,
that cancer cells have the capacity to distinguish between different trajectories [41] and use
channels that guide the cells towards the best decision point.

Cell polarity is also another process which has raised attraction among researchers for
many years. Several experiments explain the existence of leader cells who guide the rest of
the cells, which are located at the back and called followers. Its only purpose is to follow
the preferred direction guided by the leader cells. Indeed, followers are more compact than
leader cells and instabilities processes may occur, giving rise to the formation of fingers in the
front. Fig. 1.3 shows different types of cell migrations. Depending on the context, epithelial
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Figure 1.3: Collective migration. a) Cells on a 2D substrate. b),c),d),e) and f), collective cell migration
in 3D in different configurations and biological processes. Figure from [42].

cells can migrate in a single-layered epithelium 2D as in Fig. 1.3.a or by multi-cellular groups
in a 3D configurations as in Fig. 1.3.b-f. Multicellular filaments in 3D can distinct between
an external monolayer of cells and an internal cavity called lumen which is going to be an
internal tube structure in the future. This organization is also possible during angiogenesis
Fig. 1.3.c. Cells can also migrate in a finger shape with a poorly organized structure Fig. 1.3.d,
move independently in clusters as in Fig. 1.2.e or penetrate a tissue as in Fig. 1.3.f.

Different aspects of these phenomena have been studied by models ranging from
macroscopic continuum mechanics to detailed sub-cellular agent-based models [9, 22, 43,
44, 45]. In particular, the relevant processes of wound healing and confluent migration assay
are explained in detail in Subsection 1.2.1 and Subsection 1.2.2 to introduce the protocols
carried out in the experiments.
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1.2.1 Wound Healing

Once one epithelium is formed, tissue cells remain in a continuum monolayer which is not
motile unless the monolayer suffers a defect on it, namely a scratch or wound. Due to that,
motion starts and cells try to fix the lesion keeping the junctions between them together. One
of the experiments to study the phenomenon in vivo, is the so-called scratch experience. It
consists of growing a culture epithelium on a petri dish and create a scratch using a pipette or
scalpel.

seed cells culture cells peel stencil

N N N

5, 10 14 7

Figure 1.4: Experimental setup based on a stencil removal. Figure from [38].

In particular, in Chapter 4, we study the migration of a monolayer based on an slightly
different experiment explained briefly below. The experimental setup consist of a stencil
made by micro-fabrication which limits the grow of the cell culture equally distributed. Once
the cell culture is ready, the stencil is removed. The advantages of this experimental protocol
unlike the other experiment are, (i) cells are not damaged and (ii) the edge of the monolayer
has no defects. Fig. 1.4 illustrates the experimental configuration and the steps involved in
the experimental protocol.

The physical features of collective migrating cells under this experimental study are, (i) the
instabilities appearing at the border of the monolayer, (ii) the velocity field inside the bulk and
(iii) the different behaviors of the monolayer during the migration. Fig. 1.5 shows a sequence of
images using the experimental protocol explained above. Following the processes developed

Figure 1.5: Snapshots showing the progression of seven monolayers of cells with different widths at
different times, a) t = 90 min, b) t =13 h, ¢) t = 25h and d) t = 37h from [38].

in Fig. 1.5 from [38] they observe, after one hour of the stencil removal, the apparition of
leader cells. These special cells are born at the edge of the monolayer, and they have a different
shape and size and loose their epithelial morphology. In particular, they never loose their
contact within the follower cells and are characterized by having a very high directionality
and velocity. All these features produces structures called fingers. The remaining cells in the
monolayer do not spread out independently, and their growth and proliferation help to close
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the injury quickly. This experimental setup is going to be reproduced and analyzed by means
of numerical simulations of the active vertex model in Chapter 4.

1.2.2 Confluent migration assay

Cells are always competing for their space to ensure

the resources and tissue cohesion. In general, tissue

configuration is stable. However there are some specific ol -
situations where tissue becomes unstable as in cancer @
invasion. For example, recent studies have observed

that precancerous cells can become highly competitive I:D l . Il - .
. :

and try to kill healthy cells [46]. There is another recent

experiment that has connected metastasis in colorectal

cancer to wound healing and tumor invasion of tissue EEDNC" L o ccreoy
using molecular markers [47]. Recently, Moitrier
et al. have reported confrontation assays between
antagonistically migrating cell sheets [26]. In their
experiment, each cell population grows into one of the
compartments separated by a cell-free gap (Fig. 1.6.a).
Once the culture insert is removed, the two confluent
cellular monolayers advance toward the intermediate Figure 1.6: a) Experimental setup
empty space, collide and Ras cells population displaces ~carried out in [26]. b) Side view of
the wild type one (see Fig. 1.6.b). In particular, in these the AMA where purple population (Ras
experiments, the invasive population behaves fluid-like cells) invades green population (wild

type).
and the invaded monolayer behaves solid-like. ype)

40h

Thus, our description of spreading of cellular tissue
and antagonistic migration assays using a modified active vertex model might be relevant for
metastatic cancer and will be studied in Chapter 4. In particular, we study the role of cellular
junction tensions in cell invasion, agglomeration and segregation. Understanding precise
biochemical mechanisms influencing cell-cell contact and confluent cellular tissue may help
develop therapies for metastatic cancers.

1.3 Physical Models of Collective Migration

To understand some of the principles involved in the dynamical organization and motion of
living systems, together with the quantification of some specific observables, a large variety of
theoretical and numerical models have been derived. Specifically, we describe three different
types of models, namely the discrete models usually referred to as agent-based models, the
continuum hydrodynamic-like models, and the so-called active vertex model that studies the
mechanics of confluent epithelial tissues. Below we give a brief review and description of the
three approaches.
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1.3.1 Agent-based models

The first studies that gave a minimal framework to explain the flocking behavior of living
systems were the agent-based models; see Refs. [9, 16]. In particular, the 2D VM, describes
the overdamped dynamics of N particles having the same constant speed, an alignment rule
for their velocities, and moving on a box with periodic boundary conditions. As the particles
have a given speed, the VM and its variants lie within the so called self-propelled particle
models (SPP). The velocity of each entity adopts the average direction of its close neighbors
plus a perturbation considered as a stochastic factor which affects directly to the motion of
the individuals [15, 16].

In the literature, it is possible to find a wide range of variations of the VM along three
specific pathways, namely, the variation in the polarity of the particles, the interaction between
them (repulsion or attraction forces) and the external medium where they move. The direction
of motion originally proposed by the VM depends on the average direction of the particles
considered in the neighborhood defined as follows

0;(t+7) = Arg| > "D 4 £,(1), (1.1)
()

where &;(¢) is a random number chosen inside an interval [-nm, 7], and the noise strength
n has a maximum value of 1. This particular way to update the direction of each particle is
called angular noise.

A different way to define the orientation dynamics presented in [48] is the so-called
vectorial noise. The noise is not defined as an external factor as in Eq. (1.1), it arises from the
interaction between the particles and their neighbors. Thus, instead of Eq. (1.1), the direction
of each particle is updated as

0;(t+71) = Arg Z 0 gy elsi D] (1.2)
G0

where n; is the number of neighbors of the particle j.

Regarding the equation for the particle position, the original updating scheme proposed
by Vicsek et al. defines the speed as a backward difference (BU). However, several authors
have implemented a slightly different version of the VM, using a forward difference (FU) as
the presented in Eq. (1.3)

Xj(t+T)=Xj(l)+TVj(l+T). (1.3)

Although there should not be major changes in the behavior of the system with these variations,
recent studies have found different phase transitions [48, 49, 50]. In particular, the VM
describes a non-equilibrium phase transition from disorder to order: particles move randomly
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at low densities and high noise, and move ordered at high density and low noise. This phase
transition will be detailed in Chapters 2 and 3.

There exist more intricate SPP models as the studied in Ref. [51]. In this work, instead
of applying an averaging rule, the self-propelled particles adjust their direction towards the
direction of the net-force acting on them. It is important to emphasize that the VM alignment
rule is not able to maintain all the particles together in an open space without extra forces.
However, there exists a generalized point particle model proposed by Sepilveda et al. [24],
which describes the collective motion of cells in an epithelium. In this model, cells are
actively motile point particles with inertia, Vicsek-like alignment “forces”, inter-particle and
random “forces”. The acceleration is a consequence of the collective motion of cells and the
interaction with the environment. The inertia in this model is a consequence of the interaction
of the cells with the medium and it is not given by the mass of a single cell. Particles are not
self-propelled, so that they can stop their motion and start moving again if there are missing
cells in their neighborhood and the active force is zero. The noise that drives the particles is
taken to be an Ornstein-Uhlenbeck process. In particular, we will use this cellular dynamics
within an active vertex model to describe collective cell migration in Chapter 4, where it is
explained in depth.

1.3.2 Hydrodynamic equations

As we have highlighted throughout the introduction, SPP consume energy and dissipate
it when they move, producing collective motions at large scales. In particular, another
promising framework to describe theoretically the macroscopic properties and dynamics of
active matter, is the so-called generalized hydrodynamic approach. It consists of developing a
set of continuum equations that describe active matter systems as fluids or liquid crystals. The
use of hydrodynamic fields allows us to give a macroscopic description of the non-equilibrium
large-scale physics that epitomize the complex behavior of active matter. This framework does
not takes into account the discrete features of these active systems, and thus the microscopic
details and interaction are not explicitly considered.

One pioneering hydrodynamic theory is that of Toner and Tu [52, 53]. They consider
the same fields appearing in the Navier-Stokes equations, namely the density and the velocity
fields, p(7, t) and v (7, t), respectively. The density obeys the usual continuity equation because
the total number of particles is constant. Then they added to the Navier-Stokes equation for
the velocity a source term containing linear and cubic terms in the velocity (so that there is a
solution with constant speed |V (7, 1)|), a constitutive law for the pressure as a power series in
the density disturbance (p(7,t) — po), and terms that are at most quadratic in gradients and
cubic in the velocity field. The velocity equation also contains a white noise force term. Higher
order terms are excluded because they are irrelevant in the sense of the renormalization group
[52]. The terms added to the velocity equation should be invariant with respect to translations
and rotations. With the extra terms included in the Navier-Stokes equations, the Toner-Tu
equations are sufficiently general to account for many patterns observed in direct simulations
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of the VM and in experiments with flocks of animals [54].

Many works have derived different forms of the Toner-Tu equations from kinetic theories
inspired in the VM; see e.g., the reviews [9, 16]. Among them, Ihle derived directly from
the VM a Enskog type kinetic equation that is discrete in time and space. This equation
for the one-particle distribution function comes directly from the N-particle distribution of
the VM by assuming molecular chaos [17, 18, 19]. Coarse-graining the kinetic equation
produces hydrodynamic equations similar to Toner-Tu’s [18]. In our work, we study the linear
stability of the uniform solution of the kinetic equation (constant one-particle distribution,
corresponding to the disordered state of the flock) and obtain amplitude e quations for the
phases bifurcating from it. The amplitude equations are forms of the Toner-Tu equations
but its coefficients have been obtained from the kinetic equation. Having understood linear
stability and bifurcation theory for the kinetic equation of the VM, we have been able to
propose modifications that yield e xotic r otating w ave and p eriod d oubling p hases. These
features are explained in Chapters 2 and 3.

1.3.3 Active vertex model

The first theoretical and numerical studies of epithelial tissues had relied on self propelled
particle models [ 15, 24]. However, this approach is not enough to understand tissue dynamics,
because these models does not take into account cell-cell junctions, which have an extreme
importance in the behavior of tissue migrations. Indeed, these junctions allow the cells within
epithelial tissues to remain together, but also permit the tissue to change its collective behavior
from fluid-like to solid-like. For instance, during many biological processes, cells can organize
and move together as in wound healing or move more fluid-like as in embryonic development.
Hence, another alternative to study such mechanisms and properties of epithelial tissues is
the usually referred to as active-vertex model, which has been proven to be a better alternative
since it considers cell-cell junctions. In particular, this framework combines the vertex model
and the dynamics of punctual particles described in Section 1.3.1.

The origins of the vertex model dates back to the physics of foams in 1970s [55].
Nonetheless, the vertex model considered within the active framework contains some
simplifications i n c omparison t o o riginal m odels o f f oams. S uch v ertex m odel assumes
that neighboring cells only share one single and straight edge. Therefore, the tissue is a
polygonal mesh with polygons considered as cells, edges as cell junctions, and the vertices of
the polygons as those points where two or more cells meet. Additionally, the vertex model is
a quasi-static model that tries to maintain the sheet in mechanical equilibrium. Within the
vertex model the system is characterized by means of an energy called Ey 7, to be minimized.
In particular, the Ey 5; relates the area, perimeter and junction of each polygon or cell. Hence,
the relationship between the center of the cells and the edges of the polygons is established
directly by computing the negative gradient of the energy. Indeed, it is necessary to introduce
the dynamics of the AVM for the position and velocity of each cell which is computed in the
center of each polygon.
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Similarly to the agent-based models, recent studies have found that tissues exhibit phase
transitions [34]. They have found that the way to quantify the fluid-solid transition depends
on the cell shape index pg: the ratio of the cell perimeter to the square root of the cell area.
The value p; = 3.812, which corresponds to pentagons, separates solid-like and fluid-like
behavior of the tissue. For pg < py, cortical tension is prevalent over cell-cell adhesion, cells
do not exchange neighbors and the monolayer is solid-like. For po > py, cell-cell adhesion
dominates, neighbor exchanges occur, and the cellular tissue behaves like a fluid, see Fig. 1.7
to illustrate. The detailed description of the active vertex model considering one of the particle
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Figure 1.7: (a) Phase diagram showing the velocity vs cell shape. (b) Cell trajectories for fluid and
solid-like behavior. Figure from [34].

dynamics presented briefly in Section 1.3.1 will be explained in Chapter 4.

1.4 Active Matter concepts

To characterize active systems, we need concepts such as phases, phase transitions and order
parameters that arose in the study of equilibrium systems. As usual, a phase is a stable
configuration of the system and a phase transition is the change from one phase to another
as some control parameter goes through a critical point. The order parameter measures the
transition from a symmetric phase (where it is zero) to a symmetry broken phase (where it
is not zero). In equilibrium statistical mechanics, stable configurations or phases minimize
the free energy. In active matter and in non-equilibrium systems, stable means resilient to
disturbances, as in the well known theories of dynamical systems [56].

Familiar examples of phases in everyday life are the gaseous, liquid and solid phases
(see Fig. 1.8). The particle configuration is quite different for each of those states. In the
solid phase, particles are placed in a regular lattice. The liquid phase is a homogeneous state
of the particles, but the particle density is high and there are short range correlations that
decay at longer distances. In the gas phase, the density is lower and the particles may travel
longer distances without experiencing interactions with each other. Typically, the temperature
is a control parameter that induces changes from solid to liquid and from liquid to gas in
substances such as water, as it increases past appropriate critical values.
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Figure 1.8: Particles in a solid, liquid and gaseous material.

The first classification of the transitions between phases of matter was proposed by Paul
Ehrenfest in 1933. He recognized that some derivative of the free energy (with respect
to temperature, volume, ...) becomes discontinuous at the critical value of the control
parameter (e.g., the temperature) of the phase transition. Landau [57] introduced a theory of
phase transitions based upon the notion of order parameter and on the smoothness of the free
energy with respect to the order parameter and the control parameter of the phase transition.
The order parameter is zero at the symmetric phase and nonzero at the less symmetric phases.
Landau expanded the free energy in powers of the order parameter and considered that the
coefficients in the expansion to be smooth functions of the control parameter. The condition
that the derivative of the free energy with respect to the order parameter be zero yields the
stable phase. If the free energy is invariant under sign change of the order parameter, then it
is an even function thereof. The derivative of the free energy contains linear, cubic, quintic,

., powers of the order parameter. At the critical control parameter, the coefficient of the
linear term vanishes, and therefore, by a Taylor expansion, this coefficient is a linear function
of the difference of the control parameter to its critical value, say | —n.|. Keeping up to cubic
terms in the order parameter in the equation for the derivative of the free energy, the order
parameters of the less symmetric phases are proportional to the square root of the absolute
value of the difference of the control parameter to its critical value. Clearly, the nonzero order
parameter exists only for control parameters above (7 > 7.) or below (n < n.) the critical
point, whereas the symmetric phase with zero order parameter exists for any value of the
control parameter. If the less symmetric phase exists for control parameter value for which
the symmetric phase is unstable, then the phase transition is continuous. Otherwise, the less
symmetric phase given by the vanishing of the free energy derivative is unstable, more terms
in the order parameter expansion of the free energy needs to be kept and the phase transition
is discontinuous [57]. Thus, depending on how is the change of the order parameter, we can
distinguish between two different phase transitions,

- First-order or discontinuous phase transition, the order parameter changes
discontinuously from zero to a non-zero value at a critical point.

- Second-order or continuous phase transition, the order parameter changes
continuously from zero to a non-zero value (proportional to | — n.|'/?) at the critical
point. Close to the critical point, the behavior of the quantities describing the system
are characterized by the so called critical exponents (for example 1/2 in the previous
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The Landau theory is very general and it can be extended to spatially dependent order
parameters. In later years, it became clear that the assumptions about smoothness of the free
energy near the critical point are not correct. By considering fluctuations [58], Ginzburg gave a
criterion that establishes when the assumption that the coefficient of the free energy derivative
is linear in (17—, ) fails. Then the Landau theory needs to be changed at a close neighborhood
of the critical point and a renormalization group theory of phase transitions developed by K.
G. Wilson and others replaces it [59]. However, the Landau theory gives a convenient frame
of reference for ideas about equilibrium and non-equilibrium phase transitions. What kind of
phase transitions and order parameters can be involved in active matter?

In many active systems, individuals move coordinately, which means that particles and
their neighborhoods move with the same direction. This behavior arises when the agents
after an interaction, align their velocities. The order parameter that measures the presence of
swarming in these systems is the polarization

1 N
V=—o0 )Y % (1.4)
NV() ;

where N is the number of particles, v is the common speed of the particles and V; the velocity
of each particle. The polarization approximately equals zero when the particle velocities
have no preferred orientation, and it is positive when a flock is formed. Thus, it is an order
parameter in the sense of the Landau theory. If the particles move coherently in the same
direction, V is going to be close to one. Possible control parameters of the flocking transition
are the alignment noise (the larger the noise is, the greater the trend towards disorder) and the
particle density (greater density favors particle polarization).

In the ordered state, particles are strongly correlated. The velocity between them is
strongly correlated and behaviors as leader and follower can arise. It consist of the motion of
the leader unit anticipating the motion of the follower unit. This behavior can be measured
using a correlation function

cij = Vi(t) - V;(t+ 1)), (1.5)

where 7 is the time delay of leader with respect to the motion of the follower, and the average
is over the initial time. To characterize correlations after a sufficient time to form a flock, we
can introduce the correlation function of the fluctuations [11]:

Dijiwj i U;0(r—rij) 1 Zq
= 1%

C(r) = s U=V
co 2ijizj O(r —rij) N

N
is (1.6)

J=1
rij = |X;i—X;|, suchthat C(0) = 1. The correlation function measures the average inner product
of the velocity fluctuations of particles at distance r. A large value of C(r) implies that the

fluctuations are nearly parallel and thus strongly correlated. Conversely, the correlation
function is negative if the fluctuations are anti-parallel. C(r) = 0 if the particles are
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uncorrelated: C(&) = 0 defines the correlation distance &. For starling flocks, Cavagna
et al. [11] have shown that C(r) = r~” f(r/L), where L is the flock size and y ~ 0.19 is a
critical exponent. More precise definitions can be found in [60].

The previously defined parameters can be used to characterize flocking phenomena, and
to compare theory, numerical simulations and experiments.

1.5 Linear stability and bifurcation analysis

The property of stability is necessary to understand the phase changes in complex
systems. Typically, these systems have a simple basic state, which satisfies steady-state
or time-dependent equations. The basic state is stable when sufficiently small disturbances
decay with time, thereby leaving the system in the basic state. If any disturbance decays with
time, the basic state is globally stable. The basic state is unstable when the amplitude of such
disturbances grows with time, subsequently driving the system to a qualitatively different new
state. Instabilities are responsible for many pattern formation processes in condensed and
active matter systems that appear in nature and in complex media.

1.5.1 Some basic notions

Linear stability analysis allows as to measure quantitatively the stability of a system obtained
by linearizing its governing equations about a fixed point, as it is now briefly explained.
Let us consider a general n-dimensional dynamical system which evolves under the equation
%(t) = F(3(t)). Fixed points or equilibrium solutions ¥* satisfy F(¥*) = 0. To figure
out whether a disturbance about a fixed point decays or grows, we linearize the equation
X(t)=F (X(r)) about X*. The disturbance of £X = X — X* near the critical point evolves as

d d
o) = ]Z:(; Lijex;(1) (1.7)

If all the eigenvalues of the Jacobian matrix L;; = dF;/dx; (calculated at X*) have negative
real part, the fixed point X* is linearly stable, and £X(r) decays to zero exponentially fast. The
fixed point is unstable if there are eigenvalues with positive real part. Let us assume now that
F (X, @) depends on a control parameter « and that all eigenvalues of L;; have negative real
parts for @ < @, whereas one or more eigenvalues have zero real part for @ = @, and acquire
positive real part for @ > .. Then the fixed point X* loses stability at @ = .. Depending on
the type of instability at @ = @, other solutions of the dynamical system may issue from the
fixed point there. We say that these solutions bifurcate from X* [61]. There are techniques that
provide simpler equations for the amplitude of the bifurcating solutions, e.g., normal form
theory [62]. Simple examples of bifurcation occur when a single real eigenvalue becomes
zero at a.. They include the saddle-node bifurcation in which two branches of stationary
solutions that exist for @ < a. merge at the critical value of the parameter and disappear
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for @ > a.. If X* exists for all values of @ and the linearized dynamical system has a zero
eigenvalue at ., the normal form of the resulting pitchfork bifurcation is the scalar equation

[61]
dx
T =ax-bx’, a=cla-ae). (1.8)

Here the zero solution corresponds to the fixed point X*, and there are two other constant
solutions x* = i\/m for ab > 0. Let us assume ¢ > 0 so that the zero solution becomes
linearly unstable for @ > a.. The extra solutions bifurcate from x* = 0 either for @ > a.
(if b > 0) or for @ < @, (cb < 0). If b > 0 the extra solutions are stable (supercritical
bifurcation), whereas they are unstable if b < 0 (subcritical bifurcation). Figure 1.9 depicts
a supercritical pitchfork bifurcation for the one-dimensional dynamical system x = ax — x°.

We can represent the supercritical normal form (b = 1) in terms of a potential

a<0 a=(0 a>0

NN
NN

Figure 1.9: Shows i for different values of @ and b = 1.

dx d
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7 I (x) (1.9)
where U(x) is the potential. The local minimum of the potential is corresponded to the fixed

stable point. In this case, the potential is

ax2 x4

U()C)——T+Z. (1.10)
Note that this potential (See Fig 1.10) is the same as the free energy in the Landau theory
for a second-order phase transition. From the structure of the potential, one immediately
realises that for a < 0, U(x) reaches its minimum at x = 0 (the symmetric phase). However,
this state becomes unstable when a > 0 and two new minima appear at non-zero values of x
symmetrically around x = Oline. Assoon as the system reaches one of this states, thex — —x
symmetry gets broken. This is the symmetry broken phase. Other simple bifurcations occur
when two complex conjugate eigenvalues of the linearized equation about the fixed point
acquire positive real parts for @ > a.. In this case, it is possible that time periodic solutions
of the dynamical system bifurcate from the fixed point, which is called a Hopf bifurcation
[61]. It turns out that the disordered state of a modified two-dimensional (2D) Vicsek model
forms time-periodic flocks through a Hopf bifurcation. See Chapters 2 (pitchfork bifurcation)
and 3 (Hopf bifurcation) for the analysis of a kinetic equation formulation of the VM.
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Figure 1.10: Bifurcation diagram, (supercritical pitchfork) and the potential for different values of a.

1.6 Thesis outline

The results obtained during the thesis will be organized in the body of the text divided as
follows,

We will begin by studying in Chapter 2 the flocking in the two dimensional Vicsek model
[15] by means of stability and bifurcation analysis of its kinetic equation [19]. The uniform
distribution function corresponding to a disordered flock loses stability at a critical value of
the control parameter (e.g., the alignment noise). At the critical value, one eigenvalue crosses
from negative to positive values whereas there is always a zero eigenvalue corresponding to
conservation of the total number of particles. There is a pitchfork bifurcation with one real and
one complex mode. Our bifurcation study shows that the amplitude equations describing the
flocking states consist of a scalar equation for the density disturbance, and a vector equation for
the particle current density. The equation for the density disturbance is a continuity equation
whereas the equation for the current density contains two different scalings: (i) a hyperbolic
scaling in which both time and space scale in the same way; and (ii) a parabolic scaling in
which time scales as space squared. In the hyperbolic time scale, the equations exhibit time
dependent oscillations about a state of zero density disturbance and constant current density.
These frequencies give rise to resonance phenomena that appear in direct simulations of the
VM for values of the control parameter sufficiently close to the critical one.

Following the same research direction, in Chapter 3 we will study a two-dimensional
modified Vicsek model and its corresponding kinetic equation. The mechanism of
synchronization will consists of active particles being conformist when they align their
velocities to the average velocity of their neighbors, or being contrarian when they move
opposite to the average angle. Depending on the weights of conformist and contrarian or
almost contrarian rules, the ordered states will appear as period-doubling, Hopf or pitchfork
bifurcations.

The study of collective behavior in particles, allowed us to lead our research direction
to the collective dynamics of tissue cells from a theoretical and experimental point of view.
This phenomenon is known to be crucial in many relevant processes as wound healing,
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morphogenesis or even the cancer cell invasion developing the metastasis. Within the context
of epithelial cells, in Chapter 4, we will shed light on some fundamental aspects of tissue
cell migration. In particular, we will describe the active vertex model and the different
configurations analyzed: (i) A monolayer spreading on an empty space, and (ii) the collision
of two different cell populations in an antagonistic migration assay. Indeed, we will apply
topological data analysis on the images obtained from the experiments and simulations to
study the defects flourished during these processes.
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Flocking in the Vicsek Model
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2.1 Introduction

Collective motion, or flocking, is a phenomenon observed in active systems with a large
number of constituents such as bacteria colonies [1, 2, 3], spermatozoa [4], or larger-scale
systems as insects [5, 6], birds [7, 8, 9, 10], animals [11], or even interacting robots [12].
These systems exhibit interesting changes in their behavior depending on internal or external
influences. Such collective migrations can be predicted by simple models as the Vicsek model
(VM) [13] or its variants [14, 15, 16, 17, 18], where particles move with equal speed and
tend to align their velocities to an average of their neighbors. These organizations display
phase transitions from disordered to coherent behavior depending on the parameters of the
model. In particular, for the VM, when the alignment noise is sufficiently small or the particle
density is high enough, particles move coherently as a swarm. Below a critical size of the
box, flocking occurs as a continuous bifurcation from a disordered state, with uniform particle
density, to an ordered state. For a box size larger than critical, the bifurcation is discontinuous
and a variety of patterns are possible [20, 21].

As the VM is straightforward to simulate numerically, many variations thereof have
contributed to our understanding of flocking [6, 14, 15, 18]. To delve deeper into flock

23
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formation, many authors have derived continuum equations from the VM and its variants,
often creating new models in the process (cf. the review papers Refs. [0, 14, 15, 18]). In
most cases these active systems have many degrees of freedom, thereby complicating their
theoretical and numerical analysis. In particular, the general form of the macroscopic transport
equations is usually obtained taking advantage from the symmetries of the system. This means
that the corresponding coefficients of the equations, have not explicit expressions and it can
produce models with many free parameters that are difficult to obtain numerically. In addition,
the complexity of some systems does not allow to obtain trivial symmetries.

Several authors have proposed kinetic theory equations based on the VM and then derived
continuum equations from them. In a remarkable formulation, T. Ihle has derived several
discrete-time kinetic equations that keep many features of the VM [16, 17, 19]. He then derived
coupled continuum equations for the particle density and the momentum (or particle current)
density by means of a Chapman-Enskog procedure valid near the transition to flocking [19].
These continuum equations contain terms that appear in the Toner-Tu macroscopic theory [7],
and their coefficients have explicit expressions. However, Ihle’s derivation introduces scaling
a posteriori and it is not a systematic derivation based in bifurcation theory.

In this Chapter, we analyze flocking in the two-dimensional (2D) VM following Ihle’s
work [16] to derive a kinetic equation for a one-particle distribution function in the limit of
infinitely many particles by assuming molecular chaos. The kinetic equation is discrete in
space and time and it always has a simple uniform solution that corresponds to the disordered
state of the system. We carry out a linear stability analysis of this state and study the possible
bifurcations issuing from it. Direct numerical simulations confirm the theoretical studies.

2.2 The Vicsek Model

To set up a quantitative description of the behavior of flocking, VM appeared as a one of the
pioneer models to display an explanation to order transitions. In nature, flocking are subjected
to perturbations such as the weather or chemical concentrations, due to that, in the VM these
perturbations are included in the direction of motion as a natural consequence of external or
internal factors in the system.

The two dimensional VM model describes the dynamics of N particles represented by
points and characterized by their position x; and the direction of motion 6;. Here, j is the
particle index and ¢t = 0, 7,27, ... is the time. All the particles move with the same constant
speed (vp) and tend to align locally their velocities to an average of those of their neighbors.
The particles undergo discrete dynamics so that their positions are forwardly updated !

Xj(t+T)=Xj(t)+TVj([+T), (2.1)

the velocity of a particle v; = vo(cos6;,sin6;) is constructed to have an absolute value v

INote that the scheme proposed by Vicsek et al. in [13] defines the speed as a backward difference, in contrast
we use a forward difference.
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and a direction of motion given by the angle 6;. Particles align their direction of motion
depending on their neighbors which are considered as all particles inside a circle of radius Ry
centered at particle x; (which is included), see Fig. 2.1. In two dimensions, the angle of the
direction of motion 6; at time ¢ + 7, is obtained according to

0;(t+71) = Arg Z: W | £5(n), (2.2)

[x;—x;|<Ro

where we sum over all particles that, at time ¢, are inside a circle of radius Ry centered

Figure 2.1: Sketch of the Vicsek dynamics. The particle in red aligns its direction towards the average
direction of the local neighbors. Blue arrow is the new direction for the red particle.

at x; (the circle of influence or interaction circle). &;(t) is a random number chosen with
probability density g(&). Typically, g(¢) is uniform inside an interval (-7/2,7/2)

1 n
ﬂ8={”’|ﬂ<2’ (2.3)

0, otherwise,

where 0 < < 2. To study the model, we choose a convenient nondimensionalization
according to Table 2.1 and we set the velocity and time units as vo = 7 = 1. This consideration
leads that model only depends on the (i) the density po which establishes a relationship between
the box size L and the number of particles N, pg = N/L?, (ii) the noise strength 7 and (iii)
the average number of particles inside the region of influence, M = ﬂRépO that remains an
unchanged dimensionless parameter.

X,Rop,L | v |1t | 6F¢&
VvoT Vo T —

Table 2.1: Units for nondimensionalizing the equations of the model.
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2.2.1 Measuring the order

VM exhibits interesting changes in the behavior of the particles depending on internal
(neighbouring interaction) or external influences. Eq. (2.2) contains two different alignment
rules which affect directly on the particle’s motion. The first term of the equation is an explicit
polar term and just in the case that it overcomes the strength of the noisy rule, the system
undergoes to an ordered state and the system has a coherent behavior. The way to measure
these collective consensus is quantified by the complex order parameter

N
) 1 .
Z=Wel = Nzelej’ (2.4)
=

whose amplitude 0 < W < 1 (polarization) measures macroscopic coherence of the particles
and Y is their average phase.

For the VM, increasing the average number of particles inside the region of influence,
M = NnR(z) /L?, favors flocking as more and more particles try to move together. Instead,
increasing the alignment noise 77 tends to destroy flocks, as it dilutes the efficacy of the
alignment rule. Then there are a critical value of M above which the polarization is W > 0
and below which W = 0 (in the limit as N — oo). The alignment noise also has a critical
value, but now it has W > 0 below and W = 0 above threshold. Fig. 2.4 represents the
polarization given by the modulus of the complex parameter Eq.(2.4). We observe that the
values obtained by direct simulations of the VM tend to the predicted solution as we increase
the density po from 5 to 10 and when the noise amplitude increases, the system undergoes a
phase transition from an ordered state, in which the particles move with the same direction, to
an disordered state, in which the particles move randomly. At zero noise, particles move in

Figure 2.2: Four snapshots showing the different phases in the VM for different densities and noises.
(a) Ordered motion for M =7, pg =5, p =n = 0.8. (b) Pattern formation for M =7, pg = 10, n = 0.3.
(c) Disordered motion M =7, pg =5, n = 1.4. (d) Random motion M =7, pg =5, n=3.7.

an ordered way whereas, at maximum noise, particles move randomly, Fig. 2.2 can be helpful
to visualize the order-disorder transition. It shows the velocity fields of the VM for N = 1000
particles and periodic boundary conditions. Varying the main parameters of the model, the
different behaviors of the system flourished, (a) for small densities and noise, particles move
in an ordered motion and in an unique cluster, (b) for box size higher than the critical, a
variety of patterns are possible, for example, in this case the system moves in bands. In (c)-(d)
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particles move randomly for higher densities.

2.3 Kinetic equation

In the limit of many particles, it is possible to derive a kinetic equation for the VM by assuming
molecular chaos [16, 17, 19]. The kinetic approach presented in this Section assumes that all
particles are independent and identically distributed before undergoing a collision described
by Eqgs. (2.1)-(2.2). This allows the definition of the N-particle probability density evolution
equation

POM, xN) 4 vy 14 1) =

N
/ / P@EMN), x™N) 1) x ]_[5(0,-—g,-—q>j(é<N>,x<N>,z))d§jd9,-. (2.5)
[~ 7IV J [, 7 IV i

Here, the notation o) = 01,...,0n means the angles of the N particles and the same
expressions are going to be used for the variables §(N), ¢(V) x(N) and v(M) . The mean
angle ®; =Arg(2x,x;|<R, e"g’) is defined in Eq. (2.2) and depends on the precollisional
angles (6'N)) of these particles that are inside the interaction circle Ry centered in particle ;.
5(x) = e 0(x +2nl) is a periodized delta function that incorporates the “collision rule”
defined in Eq. (2.2), and the integrals over £; and 6; average over the noises and directions
respectively and go from —r to 7.

Assuming that all particles are independent and identically distributed before undergoing
a collision described by Egs. (2.1) and (2.2) the probability distribution P(8N),xN) )
just before the collision step it can be approximated by a product of identical one-particle
probability distributions. Then the N-particle probability density is product of N one-particle
probability densities f(x;,60;,¢)/N, j = 1,...,N, being f(x;,0;,¢t) the one-particle
distribution function

N
f(x;,051)
P(X1’917~~-’XN70N,I):I—[+’ (26)
j=1

Eq. (2.6) is the molecular chaos assumption first introduced by Boltzmann when deriving
his transport equation [25]. Eq. (2.6) is appropriate for a time discrete model with unit time
step if r* < 1 in our non-dimensional units. For the VM, r* = 0, and the molecular chaos
assumption is very reasonable. Eq. (2.6) produces the formula

N N
F(0,%.1) = / / 5(0-0,)6(x—x;) Px (0N ,x™ ) [ (dgidxo), 2.7)
[-7, 7N J[0,L]2N JZ:; / N U

i=1

where the X; are integrated on the box [0, L] X [0, L]. Z?’:I 0(0—0;)6(x—x;) describes those
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quantities depending on one position and time, and Py (§N),xN) 1) Hf\i 1 d0; dx; gives the
section of those particles of the system within particle 1 is in the phase space element df; dx;
around position x; and angle 8; and at the same time particle 2 is in the phase space element
d6, dx; and so on. Once the one-particle distribution function has been calculated, the
procedure to derive a kinetic equation for that function is to multiply the equation resulting
from Eqgs. (2.5) and (2.6) by Z;\/: 1 6(8 = 8;)d(x — x;) (the microscopic one particle-density)
and to integrate over all angles and positions. The result is [19]

f(x+v,0,t+1)=C[f](6,x,1), v=(cosb,sinb), (2.8)

N
cur=[Laes@ 33 171 ) [i0-e-on@n i rixdnn

n=1

. 3
( MR(X t)) X l_[[ f(Xtvght) déidxl‘] dél, (29)
i=2 |x;—Xx|<Ro
n e
®,(f,...,0,) = Arg Ze”’f . (2.10)
j=1

Now, let us explain in detail the terms in Egs. (2.8), (2.9) and (2.10). n is the number
of particles inside the interaction circle of radius R about particle 1 (the latter included).
Mg (%, t) defines the average number of particles inside an interaction circle about position X,
N is the total number of particles and p is the density respectively,

Mg(x,1) = / p(x',t)dx, p(x,1)= / f(x,0,1)deé, /p(x, dx =N
|x'—x|<Rp -

(2.11)
The combinatorial factor in Eq. (2.9) counts the number of possible selections of neighbors
excluding the latter (n — 1) out of the N — 1 other particles. The factor (1 — Mg/N)N "
in Eq. (2.9) gives the probability that the particles n + 1,..., N are not within interaction
distance of particle 1 and the factor [}, i—x|<R f(x;,0;,1)dx; is the probability that
particles 2, . .., n be within interaction distance of particle 1 times their angular distribution,
given that they are within the interaction distance. When we integrate Eq. (2.9) over 6, we
find that the particle density immediately after collisions equals that before:

/C[f](H,x,t)szp(X,t). (2.12)

We may adopt two opposite approximations of the collision operator (2.9). For very diluted
particle ensembles having small average density, po = N/L?, terms with n > 2 in Eq. (2.9)
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provide negligible contributions. Then we get a binary collision operator

Y (€3]
CB[f]—Ind§—1+MR

/ﬂé(a—g—él)f(x, G,,1)d6, (2.13)
+/ / 5(0 — & —®1(01,0,)) f(x,01,1) X (/I x f(Xz,éz,t)dXz)dézdél],

with Mg = Mg(x,t), which has been normalized so that f_:rrCB [f1d6 = p(x,t). Secondly,
for larger densities and n/N < 1 as N — oo, the combinatorial factor times (1 — Mg/N)N "

becomes
(N-1)! M\ N
(n—l)!(N—n)!( _7) -t

and (2.9) produces an Enskog-type collision operator [19]

c _ ”d Y 5(0—¢—-d1(6y,...,6,) 514
Elf] [ﬂ §g(&e ;[_”’ﬂ]n (n—1)! ( )

do,.

Xf(X,él,l)l_[ f(xi,0;,1)d0;dx;
|x;—x|<R
i= 1 0

=2

For active particles in a disordered state, the density p(x,) equals the constant average
density, po = N/L?, and the uniform distribution function, fy = po/(2n), is a fixed point of
the collision operators:

Clfol = fo. Cglfol = fo. Celfol = fo. (2.15)

Henceforth, we shall use the Enskog collision operator defined in Eq. (2.14).

2.4 Linear stability analysis

In this Section, we study the linear stability of the disordered solution having time-independent
uniform particle density. Disorder is unstable if at least one eigenvalue has modulus larger
than one. As a consequence of conservation of the number of particles, one is always
an eigenvalue corresponding to a constant eigenfunction. To study the linear stability of
the uniform distribution function, we insert f = fy + €f(6,x,1), € < 1 into the kinetic
equation and ignore quadratic terms, thereby obtaining Eq. (2.16). Here ®(dy, ...,68,) and
M = p()iTRg have been defined in Eqs. (2.10) and (2.11) respectively. The separation of
variables ansatz f(x,60,t) = F(x,0) h(t) produces a discrete equation h(t + 1)/h(t) = Q,
where Q is the separation constant. Thus 4(t) = Q'. The equation for F is an eigenvalue
problem that yields Q. Moreover, F is a periodic function of space and it can be written as a
iK-x

Fourier series expansion in plane waves, ¢'®*, in which the components of the wave vectors

are integer multiples of 27/ L. In the limit as L — oo, the wave vectors K are real valued and
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the Fourier series becomes a Fourier integral.

- & M N\ n
f(H,X+v,t+1)=;m(§) [ aes@ [50-¢-o)

L -1 - LN
x| f(x,8,,1) + 2 2/ F& 61 0ax' | x [ ] 46y
7TR0 [x’—x|<Ro =1
M 1 T
———2/ / f(0,x',1)dx'do’. (2.16)
2r 7TRO |x'—x|<Rg -7

Setting F = ¢'®*¢(6; K), we are led to the separation of variables ansatz f = Q"e™®*p(9),
where Q and ¢(6) are both functions of K. This procedure of separation of variables
is typically used in discussions of the Fourier-von Neumann stability of finite difference
numerical methods for linear partial differential equations; see Ref. [26]. From Eq. (2.16),
the integration of the plane wave on the disk of radius Ry yields the eigenvalue problem for

®(0)

QeiK‘v(p —cW [¢] =0, (2.17)
2 (KR [ & o™ ™! IK|Ro
([ — — -+ o=

[aeo [ s0-e-ove@] |aa-3L ["p@ar. @
o I=1 7

We have C(V[1] = 1, and therefore the uniform distribution fy = po/(27) solves Eq. (2.17)
with |K| = 0 and Q = 1. We now seek non-constant solutions of Eq. (2.17) by inserting the
Fourier expansion ¢(6) = X2 _., ¢ ;€% We find

)

Z [Q(eiK.(cos 6,sin 9))]' _cW [<p]j] ¢ =0, (2.19)

Jj==e
from which we obtain the eigenvalue problem:
Z {C(l) [eije]jéjl _ Q(eiK~(COS 0,sin 9)+ij9)l}<ﬂl — O (220)
[=—c0

Here the subscripts j and / indicate that f(6); and f(6); are the coefficients of the respective
harmonics in the Fourier series of the function f(6), and we have used C'V[¢!?]; = 0 for
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J # 1 [19]. Equivalently, 1/Q are the eigenvalues of a matrix M,;:

(eiK~(cos 0,sin 9)+ij6)l

Mjl — C(l) [Eijg] : , (eiK~(cos 0,sin 6’)+ij9)j — (eiK~(cos 0,sin 6’))0 — J0(|K|)
J
j Gy o M" 2 (KIR
CV[e?; :(/ e VEg(£) df)z [( 1§<|R| o 1}
- 1 | |

db;
X e (=) (2:21)
-/[‘ 7] 1—[

If K = K(0, 1), the off-diagonal matrix elements are J;_; (K)/c™ [e'79];.

2.4.1 Space independent eigenfunctions

In this Section, we study solutions that bifurcate from disorder with zero wave number, which
correspond to bifurcations for box sizes below critical. For |K| = 0, Eq. (2.20) produces the
following eigenvalues and eigenfunctions:

Q;=CVe];, ;0 =€ (¢ =0y (2.22)

with j,/ = 1,2,.... The disordered state is stable when |Q;| < 1 for all j, and unstable if
|Q;| > 1 for some j. ¢ = 1 is one eigenfunction corresponding to eigenvalue Qg = 1. The
eigenvalue with largest modulus for j # 0 is O, which, for large M, becomes [19]

0 VoM VoM
{ ~
n

/ ~i€ o (£)dE = sin g (2.23)

Other eigenvalues have moduli smaller than 1 in the limit as M — oo, as shown in Appendix
2.A.

2.4.2 Perturbation of eigenvalues for small off-diagonal elements

We do not know how to find the eigenvalues of the matrix M ;, given by Eq. (2.21), for general
nonzero K. However, the diagonal entries M ; are proportional to Jo(|K|) = 1 + O(|K]) (as
|K| — 0), whereas the off-diagonal elements of M ; with j # [ vanish for zero wave vector.
Thus, for small |K|, the off-diagonal elements of the matrix M; ; of Eq. (2.21) are small
compared to the diagonal elements. Assuming that the matrix M; is equal to the matrix
of its diagonal elements plus a small perturbation, we can use regular perturbation theory
to calculate its eigenvalues. The situation is analogous to the usual perturbation theory of
eigenvalues in non-relativistic Quantum Mechanics as explained in Ref [27]. The first order
correction to the eigenvalues of Mj; is given by the diagonal elements of the perturbation
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matrix. However, this perturbation matrix is M;; minus its diagonal, and therefore it has
zero diagonal elements. Thus, we need to calculate the eigenvalues by using second-order
perturbation theory for a perturbation matrix comprising the off-diagonal elements of M;.
We obtain [cf. Eq. (38.10) of Ref [27]]:

1 Jo(K]) Z Mi M

ST A(D[.ij01. Jo(K Jo(K])
Q; CW[el?; I1#] C(l(;<[|eij‘f)9]l - C(l(;([lei-flg]j

(2.24)

which holds for 0 < |K| < y1,0 [y1,0 = 2.4048 is the first zero of the Bessel function Jy(x)].
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Figure 2.3: (a) Critical wave vector K = |K| versus i for M = 7, pg = 5. This curve is obtained by
solving |Q(K,n)| = 1, where Q1 (K, n) is given by Eq. (2.26). (b) At zero wave number, critical noise
versus M is plotted.

We are interested in the eigenvalue close to 1/Q, because Q; has the largest modulus for
|K| = 0. It is approximately given by

1 Jo(JK Mo M
0 C<?)([|ei|€)] N Jo(lKl)z,l l}fﬂm) ’ (2.25)
1 c[e20], — CcD[ei?],

in which we have ignored higher order terms having |/ — 1| > 1. For K = K(0, 1), these
terms are proportional to [J;_;(K)]?> = O(|K|*U~V) (with [ > 2). Thus, compared with the
last term in Eq. (2.25), which is O(|K|?), they can be ignored in the limit as |[K| — 0. This
also occurs for general K. We have (e/K(cos@-sin0))y, — j (|K|), and (/K (cos 0-sin0)+i6),
((cos 6 +i sin @) (¢™®:(c0s s 0)y ) produces

Mog=——— 0 9Ky =Bk =
2T CD[ei20], laKx oK, 0 - |ch(1)[ei29]21
J1(IK])1?
MMy = - LIKD]

c) [eié)]lc(l) [ei20]2 :
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Thus, Eq. (2.25) becomes

CcDeif
01~ [e'?] | | -
Jo(IK]) + [ (KD 2CD [eif],
0 To(K]) (CO [€i?],—C (D [¢120],)

According to Egs. (2.21) and (2.26), Q1 = Q1(7, |K|). Then the equation Q1 = 1 may have
different solution branches n(|K|) for nonzero wave number, depending on the parameters M
and pg. Fig. 2.3 (a) show the solution curve of |Q(|K],7n)| = 1 for pg = 5. In this case, the
uniform distribution becomes first unstable for the noise corresponding to zero wave number.
Within our approximations, this justifies that the largest value of the multiplier Q; is attained
at zero wave number. The case of critical eigenvalue |Q (|K|,n)| = 1 for zero wave number,
is shown in Fig. 2.3 (b) where the critical noise versus M is plotted.

2.5 Bifurcation theory

In this Section, we analyze flocking in the two-dimensional (2D) VM by using systematically
bifurcation theory for its Enskog kinetic equation. As justified in Section 2.4, the largest
multiplier is Q1 = 1 corresponding to K = 0. The solution of the linearized equation

LfO=fV0,1+1,X,7)-C V[ V](6,1,X,T) =0, (2.27)
is
X,T; .
F0,6,X,T, €)= r(é—’e)m(x, T;e)e'? +cc, (2.28)
T
X=€x, T=c¢t. (2.29)

Here cc means the complex conjugate of the preceding term. We do not need to include
more terms in (2.28) because the other modes decay rapidly in the fast time scale . The
first term in Eq. (2.28) is a space dependent disturbance of the uniform density, whereas the
complex amplitude of the second term corresponds to a vector current density, as we will
show below in Eqgs. (2.41)-(2.43). We anticipate crossover scalings and therefore we shall use
the Chapman-Enskog method [22, 23, 24, 28]. The Chapman-Enskog ansatz is [22, 23, 24],

fO,xt;€) = fo+efM + Z e f9 0,17, A,A), (2.30)
j=2

g—; =RO(r, A, A) +eRD(r, A, A) + O(€?), (2.31)

oA _ A, AA) +eAD (r, A, A) + O(€2). (2.32)

ar
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where A is the complex conjugate of A. We select a scaling 17 = 5. + €172, which is appropriate
for the case of the pitchfork bifurcation that occurs for space independent solutions. We will
explain later what happens for a different choice of scaling. Inserting Eqgs. (2.30)-(2.32) into
Egs. (2.8) and (2.14), we obtain the following hierarchy of equations

RO

f(2) -c® [f(l) f(l)] —v.V f(l) ﬂ(o)ei(9+9t+9) +ce (2.33)
o ’ ’
£ = O[O 0] 4 2c@ [0, f<2)] vV O R
o
(1) i (6+Q1+Q) 1(d ) 9 () (1)
~A tec— =L 4vovy f 2O fO]. (2.34)
2\ar an

etc. In these equations, we have the following terms

n-2
Z (n_z),( ) [ aesio [s0-e- d>1)90(01)90(92)1—[d01
- M n—1 A y y
_2(/_7r w(el)del); %(E) /_” dfg(f)/6(9—§—¢l)¢(91)gd91

e, ¢l

2

oA ( I go(el)del) , (2.35)
2R4 n-3 g . 5 3 oon
.. ¢] Z (n_3),( ) / dég (&) / 5(0 ¢~ 1)¢(0)e(@2) (@) | | b
- =1

Vs _ n-2 pd n
—3( / go(es)dea)Z%(%) / deg(©) / é(e—f—él)sa(él)w(éz)!:[dél
-M n-1 ,gx n
o3 [ etean) Z omilse) [ s [s6-c—anean] |

b3 3
5 ([ etonan)

and so on. Note that C¢ [ fo+€5] = fo+€p and CV[5] = § for constant 5 imply CP[1,1] =
c® [1,1,1] = 0, which can be checked from Egs. (2.35)-(2.36). The solvability conditions
for non-homogeneous equations of the hierarchy is that their right hand sides be orthogonal
to the solutions of the homogeneous equation L¢ = 0, namely 1 and e?, using the scalar
product

(2.36)

(F(6).2(0)) = / 7(@)5(6) de. (2.37)
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We now proceed to derive the amplitude equations. We insert Eq. (2.28) into Eq. (2.33) and
impose that its right hand side be orthogonal to 1 and to ¢‘?, thereby obtaining

RO = _27Re [(i +ii)A],

1 1
—COU1, e rA - —(i - i) : (2.38)
T

0
A ox Y

Then Eq. (2.33) has the solution

A2CD[¢i0 o0 3% ’ay A _
F0,0,X,T) = el ( ) 20 fcc. (2.39)
1-CD[e20]  2(1-CWe20];)

We now insert Egs. (2.28) and (2.39) into Eq. (2.34), and impose the solvability conditions to
the resulting equation. The solvability conditions for this equation produce:

. o .0
R = _Re [c(2>[1,e"’] (—+l—)rA

oxX Y
0 0 —( 0 0
1 — _ — 2 i
A [T(r) — ulA| ]A+6AXA+71(6X +16Y)A +72A(6X laY)A
0 0\ v3[0 .0\,
Al——i—|A — —i— | 2.40
iRE (ax ’aY) +8ﬂ2(8X ay) (240)
In terms of the mean current density w defined as
A= (), 2.41)
2r
Egs. (2.31), (2.32), (2.38) and (2.40) can be written as
or €y3r 3
o=+ Vx [(1+7)w]—0, (2.42)
ow_ 1 €3 ECyi=v2=-73), ol i +y2-¥3
aT ZV [(1 7T )r+ 2r Wi+ 2n (w-Vx)w+
Iy —
AL ) eoTowd] 2 -4 4
T /4

The coefficients in Eqs. (2.42) and (2.43) are calculated in Appendix 2.B.
In particular, for € = 0, Eq. (2.42) is the continuity equation for a density variable r and

a current density w, which explains the name of the latter variable. The overall density of
particles equals the average density N/L?, which implies the following constraint for r (X, T'):

/ r(X,T)dX =0. (2.44)
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Remark 1. All the parameters in Eqs. (2.42)-(2.43) are real numbers. For » = 0 and y3 = 0,
these equations are exactly equivalent to the amplitude equation (132) of Ref. [19].

Remark 2. Forr # 0, Egs. (2.42)-(2.43) are not equivalent to those in [ 19]. The differences are
due to two inconsistencies in Ihle’s approach [19]. Firstly, Ihle did not expand the eigenvalue
Q1 = CV[e'?]; in powers of €. Instead, he introduced (Q; — 1)w as a linear term in the
amplitude equation for w [cf. Eq. (2.43)]. Thisis equivalent to settingy; = 0OandI'(r) = Q; -1
in Eq. (2.43). Thus, Ihle’s equations do not contain the quadratic term proportional to rw
appearing in Eq. (2.43). Secondly, we have used a consistent perturbation scheme in the
parameter € whereas the Chapman-Enskog procedure of Ref. [19] mixes different orders in
€. For instance, the tensors €1 and w3 defined in Eqs. (117)-(119) and (121) of Ref. [19] are
O(€?) whereas Q ;= O(€3) for j = 2,4, 5. However, all these tensors enter in the equation for
the current density, Eq. (130) of Ref. [19], with equal footing. On the other hand, for uniform
time-independent density, all terms in Thle’s Eq. (132) are of order € provided 0/dt = O(€?),
V=0(),1—1=0(e?) and w = O(e).

Remark 3. The equations of motion for the average velocity in bird flocking proposed by
Toner and Tu do not contain the quadratic term rw in Eq. (2.43) [7, 8].

Remark 4. What happens if the noise scales differently with €? We have chosen a parabolic
scaling, 7 = n. + €217, The only case that affects differently the outcome in Eqgs. (2.42)-(2.43)
is 7 = 1. + eny. Then A has to include an additional term 7 0, in Eq. (2.38). This means
we have to write r* = r+7nQ,,/C?[1, ¢'?]; instead of r in Egs. (2.42)-(2.43). In Eq. (2.43),
we also have to replace the term Q,,,,n%/Z (where Q,,,, = 6‘2Q1/6n2|,,:,,c) instead of Q12
in '(r). The resulting I'(r*) is negative (at least for the numerical values M =7, pg = 5 used
in our simulations). We will not obtain a consistent stationary space independent solution of
Egs. (2.42)-(2.43) unless r* = O(¢€), which will take us back to the parabolic scaling of the
noise.

2.6 Space-independent amplitude equation

For space independent A and r = 0, Eq. (2.32) is the typical pitchfork amplitude equation

0A

3@ - (10, — ulAP)A. (2.45)

Note that time scales as the square of space (diffusive scaling). As y > 0 and Q; < 0, the

stationary solution
A=, /% Y. YeR, (2.46)
7

is stable and it exists for < n.. In this region, the uniform distribution fj is unstable because
Q1 > 1. Thus the transition from incoherence to order is a supercritical pitchfork bifurcation,
as depicted in Fig. 2.4. It represents the polarization given by the modulus of the complex
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Figure 2.4: (a) Polarization W versus n for M = 7, N = 1000, and pg = 10 (blue squares) or pg = 5
(red asterisks). Dashed and solid lines correspond to (2.48) and (2.49), respectively. (b) Same graph
with the critical noise shifted according to Eq. (2.66) with a = (¢/pg)V{(#2)/6 = 0.3.

parameter (2.4). According to Eq. (2.28), the order parameter is

N
R 0 I —
Z== %= o ] €O FOxn ddx ~ / AX.T)dX. (247

For the uniform solution given by Eq. (2.46), the order parameter is

Zo~ \/@ i (2.48)
P0 7

Near 5., we have Q1 ~ 1+ Q, (1 —n.). Then we can replace Q,,(7 —n.) by Q1 — 1 in
Eq. (2.48), thereby getting a formula that holds for larger values of | — 7. | (cf. Fig. 2.4):

Zo ~ 2_71' —Ql -1 e i,
PO H

(2.49)

We observe that the values obtained by direct simulations of the VM tend to the predicted
solution as we increase the density po from 5 to 10 in Fig. 2.4(a). The change in convexity
of the curve near 7, is due to finite size effects. Moreover, Fig. 2.4(b) shows that the critical
noise found in the simulations of the VM is shifted to . — a® with a = 0.3 for py = 10.

2.7 Space-dependent amplitude equations

For nonzero r and space dependent A, we need to consider the space-dependent
Egs. (2.42)-(2.43). The leading order equations for € = 0 are

or
o +Vyx-w=0, (2.50)

v+ Brw, @2.51)
T
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In these equations, space and time scale in the same way as X = ex and T = et (hyperbolic
or convective scaling). The order parameter (2.47) can now be used to define a vector order
parameter, Z =(ReZ,ImZ):

7~ / w(X, T) dx dy, (2.52)
poL?

because A(X,T) = [wx(X,T) +iw,(X,T)]/(27), according to Eq. (2.41). Ignoring the
nonlinear term in Eq. (2.51) (small initial data), we eliminate the current density and obtain
the linear wave equation with velocity 1/v2. Then Vx -w obeys the same wave equation and
Vx Xw is independent of time. The overall constraint (2.44) holds for all time provided it
does so initially. Space independent solutions of this system produce a current density that
increases with time if » > 0 and decreases if r < 0. It seems that shock waves may form after
a finite time.

2.7.1 Linearized 2D equations for convective scaling

Figs. 2.4 shows that, for the long times employed in direct simulations of the VM, there is
agreement between the simulations and the uniform solution (2.46) of Eqs. (2.42)-(2.43),

ro=0, wp= 27r‘/n25ney, ey=(cosY,—sinY). (2.53)

However, very close to 7., the separation between the hyperbolic and parabolic time scales
has appreciable effects. To uncover them, we linearize Eqgs. (2.50)-(2.51) about Eq. (2.53),
thereby obtaining

or

4+ Vy-W= 2.54
3T +Vx-w=0, (2.54)
ow _ 1 . V3 -

o - 2er+ - WoF. (2.55)

By differentiating Eq. (2.54) and eliminating W by means of Eq. (2.55), we find the wave
equation: )

% - % = Dow - V. (2.56)
For periodic boundary conditions, we can solve this equation by writing 7(X, T') as a Fourier
series on the square box of size L. Then we can find W(X,T) from Eq. (2.55). However,
the gradient term produces a combination of factors exponentially increasing with time and
factors exponentially decreasing with time. It is then hard to predict the long time behavior
of the solutions. We can obtain an equivalent formulation by using the change of variable

F=erWoX/np (2.57)
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to eliminate the gradient term in Eq. (2.56), thereby producing the Klein-Gordon equation:

PR 1y, y3lwol®
ar2 2 X 272

R. (2.58)

For periodic boundary conditions, R(X,T) = >, ., Ry m(T)e™nm X and the coefficients
Ry.m(T) solve the equation of a linear oscillator with frequency

1 ¥2|wol? 2
Wnom = \/ 5 Kl + 327, Knm = = (n,m). (2.59)

Note that the frequency w, , mixes frequencies corresponding to the acoustic velocity
1/V2 [cf. |wo| = 0 in Eq. (2.59)] with the fundamental mode of frequency y3|wo|/ (V2n)
corresponding to n = m = 0. We now solve the equation for R, ,,(T) and then reconstruct
7(X,T) and W(X, T) from Egs (2.50)-(2.51) and (2.57). The results are

nm()

nm

F(X,T) = Z Z [ nm (0) COS(wpmT) +

n=—0o00 m=—0oo

- Z Z ( 73Wo)€(’k’“"+

w
n=—00 m=—00 n,m

s1n(w,,mT)] ikt 250X (2 60)

73“() )X

R 0 )
X | Ry.m (0) sin(wy, T — M cos(wn.m mn eknmX
wn’m =—00 Mm=—00
(2.61)
1 eL pel (ik 73“’0) X
R 0)=—— Um0 R 7(X0) dX =
n,m( ) €2LZL ‘/0‘ e r( )
oo ) €y3wox L 73”0»
7.i(0)(e = —=1D(e7 = =1
Z Z 71,7 (0) ( )( ) 2.62)
l_—oojzoo[ 673W°’“ +2n(l - n)][ﬂ +i2n(j — m)]
. eL 73W0 X Y3Wo
R (0) = == / / Kot 2570 ( K,y 0 + ) W(X,0)dX dY, (2.63)
’ L? ’ bis
7 w e E')/3H/0X 1
Com = 0)+ = ( K~ 2 0) il
nom = Wn,m (0) IZ;X)];OO IKj — T G’Y}WOXL+127T(l—n)
ey3w0‘/
e | R; (0
¢ i (0) (2.64)

—Gy}wo‘ +i27(j —m) wlzj
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For w(X,T) = wg + W(X, T), the order parameter (2.52) becomes

€ € eL eL
ZN—W0+ﬁ/‘ / W(X,T)dXdY
£0 po€-L= Jo 0
= S wo+ —Woo(T). (2.65)
PO Lo

2.7.2 Shift in the critical noise

The oscillating density disturbance 7(X, T') will produce a nonzero value of the average of
r? = #. Averaging Eq. (2.43) over space and time, and assuming that the average of a
product is the product of averages, we have (rw) ~ (r) (w) = 0 and (r’w) ~ (r>) (w). Then
the time-independent and space-averaged part of the term r2 in I'(r) gives a contribution to

[wo| = 2m4/T'(r)/p, which yields the first term in Eq. (2.65):

2(7#2 X,T
€Wo 2> Qr](n 1) — < <r—6ﬁ)é ))
Lo Lo H
e2(7F2(X,T))
21 O1-1- 602
~ —\ ey. (2.66)
Lo H

Here 7 is given by Eq. (2.60) and, inserted into the average over time and space in Eq. (2.66),
contributes to shift the bifurcation point to a smaller noise value .. Fig. 2.4 shows that
simulation data are consistent with e+/(72(X,T))/6 = apy, with a ~ 0.3. Then r} ~ 3.95.
One first correction consists of using a more accurate formula instead of Eq. (2.23) for finite
values of M. Using the same procedure as explained in Ref. [19] but keeping more terms in
the expansions, the critical condition Q; = 1 for the noise becomes

VoM 1 7 5 n

1 > |sin2?
7 sM ~ 128m2  128m3 ) "2

=1. (2.67)

See Appendix 2.C. For M = 7, we obtain . = 4.09 (a = 0.26) instead of the theoretical value
ne = 4.13, as in Fig. 2.4(a). Taking into account that the second term in Eq. (2.65) is obtained
from linearization about the first term (and is therefore assumed to be small compared with
it), the polarization becomes |Z| ~ (e/po) [Wo+Wo.0| ~ (€/p0) (|Wo| + Wo - Wo,0/|Wo), i.e.,

01-1- e2(F2(X,T))

2 602
1z~ = il

PO H

+ ey Woo(T). (2.68)
PO

In Appendix 2.D, we estimate a value for the shift after some uncontrolled approximations
that take advantage of the linearized equations (2.54)-(2.56). The result @ ~ 0.01 is a small
improvement that agrees better with the numerically estimated shift of the bifurcation value.
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Better agreement should be achieved by numerically solving the full nonlinear equations
(2.42)-(2.43) and finding a more precise value of the time and space average (r2) in the
formula for |wg|. The shift in critical noise was noticed earlier in Ref. [29] but no explanation
thereof was given there.

2.7.3 Oscillatory correction to the polarization: resonances in the Vicsek

model
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Figure 2.5: Discrete Fourier transform of the polarization W(r) obtained from single simulations
of the VM (without ensemble averaging) for: (a), (b) and (c) Vicsek alignment rule of Eq. (2.2); (d)
alignment rule of Eq. (2.71), which includes harmonic forcing of frequency w = Q7 ~ 0.05 with h = 5.
Parameter values are M = 7, N = 1000, pg = 5, and (a)-(b) n = 0.8, (c)-(d) n = 3.7. Panel (b) is the
same as Panel (a) in logarithmic scale. The inset of Panel (a) shows that, for this single simulation, the
amplitude of the zero-frequency mode coincides with the ensemble averaged value of W in Fig. 2.4. In
Panel (d), filled circles indicate the zero (black dot) and resonant (red dot) frequencies, both peaks are
highlighted in the Inset.

Eq. (2.68) contains a bounded oscillatory function of T [cf. Eq. (2.61)]. Thus the
polarization is a function of the time ¢ whose lowest angular frequency is Q :

1 _ €X(FP(X.T))
Qs ~2 AR W (2.69)
zZ ~ Y3 ~ . .

2u 2V2
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Here W is given by Eq. (2.66). The other frequencies given by Eq. (2.59) are now

) 2,
€EWn,m ~ QZ+F(’1 +m?). (2.70)

How can we confirm the existence of these oscillation frequencies? One possibility is to
modify the alignment rule from Eq. (2.2) to

0:(t +7)=Arg Z O b g (1) +h cos(wi), 2.71)

[x;=;|<Rg

move the forcing frequency until it resonates with one of the frequencies of Eq. (2.70), and
simulate the resulting forced VM. However, we need to explore a region of 7 sufficiently close
to n.. Otherwise, the parameter € = /(7 —n.)/n2 is so large that there is no separation
between the hyperbolic and parabolic scalings. In this later case, say for n = 0.8, the discrete
Fourier transform of the polarization W(¢), shown in Fig. 2.5(a), has a single peak at zero
frequency and a small, seemingly flat, background [the amplitudes of the transform at nonzero
frequency are all smaller than 0.001, cf. Fig. 2.5(b)]. For the transform depicted in Figs. 2.5(a)
and 2.5(b), the peak height at zero frequency coincides with the value displayed in Fig. 2.4,
which has been obtained as an ensemble average over many realizations of the stochastic
process given by the VM. As 7 increases towards 7., one simulation of the VM shows that
W (¢) still has a large peak at zero frequency, but there is a small mound about it [cf. Fig. 2.5(c)].
If we repeat the simulations of the VM with the modified rule Eq. (2.71), Fig. 2.5(d) shows
that the mound is higher and that there is a small resonant peak at w = Q. This effect is very
small because, for 77 close to 7., the polarization and, consequently, the frequency given by
Eq. (2.69), are very small, and the alignment noise is large.

Amplitude

0 02 04 06 08 1
<f Frequency

Figure 2.6: Same as Fig. 2.5 but with the forcing frequency of Eq. (2.70) withn =m =2 and h = 5.

We can also excite higher frequencies by setting the forcing frequency to be one of
those in Eq. (2.70). For instance, if we set w in Eq. (2.71) equal to the frequency given by
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Eq. (2.70) with n = m = 2, the nonlinearity of the amplitude equations excites several nearby
frequencies. Thus, the peaks appearing in Fig. 2.6 are close to frequencies of the modes (i)
(n,m) = (1,0), (0,1), (i) (1, 1), (iii) (2,0), (0,2), (iv) (2,2), and (v) (3,0), (0, 3), given by
Eq. (2.70).

2.8 Conclusions

We have studied flocking in the standard Vicsek model by analyzing the bifurcation of the
uniform distribution function to solutions of the associated kinetic equation that have nonzero
polarization. Our linear stability analysis of the uniform distribution is limited to small wave
numbers. Within this constraint, linear instability first occurs at a real eigenvalue with zero
wave number. The picture of flocking that emerges from the bifurcation analysis is intricate.

We have shown that the amplitude equations for the bifurcating modes near the critical
value 7. of the noise 7 are equivalent to coupled equations for a disturbance of the number
density and a current density. The equation for the density disturbance is a continuity equation
whereas the equation for the current density contains two different scalings: (i) a hyperbolic
scaling in which both time and space scale as |7 —7.|~!/?; and (ii) a parabolic scaling in which
time scales as |7 — 50|, therefore, as space squared.

Space-independent solutions of the amplitude equations obey the usual equation for a
supercritical pitchfork bifurcation on the longer parabolic time scale. Stable stationary
solutions of this equation produce a polarization proportional to |7 — n.|"/? as . — ne,
which is depicted in Fig. 2.4. Compared to direct simulations of the VM, ensemble averages
of the polarization are similar to the bifurcation predictions, except for a shift of the critical
noise to smaller values and a round off very close to 7.

Space-dependent patterns near the flocking bifurcation satisfy the full amplitude equations.
On the longer parabolic time scale, the solutions of the latter should be close to the
space-independent stationary solutions. Then we can study the linearization of the amplitude
equations about such solutions. The leading order approximation of the linearized equations
on the hyperbolic scaling is equivalent to a Klein-Gordon equation whose solutions for
periodic boundary conditions contain infinitely many frequencies of oscillation. Thus, the
emerging picture of the flocking bifurcation in the VM is that of an almost uniform polarization
with small superimposed Klein-Gordon oscillations that occur on the faster hyperbolic scaling.
These oscillations produce a nonzero average of the square of the density disturbance resulting
in a shift in the critical noise, which may explain the observed one in direct simulations of the
VM.

To confirm this picture of flocking, we have modified the Vicsek alignment rule by adding
a harmonic forcing term to the average alignment direction and to the noise. We have then
simulated the resulting model looking for resonances between the forcing frequency and one of
the Klein-Gordon frequencies. The discrete Fourier transform of the resulting time-dependent
polarization shows a large peak at zero frequency (with amplitude equal to that of the stable
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stationary solution) and much smaller peaks at other frequencies. For large | — 1|, the
parabolic and hyperbolic scalings are no longer separated and dissipation effects move the
polarization to its stationary value. Close to the critical noise, both scalings are separated and
the resonant peak emerges from the background in the discrete Fourier transform obtained
from a single direct simulation of the VM. This effect is masked by the large size of the noise
near its critical value but it is clearly observable in single simulations of the VM, as shown in
Fig. 2.5(d).

One caveat should be indicated here. If the box size is sufficiently large, the flocking
transition is discontinuous and band-like patterns have been observed in numerical simulations
of the VM [20]. Our for a mode with zero wave number is not applicable to these large box
sizes. However, a future extension of our linear stability analysis of the uniform distribution
to larger wave numbers may describe the resulting flocking transition, at least near the critical
box size at which flocking becomes a discontinuous bifurcation.

Appendix 2.A  Eigenvalues for |K| = 0 in the limit as n — oo

The eigenvalues Q ; for zero wave number are given by Eqgs. (2.21)-(2.22). To find them, we
need to calculate integrals of the form

T(n,j) = / el ]_[ iy 2.72)
-7, 7]

in the limit as n — oo. We have

ij(61-®1) 1+ Le'(01-8) ! ( 1+ Le'(01-B) )”2 (2.73)
e = = B 5 .
VA + Lei OB (1 + Lei B0 1 + Lei(F=01)
where
n i6;
LeiB = él =2 elm (2.74)
1=2€

In the limit as n — oo, the central limit theorem implies that we can replace n — 1 integrals
(withn—1 ~ n)in J (n, j) by [19]

N1 o T peLPn (14Lei(61-8) Jjl2
j(nvj) - ﬂk /‘_ ‘/l_ € e (I:in<ﬁ_el)) dL dgldﬁ

T -L2/n 0if jl2
= 7T e () de. (2.75)
We find different approximations for odd and even j. For odd j, we split the L-integral in
sub-integrals over (0, A) and (A, o), with A > 1 fixed in the limit as n — oco. We can
approximate 1/n = 0 in the first sub-integral and expand the fraction in powers of 1/L in the
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second sub-integral. The result is

lLlH Jl2
J(n,j) =~ /[ (1:;19) dL do

Lel]() -L?/n ~
1-Lsing+ 26 _
/ / { 7 sin 2L2[

—(j —2)sin? 6] +35 [ 130 _ %(eiﬁ %)

% i20_1+j
(e 12

i(eig - eie)z)}}dL do. (2.76)

For j = 3, the first integral is —3 In 7/ (27n) and the second integral is \/7n=>/2/8. For j = 1,
the second integral yields n~! ono e L/ndL = (1/2)y/m/n. Thus, for odd j,

3Inn

I, j) =3 \/;11 m6j3+0(n‘1), (2.77)

as n — oo. For even j, the integrals over 8 can be transformed into integrals over the unit
circle on the complex plane and calculated by the residue theorem.

/" I+ Lel® j/sz_/ i, 12"z
- 1+ Le 0 T |Z|:1Z Z+L i

For j = 2, the residue theorem yields

% 14+ Lel® dg
/ —F2 D o0 -1)e( -1,
cl+Le 1

because the pole z = —L is outside the unit circle if |L| > 1. Here ®(x) is the Heaviside unit
step function. Then, as n — oo, we get

1
J(n,2) = % / (1-LYLe /gL = % + 0(12). (2.78)
0 n

Similarly, for j = 4, the residue theorem yields

s i 2
/ (M) % =2(1-L*(1-3L%)06(1 - L?.

14 Lei®

Then, as n — oo, we get

1
T (n,4) Z/ (1-LY(1=3LYLe L Ingr
nJo
I 1
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According to Eq. (2.21),

V.4 > n-1
C(l)[eije]j _ ('[ e"j‘fg(f)df)eMZ%

n=1
2J1(IK|Ro)

+1
IK]|Ro

X|[(n=1) T (n,J). (2.80)

For large M, we expand (n — 1) 9 (n, j) and J (n, j) about M in this expression, thereby
getting

cte?); - [T ge el on - PR i gy sy
x IK|Ro
Then the functions J (n, j) produce Egs. (2.23) and

0 =CP [ ~ % / g ee,

-7

0y = O ~ 208 [ e g(ene

2n .

. 1 n .
Q4= CP[e™0]y ~ oM e M g(&)de. (2.82)

Other eigenvalues tend to zero as M — oo. As |f:r e Eg(&)dée| < fj{g(f)df =1, the
multipliers Q; with j > 1 have moduli smaller than 1 in the limit as M > 1.

Appendix 2.B Coefficients in the amplitude equations

We calculate the coefficients in the amplitude equations by identifying them with others
computed in [19]. Using Ihle’s notation, we obtain C(V[¢29], = 0, = p, C? [e%?, 7], =
2nq, CP e, e20]) = 1S, CP[e'?, e e719]; = 47T, [19]. In the limit as as M > 1,
these identifications allow us to obtain the coefficients in (2.42)-(2.43):

VoM [ 2
On~- 4 —cos 22|, (2.83)
2ne \Nnm 2
2yp — 1 1
0~ VOT, Yo = 1o L cos o (2.84)
- VTW COS -
7R/ M Yo R?
0 0
~—, ~ . 2.85
K 1 - ——cos & aM (2.85)

VaM 2
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To calculate the other coefficients appearing in the amplitude equations, we note that, as
M > 1,

oM 6C(1)[ei9]1 ﬂC(l)[eiG]l n

C1,e" =, 2.86
el = am 0 200 (2.56)
O[] 1.0 = 2R 92D [, n2CW[el?],  n? )
CUILL N = — T e T e (2.87)
o o

We have calculated these coefficients at the critical noise 7., where C\V [¢%]; = 1. Egs. (2.86)
and (2.87) yield the remaining coefficients:

P ~ 10y - - Ry (2.89)
r medn 6,0(2) &) M .
1
Y1~ ané(l i 70)- (2.89)

Appendix 2.C Fourier coefficients R, ,,,(0)

Here we give examples of initial conditions used to calculate the solutions of Egs. (2.54)-(2.55).
A simple initial condition is to set W(X, 0) = 0. Then Eqgs. (2.63) and (2.64) yield

Rym(0) =0, Cum=0, (2.90)
whereas Eq. (2.61) gives
~ v3woxl €v3woyk
eWoo(T) = (e7 = —-De 7 -1

P2 €Y3Wo ;
had had (ZT (n’ m) T T )Rn,m(O)SIH(U—)n,mT)
Z Z . L .

=00 m=—co wn,m(% + lZﬂn)(% + 127rm)

2.91)

We now have to calculate R, ,,(0). One possibility is to have a function 7(X, 0) with finitely
many harmonics. For example, harmonics (+1,0) and (0, +£1). We obtain

evawoxL evzwoy L (eyswoxL — i27r2n)Ref1,0(O) + 27r21mf1,0(0)

Rom(0) = 27— (™5 - 1) :
[(—5737‘:}0)‘L - i27rn) + 472

(ewoyL — i27%m)

(6)/3W0yL - i27r2m)ReFo’1 (0) + 27T21mf0’1 (0)

2
L .
[(—”3:0'” - 127rm) + 472

(2.92)
(ey3woxL — i27%n)
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Another simple possibility is the initial condition 7, ,,, (0) = (—=1)"*"(1 — §,,06,m0). Then
Eq. (2.62) yields

€y3 WOX €Y3W0y L

Rn,m(o) = ( 1)n+m e
€y3wox L €3 WOy 1
e . —_ e —
+ €Y3Wo €yswoy L * (2.93)
2n7T+l—x 2m + i 2B =

Appendix 2.D Calculation of the shift in the critical noise

According to Eq. (42) of Ref. [19], we have to approximate better the sum
(o) Mn
S(M)=e™ Z = h(n), (2.94)
o n!

where h(n) has a maximum at n = M. Expanding this function about its maximum and
keeping four terms in the expansion, we obtain

(1+3M)M

S(M) ~h(M) + — h”(M)+ h"’(M) 2

¥ (M), (2.95)
in which we have summed the corresponding series. To write Eq. (2.23), we took into account
only the first term of Eq. (2.95) with h(n) = +/n. For this function, we get

1 1 5(1+3M)

S(M) ~VM [1 - — + -
() 8M " 16M%  128M3

) (2.96)

which produces Eq. (2.67). For M = 7, keeping more term in the expansion of /(n) does not
change appreciably the numerical value of r7.. Other corrections could come from calculating
the term of order n~3/% in Eq. (2.77) because h(n) is proportional to n J (n,1). We now
calculate (r*>(X,T)). We can use the Parseval equality and Eq. (2.60) to get

(P (X, T)>—hm—/ ernm(m dr = Z[mnm(O)P '”’”( Ui §(W0),(2.97)

1+ey73W0>’EL 1+e773W0fo
g(wo) = 6W0,0 + 6W()x,0(1 - 6W()y,0)ﬁ + 6W()y,0(1 - 6W()X,O)W
1 (1+enW°‘EL)(l+enW“x5L)
+Z(1 = O1pe,0) X (1 = 8w 0) (2.98)

( eL) WoxWoy

To get these expressions, we have used that: (i) the averages of cos’(w, ,T) and of
sin?(wp,mT) are both 1/2, that the average of cos(w;, ,T) cos(wy ;T) is zero unless n = [,
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m = j, etc.; (ii) the integrals

1 el eL v .
3P / / e Wo—ikn-1m-j) X yx
€ 0

(enoneL 1) (eyfwoyeL_l)

, 2.99
[73 wox€L — 21 (n —1)] [ woyeL —i2m(m — j)] (299)
(iii) the sums
& 1 _ meoth LS L
> . (2.100)

3 2y3wox€eL
n=—co ”_?ZW% €212 +4n2(n - 1)2 Y3Wox
Vs X

In Eq. (2.97), we can use again the Parseval equality and then the Schwarz inequality to obtain

eL
SIRum(OP = / (X, 0)e W Xgx
n,m

eL
S\/<f<x,0)4> a1 ), / e #7moRaX. (2.101)

We can calculate #* = €*(7#*) by means of the grand canonical ensemble as [25]:

4
(N =(N)) >—(Z§) InQ(v, B) +3((N = (N))*)?

4

Sl 7 I0Q(v, B) +3((N = (N))*)?, (2.102)

where 7 = ePH is the fugacity, and v = 1/pg = V/N (V = L?), 8 and p are the specific area,
the reciprocal of temperature in enegy units and the chemical potential, respectively. In the
grand canonical ensemble, In Q(v, B) = BV P, where P(v) is the pressure,

Qw.p = ), Nov B, (2.103)
N=0

and Qy (v, B) is the partition function of the canonical ensemble. The average number of
particles in a volume V is the density of particles and {(N — (N))?) is the fluctuation of the
density. In terms of the grand partition function, they are

SN0 NN ON (v, B)
Yn=0ZNON(.B)

(N = (N))?) = (a)lna(v B). (2.105)

(N) = = (zaﬁ)an(V,ﬁ), (2.104)
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Following Ref. [25], we now define pressure and chemical potential in terms of the free energy
per particle a(v) (we ignore the temperature dependence):

A(N,V,T)=Na(v), P:—%,
u=a(v)+Pv. (2.106)
Using Eq. (2.106), Eq. (2.104) becomes
0 0
(N) = z— InQ(v,B) =—= —an(V B)
IP 6P
P _— =
_vo . Va—V=V6—”=K, (2.107)
ou g %al) L pyylP

ov

which is indeed the average number of particles. Then 1/v = (N)/V = pgy. Similarly,
Eq. (2.105) yields

(N =(N)?) = (2.108)

This is Eq. (7.43) of Ref. [25]. The particles can be thought of as belonging to an ideal gas at
the initial time, therefore P = po/B and —v2dP/dv = dP/dpo = 1/B. Eq. (2.108) becomes
((N = (N))?) = (N), and therefore

2
2y _ Po _ Py ™ _ PO
== — = —
I=VEN =

where now N is the total number of particles in the box.

(2.109)

Using Eq. (2.108) and the ideal gas assumption in Eq. (2.108), Eq. (2.102) becomes

(N - <N>)4> = (N) +3(N)* =

4
1
4
= + 2.110
=), a0
Then, near the bifurcation point where woeL < 1, Eq. (2.101) produces
2
1Y V3 1
ezglen,m(O)l2 < OT I+ 5y @.111)

Let us assume that Eq. (2.111) is an equality and that R,, ,,,(0) = 0, which is the case if the
initial current density is zero. Then Eq. (2.97) gives

(r*(X, T)>~£

4 (2.112)
onN* 3N
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and the shift in Eq. (2.66) is

2
2o XY V31 .13
62 12NV 3N

This produces @ = 0.01 which is about a factor 30 smaller than the shift in the critical noise
measured from direct numerical simulations of the VM.
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3.1 Introduction

The ability to convert free energy into systematic motion characterizes active matter [1, 2, 3,
4, 5]. Thus collective behavior of active particles is a central aspect of subject. As we have
presented in Chapter 2 collective motion of active particles can be predicted by simple models
as the Vicsek model (VM) [6] or its variants [1, 2, 3, 7, 8, 9, 10, 11]. There are examples
of more complex individual behavior in active particles. For example, instead of moving
linearly, E. coli bacteria swim clockwise in circular trajectories near walls [12, 13]. Simpler
artificial micro-swimmers can also be induced to move circularly about solid surfaces [ 14] and
autonomous motion of active colloids is reviewed in Ref. [15]. Recently, Liebchen and Levis
have proposed a model of chiral active matter to explain this motion [16]. In two dimensions,
each particle i moves with constant speed v and is parallel to its polarization vector. The
angular velocity of the latter is the sum of three terms: a constant rotation, a white noise,
and a Kuramoto coupling between the angles of particles inside the circle of influence of the
particle i [16]. This model exhibits a flocking transition to one or several clusters comprising
particles rotating in synchrony (microflocking) and a variety of patterns.

55
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Traditionally, collective motion is considered to be a profitable state for the entities of
the system. It gives them an easier way to look for food and their internal communication
allows them a bigger protection against a predator. However, recently studies show that there
exist more intricate individual interests between the entities inside the organization remaining
them together but not with a collective purpose. For instance in some insect species, the
cannibalism is a nutritional behavior that makes them to move in a coordinated migration. In
Ref. [17] study the mechanisms involved in the behavior of desert locusts. When these insects
are in a swarm, they try to bite each other but with the risk to be bitten and although this
behavior should makes them to be separated, it produces a collective migration. In particular,
Ref. [18] proposes a self propelled particle model that characterizes the behavior of a system
with switches in their motion observed in locusts and starlings.

Following the approach presented above, in this Chapter we explore a different mechanism
to attain synchronous rotation in small clusters. We consider a two-dimensional (2D) modified
VM with forward update. Active particles may be conformist and align their velocities to the
average velocity of their neighbors with probability 1 — p, or be contrarian and move opposite
to the average angle with probability p € [0, 1]. This choice makes the VM similar to a
Kuramoto model of phase synchronization [19, 20] with conformist and contrarian oscillators
[21]. In opinion formation models [22, 23], our VM may mimic the conflict between reaching
consensus with others and keeping a contrarian opinion. Experiments on imitative behavior
in emergency escape of human crowds have shown that sometimes avoiding the majority is
the best survival strategy [24]. Our VM is a step towards exploring this kind of behavior.

3.2 The modified Vicsek model

In this Section, we are going to present a modified Vicsek model in which active particles may
align their velocity with the local average direction of motion or with the (almost) opposite
direction. Flocking behavior is going to depend on the probability p of (almost) contrarian
compulsions compared with that of conformist alignment according to the Vicsek rule.

In two spatial dimensions, the angle of a particle j is updated according to a modified
angular noise rule and the particles undergo discrete dynamics so that their positions are

forwardly updated
0;(t+71) = Arg Z e |k £5(n), 3.1)
[x/—x; |<Ro
Xj(l+T)=Xj([)+TVj(l+T). (32)
Here, the direction of motion is defined with v; = vo(cos 6, sin 9j), j=1...,N. In

Eq. (3.1), neighbors are all particles inside a circle of radius Ry centered at particle x; which
is included in the sum. At each time, &;(¢) are independent identically distributed (i.i.d.)
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random alignment noises, selected with probability density

I-p

g(&)=po(§—-&o)+ Xi-n/2.n21(§), 0<p<1 (3.3)
Here &y € (—n/2,n], and x[—;/2./21(£) is 1 for —5/2 < & < 1/2 and O otherwise, see
Fig. 3.1. The parameter  measures the width of the alignment noise being, a tolerance to
failure in the alignment rule. In particular, we distinct two cases,

- If & = m, particles experience contrarian compulsions with probability p, and
conformist compulsions toward the average angle of their neighbors with probability

(I-p).

- If - /2 < &y < m, particles experience a large deflection instead of a perfectly contrarian
alignment. We speak of almost contrarian compulsions because the ordered phases are
similar rotating wave phases for all angles of deflection in (-n/2, 7). The numerical
method used to implement Eq. (3.3) is described in Appendix 3.A.

®

Ry -

b o e

. Standard VM alignment
R,,,,@l '
(Cag Y

RE/'? ec—

Each time step

Contrarian Compulsion rule

Figure 3.1: Sketch of the Standard VM vs. Modified VM. The particle in red can align its direction
towards the average direction of their local neighbors plus a noise chosen between —/2 < & < /2 or
experience a contrarian compulsion and & = &.

Collective consensus is quantified by the same complex order parameter defined in Eq. (2.4).
As we have been explained, for the standard VM (p = 0), increasing the average number
of particles M, favors flocking as more and more particles try to move together. Instead,
increasing the alignment noise 7 tends to destroy flocks, as it dilutes the efficacy of the
alignment rule. Then there is a critical value of M and n above which the polarization is
W > 0 and below which W = 0 (in the limit as N — o0). For p closer to 1, increasing M also
favors flocking because more and more particles interact and get to move together. However,
we shall see that the alignment noise 7 may favor flocking because it dilutes the strength of
the conformist rule and it allows the contrarian or almost contrarian rule to form clusters of
particles moving synchronously. We could replace a similar density x[_s/2,5/2] (€ = £0) /7]
instead of §(& — &) in Eq. (3.3), thus adding a more realistic tolerance 7 to the choice of
deflection angle &y. However, the results would be qualitatively similar to those reported here.
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3.3 Kinetic equation and Linear stability

In this Section, we present the macroscopic evolution equation derived from the microscopic
rules of the modified VM following the procedure derived in Section 2.3. The Enskog-type
collision operator equation for the modified VM is going to be build following the same
assumptions presented in Chapter 2 but with the new alignment rule. Thus, g(¢) is going to
be considered as the modified alignment rule defined in Eq. (3.3). To remember the equation,
the Enskog-type collision operator is

_[" Mren) N 5(0-&-@(by,...,0,))
celrt= [ aes@eenyy [ SEES G4

do,.

x f(x,01,1) H[/ f(xi,0i,1)db;dx;
i=2 |Xi—X|<R0

which we shall use henceforth. For active particles in a disordered state, the density p(x, ?)
equals the constant average density, pg = N/ L2, and the uniform distribution function,
Jfo = po/(2n), is a fixed point of the collision operators:

Clfol = fo. Celfol = fo. (3.5

3.3.1 Eigenvalue problem

To study the linear stability of the uniform distribution, let us consider the same study carried
out in Section 2.3 except for the probability density g(¢) defined in Eq. (3.3). We have
not succeeded in finding the eigenvalues of the matrix M ;(Q) for arbitrary K. However,
for small |K]|, the off-diagonal elements of the matrix are small compared to its diagonal
elements. Then we can use second-order perturbation theory to derive the following formula
(cf. Appendix 3.A):

Q1 (K|, m)=

cm[el“’]l[] /1 (KD /Jo(IKD? } (3.6)
| .

J(KD) | 1-CcO[e26],/cD[if],

in which C(V[¢%/?]; are given by

x ) n—-1_-M
c[eli?]; :([ i€ g (&) dg)z A?n _el)! {(n - 1)2J1|§<|T;|f0) + 1]

n=1
. =y db
ij(61-@) avi 37
/{_ﬂ’n]ne El] 5 3.7)

The uniform distribution becomes unstable when one eigenvalue Q moves outside the unit
circle in the complex plane. It turns out that O has the largest modulus for small |K|, as we
argue below. Depending on the parameters M and py, the equation |Q (|K]|, )| = 1 may have
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different solution branches 7(|K]) for |[K| > 1. However, for these branches, the off-diagonal
elements of the matrix M ;(Q) are no longer small compared to its diagonal elements, the
regular perturbation theory is no longer valid, and we ignore them. In all cases, the uniform

Figure 3.2: Critical wave vector K = |K| versus  for M =7, p = 0.1, & = 3n/4, pg = 10.

distribution becomes first unstable for the noise corresponding to zero wave number. Fig. 3.2
shows the solution curve of |Q;(|K]|,n)| =1 for p = 0.1, & = 37/4 and py = 10. A similar
curve is found for the contrarian case, &y = x. In all cases, the uniform distribution becomes
first unstable for the noise corresponding to zero wave number. Within our approximations,
this justifies that the largest value of the multiplier Q; is attained at zero wave number. For
|K] = 0, in the limit as M > 1, we have the eigenvalues

01 ~ V’;_M / :e‘ffg(f)df= @ pe‘if°+¥smg : (3.8)
0 ~ 5/ :e"‘”g(f)dg, (3.9)
0 ~ —3;‘;” / :e‘”fg(f)df, (3.10)
0 ~ o [ :e""‘fg(f)df, G.11)

and so on, with eigenfunctions ¢;(6) = €'/¢ (cf. Ref. [9] for Q; and Q> and the standard
VM). As | [" e7i¢g(¢)dé| < [T g(£)dé = 1,1Q;] < 1for j > 1 in the limit as M > 1.
For |K| = 0, the eigenvalue with largest modulus is therefore Q, which is the only one that
can exit the unit circle in the complex plane. The other modes have |Q;| < 1 and decay as

t — oo.

3.3.2 Phase diagrams

This Section discusses the phase diagrams depending on the parameters of the system. Phase
diagrams give a variety of details among the phases as well as quantitative information on
phase distribution in a specific system. Indeed, it is important to understand the behavior of
phase transformations as well as phase relations and their stability.
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3.3.2.1 Noises p vs ;7

Fig. 3.3 depicts the stability regions of the disordered state in the parameter space (p,n) at
zero wave number.

In particular, the eigenvalue Q; given by Eq. (3.8) is real if g(¢) is even. For p > 0 and

Figure 3.3: Phase diagram of p versus 1 obtained from kinetic theory. Stable phases at each
region are: I (incoherent), II (stationary), III (rotating wave), IV (period 2). Parameter values are
M = ITR%N/LZ =7, and: (a) & = 37/4 (solid line) and & = 97/10 (dashed line); (b) &y = . For p =0,
the lines separating Regions I and III and I and II in the lower half of these panels intersect at the same
point, ne ~ 4.13, which is the critical noise of the standard VM. Increasing the noise decreases order
when 7 crosses the lower critical lines and increases it when 7 crosses the upper critical lines. There is
a narrow interval of p values where phase 1 is stable for any 7. This interval disappears for large enough
M.

0 < & < m (Fig. 3.3(a)), the noise density is no longer even, the eigenvalue Q| is complex, and
the order-disorder phase transition occurs with |Q1| = 1. In this case, the eigenfunction is a
rotating wave, f (0,1) = el (001 O = Arg Q1 and at the critical lines separating the Regions
I and IIT in Fig.3.3(a) there are supercritical Hopf bifurcations. For &y = m (Fig. 3.3(b)),
there are supercritical pitchfork bifurcations at the critical line I-II (Q; = 1) and supercritical
period doubling bifurcations at the critical line I-IV (Q; = —1). Note that increasing the
angle £y makes Region I larger. Fig. 3.3(a) shows the critical lines separating Region I (stable
incoherent motion) from rotating wave phases (RWPs) in Region III, namely as &y approaches
the value x, the lower critical line moves down toward the line separating Regions I and II
in and Q = ArgQ; approaches zero. Meanwhile, the upper critical line in Fig. 3.3(a) moves
up towards the line separating Regions I and IV in Fig. 3.3(b) and Q approaches —1. As the
phase diagrams and numerical simulations of the VM are similar for 7/2 < & < 7, we have
selected &y = 37/4 to present our results for RWPs. By an abuse of language, we will call this
the case of almost contrarian compulsions (even though &y = 37 /4 is not close to contrarian
compulsions with &y = 7).

Fig. 3.4 depicts the frequency Q as a function of alignment noise on the line n(p) that
separates Regions I and III in the lower part of Fig. 3.3(a) (for &y = 37/4). Note that Q = 0 at
the critical value 7. of the standard VM corresponding to p = 0.
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0.2

Figure 3.4: Frequency Q = ArgQ versus alignment noise r along the critical line p (7). Parameter
values are &y = 3w /4 and M =17.

3.3.2.2 Average number of neighbors M vs p

The other parameter appearing in Eq. (3.8) is the average number of neighboring particles,
M = p07rR(2). This parameter changes with the radius of the influence region or the average
number density. Fig. 3.5 shows the phase diagram of p versus M for a typical value of
alignment noise, 7 = n/3. Increasing the average number of particles inside the circle of
influence favors swarming phases, and therefore Regions II, III and IV (polarized phases)
grow at the expense of Region I (zero polarization). For & = 37 /4, Fig. 3.5(a) shows that
Region I disappears for M larger than a critical value of about 9. When the average number
of neighbors is larger than this critical value, M, (&), particles are always polarized. M., (&)
increases with the angle & for a fixed value of the noise strength 1 and numerical simulations
suggest that M, () = +oo.

0.8

Figure 3.5: Phase diagram of p versus M obtained from Kinetic theory. Stable phases at each region
are: I (incoherent), II (stationary), III (rotating wave), IV (period 2). Parameter values are p = /3, and:
(a) &y = 37/4 (solid line) and (b) &y = . The value M = 7 used in Fig. 3.4 is marked by a star.
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3.4 Bifurcation theory

The case of critical eigenvalue Q1 = 1 (pitchfork bifurcation) has been discussed in Chapter 2.
Here we shall use the same method to analyze the bifurcations at zero wave number when the
critical eigenvalues are Q; = —1 (period doubling bifurcation) and complex Q; = ¢** (Hopf
bifurcation). We shall use the alignment noise 7 as a bifurcation parameter and comment on
the change in our results had the average particle density been used instead. The solution of
the linearized equation

LfW=fD 6,1+ 1,X,7)-cV[FV](6,1,X,T)=0, (3.12)
is
X, T; .
F0,1,X,T, e)zr(2—6)+A(X,T; €)e' 0 yec, (3.13)
T
Q=ArgQ;, X=ex, T=cet. (3.14)

Here cc means the complex conjugate of the preceding term. We do not need to include
more terms in Eq. (3.13) because the other modes decay rapidly in the fast time scale ¢.
The argument of the eigenvalue Q; is Q = 0, (pitchfork bifurcation), Q = 7 (period doubling
bifurcation) and Q € (-7, 0) (Hopf bifurcation). The two latter cases for € # 0 can be treated
together. Bifurcation theory is quite different in the cases of uniform and space dependent
density. In particular, the case of uniform density can be treated by using multiple scales for
all bifurcation types: pitchfork (I-II), Hopf (transition I-III) and period doubling (I-IV); see
Appendix 3.A. Here we consider space dependent density. We anticipate crossover scalings
and therefore we shall use the Chapman-Enskog method [25]. In all three bifurcation cases,
the hierarchy of equations resulting from the Chapman-Enskog ansatz [20, 25, 26],

fO.x1;6) = fo+efD+ Z e (0,1, A, A), (3.15)
j=2

g—; =RO (A, A) +eRV (r,A,A) + O(€>), (3.16)

‘;—;‘ = AO @, A, A) +eAV (r, A, A) +0(2), (3.17)

with 7 = . + €2, and A the complex conjugate of A, is

R(0) .
L =P, f = vV f Vg = —— = AV e, (3.18)

0
LY =0 O O e [0, f ) —(ﬁ + v~vx)f<2) o1

R

. 1{ 8 2 9
o — AWl (O+Q+Q) +CC—§(—+V‘VX) f“>|,+1+nza—nc<“[f“>], (3.19)

oT
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etc. In these equations, C'V [¢] is given by Eq. (2.18) with K = 0, and we have
n-2 T A _ _ n B
Z (n_z),( ) [ aeste) [ 50-¢-onp@e@ | |
- =1
ne™ (M\"' 7 . T A
—2(/ (el)del)z( 1),( ) [ agsto [ 0-¢-wne@n ][ a,
— -n I=1

nR2
@] )
C e, ¢l = 7

n 2
o2 ( / <p(91)d91) , (3.20)
2R4 0 M n-3 ,nx R _ _ _ n _
Ol p.gl = —° Z; (n_3)!(%) / dfg(f)/6(9—€—<I>1)¢(91)¢(92)¢(93)l_lld9z

(e8]

- n-2
-3 [ etenans) 3 lm) [ aeste [ b-e- d>1)¢<91>¢<92>]—[d91

=2

_ n—1
+3(/.,, ¢(92)d92) Z; %(%) /_ﬂ dfg(f)/é(e_f_q)l)‘;o(él) E[dél
x 3
- % (‘/7r <P(91)d91) -

and so on. Note that Cg [ fo+€5] = fo+ep and CV 5] = § for constant § imply CP[1,1] =
C[1,1,1] = 0, which can be checked from Egs. (3.20)-(3.21). The solvability conditions
for non-homogeneous equations of the hierarchy is that their right hand sides be orthogonal
to the solutions of the homogeneous equation L = 0, namely 1 and ¢*(+%) using the scalar
product

(3.21)

S n
(F@0.800.0) = lim <> [ F@ (0.0 do. 622
=07

In the next two Sections, we consider separately the three bifurcation types.

3.5 Hopf and period doubling bifurcations

For0 < p < 1and0 < & < 7, we have Q; = ¢, with —7/2 < Q < 0in Eq. (3.14) at critical
noise value 7. located on either the upper or the lower critical lines separating Regions III from
Region I in Fig. 3.3(a). Similarly, for & =, p > po ~ 2/NaM [pg corresponds to 5. = 27,
01 = —1in Eq. (3.8) for £ = n], we have Q = r at the critical noise 7. separating Regions
I and IV in Fig. 3.3(b). Setting a nonzero Q, we can treat these two cases simultaneously.
The solvability conditions for Eq. (3.18) are that its right hand side should be orthogonal to
the solutions of the homogeneous equation Ly () = 0, which are 1 and ¢'(%+*) Using the
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scalar product (3.22), these conditions yield

21 010 ) A
CoLe"T1 rAe-i L T4 (3.23)

RO =0, A= :
Fid 2p0

Eq. (3.18) has the solution

A26120490) C) [ 410401, ei(29+9t)(%i%)14

F®(0,1,X,7) =[

ei22 — () [¢i26],  2(ei® — C(D[¢i26],)
eiQ(”])(%+i%)A ei‘)(% —i%)r 20
- , + : +cc. .
2@ — 1) 20—y |7

Inserting Egs. (3.13) and (3.24) in Eq. (3.19) and using the solvability conditions, we find
RW =0and AD. Then, up to terms of order 2, the amplitude equations are

or

— =0, 3.25
o7 (3.25)
aA r 2 i2Q

92 |1 L ——— —ulAP||A + esVEA, 3.26
T 200 + 6(772Q77 8,0(2) Jary + eo0Vy ( )

in the limit as M > 1. In the same limit we also have

0 . \/ﬂ— s Ne Ne Ne
— (1) 0 ~ _ Q e e o e
0, = %(mc [¢ ]1)\77C . (1-p)e (2 cos —- ~sin = ), (3.27)

and we prove in Appendix 3.B that 6 and u both have positive real parts. According to
Eq. (3.25), r is independent of 7. Conservation of the number of particles implies

/ r(X) dX = 0. (3.28)

3.5.1 Complex Ginzburg-Landau equation for rescaled r

For € = 0, the solution of Eq. (3.26) yields an |A| that increases in time for r(X) > 0 and
it decreases for r(X) < 0. This indicates that a dominant balance occurs only if we assume
r(X) = O(e). Then Eq. (3.26) becomes a modified complex Ginzburg-Landau equation
(CGLE) with a diffusive scaling for the time:

0A
d(e?t)

X
= VLA + |10, + r&X) ulA*| A. (3.29)
2po
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If the density is kept uniform, r = 0, Eq. (3.29) is the usual CGLE. In this case, it has the

rotating wave solution
ReQ,, .
A1) = 4 /—mRef L imeei (o), (3.30)

ReQ
Reu -

¢ =ImQ, — Imu (3.31)
As proven in Appendix 3.B, Reu > 0, and therefore the phases issuing forth from Hopf
and period doubling bifurcations are both supercritical: they exist only for < n. (where
the uniform distribution is unstable) and are linearly stable against space-independent
disturbances.  The polarization corresponding to the bifurcating solutions given by
Egs. (3.30)-(3.31) is the modulus of the complex parameter,

N
1 : 1 : 2 - n¢)Re I
Z=— Z e = — [ ¢9£(6,x,1)d0dx ~ il Mel%—l[ﬂﬂﬂ—flc)ﬂt. (3.32)
N = N £0 Reu

Near 7., we have Q1 ~ ¢/*[1 + Q, (17 — n.)]. Then we can replace ¢ 7*Q — 1 instead of
0, (n —1¢) in Eq. (3.32), thereby obtaining a formula that holds for larger values of |7 — 7|,

7~ 27 Re®0) — 1 i@, (333)
Po Rep

Re(e7Q)) - 1 I
——— TImyu.

¥ =Im(e™™ Q) - Reyt

(3.34)
The bifurcating solutions given by Eqgs. (3.30)-(3.31) are uniform in space. However, Eq. (3.26)
is anonlinear reaction-diffusion equation with a diffusion coefficient whose real part is positive
according to Eq. (3.68). For a nonuniform particle density, Eq. (3.28) (conservation of the
number of particles) strongly suggests the formation of ordered clusters. Let us imagine that
r(X) = s%pgsign(X — L/2), s> > nReQ,,. Then W = 0 for X > L/2, whereas for X < L/2
we have W > 0, given approximately by Eq. (3.30) with n,ReQ,, + s? instead of nReQ,,. The
phase of the complex order parameter satisfies the integrated form of the Burgers equation
[27]

oY 1
— =kV3Y - Z|Vx Y] )
75 = Vx 2| xYI%, (3.35)
Imé Imy
=2[— - =2 Arg(A), 3.36
(Re(S Reﬂ) rg(A) (3.36)
Imé Imu

o =e’Rest, k=1 (3.37)

+ —.
Red Reu
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Near the bifurcation line I-III in Fig. 3.3(a), k > 0. For the geometry we are considering, Y
depends only on the coordinate X and on 0. Then k = Y /9 X satisfies the Burgers equation
proper. Assuming that L > 1, k ~ k; >0at X =0and k = 0 at X = L/2, k is the shock
wave solution given by Eq. (4.23) of Ref. [28]:

oY ko
X

: (3.38)
l+exp [ 22(X - %20 - Xo)

This solution represents a planar wave front moving to the right with velocity k,/2. The front
encroaches an unpolarized region with zero wave number and leaves a polarized region with
wave number k, on its wake. The region behind the wave front is a cluster rotating with
angular velocity Q and local wave number proportional to k. This simple example illustrates
how a non-constant density may produce inhomogeneous ordered clusters of the RWP.

Eq. (3.30) and related plane wave solutions of the CGLE for r(X) = 0 become unstable
provided « < 0 in Eq. (3.35). Equivalently, b3 < by, by = Im§/Red and b3 = —Reu/Imu
(Newell’s criterion). Close to the line b; = b3, one can derive the Kuramoto-Sivashinsky
equation, [29, 30, 31]. Phase turbulence consisting of disordered cellular structures is then
possible. Solutions of the CGLE with periodic boundary conditions also include spiral waves
and other defects (having W = 0 at one point in their cores), as well as phases of defect
turbulence in which defects are created and annihilated in pairs [29]. For the period 2
solution, Eq. (3.13) with Q = 7, ¢ and u are real. Then Eq. (3.29) has vortex solutions with
nonzero rotation number and a vortex gas evolves as indicated in Refs. [29, 30, 31, 32, 33].

3.5.2 Complex Ginzburg-Landau equation for random density
disturbances

Let us assume now that p(X) — pg = er(X) is a zero-mean random Gaussian process with
standard deviation o, = €. Then the average value (rA) ~ (r)(A) = 0, and the mean
amplitude, A = (A), satisfies the approximate equation:

~2
o ~
772Q7] - 8_pr2 - /~1|A|2
0

dA

— = 5VZA+
d(e21) X

A. (3.39)

Here we have made (r>A) ~ &7 A, (|A|>A) ~ |A|?A. Now the uniform solution is Eq. (3.30)
in which n;,ReQ,, is replaced by [72ReQ,, — 57/(8p%)]. Then Re(e™**Q;) — 1 in Eq. (3.33)
for the order parameter is replaced by [Re(e™?Q1) — 1 — 02/ (8p3)], with the result

W=1|Z|~ =
PO

2

Re(e-i90)) - 1 - 2

2 80?2
"J iy (3.40)

Reu
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Equating to zero this last quantity, we find the critical value of the noise, 7., which gets shifted
to a smaller value. How large is 07> = (r2)? We know that the particles are randomly placed
in the box at the initial time. The fluctuation of the density is

2 2
oy kgT P
((p - po)?) = NQ__VZ — = _1\(7)’ (3.41)
ov

where kp, T, P, and v = 1/pg are the Boltzmann constant, temperature, pressure and specific
volume, respectively [cf. Eq. (7.43) in Ref. [34]]. The particles can be thought of as belonging

to an ideal gas at the initial time, therefore P = pokgT and —v2dP/dv = dP/dpo = kpT.
Then we have ((p — po)?) = p(z)/N, as written in Eq. (3.41), and Eq. (3.40) becomes

2 [Re(e7®Q)) — 1 — o
w=1z|~2Z (7701 BN (3.42)
Po Rep

The shift in the bifurcation point indicated by Eq. (3.42) vanishes in the limit as N — co.

3.5.3 Average particle density as bifurcation parameter

What happens if we select the average particle density pg as bifurcation parameter instead of
the alignment noise n?

Firstly, we have to replace pg = poc +€2p instead of 7 = 1. + €% and ) + p, instead of
@ inEq. (3.15). Thenaterm p,nRZ0C V[ f(1]/0M replaces the last term in the right hand
side of Eq. (3.19), to which we have to add a term 2p,C® [ 1, f(V]. For all bifurcation types,
p20,, replaces 7,0, in the amplitude equations. Q,, is defined as the derivative with respect
to po instead of the derivative with respect to 7 in the first line of Eq. (3.27). Secondly, for
Hopf or period doubling bifurcations, we replace r(X) + 2 p; instead of r(X) in Egs. (3.28)
and (3.29). The remaining considerations are the same provided we make these replacements.
One obvious change is that ReQ,, > 0 (cf. Fig 3.5), whereas ReQ;, < 0 on the lower critical
lines of Fig 3.3, and ReQ,, > 0 on the upper critical lines of the same figure. Thus, the
disordered phase is stable for pg < po. and unstable for pg > po., whereas the situation is the
opposite for the polarized random wave and stationary phases on the lower sectors of Fig 3.3
if we use the alignment noise as a bifurcation parameter.

3.6 Pitchfork bifurcation

For p = 0 (standard VM) or p > 0 and &, = «, corresponding to the lower sector of the phase
diagram in Fig. 3.3(b), the critical condition is Q; = 1, and therefore Q = 0 in Eq. (3.14).
The corresponding bifurcation has been analyzed in Chapter 2 for the case p = 0. The same
procedure based on the solvability conditions for Egs. (3.18) and (3.19) produces nonzero
R© and R and the density disturbance is no longer time independent. The amplitude
equations are equivalent to the following system for the density disturbance and a current
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density w = 27(ReA, —ImA):

or €y3r

Ty [(1 ‘ ]:0, 3.43

7 )W (3.43)

ow_ 1 €Y3 €2yi—y2-¥3), ol | 21 —y2+V3

T 2vx [(1 N Hr)r tT g M e v w)
2y1+ 7y, — 2 2

eI TV (4 9w eoViw+ | 2 el o, - T~V 344

2n Pis 6,0(2) 472

The coefficients appearing in these equations are all real valued and listed in Appendix 3.B.
For r = 0 and y3 = 0, these equations are exactly equivalent to the amplitude equation (132)
of Ref. [9]. As in the case of Eq. (3.26), 6 and u are both positive. For € = 0, Eq. (3.43) is the
continuity equation for a density variable r and a current density w, which explains the name
of the latter variable. The overall density of particles is N/L?, which implies the following
constraint for (X, T):

/ r(X,T)dX =0. (3.45)
3.6.1 Space independent A and r=0: diffusive scaling

For space independent A, r = 0, and Eq. (3.44) is the typical pitchfork amplitude equation
with diffusive scaling. It has a stationary solution with modulus

|wo| = 27“/"2”&, (3.46)

which is stable, and it exists for n < 5., 4 > 0, and Q,, < 0. For n < 7., the uniform
distribution fj is unstable as Q1 > 1 there. Thus the transition from incoherence to order is a
supercritical pitchfork bifurcation. The polarization corresponding to this solution is

WO - 2_7T (77 - nc)Qn ) (347)
po \ u

Near 7., we have Q1 ~ 1+ Q,,(i7 — n¢). Then we can replace Q1 — 1 instead of Q,, (7 — 1)
in Eq. (3.47), thereby obtaining a formula that holds for larger values of |7 — n.|:

Wo~2—” Q-1 (3.48)
po\ K

3.7 Results of simulations of the modified VM

We have performed numerical simulations of our modified VM in the different regions of
Fig. 3.3 indicated by the linear stability analysis of the kinetic equation given in Section 3.3.
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These regions and the predictions of bifurcation theory in Sections 3.5 and 3.6 are as follows:

(I) Incoherent motion with polarization W = 0.
(IT) Stationary coherent motion with W > 0 for £y = 7 and small p.

(III) Rotating wave phase with coherent motion (swarm rotation [40]), such that in Eq. (2.4),
W >0,Y =Qr+ Y for & < m: the order parameter Z(¢) describes a circle about the
origin at constant angular velocity as in Fig. 3.8(a); see also Fig. 3.9(a).

(IV) Coherent period 2 motion as in Figs. 3.8(b) and Fig. 3.9(b).

At the critical lines separating the regions of Figs. 3.3(a) and 3.3(b), we have found the
following supercritical bifurcations from incoherent motion with uniform particle density:
pitchfork (I to IT), Hopf (I-III), and period doubling (I-IV).

Pitchfork bifurcation. Figs. 2.4 presented in Chapter 2 and 3.6(a) compare the polarization
obtained from direct numerical simulations of the VM with the theoretical curves of Egs. (3.47)
and (3.48) for p = 0 and p = 0.1 (transition I-II in Fig. 3.3), respectively. The polarization
shown in these figures is an ensemble average over 10 replicas of the stochastic process. In
Fig. 2.4, we observe that the results of numerical simulations tend to the uniform solution
predicted by bifurcation theory as we increase the density pg. This indicates that the
simulations produce solutions that are closer to be independent of space. However in
Fig. 3.6(a), the results of simulations depart appreciably from the theoretical prediction,
which indicates that flocking is not homogeneous. Although in both cases the bifurcation
is pitchfork, there is a striking difference between the polarization curves for the standard
and modified VM. For the standard VM, the maximum polarization (W = 1) is reached
for zero alignment noise n = 0. However, for p = 0.1 [transition I-II in Fig. 3.3(b)], the
polarization shown in Fig. 3.6(a) is maximal for a nonzero value of n. A similar behavior
also occurs for RWPs, as explained later in this Section. Fig. 3.7 shows three snapshots of
1000 particles for the VM with contrarian compulsions for M =7, po = 3, p = n = 0.1.
The insets show the location of all the particles in three time instants. We observe that there
are small clusters that move and persist in time, with dynamics as shown in Fig. 3.7. Had
different realizations of the stochastic process shown one large cluster and a number of freely
moving particles, the result of ensemble averaging would be close to that of Eq. (3.48) for
homogeneous flocking. Ensemble averages of heterogeneous flocking such as that depicted
in Fig. 3.7 give a polarization that differs markedly from Eq. (3.48), as shown in Fig. 3.6(a).

Hopf bifurcation. Figs. 3.8(a) and 3.9(a) show that the complex order parameter of the
RWP in the lower region III of Fig. 3.3(a) is close to the uniform values of Egs. (3.32)-(3.33)
predicted by bifurcation theory. The agreement between simulations of the VM and uniform
solutions predicted by bifurcation theory is not as good for the period 2 phase, as shown in
Figs. 3.8(b) and 3.9(b).
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Figure 3.6: Polarization W versus 5 for &y = 7, M = 7, pg = 10, N = 1000, and (a) lower sector in
Fig. 3.3(b) (p = 0.1); (b) upper sector in Fig. 3.3(b) (p = 0.7). Circles are numerical simulation data
whereas solid and dashed lines correspond to kinetic theory approximations of Eqs. (3.48) or (3.47),
respectively. In (b), flocking is heterogeneous for any 7 and results from simulations are quite different
from theoretical lines corresponding to the uniform amplitude.
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Figure 3.7: Three snapshots (a), (b) and (c) showing heterogeneous clustering for particles with
contrarian compulsions. The insets show the position of the red circle on the complete box. A cluster
of particles leaves the red circle, joins another set of particles and forms an elongated cluster after some
time. Close-by particles may have one direction and its contrary, as the marked particles in panel (b).
Parameter values are &g =, M =7, po =3, p =n=0.1, N = 1000.

Fig. 3.10 describes the transition I-III in the lower sector of Fig. 3.3(a) for almost
contrarian compulsions. Solid and dashed lines correspond to spatially uniform coherent
phases calculated from kinetic theory. Departure of simulation data from these lines indicates
heterogeneous RWPs. Observe the dispersion of simulation data in Fig. 3.8(a). As the
average density po = N/L? increases, the phases become more uniform and simulation data
approach theoretical predictions. It is interesting to note that simulations of the VM with
backward update produce polarizations closest to the theoretical curves except very close to
the bifurcation point (which is due to finite size effects).

Fig. 3.11(a) shows that, for small values of p and r, forward update with almost contrarian
compulsions produces small clusters and many seemingly free particles. Compared with the
same VM and parameters but with backward update, Fig. 3.11(b) shows one large cluster
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Figure 3.8: Complex flocking order parameter Z(z) for M = 7, pg = 10, N = 1000, and: (a)
& =3n/4, p = 0.1, n = 2.5, marked by an arrow in Fig. 3.10(a). The order parameter for the RWP
traces a circle (theory: solid line), implying a nonzero angular velocity. (b) ég =n, p =0.7,7=5.9.
The order parameter alternates between points with a phase difference of 7, marking abrupt oscillations
in flocking (theory: two opposite points on the circle). Sampling time is 1 and transients have been
eliminated.
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Figure 3.9: Real part of Z(t) corresponding to: (a) Fig. 3.8(a); and (b) Fig. 3.8(b). Numerical
simulations (circles) are compared to spatially uniform phases from kinetic theory (solid lines) given by
Eq. (3.33) with ¢ = 0.

and a small number of free particles. When averaging over many replicas of the stochastic
process, backward update produces a polarization consistent with the homogeneous flocking
prediction of Eq. (3.33). However, the persistence of several clusters in the case of forward
update produces a polarization that does not correspond to homogeneous flocking.

For the VM of Egs. (3.1)-(3.3) with forward update, there is an appreciable shift of
the simulation data to smaller values of the noise 1 near the bifurcation point. This shift
decreases as the average density pg increases but it does not disappear, as the comparison
between Figs. 3.10(a) and 3.10(b) indicates. The same shift also occurs in the standard VM:
Even for an average density as large as po = 20.4, the critical noise 7, is different in direct
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(a) (b)

Figure 3.10: Polarization W versus n for the lower sector III of Fig. 3.3(a). Simulation data obtained
by ensemble averages over 10 replicas of the VM for &y = 3n/4, p = 0.1, M = 7, and (a) pg = 10,
N =1000; (b) pg = 3, N = 1000 (filled circles) and N = 5000 (blue circles). Empty red triangles arise
from simulating the VM with backward update instead of Eq. (3.2). Solid and dashed lines correspond
to kinetic theory approximations of Egs. (3.33) and (3.32), respectively. As pg increases, simulation data
approach the line of the spatially uniform RWP with order parameter given by Eq. (3.33). Departure from
this line indicates a nonuniform RWP. Near 7., simulation data depart from the theoretical curve due to
finite size effects. Panel (b) shows that the transition I-III becomes discontinuous for Egs. (3.1)-(3.2) at

larger box sizes (L = y/N/pg).
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Figure 3.11: Two snapshots showing clustering for particles with almost contrarian compulsions for
(a) forward, and (b) backward update. With forward update, clustering is heterogeneous, whereas with
backward update, nonzero polarization is attained by one large cluster and a gas of particles outside it.
Parameter values are &y = 3n/4, M =7, pg =3, p =n =0.1, N = 1000. Values of the polarization W
are: (a) 0.57, (b) 0.78.

simulations and theory, as noted in the different rescaling in Fig. 3 of Ref. [7]. Fig. 3.10(b)
shows that W departs the solid line and the bifurcation becomes discontinuous for box size
beyond a critical value. This change also occurs in the standard VM, except that the phase
transition is from incoherence to flocking with nonzero average velocity [35, 36, 37, 41].
Fig. 10 of Ref. [36] shows that the critical length decreases as the average particle density
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increases for the standard VM. The density pp = 3 considered in Fig. 3.10(b) is three times
larger than the largest one in Fig. 10 of Ref. [36] (p¢ = 1 in our nondimensional units), which
is why we observe a discontinuous transition for a length as small as L = 4/5000/3 = 40.8.

Period doubling bifurcation. Strikingly, when the probability of contrarian movement is
sufficiently high, increasing the alignment noise favors time periodic, spatially heterogeneous,
flocking. Increasing n (tolerance to failure in particle alignment) in the upper part of Region
I in Fig. 3.3 favors forming clusters. For p > po ~ 2/VaM [cf. Eq. (3.8)] and small 7,
preponderance of contrarian over conformist motion ensures incoherence of motion. The
upper lines in Fig. 3.3 suggest transition from incoherent motion to a degree of flocking as
n surpasses a critical value. Figs. 3.6(b) and 3.8(b) for contrarian compulsions show that
the polarization W calculated from simulations departs markedly from the theoretical line
corresponding to uniform density. Figs. 3.8(b) and 3.9(b) illustrate that the complex order
parameter alternates between numbers with arguments differing by 7. Thus, the ordered phase
is periodic in time with period 2 although, as shown in Figs. 3.8(b) and 3.9(b), the amplitude
of the oscillation has an envelope that wanders in a certain region of the complex plane. The
dispersion of points in Fig. 3.8(b) is due to the formation of clusters with varying size that
change in time and produce a nonuniform density. The persistence of heterogeneous clustering
yields ensemble averaged polarizations that differ from the prediction of Eq. (3.33) withQ = 7
for spatially homogeneous flocking. Sufficient tolerance to failures in the alignment of the
conformist particles keeps nonuniform flocking at the expense of back and forth motion of
the flocks between opposite average phases of the order parameter. Active particles in exotic
phases perform rotations and oscillations, not just translations as in the standard VM.

Optimal noise. Figs. 3.6(a) and 3.10 indicate that the polarization W increases with
alignment noise until it reaches a maximum: 7o attain maximum flocking we need an optimum
degree of alignment noise, for both Hopf and pitchfork bifurcations in the lower sectors of
Figs. 3.3(a) and 3.3(b). For larger noise, W decreases and the values obtained from simulations
approach the theoretical curve for uniform particle density. With low probability of contrarian
motion and small 7, particle clusters form, move coherently and change size (heterogeneous
flocking), as shown in Figs. 3.7 and 3.11(a).

3.8 Conclusions

We have proposed a modified Vicsek model in which active particles may align their velocity
with the local average direction of motion or with the (almost) opposite direction. Flocking
behavior depends on the probability p of (almost) contrarian compulsions compared with
that of conformist alignment according to the Vicsek rule. Besides disordered and ordered
phases with almost zero and finite stationary polarization, respectively, numerical simulations
have shown that our VM exhibits novel exotic phases (stable solutions) with time periodic
polarization order parameter. In the ordered phases, flocking is heterogeneous in space
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and reminiscent of micro-flocking in Ref. [16]. Strikingly, in the presence of contrarian
compulsions, increasing the Vicsek alignment noise may favor order in two ways. For small
p, there is a nonzero optimal noise value for which polarization is maximal and reflects
a trend to homogeneous flocking. When contrarian compulsions are prevalent (p closer
to 1), increasing the alignment noise may transform incoherent particle motion to a phase
displaying time periodic polarization with period 2. If we relax the contrarian rule so that
particles may select deflection by some fixed large angle & (/2 < & < m) measured
counterclockwise from the average direction, the flocking order parameter may oscillate
periodically in time (with period different from 2, which occurs for &y = 7). Active particles
perform rotations or oscillations besides the collective translation characterizing the ordered
phase of the standard VM. Rotation allows active particles to explore larger regions of space
and may be advantageous in emergency escape of a crowd from a confined region with several
exits [24].

To interpret and understand the results of our numerical simulations, we have analyze near
the transition to flocking a kinetic theory proposed by T. Ihle for the standard VM [11]. The
exotic phases appear as Hopf and period doubling bifurcations from the uniform distribution
function at a critical value of the noise. Our bifurcation calculations follow those we have
developed for the standard VM [26]. We find that the equation for the complex amplitude
of the bifurcating solution is a modified complex Ginzburg-Landau equation (CGLE). This
equation has a uniform rotating wave solution whose polarization has critical exponent 1/2 at
the bifurcation point. Deviation of the numerically obtained polarization from this theoretical
curve indicates heterogeneous flocking.

Stable phases with time dependent order parameter may have appeared in earlier work.
For example, Chaté et al. introduced a Vicsek-like model for apolar nematic active particles
can move with equal probability along their orientation 6; or along the contrarian orientation
0; + m [42]. At one time step later, the orientation is chosen as the first eigenvector of a tensor
order parameter plus disorder noise. They observed a continuous transition similar to the
Kosterlitz-Thouless transition, characterized by large spatial fluctuations of the time-averaged
order parameter [42]. This is different from the discontinuous transition observed for the
standard (polar) VM if the box size is sufficiently large [35]. In the case of our modified
VM with contrarian or almost contrarian compulsions, the continuous bifurcation becomes
discontinuous for sufficiently large box sizes. Clustering in our VM with almost contrarian
compulsions is reminiscent of microflocking in Ref. [16]. In our case, the probability of
deflecting a large angle from the conformist mean direction is responsible for the rotation
inside heterogeneous flocks, and we do not need to impose an external common angular
velocity to achieve rotating clusters. Menzel [43] studied a similar model to that in Ref. [16]
for two different populations of particles, that had Kuramoto coupling but without the constant
rotation. He found a variety of behaviors including clustering and stripe patterns, but not
clusters of synchronously rotating particles. Lastly, Chepizhko et al. considered a similar
model without constant rotation and for a single particle species, which interacts with obstacles
that could be fixed or diffusing in space, [44]. For this quite different system, they observed
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that the time-averaged order parameter exhibited a maximum for an optimal noise strength, a
phenomenon similar to that presented in our Figs. 3.6(a) and 3.10.

Appendix 3.A Methods

Numerical methods. At each time step, we have updated the position and velocity of N
active particles using Egs. (3.1)-(3.2). To select the values &;, we first choose a number
between 0 and 1 randomly with uniform probability. If this number is p or smaller, we set
& = &. Otherwise, ¢ is selected randomly in the interval (-n/2,1/2).

Regular perturbation theory for the eigenvalues of M;;. Assume that the matrix M(Q) =
D(Q) + eN(Q), where eN;;(Q) are the off-diagonal terms of M(Q) and ¢ < 1. The
eigenvalues, A(g) = Z;’.‘;O/l(j) &/, and eigenfunctions () = PIPIN Yy el of M(Q) can be
expanded in powers of the scaling parameter € and inserted in the eigenvalue equation for
M(Q). As € — 0, we obtain the hierarchy of linear equations

(D-2197)y® =0, (3.49)
(D-297)yD = AV 71 - Ny @, (3.50)
(DO -291)y® = AVT - NV + 2Py 0, (3.51)

etc. The first equation says that 1°) are the diagonal elements of M, /15.0) = QJy(|K]) -
cW[e?] j (j =1,...). For the other non-homogeneous linear equations to have solutions,
their right hand sides have to be orthogonal to the eigenvectors y(?). The jth eigenvector
has components ¢;;. The orthogonality condition for Eq. (3.49) produces /15.1) =N;; =0.
Eq. (3.50) becomes

Nij

© _ 40y, () _ M _
A =2y D = Ny =y PTI

(3.52)

fori # j and ij(.l) = 0. We now insert Eq. (3.52) into Eq. (3.51) and use the orthogonality
condition to obtain

iK-v+i(j— l)H)O(eLK v+i (- 1)6)0

219 2 2 Niji Nij 2 (e
h=e =0 ., (3.53)
”Zi] /1(0) /1(0) Z CW[eii0]; — C(D[¢il0],

with v = (cos 6, sin 6). In this expression, we have factors:

iK-v+in6 1 1|K|cos(0 ArgK)+in6 m(ArgK+7r/2) i i|K|sin{—ind
(@ 0= 07 | do———— | e e
-

— el"(ArgK+”/2)Jn(|K|), (3.54)
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where we have changed variable 8 =ArgK+ /2 — ¢, shifted the limits of integration and used
the integral representation for the Bessel function J,, (x) in Ref. [45]. Inserting Eq. (3.54) in
Eq. (3.53) and using J_,, (|K|) = (=1)"J,,(|K|), we get the eigenvalues

(=D i, (KDI?
C[elif]; —CcM [eil0],

;= QJo(K|) = Ve, - 0% 3 (3.55)

INEY;

up to terms of order 3. The last term on the right hand side of Eq. (3.55) is smaller than the
other two and we can solve the equation A; = 0 by iteration, thereby finding the approximate
solution

1—j [ 4= (KD 12
(=1 J[ To (KD ]

D [eii?];
=1+
T Jo(IK]) Z

T, (3.56)

Ll#j 1- c [ein]j

For j = 1, the largest term in this sum has index / = 2 and is of order |K|?, whereas all other
terms are O (|K|*) and smaller as |K| — 0. Ignoring them, Eq. (3.56) yields

2
Ji(IK])
CcD e, [Jo(IKI)]
_ - L | 3.57
Q=KD | e 337
c (7],

which is Eq. (3.6). For small |K|, this equation is equivalent to

C(l) [eiG]l

1= -
(KD PCD 7],
Jo(IKD + 737 (€0 e - (7T

(3.58)

which is Eq. (26) of Ref. [26].

Bifurcation theory using multiple scales. For Hopf and period doubling bifurcations, the
scaling of space and time is diffusive and we can use the multiple scales ansatz [25, 46]

FO.x66 = fo+ Y e f90,,X,7), (3.59)
j=1

with X = ex, T = €%t, 5 = . + €22, p = po + €2r(X). Inserting this ansatz into Eq. (4.8), we
get a hierarchy of linear equations that have to be solved recursively:

LfW= D@+ 1) -cV V)01 =0, (3.60)
LFP = vV D00+ 1) +COLfD, rD1(0.0), (3.61)



3.B. COEFFICIENTS OF THE AMPLITUDE EQUATIONS 77

0 ac M (8,1)]
Lf®=— (6T+2(V Vx) )f<1>(9 t+1) = v-Vx fPO,0+1) +m J;n |
(1 (1)
T [ap (9’—t)]|nc+zc<2>[f<1>,f<2>]<9,t>+c“)[f“),f“),f“)](e,t), (3.62)

etc. In these equations, we have omitted that the f(/) also depend on X and 7. C? [ f, g] and
C®[f, g, h] are quadratic and cubic functionals, respectively, resulting from the expansion of
Ce| fo+ef] in powers of €; cf. Eqgs. (3.20)-(3.21). The solution of Eq. (3.60) is Eq. (3.13) with
T = €’t. Eq. (3.61) has the solution (3.23). Inserting Egs. (3.13) and (3.24) into Eq. (3.62)
and using the solvability condition, we obtain the CGLE (3.29). Its uniform solution with
r = 0 is Eq. (3.30).

Appendix 3.B Coefficients of the amplitude equations

3.B.1 Hopf and period doubling bifurcations

The coefficients ¢ and u of the amplitude equation, Eq. (3.26), as obtained from the solvability
condition for Eq. (3.21), are:

1{1+e@CcW[e29], © Q
0= g 1 e_iQC(l) [ei29]2 =1 COtE 5 (363)
_2C<2) [eie’ eiehc(z) [ei26, e—ie]l ~ c® [eie,eie,e—ie]l ~ 7r4R3/M
i@ {22 C (1) [¢i20],} e 1 — e~22C () [¢i20],
m3R?
- R0 (3.64)
1 —e22C(D) [et28]2
Here CV [¢2], = Q, is given by Eq. (3.9), and
e, ), = 8r°Rie ™ Z ki [ ey
=7
~ R} / e 28 g(&)dé, (3.65)
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€O [0, 0], — 4 R2eM Z Kb [ et
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~ *g(&)d¢, (3.66)
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C(3)[el6’ 16’ —19]1 6 4R4 —MZ

9/2R4

o0 e g (8)dé, 3.67
"N o g(é)dé (3.67)

in the limit as M > 1 (cf. Section 5 of Ref. [26]). In this limit, |C(V[e?2?],] =
|/_7:r e 28 g (£)dé|/2 < 1/2, and therefore
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3.B.2 Pitchfork bifurcation

In this case, all the coefficients in the amplitude equations are real. The coefficients ¢ and u
are given by the real part of Eq. (3.63) with Q = 0 and by Eq. (3.64) with Q = 0, respectively.
Thus, both § and p are positive in the limit as M > 1. The other coefficients appearing in
Eqgs. (3.43)-(3.44) are

_1+CW e,
C8(1-CW[e2f]y)’

)
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0, (e
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2(1 - CW[ei20]y)’

1 .
Y1 = ZC(Z)[Lele]l -
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ST e, BT T, 3.70
72 1-C[ei20], 73 ) (3.70)
In the limit as M > 1, we can use Egs. (3.65)-(3.67) together with
1 i6 1 i6
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to calculate these coefficients. Recall that C(V[¢/?]; = 1 at 1. We obtain:

CONL,1,e%,-2(CP1, e'%]))? 1

472 6p(2)’
\/ﬂ'M( 2 nc)
Oy~- —cos — |,
2ne \NnM 2
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1
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2p2 4 pd
°R 2 0—] 'R Yo
y3~ =0 g0 L0 3.72)
2M 8 M

To find 7y in the limit as M > 1, we have used its definition, yal =1-CW[e2?],, and the
linear stability condition, Q| = 1 (for & = n):

1- 2 1- 1
psinn—cz—z psinn—C:£+

Ne 2 aMm Ne 2 2 M

which, inserted in Eq. (3.9) for C(V[¢729],, yields

-p+2

(3.73)
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Tracking collective cell motion
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4.1 Introduction

Confluent motion of epithelial cell monolayers [1, 2, 3,4,5,6,7,8, 10, 11, 12, 13, 14, 15, 16,
17,18, 19, 20, 21, 22, 23, 24] is crucial in many biological processes, such as morphogenesis
[3], tissue repair [6, 17, 18], development [4], and tumor invasion and metastasis [1, 2, 3, 24].
It serves as a relatively simple paradigm for collective motion of cells that retain their cell-cell
junctions as they move on a two dimensional (2D) substrate. Collective cell migration also
poses challenging questions in soft and active matter physics, as it may exhibit fluid, solid
or glass behavior with interesting flocking and jamming/unjamming transitions [12, 19, 25,
26, 27, 28, 29, 30, 31]. Interesting dynamics occurs as an epithelial cell aggregate advances
through an empty space, as in wound healing, or it collides and encroaches a different tissue,
as in cancer invasion. Moreover, advancing cellular fronts may display wave phenomena
[15, 32], grow fingers [16, 33, 34], or breakdown and interpenetration against an oppositely
moving front [20, 23].

In this Chapter, we explain the combination of particle dynamics [16] with the active vertex
model (AVM) [35] to provide a cellular dynamics perspective (i) on monolayers spreading
over an empty space [11, 16, 33, 34] and (ii) monolayers colliding in antagonistic migration
assays (AMA) [20, 23]. The resulting model describes the collective migration dynamics
of a large number of cells and implements exchanges of neighboring cells automatically (T1
transitions) [35]. It incorporates internal dissipation of cells through a friction parameter, a
Vicsek-like velocity alignment of neighboring cells [26, 37, 38], noise and and active forces
that may include cell polarity. Particles are not self-propelled and have the ability to start the
migration or stop in absence of noise.

83
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In AMA with Human Embryonic Kidney (HEC) cell assemblies, precancerous Ras
modified cells displace normal cells [23]. These latter experiments have been interpreted using
continuum mechanics in a simple biophysical model through phenomenological couplings
[34], without recourse to biochemical signaling mechanisms but without clear relations to
cellular processes. In this Chapter, we consider wild type (wt) HEC cells to be solid-like
whereas invading Ras cells are fluid-like and push the former backward. As time elapses,
there are cell exchanges and islands of one cell type form inside the tissue of the other cells,
which characterizes a flocking liquid state [28, 30, 36]. However, in AMA with Madin-Darby
Canine Kidney (MDCK) cells, the roles are inverted: Ras cells are solid-like and wt cells
are fluid-like. The precise form of the separating interface among monolayers of different
cell type depends on cell parameters governing segregation vs aggregation of these cells.
We characterize it by topological data analysis (TDA). A measure of cellular diversity in the
junction tensions produces islands of one type of cells inside the monolayer of the other cells,
which is reflected in TDA of simulations and experiments. Cell cohesion given by the AVM,
the cell alignment rule and the active noise force produce fingers in interfaces during assays
of cell invasions of empty spaces rendering unnecessary to assume a different phenotype for
lead cells [16].

Recent experiments have connected metastasis in colorectal cancer to wound healing and
tumor invasion of tissue using appropriate molecular markers [24]. Thus, our description
of spreading of cellular tissue and antagonistic migration assays using our modified active
vertex model might be relevant for metastatic cancer. In particular, we shall show the role
of cellular junction tensions in cell invasion, agglomeration and segregation. Understanding
precise biochemical mechanisms influencing cell-cell contact and confluent cellular tissue
may help develop therapies for metastatic cancers.

Chapter 4 is organized as follows. In Section 4.2 we are going to describe the models we
simulate and discuss the numerical values we use to reproduce in (i) an aggregate spreading
to an empty space and (ii) the collision of two different cellular monolayers in antagonistic
migration assays. The results of the numerical simulations are detailed in Section 4.3 and in
Section 4.4 we study the formation of islands in the AMA using TDA.

4.2 Model

Particles based-models have been useful to understand and capture specific aspects of
migrating cells [16]. However, to model and reproduce properly the migration of an epithelial
monolayer, it is more appropriate to use the Vertex Model. It started with the study of physics
of foams in the 1970’s and it has been used in a wide variety of dynamic systems.

In our numerical simulations, we use an active vertex model AVM [35] and simulate it
by adapting the SAMoS software [39]. The AVM combines the Vertex Model for confluent
epithelial tissues [25, 40] with active matter dynamics [35]. Let us describe first the Vertex
model, then the AVM and our modification of its dynamics.
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4.2.1 The Vertex Model

The Vertex model assumes that all cells in the epithelium
are roughly the same height and thus the entire system
can be well approximated as a two-dimensional convex
polygons with no holes and overlaps that cover the
surface. The conformation of the tissue in the Vertex
model is computed as a configuration that simultaneously
optimizes area and perimeter of all cells. In addition,
two neighboring cells share a single edge which is a
simplification of the reality. Three junction lines typically
meet at a vertex, although vertices with a higher number  Figure 4.1: Each cell in the Vertex
of contacts are also possible. The model tissue is therefore model is represented as a polygon

a mesh consisting of polygons (i.e., cells), edges (i.e., cell With n sides and it is going to be
defined by three parameters, the area

Aj;, the perimeter P; and the junction
connection between the vertices u

junctions), and vertices (i.e., meeting points of three or
more cells), see Fig. 4.1. Each configuration of the mesh

has the following associated energy and v.
N
Ki o2, Lipo
Evyym = él [—2 (Ai —A))" + > P+ (,,EV> Apy Ly 4.1)

Here N is the total number of cells, A; is the area of the cell i, A? is its reference area, and K;
is the area modulus, i.e., a constant with units of energy per area squared measuring how hard
it is to change the area of the cell. P; is the cell perimeter and I'; (with units of energy per
length squared) is the perimeter modulus that determines how hard it is to change perimeter
P;. I, is the length of the junction between vertices ¢ and v, and A, is the tension of that
junction (with units of energy per length). The sum in the last term is over all pairs of vertices
that share a junction. Note that the model allows for different cells to have different area
and perimeter moduli as well as reference areas, allowing for modeling of tissues containing
different cell types. The cell area and perimeter can be written in terms of vertex coordinates.
Thus, vertex positions together with their connectivities uniquely determine the energy of the
epithelial sheet. The main assumption of the Vertex model is that the tissue will always be in a
configuration which minimizes the total energy in Eq. (4.1). To implement the Vertex model,
we determine the positions of vertices that minimize Evy for a given set of parameters K;, I},
and A, . Cell rearrangements are modeled by introducing moves that change appropriately
the connectivity among cells.

While the moduli K; and I'; are positive, A,, < 0. When the cell i shares junctions only
with others of the same type, X, .y Apvlpy = Apy ZOJ»‘}Z lyy = Ay Pj, and this term can
be put together with the perimeter term, thereby yielding 5 (P; — P?)2 plus an unimportant
constant, provided P? = —A,y/I; > 0. Thus the junction tension A, determines the target
perimeter of a type of cell. Let us assume that there are two cell types, 1 and 2, with moduli
K;,Tj, j=1,2, Ai1, Aoy, Aqz, and target areas and perimeters A?, P?, Jj = 1,2, respectively.
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We can complete squares and drop additive constants, thereby obtaining

2 Nj
K; I;
Evwi=) > [7’ (A; = AD?+ 5 (Py = P)* |+ QA2 = A = Ag) ) e (42)
j=1ij=1 (u.v)

in which Ny + N, = N.

Clearly, Aj2 < (Aq; + Ay)/2 implies that energy is minimized when the number of
junctions between both types of cells increases. Cells of different types therefore tend to
mix. Conversely, when A1, > (A1 + App)/2 cells of different type segregate, as suppressing
junctions between cells of different type minimizes energy. There is also a competition
between the two first terms in Eq. (4.2) to minimize energy. Assume Ay = (A1 +A2;)/2 and
therefore the last term in Eq. (4.2) vanishes. The shape index p(]). = P? / \/A7? = |Aj;1/(T \/A7?)
controls the ratio of the type j cell perimeter to its area. For the Vertex model, the value
p? = 3.812 (which corresponds to pentagons) separates solidlike and fluidlike behavior of
the tissue [27]. For p® < p?, cortical tension is prevalent over cell-cell adhesion, cells do
not exchange neighbors and the monolayer is solidlike. For p® > p?, cell-cell adhesion
dominates, neighbor exchanges occur, and the cellular tissue behaves like a fluid [27].

4.2.2 Active Vertex Model

To introduce dynamics in the Vertex model, we have
to go from polygon vertices r, to polygon centers that

@) Monolayer
represent cells, r;, considering these centers as particles

and introducing dynamics for them [35]. The core
assumption of the AVM is that the tissue configurations
that optimize the energy in Eq. (4.1) correspond to the
Voronoi tessellations of the plane with polygons as cells
and cell centers acting as Voronoi seeds. Given a Voronoi ~ ® °

3 Ty

tessellation, we consider its dual Delaunay triangulation, ™1
comprising Voronoi seeds and the edges joining them —
(triangles), which have the property that no seed is inside Vertex Model DelaL:nay Triangulation

the circumcircle of any triangle; see Fig. 4.2. From a
Voronoi tesselation it is straightforward to obtain the dual
Delaunay triangulation and vice versa. However, working
with Delaunay triangulations has an advantage: they
retain their nature when triangle vertices move by flipping
edges conveniently [35], whereas Voronoi tessellations do
not. The latter have to be reset after motion of polygon
vertices.

In the AVM, the area A; in Eq. (4.1) of the cell i is the

Figure 4.2: Voronoi tessellation
and Delaunay triangulation.  (a)
Zoom of a monolayer showing
the vertices of polygons (ry) in
the Voronoi tessellation and the
centers (r;) of polygons that are
vertices of Delaunay triangles. (b)
Voronoi tessellation and Delaunay
triangulation.

area of the associated Voronoi polygon, €;, given by the following discrete version of Green’s
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formula:

1 2 Z (r,u X r,u+1) Nt» (43)
HEQ;

where r, is the position of vertex u, and N; is a unit vector perpendicular to the surface of the
polygon. For the 2D tissue N; is directed along the z axis and therefore does not depend on
the position of the vertices. The sum in Eq. (4.3) is over all vertices of the Voronoi cell and
we close the loop with u +1 = 1 when u equals the total number of vertices in the cell, Ng, .
The cell perimeter is

1

Pi=> DI = el “.4)
HEQ;

The relation between the vertices r,, of the Voronoi polygons (i.e., cells) and the vertices r;

of the Delaunay triangles (seeds of the Voronoi polygons, i.e., cell centers) is

Air; +/121‘j + A1

= 4.5
Tu AL+ A +/13 ( )

Here r;, r; and ry are position vectors of the corners of the triangle and 4;, i = 1,2,3,
are the barycentric coordinates; cf. Fig. 4.2, and Ref. [35] for details. The forces F; =
=V [Evm + Voot (Ir; — 1j|)] are [35]

N Kk or
F; 2_27 (Ak_A(]i) Z [rv+l v-1 XNk] (91’V]
k=1 veQy t
N T or
- Z 1—‘kpk Z (fv,v—l - lA~v+1,v) (91"::|
k=1 veQy
N . T |or
- Z Z v=1,vly,y-1— Av,v+1rv+l,v] [al‘v]
=1 veQy t
+k Z (2a - |r; - rj|) ™ rJI ®(2a - |ri - 1j]). (4.6)
(i) J

or;
of the dual Voronoi tessellation, and the non-commutative row-matrix product [-]7 [] is a
3 x 1 column vector. ®(x) =1 if x > 0, else O(x) = 0, is the Heaviside unit step function.
We have included a range repulsive force of short range a that avoids self intersections of
the triangulation for very obtuse triangles [35]. In the AVM, the usual dynamics for the cell
centers is a gradient flow of the energy in Eq. (4.1), that is overdamped dynamics with forces

Here [@] is the 3x3 Jacobian matrix connecting coordinates of cell centres with coordinates
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F; given by Eq. (4.6), plus active forces f,n;, and stochastic forces v; [35]
’)/I"l' :fani+Fi+1/,~, ’yréi =T 'Ni+V{(I), (47)

where ¥; = dr;/dt, 7; is the torque acting on the polarity n; = (cos 6;, sin 6;), N; is the local
normal to the cell surface (the unit length vector in the z-direction), vy, is the orientational
friction, and v/ (z) is a zero mean Gaussian white noise responsible for orientational
randomness, such that (vl.’(t)v;(t’)) = 2D,6;;6(t —t'). Terms aligning cell velocity or
shape to polarity or terms aligning the polarity of different cells can be included in the energy
of Eq. (4.1) [35]. A particularly simple dynamics follows from f, = vo (constant active
force), v; = 7; = 0 [27]. The AVM describes naturally cell motion and accounts for patterns
of the confluent tissue observed on multiple scales, from cell sizes to much larger distances.
Furthermore, cell contacts are generated dynamically from the positions of cell centers.

4.2.3 Dynamics including velocity alignment and inertia.

In this work, we shall modify the AVM dynamics. Instead
of Eq. (4.7), we shall use the particle dynamics of Ref. [16]
but with different forces between particles. As discussed
in Ref.[41] , trajectories of motile cells can be explained
by assuming that their acceleration is a certain functional
of velocity. Despite the mass of the cell being so small
that inertia is negligible compared with typical forces
exerted on the cell, the formula for acceleration resembles
Newton’s second law [41]. In this formula, a linear
damping term represents dissipative processes coming from
friction with substrate, with other cells, or rupture of
adhesion bonds. Active memory terms, which are linear
in the velocity, may propel single cells and account for

Figure 4.3: Cells represented
in (a) and particles in (b) colored
in red are considered neighbors
as actively motile particles and replace the memory terms  of cell/particle in black. Three

by Vicsek-like alignment “forces” [37], and inter-particle forces act on the cell/particle, the
and random “forces” [16]. Thus, the acceleration in these Stochastic, the alignment force afld
models is a consequence of the collective motion of cells and the forc? generated by a potential
he i . ith th . ditd foll defined in [16] for particles or the
the interaction with the environment and it does not follow . e e o

from Newton’s second law with a mass given by that of a

single cell. However, we will continue denoting by forces

the observed non-monotonic velocity autocorrelation [41].
When considering cellular tissue, Sepulveda et al model cells

(per unit mass) the terms comprising the acceleration [16]. In contrast to Eq. (4.7) cells in
Ref. [16] are not self-propelled, so that they can stop their motion and start moving again if
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there are missing cells in their neighborhood and the active force is zero,

+@; +oon; (1), Ti=-m;+&(1). (4.8)

. ) B
=v, Vi=-av;+ (Z}[n—i(vj' = v;) +fi;
Jsl

Here, the sum is over the nearest neighbors of the vertex i of the Delaunay triangulation, n;
is the number of these neighbors, the friction coefficient @ comes from internal cell friction
or adhesion to the substrate or other cells. The term containing the coefficient g tries to
synchronize the velocity of the nearest neighbor cells that of the ith cell and it is similar to the
Vicsek model [26, 37, 38, 42]. f;; is the force per unit mass exerted by cell j on cell i (that
has mass m;). In our simulations we use 2(11:’) fi; = F;/m;, where F; is given by Eq. (4.6),
and not by an interparticle potential as in Ref. [16] m; is a reference mass, for example
m; = yy2/D,. The active forces are @; + oon;(¢). In Ref. [16], ¢; = 0 and ,(t) is a zero
mean Ornstein-Uhlenbeck noise, representing a stochastic force with nonzero correlation time
7. &; (1) is a zero-mean delta-correlated Gaussian white noise. For spreading tests, we have
used the numerical values of the parameters indicated in Table 4.1. In our combination of the
AVM with particle dynamics, our particles are at the vertices of the Delaunay triangulation
(cell centers) and they are no longer point particles as in Ref. [16]. For point particles, the
cohesive structure provided by the Delaunay triangulation is absent and has to be achieved by
convenient forces f;;, which are repulsive at short distances, attractive at long distances and
derive from a convenient potential [16].

a B 1 09 K T A
h‘lh‘lh]ﬁg—/";---

0534 4136 056 95 1 0.1 -1

Table 4.1: Parameters for our model corresponding to the experiments with MDCK cells in Ref. [16].

4.2.4 Boundaries and Initial conditions.

To handle the limits of the sheet layer, cells at the boundary between a cellular monolayer and
the empty space, or between tissues, are special, see Fig. 4.4 to illustrate. They may form
actin cables, thereby having a line tension and a bending stiffness [35].

1
Ey=3 Z Aij (i = 1p)? (@.9)
(i)

1 ?ji ki

Epena == » (0 —m)?,  cos(8;) = —— (4.10)
en ZZ[.: o O F il
Here the modulus A;; is the line tension of the edge connecting vertices i and j, I;; = |r;;|(ri; =
ri —rj) is the edge length (of preferred magnitude 10), ¢; is the bending stiffness of angle 6;

at the boundary particle 7, and r; and ry are the positions of boundary particles to the left and
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to the right of particle i. The line tension energy of Eq. (4.9) tries to keep boundary edges at
a length 10 whereas the bending energy of Eq. (4.10) tries to keep the boundary line flat. The
sums in these formulas are over boundary particles only and we assume that each boundary

cell has exactly two boundary neighbors [35].

A random configuration of the particles comprising a
confluent cell monolayer is usually different from those
configurations observed in experiments. Thus, we have
to carry out an initialization stage until the particle
configuration is compatible with their observed velocity
distributions. For spread tests, we proceed as follows.
We set a square box of size 1 mm? area, see Fig. 4.6,
N =~ 4000 particles (comparable to the number of cells in
the experiments), the packing ratio and the particle mean
velocity. Then, we numerically solve Egs. (4.1) and (4.8)
with forces ¢; = 0 and X(; ; fi; = Fi/m;, F; given by
Eq. (4.6), until the velocity probability density functions
(PDFs) of the experiments are fitted. The parameters
adjusted to the experimental data at early time (30 min after

@ ®)
© @ '
o 0

Figure 4.4: (a) and (b) are allowed
boundaries in te AVM, however it
is not possible to have a hole inside
a bulk (c) or split the bulk into to
different domains (c).

stencil removal) are listed in Table 4.1. We stop the initialization stage when the distribution of
mean distances between particles is close to the initial distribution as observed in experiments
and displayed in Fig. 4.5. From this simulation, we obtain the particle positions r; and initial
random directions for the particle velocities. As we can see in Fig. 4.6, the velocity field
obtained from the simulations, Fig. 4.6(b), is very similar to that measured by PIV analysis

[16], Fig. 4.5(a).

@ o ®) o, ‘
N
7 0.06F = 0.06F
&= =
0.02 0.02
-15-10 -5 0 5 1015 -15-10 =5 0 5 1015
Vx(um/h) Vy(um/h)
(c) (d)
0.081 I
0.1
0.06
E =
& 0.067, & 0.04F
0.02F
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0 5 10 15 20 0 10 20 30 40 50
v(um/h) d(um)

Figure 4.5: Probability distribution function (PDF) for particle velocities: (a) vy, (b) v y, © v =1]v[;
and (d) mean distance d between neighboring particles; after the initialization procedure (red triangles)
as compared to the experimentally observed PDF (black line) [16]. Parameter values are those in Table

4.1.
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For AMA, we choose a random configuration having the same number of wt and Ras cells
separated by a vertical straight line and we set a known velocity distribution from experiments
[23]. This represents the situation of the two monolayers when they first make contact. See
details in the next Section.

(b)

Imm \ {{

Figure 4.6: Velocity field obtained from (a) experiments [16], (b) simulations after the initialization
procedure. Parameter values are those in Table 4.1.

4.3 Results of numerical simulations

In this Chapter, we present the results obtained from the simulations of two different tissue
configurations, (a) a cellular monolayer spreads over an empty space, and (b) two monolayers
comprising wild type and modified cells collide. In each case, the simulations are compared
to relevant experimental observations.

4.3.1 Collective movements in a migrating epithelium

Inspired by wound healing phenomena and experiments on tissue scratching (explained
briefly in Subsection 1.2.1) and in order to clarify the mechanisms involved in a free edge
of an epithelium, we study the movement of an epithelium which encroaches on a virgin
substrate with the experimental protocol consisting of micro-fabricated stencils whose removal
increases the motility of the epithelium. This technique has several advantages, dimensions
are well controlled, the geometry is almost perfect and cells do not suffer an injury. During the
motion of an epithelial strip after removing the stencil, we can distinct three different phases,

First phase of motion. Minutes after the stencil removal, the first rows of the cells located
at the edge of the monolayer start their motion. Their direction of motion is perpendicular to
the edge of the band and their speed is around 25umh™".

Second phase of motion. After two hours, the PIV recorded from the experiments reveals
the complex movements that can appear inside the bulk of the tissue, cf. Fig. 4.7. Cells do not
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move independently, their velocities are correlated and the presence of cellular flows shows
the existence of motion inside the monolayer [11]. The average speed over a whole band of
cells is equal to 8umh™" + lumh~'. However, there are some areas where their speed can
reach bigger values. These areas are not only found at the edges of the monolayer but also in
the middle of the bulk.

Experiment Simulation
X

~
©
N

Phase
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25 um/h

~
o
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(©
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—
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|
|

Figure 4.7: Cell velocity field after 2 h of stencil removal in an invasion configuration. Left panels
are obtained from experimental data adapted from Ref. [10], and right panels from simulations of the
model with the parameters of Fig. 4.8 and Table 4.1. (a) Phase contrast visualizing cells, (b) profile of
cell speed (modulus of velocity), (c) velocity field.

Third phase of motion. The fronts of advancing cells in Figs. 4.7 and 4.8 clearly show
the formation of fingers. The AVM keeps cells together while the term proportional to 8 in
Eq. 4.8 induces a common average direction in their motion. This effect becomes stronger the
larger S is, which promotes and enforces finger formation. Thus, unlike the particle model
of Ref. [16], we do not need a longer range attractive potential interaction between cells. A
comparison of our simulation results in Figs. 4.7 and 4.12 to the experiments reported in
Refs. [10, 43] shows that the appearance and size of the cell velocity field are reproduced
qualitatively. We find these areas without having to postulate the existence of special leader
cells.

Our numerical simulations of spreading configurations show that cells inside a finger
move faster than those at other portions of the interface. We have observed that the average
velocity of finger cells may oscillate irregularly about some average value with a short period
of about one hour. Fig. 4.9 shows the average velocity of 9 finger cells during a 7 hour time
interval. The velocity of a single cell in the finger oscillates somewhat more irregularly in
a similar fashion. For much longer time intervals, the average velocity may experience an
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(b)

r
Figure 4.8: Initial configuration and configuration after 20 h of stencil removal showing the formation

of fingers according to the numerical simulation of the model. (a) Full view, (b) zoom. Initial box size
is 1.6 mm2, PO = 10, A0 = 7, and shape index pO = 5.65. Parameter values are those in Table 4.1.

overall upward trend. The average velocity of boundary cells in flat regions also oscillates
with time but it does not show a definite behavior overlong time intervals: it may even display
a downward trend. In experiments, the velocity of cells leading inter-facial fingers has also
been observed to oscillate rapidly and irregularly with periods of about one hour or less,
which is similar to the findings based on numerical simulations of our model; see Fig. 101A
of Ref. [43]. Some models based on continuum mechanics predict longer periods of tens of
hours [43].

Figure 4.9: Average velocity of the marked cells during finger expansion. The velocity of each cell
oscillates in a similar but somewhat more irregular manner (not shown).

In our simulations, we consider a narrow strip configuration as that in Fig. 4.8(a), which
is similar to those in Ref. [43]. We adapt the SAMoS code [39] to simulate the AVM with
dynamics given by Egs. (4.8) and (4.6), in which ¢; = 0. Parameter values are those in Table
4.1. Cells migrate on the surface maintaining their junctions with their neighbors, which is
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enforced by the term proportional to 8 in Eq. (4.8). During healing, noisy forcing in Eq. (4.8)
makes some cells to move faster that the others while keeping their contacts. This is the origin
of the fingers or instabilities of the interface with the cell free space, which are illustrated by
Fig. 4.8(b). In addition, cells on the interface, or close to it, may grow beyond the target area
A% in Eq. 4.1. As they do so, each cell has a probability to divide into two daughter cells,
which equals r4(A — A®)dt. Here dt is the time step and ry is the division rate. We have
normalized the target area to A? = 7, and we check whether every 10 time steps if A > A,.
With these parameters, there is some cell division near the interface of the confluent layer
and the empty space. Fig. 4.10 and Fig. 4.11 show the cell division in the simulations and
in an experiment respectively. Depending on the cell type, the general shape of the velocity

Figure 4.10: Evolution of a finger and adjacent cells for times 7 = 0,7 = 2.8h,¢ = 5.6 and ¢ = 8/. Red
dots indicate the initial cells and green dots indicate those cells resulting from division.

t=6.5h

=13h

L5

Figure 4.11: Evolution of adjacent cells for times reported in [43]. Red dots indicate the initial cells
and green dots indicate those cells resulting from division. For MDCK cells, the same neighbors and
structure remains unbroken along the time.

fields, proliferation or coordinated movements change. In particular, we have focused on the
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evolution and behavior of MDCK cells presented in Fig. 4.11. For the MDCK epithelium, the
movements are more coordinated and extend over characteristic lengths than for the (Normal
Rat Kidney) NRK. Indeed, MDCK share their neighbors along the time unlike the other type
of cells. This characteristic has been also reproduced in our simulations, see Fig. 4.10.

Having calculated numerically the velocity field, we can quantify the orientational motion
inside the epithelium. Take for example, the configuration after 35 h of stencil removal is
shown in Fig. 4.12. In addition to the velocity field and the speed (modulus of the velocity
vector) map, we have depicted a density map of the polar order parameter Sy,

1 ¥ vy (i)
Spol = N Z cosd;, cosd; = x 4.11)

i=1 ,/vx(i)2+vy(i)2.

Here ¥ is the angle that the velocity vector of the ith cell forms with the outer normal to the
strip (the x axis in Fig. 4.8). Fig. 4.12(b) depicts the density plot of the cellular polar order
parameter, cos ©J;, after 35 h of stencil removal (similar to experimental data reported in Fig.
92 of Ref. [43]). Fig. 4.13 shows that an ensemble average of the polar order parameter (over 5
realizations, smooth line) increases with time and follows the same trend as the measurements
reported in Ref. [10] (jagged line). At early times, Sy01 in Fig. 4.13 does not exhibit a particular
trend. The angles are distributed homogeneously and are not located in specific areas. After
a while, the cells start orient themselves perpendicular to the strip, specially at the edges of
the tissue, as shown in Fig. 4.12. This effect occurs in strips of width larger than 300 ym.
On shorter strips, their two sides are no longer independent and the appearance of a finger
changes the motion of the whole strip.
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Figure 4.12: (a) Numerically simulated cell velocity field, (b) local polar order parameter cos ;, and
(c) speed (]v|) map after 35 h of stencil removal in an invasion configuration for a 400 um wide strip.
Parameter values as in Fig. 4.7.

The velocity field in Fig. 4.12(a) (from simulations) and Fig. 4.14(c) (from an experiment)
exhibit swirl patterns [11]. To characterize them, we have depicted in Fig. 4.14(a) the
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Figure 4.13: Evolution of the polar order parameter Sy (¢) corresponding to Fig. 4.7. Here ¢ = 0
corresponds to 1.5 h after stencil removal [10]. An average over 5 simulations exhibits the same trend
as measurements reported in Ref. [10].

correlation function for the x-component of the velocity field:

O, ) vi (K 41, 1))

VL, )2 (Vi +1,1)2),,

Here the averages are spatial averages over r’ and also ensemble averages over simulations
with different initial conditions. Fig. 4.14(b) depicts the correlation length defined by the first
zero of the correlation function and the swirl size defined by its first local minimum. Empty
and blue squares correspond to values given by different simulations. The best fits to straight

I(|r],t) = s v t) = ve(r, ) = (vi(r, 1))y (4.12)
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Figure 4.14: (a) Spatial correlation function I(r, r) corresponding to Fig. 4.12(a) for different times.
(b) Correlation length given by the first zero of I(r) (empty squares) and swirl size given by the first
local minimum of 7(r) (blue squares). Dashed line from swirl sizes in Ref. [11]. (c) Image from [6].

lines are also shown and compared to a similar line for Angelini et al’s experimental data
[11]. Clearly correlation length and swirl size increase with time, indicating that cells feel
each other on increasingly larger regions as time elapses. This has been observed in other
experiments and simulations [10, 23]. The correlation lengths given by our simulations agree
quite well with values reported in the literature for similar observation times [10, 11, 23].
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A comparison of our simulation results in Figs. 4.7 and 4.8 to the experiments reported
in Refs. [10, 43] shows that the appearance and size of the cell velocity field are reproduced
qualitatively. Our simulations show that the area and velocity of cells both increase as their
distance to the boundary of the cellular tissue decreases. Fig. 4.15 shows that cells near the
interface in a spreading configuration have larger areas than cells far from the interface. This
is particularly noticeable in the fingers, the cells in them are faster and have a larger area than
the cells elsewhere. The cells far from the tissue border are compressed and have smaller
area than boundary ones. This prediction of the under-damped AVM with dynamics as in
Eq. (4.8) has been observed in experiments; see Fig. 4 from Ref. [44]. In experiments, they
investigate the correlation between the area of the cells and their position in the epithelium.
They conclude that the area of finger cells reaches larger values than in the simulations, which
is related to the fact that we use a fixed target. As we have discussed, the Vertex model tries
to maintain the whole sheet with cells with an area not far from the reference area, for that
reason, in our simulations, there is not so much difference between the area of the cells as we
can observe in the experiments.

0 1300
| .

(2)

)

Figure 4.15: Areas of cells during a simulation of a spreading configuration: (a) Area of cells
near the interface, (b) area of cells far from the interface. Our simulations exhibits the same trend as
measurements reported in Ref. [44]. White bar=100um.

4.3.2 Results for the collision configuration

Recently, Moitrier et al. have reported confrontation assays between antagonistically
migrating cell sheets [23] whose procedure has been explained in Subsection. 1.2.2. In
their experiment, the two confluent cellular monolayers (wild type and modified Ras HEK
cells) advance toward an intermediate empty space, collide and the Ras monolayer displaces
the wt one. The experiment shows that the velocities of the cells decay exponentially fast
the farther they are from the advancing fronts [23]. If x = L(¢) is the position of the
monolayer front, the velocity of the cells at position x < L is V¥'exp[(x — L)/A""] for the
wt and —VR® exp[—(x — L)/AR®] for the Ras cells at x > L. After the collision, these
velocity functions remain the same but now V¥ and VR acquire a common and lower value
—yinterface - Moitrier et al interpret their experiments by comparing with simple solutions of
a 1D continuum model [23]. In our simulations, we use the SAMoS code to simulate the
AVM cellular model with dynamics given by Eq. (4.8). The invading Ras cells (magenta)
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move to the left whereas the wt cells (green) are pushed backward because they experience
aversion to mixing with Ras cells. We model this situation by adding a negative active force
@R® = aR® exp[—[x — L(0)]/AR*] to Ras cells in Eq. (4.8) for x > L(0) (not included in
Ref. [16]), whereas wt and Ras cells do not experience an active force if x < L(0). We use
ARS = 410 um, a®* = 9 yum/h?, L(0) = 0. The active force R keeps Ras cells moving
to the left and pushing wt ones. Therefore we no longer need the synchronization force
proportional to 3 to keep cells moving in the same direction. Fig. 4.17 shows finger formation
for the active force @R® and for 8 = 13.85 h™!, which is smaller than the value in Table 4.1.
Other parameters are as indicated in Table 4.2.

a B T 09 K; T; Figure#
h! h I h y}_r/t; _ - -
0.0602 13.85 1.66 5588 1 1 8

042 0602 166 1397 1 1 9,10

Table 4.2: Two sets of parameters corresponding to the experiments with HEK cells in Ref. [23].

(a) (b)

Weak cell junction

Strong cell junction
Fluid-like behavior

Figure 4.16: Sketch of the antagonistic migration assay. (a) and (b) initial configuration and invasion
from purple population respectively. (c) green cells maintain a strong cell junction between their
neighbors. In (d) purple cells have a fluid-like behavior and the cell junctions are weak. Modified figure
from [9].

Our underdamped AVM uses more features of wt and Ras cells obtained from the
experiments than kept by continuum models. The latter lose features at distances close
to the cell size. Continuum models fit friction, viscosity and strength of active forces for the
two cell populations to explain how Ras cells invade the wt monolayer [23].

The AVM allows us to study tissues that behave differently. In our simulations, 5000 cells
are split into two populations with different properties specified by the junction tensions A;;,
j = 1,2, which affect each pair of cell-cell contacts. The simulations producing Figs. 4.17,
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4.18 and 4.19 have open boundaries because we have focused on the interface between
populations. We have fixed K =T" =1 and —6.8 = Ay < Ay = —6.2, which produce shape
parameters p° of 3.50 (green cells) and 3.84 (magenta cells), below and above the transition
value pg = 3.812, respectively. Thus, Ras magenta cells are fluid-like (supercritical shape
index) and their density is smaller than that of the solid-like wt cells. This is consistent with
the observation that wt cells have larger mean traction force amplitudes than Ras cells [23],
see sketch in Fig. 4.16. Our aim is to analyze the effect of Aj» on the AMA. Both monolayers
occupy the right and left portions of a 4.4 mm wide, 3.1 mm tall box. In Figs. 4.17-4.19,
we show a 1 mm X2.5 mm region. In our simulations, we start from a configuration with

Figure 4.17: Simulation of the antagonistic migration assay. Junction tensions are Aj; = —6.2,
Ajpr = —6.8, which yield shape indices 3.50 (green cells) and 3.84 (magenta cells), respectively. Other
parameters are listed in the first row of Table 4.2, and A1, = =7.0 < %(/\11 + App) correspond to weak
population mixing. Snapshots are taken at times 2 h, 6.5 h, 13 h, 20 h.

Figure 4.18: Simulation of the antagonistic migration assay. First and second snapshots: Ay =
=75 < %(A“ + Ay») (population mixing); third and fourth snapshots: Ajp = —6.0 > %(A“ + Ap)
(population segregation). Other parameters are listed in the second row of Table 4.2 whereas times are
as in Fig. 4.17.

the cell populations separated by a straight vertical interface at L(0) = 0. The active force ¢
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Figure 4.19: Simulation of the antagonistic migration assay. Parameters and times are as in Fig. 4.18,
except that one fifth of the overall population (randomly placed green and magenta cells) have A, = =7.5
(population mixing) and the other four fifths have Ajp = —6.0 (population segregation). The marked
region has similar size to that reported in experiments [23].

pushes Ras cells with x > L(0) to the left, whereas ¢ = 0 for any cell to the left of x = L(0).
The junction tension Aj, in Fig. 4.17 (Aj2 = =7.0) and in the two left panels of Fig. 4.18
(A2 = =7.5) favors population mixing. Ras (magenta) cells push wt (green) cells backwards
at a velocity close to the observed V"efa 'meanwhile creating a rugged interface between
cell populations. As time elapses, fingers and some isolated islands (lagging wt in the Ras
assembly and advancing Ras islands in the receding wt assembly) appear. These effects are
more pronounced the smaller Aj; is, as shown by comparison of Figs. 4.17 and 4.18. It is
possible to create some realistic mixing of the populations by changing the junction tension
A1 with time. The first two snapshots in Fig. 4.18 have Aj; = =7.5 < %(All + Apy), which
favors population mixing. Then the interface between cell populations becomes very rugged
and there appear islands of one cell type inside a layer of the other type. The third and
fourth snapshots in Fig. 4.18 have been obtained with Aj; = —6.0 > %(A“ + Ayy) that favors
population segregation. The interface becomes smoother and the islands shrink and tend to
disappear.

We have also focused on the effects of cellular alignment. There are two terms in Eq. (4.8)
that try to synchronize cell velocities: the term proportional to 8 and the active force ¢, which
pushes the Ras cells to the left. Although the values of 3 used to draw Figs. 4.17-4.19 are
smaller than that in Table 4.1, different S still make a difference in the behavior during tissue
collision, specially in the Ras population. Fig. 4.17 exhibits global polar migration because
its B value is larger than that in Figs. 4.18 and 4.19, but types of cells are not mixed despite
having a favorable value I'j = —7.0. The smaller value of § in Figs. 4.18 and 4.19 creates a
weaker polar alignment than that in Fig. 4.17. The different patterns observed in these figures
illustrate that cell alignment affects importantly the shape and configuration of the interface.

While the rightmost panel of Fig. 4.18 is similar to some of the experimental data [23],
we can obtain a similar formation of islands and fingers by assuming that A, is randomly
distributed among cells. In particular, we assume that one fifth of magenta and green cells have
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A1y = =7.5, which favors mixing of populations, while the remaining ones have Aj; = —6.0
and favor population segregation. The result is depicted in Fig. 4.19, which exhibits behavior
similar to experimental observations [23]. The topological data analyses of the next Section
characterize the geometry of the interface between cell types in antagonistic migration assays.

4.4 Formation of islands and Topological Data Analysis

Experiments and numerical simulations of cell monolayers produce time series of images that
make it possible to identify the structure of interfaces and to compare their time evolution. It
is quite cumbersome to process manually these time series. Here we use Topological Data
Analysis (TDA) as a computational tool to process automatically time series of images. We
next illustrate how to use TDA for this purpose and how to interpret the obtained results. We
focus on specific parts of selected snapshots of images from experiments and then on time
series of images from numerical simulations. While we have few images of interfaces from
experiments, we can generate arbitrarily many from numerical simulations. Having many
images, the automatic TDA tool enables us to describe in detail the topological changes of the
interfaces and to implement hierarchical clustering strategies, thereby classifying the evolving
interface structures. Fig. 4.20 shows the interfaces between two colliding confluent cellular
monolayers in an AMA [23]. In this experiment, magenta Ras cells make green wild type
cells move back, cf. third and fourth snapshots in the cover of Soft Matter, vol. 15 [23].
The interface between the two cell populations is rather rough, it exhibits fingers, and there
are islands or pockets of green cells left behind by the advance of the magenta front. To
quantify these phenomena in an automatic way, we proceed as follows. Using Matlab, we
transform the images in matrices of ones (green) and zeros (magenta). Then we extract the
positions of green/magenta interfaces, represented by the point clouds shown in Fig. 4.20, and
process them using TDA. We pursue a similar strategy for images extracted from numerical
simulations of our underdamped AVM, which yields a more complete picture of the evolution
of interfaces

(a) (b)
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Figure 4.20: Structure of the interface between colliding layers corresponding to two snapshot sof
the collision of two confluent cellular monolayers in Moitrier et al’s experiment [23]. These profiles
correspond to (a) the third and (b) the fourth panels (counting from the left) in the cover of Soft Matter

corresponding to Ref. [23]
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4.4.1 Persistent homology

A finite set of data points may be considered a sampling from the underlying topological space.
Homology distinguishes topological spaces (e.g., annulus, sphere, torus, or more complicated
surface or manifold) by quantifying their connected components, topological circles, trapped
volumes, and so forth. Persistent homology characterizes the topological features of clouds
of point data or particles at different spatial resolutions [48]. Highly persistent features span
a wide range of spatial scales. Persistent features are more likely to represent true features
of the data/pattern under study than to constitute artifacts of sampling, noise, or parameter
choice [47]. To find the persistent homology of a cloud of point data/set of particles, we
must first view them as a simplicial complex C. Roughly speaking, a simplicial complex is
defined by a set of vertices (points or particles) and collections of k-simplices. The latter
are the convex hulls of subsets with k + 1 vertices, comprising also faces; see the Appendix
for precise definitions. Defining a distance function on the underlying space (the euclidean
distance, for instance), we can generate a filtration of the simplicial complex, which is a nested
sequence of increasingly bigger subsets. More precisely, a filtration of a simplicial complex
C is a family of sub-complexes {C(r)|r € R} of C such that C(r) c C(r’) whenever r < r’.
The filtration value of a simplex S € C is the smallest r such that S € C(r). The motivation
for studying the homology of simplicial complexes is the observation that two shapes can be
distinguished by comparing their holes. For k € N, the Betti number b counts the number
of k-dimensional holes. A k-dimensional Betti interval [r;, rq) represents a k-dimensional
hole that is created at the filtration value ry, exists for 7, < r < r4 and disappears at value r4.
We are interested in Betti intervals that persist for a large filtration range, they describe how
the homology of C(r) changes with r. How do we construct a filtration? The Vietoris-Rips
filtration VR (X, r) [47, 48], which we will use here, is constructed as follows,

1. The set of vertices X is the cloud of points under study.

2. Given vertices x; and x,, the edge [x,x;] is included in VR(X,r) if the distance
d(x1,x) <r.

3. If all the edges of a higher dimensional simplex are included in VR(X, r), the simplex
belongs to VR(X, r).

A default choice for the distance d to study homology of 2D particle configurations is the
Euclidean metric. Fig. 4.21 displays two simplexes of a Vietoris-Rips filtration for the point
cloud in Fig. 4.20. Notice the appearance and disappearance of holes and isolated components
as the threshold distance r to connect points increases. This filtration is governed by three
parameters,

1. The maximum dimension d,,4yx. This is the maximum dimension of the simplices
to be constructed. The persistent homology (characterized by its Betti numbers) can
be computed up to dimension d,,,,x — 1. In this case d,;,x = 2, we consider points
(0-simplices), edges (1-simplices), and triangles (2-simplices).
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2. The maximum filtration value r,,,, and the number of divisions N.  These

values define the filtered simplicial complexes to be constructed, for r €

7 2r, (N=-2)r,
{0, Fpax, a1 T )

Notice that for a set of P points, the full simplicial complex will have about 2” — 1 simplices in
it. Therefore, d,;,qx and 7,4 are usually slowly increased to get information without reaching
computational limits. The computation is not too sensitive to the specific value of N. When
Imax 18 greater than the diameter of the point cloud, all possible edges form and join all the
points in one simplex. In the next two Sections, we apply TDA to experimental and numerical

& ®

ral ¢

Figure 4.21: Visualization of the complexes VR(X, r) for the point cloud depicted in Fig. 4.20 when
(a) r = 6 and (b) r = 10. For large enough r all the components merge in a single one. Holes appear
and disappear as new connections are created, reflecting the overall point cloud arrangement.

images.

4.4.2 TDA for experiments

Let us consider the snapshots depicted in Fig. 4.20 and Fig. 4.21 processes the earlier snapshot
depicted in Fig. 4.20(a), in which the green and magenta monolayers have made contact and
started interpenetrating each other. Ras cells (magenta) are pushing back wt cells (green)
towards the left. As they do so, there are islands of wt cells inside the Ras monolayer. How
does TDA capture these features? After constructing the Vietoris-Rips filtration, there are
two commonly employed graphical representations that visualize the persistent homology
of a point cloud: barcodes and persistence diagrams [45]. Barcodes of a homology Hj
depict Betti intervals [rp,ry) for k-holes (k > 0) or connected components (k = 0) as
the filtration parameter » varies. The homology class Hy comprises the points forming the
green/magenta interfaces. As the size filtration parameter r increases from zero, there appear
edges joining these points, thereby forming clusters as illustrated by Fig. 4.21 for specific
values of r and indicated by the barcodes in Fig. 4.22(a) for the selected range of r. The
class H; further distinguishes compact components of the interface that are detached from
the main part of the interface and form topological cycles, cf. the corresponding barcode in
Fig. 4.22(a). These components are islands of one cell type (phase) inside the bulk of the
other phase. Persistence diagrams represent the Betti intervals by points in a birth-death
plane. The x axis represents the filtration value r at which components/holes are created. The
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Figure 4.22: Barcodes (left) and persistence diagrams (right) for the homologies H (circles)
and H; (asterisks) of the interfaces separating cell types in images from experiments and numerical
simulations. We use Vietoris-Rips filtrations with parameters N and ;4 x. (2)-(b) TDA from Fig. 4.20(a)
(experiments) with N = 45, rpax = 45; (c)-(d) TDA from Fig. 4.20(b) (experiments) with N = 45,
rmax = 45;Points in the persistence diagrams mark the beginning (birth) and end (death) of a bar
(homology class) in the barcode. Triangles represent a component with infinite persistence. The green
line is the diagonal.
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Figure 4.23: a)-(b) Betti numbers versus filtration parameter diagrams for Fig. 4.20(a) (blue asterisks)
and 14(b) (magenta circles, later time in the AMA experiment) show that the number of clusters and
holes in the interface between aggregates increases with time. As a result of island formation and
motion, which increases with time, Panel (a) shows that the number of components decreases more
slowly with r for the later time. The additional peaks in Panel (b) near r = 40 correspond to islands that
have already penetrated further inside the other cell population in the experiment.
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y axis represents the filtration value r at which they disappear. Those points less close to the
diagonal (green) tend to mark robust underlying geometrical features. Fig. 4.22(b) depicts the
persistence diagram corresponding to Fig. 4.20(a). Red circles mark connected components of
the interface between cell monolayers and the magnitude of the filtration parameter r at which
they disappear. As the filtration parameter increases, points comprising the main front merge
rapidly in one component that absorbs neighboring clusters. They correspond to blocks of bars
in the Hy panel of Fig. 4.22(a) that start at the lowest value of r. Blue asterisks represent the
appearance (horizontal axis) and disappearance (vertical axis) of holes inside such clusters.
The first column of asterisks represents the ten bars in the H; panel of Fig. 4.22(a) that start at
the same value of r and form four groups of bars, which end at about the same value of r. The
remaining bars and asterisks are similarly related. They represent the new holes that form as
the clusters merge, which gives an idea of the relative arrangement thereof. Relatively narrow
barcodes produce points in the persistence diagram that are close packed. Fig. 4.22(c)-(d)
display the barcodes and persistence diagram corresponding to Fig.14(b). Compared to the
earlier snapshot of Fig. 4.20(a) and its TDA in Fig. 4.22(a)-(b), there are more islands of each
phase in the bulk of the other: the invasion of Ras cells leaves pockets of wt cells inside their
midst. The main interface has become more meandering and exhibits more fingers than in
the earlier snapshot. As a consequence, the number of clusters or interface components is
larger than at the earlier time. Similarly, there are more topological cycles, which reflects the
larger number of islands of one cell type in the midst of the other cell type. Barcodes and
persistence diagram are more spread out. This is further quantified by the Betti numbers b
that count the number of elements in H; , for j = 0 (clusters) and for j = 1 (holes), as depicted
in Fig. 4.23(a)-(b) for the snapshots shown in Fig. 4.20.

4.4.3 TDA of numerical simulations

Asindicated in the previous Section, to observe island formation, we have to tune the (negative)
junction tensions when simulating antagonistic migration assays. In particular, Aj, < % (A +
M) facilitates mixing of wt and modified cell populations whereas Aj, > %(An + A7)
produces population segregation. In Fig. 4.18, A, switches from population 2 mixing to
segregation after the two first snapshots. Then the pockets of green cells left behind by
the advance of the interface shrink and start disappearing, as shown in the third and fourth
snapshots of Fig. 4.18. If mixing is weaker, as in Fig. 4.17, the interface forms pronounced
fingers, there are less islands and we do not need to change the junction tensions with time.
In Fig. 4.19, A, randomly takes on a mixing value for one fifth of Ras and wt cells and on a
segregation value for the others. The results of changing interface and island formation are
qualitatively similar to those observed in experiments.

Let us now interpret the evolution shown in the panels of Fig. 4.19 using TDA. Fig. 4.24
and Fig. 4.25 show the barcodes, persistence diagrams and Betti numbers for the marked
Sections of the leftmost and rightmost panels in Fig. 4.19. As before, we represent the
interfaces by point clouds. At r = 0, each point of the interface is a component. For
the more regular interface of the leftmost panel in Fig. 4.19, increasing r produces point
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Figure 4.24: Barcodes (left) and persistence diagrams (right) for the homologies H (circles) and H
(asterisks) of the interfaces separating cell types in images from experiments and numerical simulations.
(a)-(b) TDA from the leftmost panel in Fig. 4.19 (numerical simulations) with N = 60, rjuax = 30;
(c)-(d) TDA from the rightmost panel in Fig. 4.19 (numerical simulations) with N = 30, rj;,4x = 30.
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Figure 4.25: (a)-(b) Same for the numerical simulations considered in Fig. 4.24 corresponding to the
leftmost and rightmost panels in Fig. 4.19. As a result of island formation and motion, which increases
with time, Panel (c) shows that the number of components decreases more slowly with r for the later
time. The peaks in Panels (a) and (b) are similar for r below 20.
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components appearing as the short Hy bars in Fig. 4.24(a). These bars end at similar filtration
values and appear as a single red circle in the persistence diagram of Fig. 4.24(b). The main
three islands correspond to the three intermediate bars in the inset of Fig. 4.24(a), which
disappear at larger filtration values. The lowest circle in Fig. 4.24(b) represents the point
components, the three intermediate ones represent the islands in the barcode and their sizes.
All clusters finally merge in the main front represented by the arrow on top of the vertical axis
in Fig. 4.24(b). Analysis of H; confirms that the intermediate circles/bars are round islands
and not strings. Each component corresponds to a cycle represented by the three largest H
bars in Fig. 4.24(a) and the two first asterisks in Fig. 4.24(b), one of which represents the two
bars of similar length. The two shortest bars represent holes formed as components merge
during the filtration process and correspond to the two asterisks closer to the diagonal in
Fig. 4.24(b).

Figs. 4.24(c)-(d) correspond to the more meandering interface of the rightmost panel in
Fig. 4.19. There are more points in the cloud representing the interface, whose irregularity
results in different extinction values of r for the associate H bars. The main seven islands
correspond to the intermediate bars in the inset of Figs. 4.24(c), and their extinction values in
the persistence diagram give an idea of the distance to the main front or to another island. The
fact that they are islands (enclosed by a boundary) is inferred from the H; bars in Figs. 4.24(c).
They correspond to the seven bars that appeared first, which are also represented by the first
column five asterisks in Figs. 4.24(d) having smaller r. Two of the asterisks correspond to
two islands of similar size length each, which have bars of similar size. The length of the bars
in the barcode or the distance of the asterisks from the diagonal in the persistence diagram
give an idea of the island size. Additional H; bars represent holes created during the filtration
process as components merge and give an idea of the relative arrangement of the islands or of
the fingers in the main front. They are represented ary the additional asterisks in Figs. 4.24(d).
The Betti numbers in Figs. 4.25(a)-(b) show a larger number of island and holes as time
increases from the leftmost snapshot in Figs. 4.19 to the rightmost one. Compared to the TDA
of experiments in Figs. 4.22(a)-(d), there are no gaps between bars and asterisks appearing
for large r in Figs. 4.24(a)-(d). The reason is that the distance of islands to the main front is
smaller for the simulation than for the experiment.

4.5 Conclusions

We have modeled how epithelial cell aggregates (i) advance through empty spaces (wound
healing, tissue spreading) and (ii) collisions between aggregates (tumoral invasion) using an
AVM with dynamics for cell centers that includes collective tissue forces [35], velocity
alignment and inertia [16]. The AVM implements exchanges of neighboring cells
automatically (T1 transitions). Compared with particle models with underdamped dynamics
studied in [16], our model accounts for fingering instabilities in spreading tissue without
having to distinct between type of cells.

Compared to continuum models [34], stochasticity enables our model to reproduce
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the observed fast irregular oscillation of cell velocities in fingers [43] and the spatial
auto-correlation of the velocity [11]. Indeed, our underdamped AVM predicts that cells
at the interface and the fingers have larger area than those well inside the tissue, which has
been corroborated by recent experiments [44]. We also observe in numerical simulations
of tissue spreading that the velocity of the fastest cell in a finger may oscillate with a short
period in a range between 30 minutes to about one hour. A similar short period oscillation
has been observed in experiments; cf Figure 101 A in L. Petitjean’s PhD thesis [43]. Thus, for
spreading tissue, detailed comparison to experimental data provides a quantitatively accurate
description of cell motion (speed, velocity correlation function and polar order parameter).

For antagonistic migration assays, we have reproduced collisions in which one cell
population pushes back another whereas both populations mix forming different types of
interfaces. The key element to model mixing is to keep different junction parameters for the
two colliding tissues, the invading cells are liquid-like whereas the receding tissue comprises
solid-like cells. In addition, a fraction of cells favor mixing, the others segregation, and
that these cells are randomly distributed in space. Thus characterized, numerical simulations
produce outcomes similar to those observed in experiments [23].

To characterize automatically the dynamics of islands and the rugged interface between
aggregates, we have introduced topological data analyses of experiments and time series
from numerical simulations. In collisions between aggregates, the interface between wt and
Ras cell populations roughens and islands appear. The persistence diagrams of Homology
classes O (clusters) and 1 (cycles) spread out and the number of these classes given by the
corresponding Betti numbers increases. Using time series of data generated by numerical
simulations, we have explained how to cluster interfaces using distance matrices based on the
bottleneck distance between their persistence diagrams, which are stable to perturbations in the
process. Despite the amount of data from experiments being limited, disruptive events such
as island and cluster formation can be automatically captured by topological data analyses of
numerical simulations and contrasted with experiments. Similarly, the Wasserstein distance
between images enables us to track and classify automatically the evolving shapes of interfaces
between cell populations by using time series from experimental or numerical studies. These
techniques of topological data analysis are scalable and could be used in studies involving
large amounts of data whenever available.

Our results have allowed to extract parameter values and to determine biologically relevant
physical mechanisms for characterizing confluent motion of cellular aggregates, as described
above. In particular, (i) cells at the interface are larger, inform the aggregate motion and
are influenced by it, without needing leader cells to form fingers at the interface; and (ii) in
colliding cellular aggregates, the solid or liquid like character of the cells (as determined by
their junction parameters) decides the way the invasion goes.



REFERENCES 109

References

[1] P. Friedl, P. B. Noble, P. A. Walton, D. W. Laird, P. J. Chauvin, R. J. Tabah, M. Black,
and K. S. Zianker, Migration of coordinated cell clusters in mesenchymal and epithelial
cancer explants in vitro, Cancer Res. 55, 4557 (1995).

[2] P. Friedl and K. Wolf, Tumour-cell invasion and migration: diversity and escape
mechanisms, Nature Cancer Res. 3, 362(2003).

[3] P. Friedl and D. Gilmour, Collective cell migration in morphogenesis, regeneration and
cancer, Nature Rev. Cell Biol. 10, 445 (2009).

[4] C.J. Weijer, Collective cell migration in development, J. Cell Sci. 122(18), 3215 (2009).

[5] O.duRoure, A. Saez, A. Buguin, R. H. Austin, P. Chavrier, P. Silberzan, and B. Ladoux,
Force mapping in epithelial cell migration, Proc. Natl. Acad. Sci. U. S. A. 102, 2390
(2005).

[6] M. Poujade, E. Grasland-Mongrain, A. Hertzog, J. Jouanneau, P. Chavrier, B. Ladoux,
A. Buguin and P. Silberzan, Collective migration of an epithelial monolayer in response
to a model wound, Proc. Natl. Acad. Sci. U. S. A. 104, 15988 (2007).

[7] X. Trepat, M.R. Wasserman, T.E. Angelini, E. Millet, D.A. Weitz, J.P. Butler, and J.J.
Fredberg, Physical forces during collective cell migration, Nature Phys. 5, 426 (2009).

[8] P. Rgrth, Collective Cell Migration, Ann. Rev. Cell Dev. Biol. 25, 407 (2009).

[91 A. Shellard, and R. Mayor, (2020), Rules of collective migration: from the wildebeest
to the neural crest. Philosophical Transactions of the Royal Society B, 375(1807),
20190387.

[10] L. Petitjean, M. Reffay, E. Grasland-Mongrain, M. Poujade, B. Ladoux, A. Buguin, and
P. Silberzan, Velocity fields in a collectively migrating epithelium, Biophys. J. 98, 1790
(2010).

[11] T. Angelini, E. Hannezo, X. Trepat, J. J. Fredberg, and D. A. Weitz, Cell Migration
Driven by Cooperative Substrate Deformation Patterns, Phys. Rev. Lett. 104, 168104
(2010).

[12] T. Angelini, E. Hannezo, X. Trepat, M. Marquez, J.J. Fredberg, and D.A. Weitz,
Glass-like dynamics of collective cell migration, PNAS 108, 4714 (2011).

[13] X. Trepat and J. J. Fredberg, Plithotaxis and emergent dynamics in collective cellular
migration, Trends in Cell Biology 21(11), 638 (2011).

[14] P.Rgrth, Fellow travellers: emergent properties of collective cell migration, EMBO Rep.
13, 984 (2012).



110
(15]

(16]

(17]

(18]

(19]

(20]

(21]

[22]

(23]

(24]

[25]

TRACKING COLLECTIVE CELL MOTION

X. Serra-Picamal, V. Conte, R. Vicent, E. Anon, D.T. Tambe, E. Bazellieres, J.P. Butler,
J.J. Fredberg, and X. Trepat, Mechanical waves during tissue expansion, Nature Phys.
8, 628 (2012).

N. Sepulveda, L. Petitjean, O. Cochet, E. Grasland-Mongrain, P. Silberzan, and V.
Hakim, Collective Cell Motion in an Epithelial Sheet Can Be Quantitatively Described
by a Stochastic Interacting Particle Model, PLOS Comput. Biol. 9, €1002944 (2013).

A. Brugués, E. Anon, V. Conte, J.H. Veldhuis, M. Gupta, J. Colombelli, J.J. Mufoz,
G.W. Brodland, B. Ladoux, and X. Trepat, Forces driving epithelial wound healing,
Nature Phys. 10, 683 (2014).

A. Ravasio, I. Cheddadi, T. Chen, T. Pereira, H. T. Ong, C. Bertocchi, A. Brugues, A.
Jacinto, A. J. Kabla, Y. Toyama, X. Trepat, N. Gov, L.N. de Almeida, and B.Ladoux,
Gap geometry dictates epithelial closure efficiency, Nature Comm. 6, 7683 (2015).

J.-A. Park, J.-H. Kim, D. Bi, J.A. Mitchel, N. T. Qazvini, K. Tantisira, C. Y. Park, M.
McGill, S.-H. Kim, B. Gweon, J. Notbohm, R. Steward Jr, S. Burger, S.H. Randell, A.
T. Kho, D. T. Tambe, C. Hardin, S. A. Shore, E. Israel, D. A. Weitz, D. J. Tschumperlin,
E. P. Henske, S.T. Weiss, M. L. Manning, J. P. Butler, J.M. Drazen, and J.J. Fredberg,
Unjamming and cell shape in the asthmatic airway epithelium, Nature Mat. 14, 1040
(2015).

S. Porazinski, J. de Navascués, Y. Yako, W. Hill, M. R. Jones, R. Maddison, Y. Fujita,
and C. Hogan, EphA2 Drives the Segregation of Ras-Transformed Epithelial Cells from
Normal Neighbors, Current Biol. 26, 3220 (2016).

H. B. Taylor, A. Khuong, Z. Wu, Q. Xu, R. Morley, L. Gregory, A. Poliakov, W.
R. Taylor, and D. G. Wilkinson, Cell segregation and border sharpening by Eph
receptor-ephrin-mediated heterotypic repulsion, J. R. Soc. Interface 14, 20170338
(2017).

V. Hakim and P. Silberzan, Collective cell migration: a physics perspective, Rep. Prog.
Phys. 80, 076601 (2017).

S. Moitrier, C. Blanch-Mercader, S. Garcia, K. Sliogeryte, T. Martin, J. Camonis,
P. Marcq, P. Silberzan, and I. Bonnet, Collective stresses drive competition between
monolayers of normal and Ras-transformed cells, Soft Matter 15, 537 (2019).

K. Ganesh, H. Basnet, Y. Kaygusuz, A. M. Laughney, L. He, R. Sharma, K. P. O’Rourke,
V. P. Reuter, Y.-H. Huang, M. Turkekul, E. E. Er, I. Masilionis, K. Manova-Todorova,
M. R. Weiser, L. B. Saltz, J. Garcia-Aguilar, R. Koche, S. W. Lowe, D. Pe’er, J. Shia,
and J. Massagué, L1CAM defines the regenerative origin of metastasis-initiating cells
in colorectal cancer, Nature Cancer 1, 28 (2020).

M. C. Marchetti, J. F. Joanny, S. Ramaswamy, T. B. Liverpool, J. Prost, M. Rao, and
R.A. Simha, Hydrodynamics of soft active matter, Rev. Mod. Phys. 85, 1143 (2013).



(26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

REFERENCES 111

E. Méhes and T. Vicsek, Collective motion of cells: from experiments to models,
Integrative Biol, 6, 831 (2014).

D. Bi, X. Yang, M.C. Marchetti, and L. Manning, Motility-Driven Glass and Jamming
Transitions in Biological Tissues, Phys. Rev. X 6, 021011 (2016).

C. Malinverno, S. Corallino, F. Giavazzi, M. Bergert, Q. Li, M. Leoni, A. Disanza, E.
Frittoli, A. Oldani, E. Martini, T. Lendenmann, G. Deflorian, G.V. Beznoussenko, D.
Poulikakos, K. H. Ong, M. Uroz, X. Trepat, D. Parazzoli, P. Maiuri, W. Yu, A. Ferrari, R.
Cerbino, and G. Scita, Endocytic reawakening of motility in jammed epithelia, Nature
Mat. 16, 587 (2017).

F. Giavazzi, C. Malinverno, S. Corallino, F. Ginelli, G. Scita, and R. Cerbino, Giant
fluctuations and structural effects in a flocking epithelium, J. Phys. D: Appl. Phys. 50,
384003 (2017).

F. Giavazzi, M. Paoluzzi, M. Macchi, D. Bi, G. Scita, L. Manning, R. Cerbino, and C.
Marchetti, Flocking Transition in Confluent Tissues, Soft Matter 14, 3471 (2018).

A. Palamidessi, C. Malinverno, E. Frittoli, S. Corallino, E. Barbieri, S. Sigismund,
G. V. Beznoussenko, E. Martini, M. Garre, 1. Ferrara, C. Tripodo, F. Ascione, E. A.
Cavalcanti-Adam, Q. Li, P. P. Di Fiore, D. Parazzoli, F. Giavazzi, R. Cerbino, and G.
Scita, Unjamming overcomes kinetic and proliferation arrest in terminally differentiated
cells and promotes collective motility of carcinoma, Nat. Mater. 18, 1252 (2019).

P. Rodriguez-Franco, A. Brugués, A. Marin-Llauradd, V. Conte, G. Solanas, E. Batlle,
J.J. Fredberg, P. Roca-Cusachs, R. Sunyer, and X. Trepat, Long-lived force patterns and
deformation waves at repulsive epithelial boundaries, Nature Mater. 16, 1029 (2017).

G. Y. Ouaknin and P. Z. Bar-Yoseph, Stochastic collective movement of cells and
fingering morphology: no maverick cells, Biophys. J. 97, 1811(20009).

R. Alert, C. Blanc-Mercader, and J. Casademunt, Active Fingering Instability in Tissue
Spreading, Phys. Rev. Lett. 122, 088104 (2019).

D. L. Barton, S. Henkes, C. J. Weijer, and R. Sknepnek, Active Vertex Model for
Cell-Resolution Description of Epithelial Tissue Mechanics, PLoS Comput. Biol. 13,
€1005569 (2017).

R. Alert and X. Trepat, Physical Models of Collective Cell Migration, Ann. Rev. Cond.
Matter Phys. 11, (2020) and arXiv:1905.07675.

T. Vicsek, A. Czirék, E. Ben-Jacob, 1. Cohen, and O. Shochet, Novel type of phase
transition in a system of self-driven particles, Phys. Rev. Lett. 75, 1226 (1995).

T. Vicsek, and A. Zafeiris, Collective motion, Phys. Rep. 517, 71 (2012).



112 TRACKING COLLECTIVE CELL MOTION

[39] Soft Active Matter on Surfaces (SAMoS);. Available from:
https://github.com/sknepneklab/SAMoS.

[40] H. Honda and G. Eguchi, How much does the cell boundary contract in a monolayered
cell sheet?, J. Theor. Biol. 84, 575 (1980).

[41] D. Selmeczi, S. Mosler, P.H., Hagedorn, N. B., Larsen and H., Flyvbjerg. (2005). Cell
motility as persistent random motion: theories from experiments, Biophysical journal,
89, 912.

[42] L. L. Bonilla and C. Trenado, Contrarian compulsions produce exotic time-dependent
flocking of active particles, Phys. Rev. E 99, 012612 (2019).

[43] L. Petitjean, Réponse active d’un épithélium a une stimulation mécanique, PhD Thesis,
University Paris VI — Pierre et Marie Curie. 26 September 2011.

[44] J.Q. Ly, P.C. Chen, W.T. G67zdZ, and B. Li, Mechanical adaptions of collective cells
nearby free tissue boundaries, Journal of Biomechanics, 109763 (2020).

[45] C. Topaz, L. Ziegelmeier, and T. Halverson, Topological Data Analysis of Biological
Aggregation Models, PLOS One 10, e0126383 (2015).

[46] R. Ghrist, Elementary Applied Topology. CreateSpace Independent Publishing Platform,
2014.

[47] G. Carlsson, Topology and data. AMS Bulletin 46, 255 (2009).

[48] A. Zomorodian and G. Carlsson, Computing persistent homology, Discrete Comput.
Geom. 33, 249 (2005).



Conclusions

The three main goals presented at the beginning of this thesis are: i) the analysis of the
flocking in the two dimensional Vicsek model, carrying out a linear stability analysis of the
disordered state and studying the possible bifurcations from the kinetic equation discrete in
time and space, ii) the study of a modified Vicsek model including a different mechanism of
synchronization aiming to understand and analyze the ordered state solutions of the amplitude
equations corresponding to period-doubling, Hopf, or pitchfork bifurcations of the disordered
state and iii) the qualitative and quantitative comparison between numerical simulations
and topological data analysis, and the experiments available in the literature of epithelial
monolayers. The main conclusions of the analyses carried out in this thesis are summarized
below.

Flocking in the Vicsek Model

The standard Vicsek Model has been studied by analyzing its kinetic equation for one-particle
distribution function in the limit of infinitely many particles by assuming molecular chaos.
We have carried out a linear stability analysis of this state and studied the possible bifurcations
issuing from it. By using systematically bifurcation theory for its Enskog kinetic equation, we
have observed that the picture that flocking emerges from the bifurcation analysis is intricate.
The amplitude equations for the bifurcation nodes near the critical value of noise are two
coupled equations for a disturbance of the number density and a current density. We have
shown that their solutions exhibit an interplay between parabolic and hyperbolic behavior in
two different time scales when the distance to the critical value of the bifurcation control
parameter goes to zero. In this limit we have found that there appear oscillation frequencies
that give rise to resonance phenomena if the alignment rule contains a periodic function of
time. We have confirmed the existence of these resonances with direct simulations of the VM.

Flocking in the modified Vicsek model

We have presented a modified Vicsek model in which particles can align their velocity with
the local average direction or with the opposite direction. To understand the results, we have
uses the same methodology to study the effect of modifying the probability density of the
noise in the alignment rule by which VM particles change their velocities. The theoretical
results obtained show new exotic phases arising in the behavior of the system and the equation
for the complex amplitude of the bifurcating solution is a modified complex Ginzburg-Landau
equation.

113



114 CONCLUSIONS

We have also observed how the novel exotic phases depend on the presence of contrarian
compulsions. For small contrarian compulsions, there is a nonzero optimal noise value for
which polarization is maximal and reflects a trend to homogeneous flocking as in the standard
Vicsek model. However, when contrarian compulsions are prevalent, increasing the alignment
noise may transform incoherent particle motion to a phase displaying period two polarization.
If we relax the contrarian rule so that particles may select deflection with a large angle, we
find that the flocking order parameter may oscillate periodically in time.

Tracking collective cell motion

The results obtained from the numerical studies of how epithelial cells aggregates, have shown
an agreement with experiments from P. Silberzan’s group. We have used a convenient model
of active vertex and a dynamics for the cell centers that includes, forces that try to align their
velocities to neighboring cells, friction with the substrate, inertia, and stochastic forces. We
have simulated numerically this model in two different cases related to wound healing and to
invasion of one cell collective by another one: (i) a cellular monolayer spreading on empty
space, and (ii) the collision of two different cell populations in an antagonistic migration assay.

For (i), we have shown that inertia yields larger cells in the boundary than in the interior
of the expanding tissue. We have also shown that fingers and cells located at the interface of
the monolayer have larger area than cells in the middle of the monolayer and that finger cells
oscillate. Both effects have been observed in experiments.

Concerning the antagonistic migration assays (ii), we have reproduced the collision of
two monolayers from different populations. We have shown that cells can form different
interfaces during the collision due to the fluid-like and solid-like behavior of the populations
of cancerous and normal cells, respectively. To characterize the dynamics of the islands
arising at the interface, we have introduced topological data analyses of experiments and
numerical simulations. The overall analysis have allowed to us to extract parameter values
that determine biologically relevant physical mechanisms for characterizing confluent motion
of cellular aggregates.

Future work

For the discrete space-time Enskog equation studied in Chapter 2, the bifurcation solutions
issuing from the disordered state depend on a small amplitude parameter that scales as the
square root of the distance of the bifurcation parameter (e.g., alignment noise) to its critical
value. The bifurcating states satisfy partial differential equations (PDEs) for slowly varying
time and space scales. They still contain the small-amplitude parameter and their character
depends on it: the bifurcation equations are hyperbolic for € = 0 and parabolic for € # 0.
On short time scales, the terms proportional to can be ignored and the resulting hyperbolic
equations may exhibit solutions that have a nontrivial space dependence and oscillate in time.
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For sufficiently long times, the extra diffusive and source terms dampen the oscillations and
make the solutions approach traveling waves. These phenomena will be explored in our future
work.
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