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Abstract

This thesis examines the steady states of ideal active Brownian particles on a discrete lattice and
aims to find the generalisation of the Boltzmann distribution for active systems. We specifically study
the dependence on the particle activity of the particle accumulation at hard wall boundaries and the
influence of an external ratchet potential on the steady state. We develop a model that describes the
system in terms of discrete probabilities for particles to move from position and orientation (7, é) at time
t to (7/,é’) at time ¢ + 7. We find that the magnitude of the particle accumulation at the boundaries is
proportional to the Péclet number Pe squared and that it decays with a universal decay length proportional
to 1/4/1 + Pe?. The presence of an external ratchet potential causes the steady state to divide into two
subsystems with their own bulk densities. The bulk density is highest at the steepest side of the ratchet
and we numerically determine the dependency of the difference in bulk densities on the Péclet number
for the high and low Pe regime and on the height, length and asymmetry of the ratchet for flat, long and
almost symmetric ratchet potentials.
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1 INTRODUCTION 1

1 Introduction

In recent years there has been a strong growth in both theoretical and experimental research regarding
active matter. A system is called “active” when its particles have the ability to move on their own due to a
self-propulsion mechanism. Countless examples of active systems appear in nature, such as microswimmers,
including bacteria [IH3], water fleas [4], and algae [5], flocks of birds and butterflies or schools of fish [6H9].
Studies on synthetically prepared self-propelled colloids, e.g. colloidal particles propelled through phoretic
forces [10, [I1] or laser-heated metal-capped particles [I2], have revealed intriguing phenomena arising in
active systems, including accumulation at boundaries [T3HI5], clustering [I1], spontaneous self-induced flow
[16, 17] and long-range depletion-induced forces [18§].

Unlike active systems, passive systems have been studied for almost two centuries and perform a well known
phenomenon: Brownian motion, which is the random motion of particles suspended in a fluid [I9]. A
thoroughly studied subject considering passive systems is the effect of an external potential. It has been
shown that, in presence of an external potential V(7), the probability distribution of a passive system in
equilibrium is given by the Boltzmann distribution

Po(7) = Ne PV, (L1)

where N is a proper normalisation factor, such that [ drPy(7) =1 [20].

This thesis addresses the key question: “What is the generalisation of the Boltzmann distribution for active
systems?”. We specifically study the particle accumulation at hard wall boundaries and the density difference
at either side of an external ratchet potential.

1.1 Brownian Motion

In 1827 botanist Robert Brown discovered the phenomenon that is nowadays called Brownian motion [19].
At first Brown ascribed the observed never-vanishing random motion of small pollen of grain immersed in
a liquid to living entities. However, repeating the experiments using glass granules he observed the same
non-vanishing erratic motion. A couple of decades later the origin of Brownian motion was traced back to the
motion of the surrounding liquid molecules colliding with the particles [2T] and early twentieth century great
minds like Albert Einstein [22], Paul Langevin [23], Marian von Smoluchowski [24], and others theoretically
proved this origin. In the decades that followed Brownian motion played a key role in the foundation of
thermodynamics and statistical physics and it still serves as a rich source of research today.
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Figure 1: Two-dimensional trajectory of a Brownian particle with translational diffusion coefficient D; =

0.16pm?/s. The particle started from the origin and the figure shows the trajectory during 30s. Figure is
taken from http://physicsweb.phy.uic.edu/450/MARKO/NOO4.html at December 8, 2017.


http://physicsweb.phy.uic.edu/450/MARKO/N004.html
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A Brownian particle immersed in a fluid is constantly moving in always randomly changing directions due
to collisions with the surrounding molecules of the medium. A two-dimensional trajectory of a Brownian
particle is shown in figure The particle started from the origin and its trajectory clearly displays the
random nature of Brownian motion. The Newtonian dynamics of a single Brownian sphere with mass m,
radius R, position 7 and velocity ¥ are governed by the Langevin equation

R R0 (1.2)

where v = 67 R is the friction coefficient given by Stokes law, 1 the viscosity of the solvent, V(7) a space-
dependent potential, and F (t) a short correlated stochastic force, which describes the effect of the background
noise due to fluid particles [25]. Ornstein and Uhlenbeck showed that F(¢) should be a Gaussian white noise,
such that

ﬁ(t) =7V 2Dtg(t)a <5(t)> = O? <£Z(t)§](t/)> = 61,]5(t - tl)7 Za] =T,Y,2, (13)
where (£(t)) is the expectation value of the random noise vector £(t) and D, the translational diffusion
coefficient of the Brownian particle given by the fluctuation-dissipation theorem derived by Einstein [20]

 kgT

D, , (1.4
5 )

with kp the Boltzmann constant and T' the absolute temperature of the fluid.

Many systems often show overdamped Brownian motion, where m‘fi—? = 0, on observable time scales. Bacteria
and other microswimmers, for example, usually perform overdamped Brownian motion dominated by friction.
The Langevin equation in the overdamped limit reads

ar -

o == —BDVV() + VEDE(W), (1.5)
where 8 = 1/kpT. Using a probabilistic description, all the information of a system is captured by the
probability P(7,t|r),t0) to find a particle at location 7 at time ¢ if it started at 7 at tg. The overdamped
Fokker-Planck equation, which describes a particle satisfying the equation of motion Eq.(1.5)), is given by

OP(7,tlry, to) 0 0?pP
— 5 = BDi5 [VV(7)P] + D 5 (1.6)

The density distribution which corresponds to the long-time limit solution of Eq.(1.5) is the steady state
solution, where w = 0. The steady state solution is independent of the starting position and times

to and t and is given by the Boltzmann distribution
P(7, 4|75, to) = Po(7) = Ne PV, (L.7)

where N is a proper normalisation factor, such that [ drPy(7) =1 [20].

1.2 Active Brownian Motion

Active Brownian particles, or ABPs in short, have the capability to extract energy from their environment
and convert it into systematic movement. Apart from motion due to collisions with the surrounding fluid
molecules, ABPs also undergo motion due to its environmentally fuelled self-propulsion force. The motion of
ABPs is no longer a random motion: it is “biased”, which means that a particle is more likely to travel along
the direction of its self-propulsion force than along any other direction. The orientation of an ABP is the
direction of the self-propulsion. It is often set by the structure of the particle, e.g. particles can be elongated
along their direction of self-propulsion or the direction can depend on the placement of the metal cap, rather
than being fixed by an external factor. Orientational order of active systems is a heavily researched topic
[26, 27].
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Figure 2: Schematic visualisation of an active Brownian particle with position 7(¢) and orientation é(t).

The dynamics of an ABP are given by its time-dependent position 7(¢) and orientation é(¢) and are governed
by the Langevin equation. Here é(t) is a unit vector. A schematic visualisation of an ABP is shown in figure
For an overdamped ABP the Langevin equations reads

dr - deé -

o= —BDVV() +voé + V2D&(D), T = V2D,E (), (L8)
where vy is the self-propulsion speed, D; and D, are the translation and rotation diffusion co_e’ﬂicients7 and
& (t) and &,(t) are the translation and rotation Gaussian white noises that satisfy (& (¢)) = (&.(t)) = 0 and
(i(V)e; () = (&ri(t)&r 5 () = 04,0(t —t') for i, j = x,y,2. The overdamped Fokker-Planck equation is
now given by [28]

827P_|_D 827])
or? "o’

In this thesis we develop a model to describe ideal active Brownian particles on a discrete lattice of position
7 and orientation é and discrete times t. For such a discrete case, the system can be described in terms of
discrete probabilities that a particle moves from i = (7, é) at time ¢ to j = (7, é’) at time ¢ + 7, which is in
fact described by a matrix with entries M;;. We will see that the time evolution of the system is governed
by eigenvalues and eigenvectors of the transition matrix M and use this to determine the steady state of
the system characterised by %—f = 0. The big advantage of our discrete model over a continuum model or
simulations is the simplicity and intuitiveness with which our model is described and its short calculation
time.

In the first half of this thesis we develop the model for a one-dimensional lattice with hard wall boundary
conditions and no other external potential and compare our results of the steady state with a continuum
calculation. In the second half we implement an external ratchet potential and analyse its effect on the steady
state.

ap(rf; éa t|’l"6, éOv tO)
ot

— a% [BD;VV () — voé] P+ Dy (1.9)
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2 One-Parameter Model

In this chapter we look at an extremely simplified model for an active lattice gas in a system with no external
potential. We shall see that this model is too heavily simplified to produce all the characteristics of a
continuum active system and therefore suggest a modified model in the next chapter. The approach for both
models, however, is identical. First, we look at the description of the model for a one-dimensional lattice and
later at a two-dimensional lattice.

Consider an ideal gas on a one-dimensional lattice of length L = (N — 1)a, where N is the number of sites
and a the lattice constant. We use hard wall boundary conditions, such that particles cannot escape out of
the lattice. A particle on site ¢ = 1,..., N can have an orientation to the right, i.e. e; = +1, or to the left,
e; = —1. The particle probability distribution at time ¢ is described by the state vector

n()) = (n1,— (&), na s ()-8 i (8), - o= (), nv s (D) (2.1)

where n; _(t) and n; 4 (t) are the number of particles at site ¢ at time ¢ with orientation e = —1 and e = +1,
respectively, for i = 1,..., N. As we consider non-interacting lattice gasses, there can be multiple particles on
a lattice site. The state vector has length 2/N.

2.1 Time Evolution of a State

The time evolution of |n(t)) can be described by two consecutive processes: rotation and translation. During
one time step 7 the new orientations of the particles are determined in the rotation step first, before the
particles propagate along their orientation in the translation step. A particle’s orientation can either be
maintained or changed during the rotation step. A change in the orientation is caused by collisions with the
fluid particles. For passive matter the orientation after a sufficiently long time step should be random and
independent of the previous orientation in order to reproduce Brownian motion. As a result, the probabilities
of maintaining or changing the orientation should be equal for passive matter. For active matter, however, the
probability of maintaining its orientation should be greater than the probability of changing it. To provide
a measure for the activity of system we introduce the parameter v € [0, ], where v = 3 1nd1cates passive
matter and v = 0 perfectly active matter. A particle with pre- rotational state n; (%) has post-rotational
state n; . (t) with probability 1 —~ or nj _(t) with probability . We can capture the rotations of the particle
orientation at site ¢ with the 2 x 2 matrix equation

(i )= ) (el ) 2

mR

Using this equation we can construct the rotation matrix R for the state vector, which obeys

[n’(t)) = Rin(t)), (2.3)

where R is a 2N x 2N block diagonal matrix with the 2 x 2 matrix mp on its diagonal.
Directly after the rotation step the particles translate along their orientation. For particles at site i # 1, N
this is captured in the following translation equations

—(t+7) =nipq, (1), (2.4)
i (t+7) =ni_y (1) (2.5)
For particles at sites ¢ = 1 and i« = N we need to implement our hard wall boundary conditions. The
presence of a wall has two consequences: (i) particles cannot propagate through the wall and (ii) particles
that collide with the wall will maintain their position and orientation. These consequences result in the
following equations for particles at the left (i = 1) and right wall (i = N)

ny-(t+7) —nz_( ) +ni (1),

ny+(t+7)=
t+71)=
)

—(
nN+(t+T =ny_y 4 (t) + 1y (1)

/N /N /N /N
© 0 I O
= I =
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Using Eq.(2.4)-(2.9) we can construct a translation matrix 7" for the state vector, which obeys
In(t+ 7)) =T'In' (1)), (2.10)
with 77 a 2N x 2N block matrix constructed using two 2 x 2 matrices m{ and mao:

my g
mo O ma

1 0 0 0
m1—<0 0>, m2—<0 1)7 T = . (2.11)

mo 0 miq
mz M2

Now, by combining EqJ2.3) and Eq.(2.10) we get our final matrix equation for the time evolution of the state
vector

In(t)) = M'|n(t = 7)) = (M")"'7 [n(0)), (2.12)
where M’ = T'R is the 2N x 2N transition matrix, [n(0)) the initial state, and ¢/7 an integer.

2.2 The Steady State

In the previous section we arrived at a matrix equation for the time evolution of a state (Eq) The
transition matrix M’ in this equation contains all the information of our model. In the limit of ¢ — oo the
system reaches its steady state. For a system that has reached its steady state the following identity holds:
[n(t 4+ 7)) = |n(t)). Thus, to find the steady state |nss) we simply have to solve

(M/ - ]]') |nss> = 0. (2.13)

This corresponds to finding the eigenvector of M’ belonging to the eigenvalue p = 1. When v # 0, p is
unique. Yet, in the extreme case where v = 0, M’ has two eigenvalues that are equal to IEI This, however,
does not affect the calculation of the steady state, it only results in two possible steady states.

We use Mathematica to analytically find the steady state. As can be seen shortly the system has a bulk and
we rescale the steady state such that the density of the bulk is equal to 1. The steady state vector is of the

form .

1 1111 1111 1

O L RO A SR N 2.14
7ss) (27 0353 0 ) (2.14)

and apart from the fact that it has length 2N, the form is independent of N. Given a certain state vector,
the particle density p; and polarisation m; on site ¢ are defined by

Pi =N+ + N4 —, m; =N 4+ — N4, —. (215)

Using this and Eq we calculate the steady state density and polarisation vectors of length N. They are
given by

(1 1\" e 1\"

|pss) = (27,1,1,--- 71,1,27> , |mss) = (27,070,--- ,0,0, 27> . (2.16)
We see that the density is homogeneously distributed for passive matter (y = %)7 as is expected of a system
with ideal Brownian particles and no external potential. For active matter (0 < v < %), however, we get
an accumulation of particles at the walls. We also see that the net polarisation of the particles is negative
at the left wall and positive at the right wall, thus the particles have an orientation which points towards
the wall directly next to them. This is explained by the fact that particles, which collide with the wall, keep
their position and orientation. Since an active particle has a larger probability of keeping its orientation
than of changing it, a particle, once it collides with the wall, tends to “get stuck” at the wall. Notice that
n; 11 =ny,—1 = 0 in BEq.(2.14). This means that there can be no particles at the site directly next to a wall
with an orientation away from the wall. Consequently, the polarisation at the sites ¢ = 1 and ¢ = N is always
non-zero, even when we consider passive particles. This is due to the fact that we look at states after the

1See appendix |A| for a study on the transition matrix and its eigenvalues.
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translation step. Once a particle at site ¢ = 1 or ¢ = N changes its orientation during the orientation step,
such that it points away from the wall, the particle will immediately translate to site 2 or N — 1 during the
translation step.

Furthermore, notice that the accumulation and polarisation at the wall do not extend into the bulk any further
than the site directly in contact with the wall, i.e. there is no length scale in the system other than the lattice
spacing a. This lack of additional length scale is the most obvious indication for the oversimplification of this
model, since experiments with and continuum models of active matter systems do show one or more length

scales [T3HI5 [18].

2.3 Two-Dimensional System

Although we already saw in the previous section that the model of this chapter is oversimplified, we will
briefly look at its two-dimensional version in this section. Using the same method as for the one-dimensional
lattice, we start by defining the state vector for a gas on a two-dimensional lattice of N; x Np sites. For the
state to be represented by a vector we do not label the lattice sites using coordinates, but simply count the
sites one row after the other. The sites of a 3 x 3 lattice, for example, are counted as follows

11213
41516
71819

Now, using that the orientation of a particle can either be up, down, right or left, we get the state vector

%P (1)) = (n1u(t),nra(t), nae (), n00(8), - o0y Mo () v, N d (), vy N (B, vy vt (8) T, (2.17)

where n; 4, (t) , ni,qa(t), nir(t) and n; ;(t) are the number of particles at site ¢ = 1,..., Ny Np at time ¢ with
orientation up, down, right and left, respectively. The state vector has length 4Ny Ng.

Following the same steps as in section it is quite straightforward to construct a matrix analogous to M’
for a two-dimensional active lattice gas. Similarly to the one-dimensional case we find the steady state using
Eq.. The steady state shows only accumulation and net polarisation at the sites directly next to the
walls, with a larger accumulation and net polarisation at the corner sites. Again we find a system without
a length scale. The exact densities and polarisations for a square lattice are independent of Np, = Ng = N
for N > 3 and are given by Eq.. A representation of the density and polarisation distribution of a
5 x 5 lattice is shown in figure 3] Notice that, like in the one-dimensional case, the density distribution is
homogeneous for passive systems (y = %) and the polarisation at the walls is always non-zero.

1 bulk, 0 bulk,
p=14 = wall, 7| = e wall, (2.18)
ﬁ corner, 1 \/1572 corner.

Figure 3: Steady state of active ideal gas on a 5 x 5 lattice for v = %. The arrows represent the polarisation
and the darkness of a site is a measure for the density.
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3 Two-Parameter Model

As already mentioned in the previous chapter, the one-parameter model is oversimplified which results in an
absence of length scales other than the lattice spacing in both the one- and two-dimensional system. This
absence of an additional length scale has its origin in the translation step of the time evolution. In the
previous chapter we assumed that, once the orientation of a particle is determined in the rotation step, a
particle will always propagate along this orientation in the translation step. However, we omitted the ability
of fluid particles to not only change the orientations of ABPs, but also to force them to translate in a different
direction than their orientation. The importance of this process with respect to the self-propulsion depends
on the activity of the matter. In this chapter, we first modify the lattice model such that it also takes the
influence of fluid particles during the translation step into account and we then compare it to a continuum
model of ABPs.

3.1 Time Evolution and Steady State

For our two-parameter model we can largely use the one-parameter model described in chapter |2 since we
only treat the translation step differently. We therefore use the state vector described by Eq. and the
rotation matrix described by Eq.. For the translation matrix we introduce the parameter «, which is a
measure for the importance of self-propulsion relative to that of Brownian motion. For o = 0 we have passive
matter. The Brownian motion should completely dominate the self-propulsion for passive matter, thus the
probability to propagate in any direction should be equal for all directions. When « > 0 the self-propulsion
starts to play a role and as a result the probability of a particle propagating along its orientation exceeds the
probability to propagate in any other direction. Recall that for a one-dimensional lattice there are only two
directions.

Keeping this in mind, we construct the following translation equations for particles on site i # 1, N

14+« l-«a
hi (1) = sl () + 5, (0) (3.1)
14+« 11—«
Bip (4 7) = T2 )+ Tl L (0) (32)
where HTO‘ is the probability to translate along its orientation and 1_7“ the probability to translate in the

opposite direction. It is important to note that particles are not allowed to change their orientation during
the translation step. Further note that we get the translation equations from chapter 2] for v = 1.

Particles at sites i = 1, N experience the same consequences due to the hard wall boundary conditions
as described in section [2.1} i.e. there is no flux in or out of the wall and particles that collide with the
wall maintain their position and orientation. Taking these consequences into account we get the following
translation equations for particles at the walls

1+« 1+«
n_(t+71)= Tné_(t) + Tnll,—(t)7 (3.3)
1l-«a l-«a
n4(t+7)= T”§,+(t) + T”ll,Jr(t)v (3.4)
l-«a -«
(4 T) = ol () + ol (1), (35)
1+« 1+«
nN+(t+7)= 9 N1 4 () + iy 4 (t). (3.6)
Eq.(3.1)-(3.6) can be written in terms of the 2N x 2N translation matrix equation
In(t+ 7)) =T|n'(t)), (3.7)
with T the 2N x 2N block matrix constructed using the 2 x 2 matrices m.:
my my
e m_ 0 my
o (F L) e | -
m_ 0 my
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Having defined the translation matrix, the transition matrix for our two-parameter model is given by M =
TR. The steady state of the system is, once again, found by calculating the eigenvector belonging to the
unique eigenvalue py = 1E| Unfortunately, Mathematica is not able to find an analytical solution for the
steady state of this model for arbitrary N. A numerical solution, however, can be found straightforwardly
using Mathematica for fixed finite N.

Figure @ and show the density and polarisation distribution of the steady state for («,~) combinations
given by (0.01,0.001), (0.01,0.002), (0.02,0.01) and (0.02,0.005). These results were obtained using a lattice of
N = 251 sites and scaling the calculated steady states such that the density at the middlemost site (i = 126),
i.e. the bulk density, is equal to 1. In contrast to our one-parameter model, this two-parameter model clearly
shows a length scale in the accumulation at the wall. A logarithmic plot, see figure [d] reveals an exponential
decay of the density and polarisation distribution at the wall. More precisely, the density and polarisation
at the left wall are given by

p(x) = poulkc + pwane” "7, (3.9)

m(z) = —myane” "/, (3.10)

with x the distance from the wall, ppux the density of the bulk, pwan and myan the density and absolute
polarisation directly at the wall, and A, and A, the decay length of the density and polarisation.

i {ay) . 0.3[ ‘ " ey
1.08/ % - 10.01,0.001} 2] © {0.01,0.001}
: = {0.01,0.002} : 0.2t {0.01,0.002}
o 1060 °% + 10.02,001) i 0.1} © {002,001}
> “e {0.02, 0.005} :. B {0.02, 0.005}
2104} i B
3 33 DO
1 g o
102} 3! ;] 8
1.00+ k — J ]
0 50 100 150 200 250 100 150 200 250
site site
(a) (b)
1
« 0.01F A/a
3
16
£ 104
3 12
§ 10°
o 08
S 108 04
10—10 . . . . 2, .
20 40 60 80 100 120
site a
(c) (d)

Figure 4: Density (a) and polarisation (b) of the steady state for selected model parameters o and + (see
text). (c¢) Logarithmic plot of the difference between the site and bulk density or polarisation revealing an
exponential decay with characteristic decay length A, which is equal for the density and polarisation of each
system. (d) Contour plot of the decay length A scaled by the lattice constant a versus « and .

2See appendix@ for a study on the transition matrix and its eigenvalues.
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Notice that the density and polarisation belonging to a certain a and v seem to have equal slopes in the
logarithmic plot of figure this indicates equal decay lengths. To find the decay lengths A, and A, we fit
our results to Eq. and Eq.. We indeed find A\, = A, = A within a relative numeric precision of
10710, Figure|4d|shows a contour plot of the scaled decay length % versus « and . To construct this contour
plot we calculated A for a lattice of N = 251 sites with a and ~ taken over their total range in steps of 0.01
and 0.005, respectively. We see that \ is large for small @ and v and small for large o and ~. For small A, i.e.
smaller than the lattice spacing a, the decay largely takes place between the first two lattice sites. We are,
however, interested in systems that decay over a considerable number of lattice sites such that we are able
to compare our results with a continuum system. In section we will take a look at this continuum limit.

3.2 Rotation of Particle Flux

In the previous section we discussed the accumulation of particles at the wall for active systems. In this
section we briefly examine another interesting phenomenon of active systems: rotation of particle flux. The
particle flux is defined as the number of particles passing through a surface. In a one-dimensional system the
particle flux in position space is simply the net number of particle transitions between two sites, which, of
course, does not have the possibility to harbour rotation. However, examining the particle flux in position
and orientation space provides the possibility of flux rotation in a one-dimensional system.

The flux Jj, between a state k = (i,e) and [ = (¢, ¢’) is defined as the number of particles travelling from
state k to [ minus the number of particles travelling from [ to k. Hence, in the steady state it is given by

Jik = Mygng, — My, (3.11)

where ng and n; are, respectively, the number of particles in state k and [ of the steady state and My is the
probability to change from state k to state [.

During one timestep 7 particles at site ¢ = 2,..., N — 1 always translate to a neighbouring site ¢ & 1, while
particles at site ¢ = 1 and ¢ = N have the additional possibility remain at the same lattice site, due to a
collision with the wall. There are four distinct transitions from site ¢ to ¢ + 1, with ¢ = 1,.... N — 1: (1)
maintaining orientation +1, (2) maintaining orientation —1, (3) changing orientation from +1 to —1, and (4)
changing orientation from —1 to +1. A representation of these four transitions can be seen in figure

e=+10@ —1> (]
3N\
47\

e=-10 °
i 2 i

Figure 5: Representation of the four transitions from site i to site i + 1.

Using Eq.(3.11]) we are able to calculate the fluxes between site ¢ and i+ 1, with ¢ = 1, ..., N — 1, corresponding
to these four transitions

1 1
S = (=) [0+ @i = 0= i, (3.12)
1 1
Joi = (1 — ’}/) 5(1 - Oé)n,"_ - 5(1 + OZ)TLH_L_ R (313)
1
I35 = 5 (1= a)y[nig —nipa -, (3.14)
1
Jui = 5(1 +a)y[ng,— —nip1,4]. (3.15)
In a passive system a = 0, v = % and, due to the homogeneous distribution of particles, n; . = % for

t=1,...,N —1and e = £1. Hence, for a passive system J; = Jo = J3 = J4 = 0. This, however, is not the
case for an active system.
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Figures [6a] and [6D] show the particle flux in position and orientation space at, respectively, the left and
right wall of an active system with o = 0.01, v = 0.001 and N = 251. Figures and [6d) show the
magnitude of the fluxes Ji, Jo, J3 and Jy per lattice site. Notice that in the bulk J3 = J; = 0 and
Ji = —Jy = Jphux = %oz(l — ) # 0, which follow from Eq.— and the homogeneous particle
distribution of the bulk, i.e. n;. = % for i inside the bulk and e = £1. In the next section we derive
that a,y | 0 in the continuum limit and that the self-propulsion velocity is given by vy = “*. Hence, the
magnitude of the bulk flux in the continuum limit is given by Jyuk =~ %a = 2.

Looking at the representation of the particle flux in position and orientation space of figures [6a] and [6b] it is
clear to see that there is an overall (clockwise) rotation in the particle flux in position and orientation space.
For active systems this rotation is always clockwise in this representation and the magnitude depends on the

activity of the system.

® - o — o o o o o ® — o -~ o
box o X - X X - X X X X
® - o — ©o o [ ) [ ) o ® — 0 - o
(a) (b)
0.006 0.0002
0.004 f ] 5
0001 | . ]
0.002" ] 0.000
' . . J4
¢ g J Y «
= 0.000§ ] 1 3 00000
: v HE
—0.002}* f]
—0.0001 | ]
—0.0041 ] $
—0.006 ‘ : : : : ~0.0002 : ‘ : : :
0 50 100 150 200 250 0 50 100 150 200 250
site site

() (d)

Figure 6: Particle flux in position and orientation space of (a) the 5 most left sites and (b) the 5 most right
sites of an active system with a = 0.01, v = 0.001 and N = 251. The arrow length is a measure for flux
magnitude. The arrows between different orientations, i.e. transition 3 and 4, are multiplied by a factor 2
to make them better visible. The magnitude of the fluxes Ji, Ja, J3 and Jy per lattice site are shown in (c)
and (d).

3.3 Continuum Limit and Analogy with Continuous Model

In this section we take a look at the continuum limit of our lattice model and derive an analogy between
our discrete model and a continuum ABP model. In a continuum model the steady state of the system is
given by the probability density distribution which solves the overdamped Fokker-Planck equation (Eq)
Recall that our lattice has N sites and lattice constant a. We define the probability density of particles with
orientation e as

bel(z,t) = n"’;(t), (3.16)

where x = (i—1)a for i = 1, ..., N and e = +1. Using this definition, the overdamped Fokker-Planck equation
for a one-dimensional system without an external potential is given by

at1/}e(xa t) = _eramwe(xa t) + Dtazx¢8(x7 t) + % W—e(% t) - we(xﬂ t)] ) (3'17>
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where v is the self-propulsion velocity and D; and D,. the translational and rotational diffusion coefficients.
To derive an analogy between our discrete system and a continuum system, we first have to define the
continuum limit in our system. In the continuum limit the lattice constant a should be small compared to
all other length scales in the system, thus we assume a ~ € and take € | 0. Simultaneously the number of
lattice sites N should go to infinity, such that L = (N — 1)a remains finite. The velocity, angular velocity,
translational diffusion and rotational diffusion should also remain finite as € | 0. Using the rotation matrix
equation Eq. and translation equations Eq. and Eq. we find

% =e(l— 27)(17 e T)Ti e _ 277’
(B _ & (el = ehes 23

where <Ai>”‘ is the velocity, % the angulare velocity, and

tively, the translational and rotational diffusion.

Keeping in mind that we already assumed a ~ €, we deduce v ~ 7 ~ €2 and a ~ € using the fact that the
above quantities should remain finite when € | 0. Thus, we see that in the continuum limit «,y | 0, which is
in agreement with our findings of the previous section, namely, that the decay length A is large for small «
and 7.

Now that we know what the continuum limit implies, we need to find an analogy between the discreet and
continuum model by finding expressions for vy, D, and Dy in terms of a, 7, @ and . To do this we derive the
Fokker-Planck equation starting from our translation and rotation matrices. First we rescale our variables
a=4% a=2 9= 2 and 7 = % and express the translation and rotation matrices of Eq. and Eq.

€ )
in the form

(A0))ie o g Lethn)—e()?)...

— , respec-

1 . 1 -
T(i2,€2|i17€1) = 662,61 5(1 + 60&6)51'27114,_1 + 5(1 - 60&6)512,,'1_1 ) (3'18)

R(ig,egﬁl,el) = §i27i1 [(1 - 62:)/)562761 + 62’?562,—61] ) (319)

where T, cyliy,e;) A0 R(iy eq)is ;) are the translation and rotation matrix elements corresponding to the
probability of going from state n(;, ;) t0 N(iy,e,)-
Now, using the expansion

1
51’2,1'1:|:1 — 52‘271‘1 = :Fédax + 562[1233;3; + 0(63), (320)
we rewrite Eq.(3.18)) to find

. 1.
T(i27e2‘i1yel) = 0iy,i10eq,e, T 62562,61 —eaad, + §a28m + 0(53) (3.21)

and restate this equation and Eq.(3.19) to get
T=1+éT3 +0(), (3.22)
R=1+¢RY, (3.23)

with Te(2 er = Oeyeq ( eaal, + a28m) and Re2 er = (0ey,—e; — Oepeq)-
To arrive at the Fokker-Planck equation from Eq.(3.17] - we use

[n(t+ 7)) = In(V) _ Mln(t)) — [n(t)) (3.24)

T T

Equivalently, from Eq.(3.16) we have
[z, t+7)) — (1) (TR 1)

T

where [¢) = (14,%_)" with + indicating the orientation. Now, substituting Eq.(3.22) and Eq.(3.23) into
Eq.(3.25) we get

(@, 1)), (3.25)

(2) (2)
(o) + 0() = (T + 2 ) o) + 0, (3.26)
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and taking the limit € | 0 gives

= 2

. _
Oute(a.1) = —lim (O‘Ta) Outhe(w, 1) + 5 lim (i) Orate (1) + lim (Z) [W_e(z,t) — to(z, )], (3.27)

Comparing this to the Fokker-Planck equation of Eq.(3.17)) we find
vg = lim (aa) = lim (%) ) (3.28)
2 a2
D =1i — | =1 — 3.29
= (57) = (5) (329)

D, = lim (7) = lim (27> , (3.30)
el0 T el0 T

where the limit € | 0 is to be interpreted as the limit in which the lattice constant is small compared to the
other length scales in the system.

3.4 One-Dimensional Solutions of the Fokker-Planck Equation

Having derived the analogy between the discrete and continuum model in the previous section, we solve the
Fokker-Planck equation in this section to find an expression for the steady state density and polarisation
distributions and compare these distributions with our numerical distributions in the next section.
Equivalently to Eq., the density and polarisation are defined by

p(;&t) = ¢+(x7t) + ¢7($at)a m($7t) = ¢+(x7t) - ¢7($at)- (3'31>

Using the Fokker-Planck equation, Eq.(3.17), we derive the differential equations for the density and polari-
sation

Op(x,t) = =0, [vom(x,t) — Didpp(x,t)], (3.32)
om(z,t) = =0y [vop(x,t) — Ddym(z,t)] — Dym(z,t). (3.33)

In the stationary state, i.e. Oip(x,t) = dym(x,t) =0, Eq.(3.32)) and Eq.(3.33) can be rewritten into

e2
Buplz) = PL%mm (3.34)
Ozamn(z) = %m(x), (3.35)

where Péclet number Pe, which is a measure for the activity of the system, is defined as

L1 Vo
Pe= = = ; 3.36
°=1, DD (3.36)
and Ly, Lo and A are length scales given by
v
L= D—OT, (3.37)
D
Ly = D—:, (3.38)
L
A= —2 . (3.39)
1+ Pe?

The first length scale L; is called the “swimmers’ run length”. It is a measure for the distance an ABP
travels before changing direction [29]. The second length scale Lo measures the translational diffusion and
A, as already mentioned in section [3.1] is the decay length of the accumulation at the wall.
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For the solutions of the differential equations Eq.(3.34) and Eq.(3.35)) we look at two different systems: a
system with one wall and a system with two walls. In a one-dimensional system with one wall at = 0 we
have boundary conditions

lim m(z) =0, (3.40)
lim p(x) = pouik- (3.41)
Tr—r 00

The general solution of Eq.(3.35) is given by
m(z) = cre"? + cpe ™/, (3.42)

where ¢; and co are constants. Applying the first boundary condition, i.e. Eq.(3.40), on Eq.(3.42) we find
¢1 =0 and ¢; = m(x = 0) = mp. Now, using this, Eq.(3.34) and the second boundary condition we find

2

Pe ,
p(x) = —moA—5- 2 e @A

+ Pbulk- (3.43)

Furthermore, we can use that there should be no flux at x = 0, i.e. [vop(x) — Did,m(x)],_, = 0, to find

mo = —ppuxPeV 1 + Pe?, (3.44)

Finally, by substituting Eq.(3.44) we get the solution for the density and polarisation distribution in a one-
dimensional system with one wall

P1w(T) = poulk (1 + Peze*”””‘) , (3.45)
Miw(z) = —ppukPeV 1+ Pe?e 7/, (3.46)

Notice that Eq. and Eq. are in accordance with the observed distributions Eq and Eq..
For the one-dimensional system with two walls, one at + = 0 and one at * = L, we have the boundary
condition m(z = O) = —m(xz = L) = my. Applying this condition on the general solution given by Eq.(3.42))
we find ¢; = mo—z7x L/A and ¢y = mole;//i. Substituting this back into Eq. and using Eq.
find

ex/A 76711;1
1—el/r 7

.

Pe et/r 4 eTx

p(x) = Poulk —I—mo\/1+7pe2 1 _ oL/>

Again, we use the fact that there is no flux at z = 0 to find mg = ppuxPev 1 +Pe2 1= eLii and after
substituting this back into Eq.(3.47) and Eq.(3.48)) we find our solution for the density and polarisation
distribution in a one-dimensional system with two walls

m(z) = mg (3.47)

(3.48)

smh + sinh L
P2w(Z) = ppuik (1 + Pe? smh 7 ) ; (3.49)
cosh £ — cosh £=2
Maw () = ppucPeV 1 + Pe? Asmh - (3.50)
X

The density at the centre of the system is given by pe = pow(z = %) = ppui (1 + 2P¢? smh 2> ) Notice that

Pe > Poulk- In the limit L > A we see that pow(2) = p1w(z) and may (z) = myw(z) for z < L.
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3.5 Wall Pressure

Using the expressions for the density distribution derived in the previous section, i.e. Eq.(3.45) and Eq.(3.49)),
it is straightforward to find the wall pressure of the system. Let us define the pressure on the wall as

I, = pwksT, (3.51)

where py, is the density at the wall [29]. In an active system the wall pressure then consists of the osmotic
pressure of the Brownian particles, i.e. the pressure ppukpT in a passive system, and the so-called swim
pressure, which is the pressure caused by the self-propulsion of the particles. We can therefore rewrite

equation Eq.(3.51)) as
Iy = ppuiksTer = poucks (T + Ts), (3.52)

where T is the effective temperature and T the additional swim temperature.
Using Eq. and Eq. 1' we find py = poulk (1 + Pe2) for both the one- and two-wall system. Thus,
the swim temperature is given by

T, = Pe’T. (3.53)

It is noteworthy that the density at the wall and, hence, the pressure only depend on the activity of the
system and not on other properties, such as the number of walls or the distance between two walls. The
reason for this lies in our consideration of non-interacting particles and hard wall potentials.

3.6 Comparison with Continuum Model

In section we introduced the length scales L; and Lo, and the Péclet number Pe to find the continuum
descriptions of the density and polarisation distribution for a one-dimensional system. Now, using Eq.(3.28])-
(13.30) and Eq.(3.36)-(3.39)), we express L1, L2, A and Pe in terms of our discrete model variables

ac
Ly =1i 54
1 3&(27), (3.54)

, a
Ly = 161%1 <2\ﬁ> ) (3.55)

Pe = lim <\%> , (3.56)

A = lim <“> . (3.57)
0\ 2y/7(1 +a?/7)

To compare the continuum findings of section to our discrete model we calculate the density and po-
larisation distribution for different Péclet numbers. For this we fix o and for fixed Pe calculate v using
Eq.. We then use Eq. and Eq. to fit the distributions to the one-wall model and Eq.
and Eq. to fit it to the two-wall model. Figure m shows the Pe dependence of the decay length A and
the density and polarisation prefactors, Pe? and Pev/1 + Pe?, for v = 0.005 and o = 0.01. The filled markers
correspond to data obtained by fitting to the one-wall model and the empty markers to the two-wall model.
The black lines depict the expected continuum values. All results are obtained using a lattice of N = 251
sites.

The grey horizontal lines of figure |7al correspond to % =8 and g = 23 and the dashed vertical lines in figure
and |7b|indicate the Péclet numbers belonging to these values of % We clearly see that the data of figure
differ from the expected continuum value, both for the one- and two-wall model, for % < 8. This is due to
the fact that % < 8 falls outside the continuum limit. For % > 23 the data belonging to the one-wall model
starts to deviate from the continuum line, while the data belonging to the two-wall model does agree with
the continuum line. This is explained by the fact that for % < 10 the decay of the particle accumulation at
the walls is not fast enough for the one-wall model, causing the particles on the left side of the system to also
feel the presence of the right wall and vice versa. Using Eq. we see that accumulation of a system with
% = 10 has only decayed with a factor e™® ~ 1/150 at x = 5. Thus, the effect of both walls is considerable
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at the middle most site of the system. Hence, systems with % < 10 must be compared to the two-wall model
and cannot be approximated with the one-wall model.
The failure of the one-wall approximation for small % can also be seen in figures [7c[ and

T continuumvalue iDi : m :
09F ! ! © @=0.005, 2 walls]
m i i i i « @=0.005, 1wall ]
@ o 0.8; i i i 5 o a=0.01,2walls*:
= = P :'- @=0.01, 1 wall
0.7 1 11 i
[ 1 011 1
Eolod i .
os i il i
S : ’
05 A . i R | P L [
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S
S @
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>‘ - —
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Figure 7: Dependence on the Péclet number Pe of (a) the decay length A scaled by the lattice constant
a, (b) A scaled by the translational diffusion length scale Lo and the prefactors of (c¢) the density and (d)
polarisation distribution, i.e. Pe? and Pey/1+ Pe?, for @ = 0.005 and o = 0.01. The black lines depict
the expected continuum values. The grey horizontal lines of (a) correspond to % = 8 and % = 23 and the
dashed vertical lines in (a) and (b) indicate the Péclet numbers belonging to these values for 2. All results
are obtained using a lattice of N = 251 sites.
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4 Two-Parameter Model with Ratchet Potential

Thus far, we only considered systems without any external potentials, except the hard wall boundaries.
However, interesting phenomena arise when we consider the presence a non-zero external potential. In this
chapter we investigate the influence of a ratchet potential on the steady state distributions by adjusting our
two-parameter model of the previous chapter.

We consider ratchet potentials of the form

0 for x < zg — xp,
v
max (3 _ g0 4 forxg —zp <z <z
Vie)={ i Tt P (1)
;“};‘X(SUO‘f‘xR_x) fOI‘ICoS«TSxO"‘va
0 for x > xo + zg,

where Viax is the ratchet height, xo the location of the top of the ratchet and zj; and xg, respectively, the
length of the left and right side of the ratchet.

A representation of this ratchet potential is given by the dashed line in figure[8] The solid line represents the
density distribution of the steady state of a passive system, which, as mentioned in section [[.1] is given by
a Boltzmann distribution, i.e. Eq.. Notice that the presence of the ratchet potential divides the system
into two subsystems each with their own bulk density. We indicate the bulk density of the left subsystem
with p; and of the right subsystem with pr. In a passive system p; = pg, as the density distribution is
given by p(z) = ppue ?V®) and V(z) = 0 in both the bulk of the left and right subsystem. However, for
an active system the bulk density belonging to the steepest side of the ratchet turns out to be higher than
the bulk density belonging to the more gentle side in a steady state. This inequality in the bulk densities
is explained by the fact that active particles, due to their propulsion force, are able to cross the potential
barrier more easily from the more gentle side than from the steeper side. Thus, in order to compensate for
the reduced transition probability per particle at the steeper side, a higher density develops on this side of
the ratchet in the steady state.

In this thesis we only consider ratchet potentials with xr < xp, such that pr > pr. We can take this
restriction without loss of generality due to the symmetry of our model: a system with 2/, > z, is simply
the mirror image of a system with zz = 27, and z1, = 2.

IBVmax I

Phbulk

] pbulke_'B Vinax

Figure 8: The dashed line represents the ratchet potential SV (z) of Eq. and the solid line the density
distribution of the steady state of a passive system, i.e. p(x) = pouike PV *). The top of the ratchet is
positioned at xy and has the value 8V ,.x. The length of the left and right side of the ratchet are xz; and xg,
respectively.

4.1 Ratchet Force and Time Evolution of a State

The force on a particle due to an external potential is given by F(7) = —VV (7). Discretised and for one-

dimension this is equivalent to

Vigr = Vi
2 3

where F; and V; are, respectively, the scaled force and potential at site . The force is scaled with the lattice

constant a, such that F; has the dimension of energy and SF;, where 8 = 1/kgT, is dimensionless.

Fy=— (4.2)
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Using Eq.(4.1]) we find the discretised ratchet force

o for i =ig — iz,
Fy, fOIZ'()—7;L<Z‘<7;07
F = % for i = 1, (4.3)
Fr for ig < i < ig +ig,
In for i = ig + ig,
0 elsewhere,

1
the lattice site on which the top of the ratchet is located and i, = x1/a and igr = xr/a, respectively, the

length of the left and right side of the ratchet in terms of the lattice spacing.

The potential has no effect on the rotational step, but in the translational step it results in an additional
probability term proportional to the force for the particles travelling to the right and proportional to minus
the force for particles travelling to the left. We therefore adjust the translational equations of section (3.1
with an additional force term

with F, = —Vi"‘—;" and Fr = Vr.“Ra" , respectively, the force on the left and right side of the ratchet, io = z¢/a+1

mte+n) = (52 = P a0+ (R0 25 e (14
1 Fi— , 1-—- F’L /
i (t+7) = ( ;a L : 1) n_y () + ( o B 4+1) iy (b): (4.5)

The necessity of the factor 1/4 shows itself when taking the continuum limitﬂ

Using the translation equations (Eq.(#.4) and Eq.(4.5))) and the definition for F; (Eq.(4.2)) we construct the
new translation matrix 77", The transition matrix is given by M™* = T™' R with R given by Eq.. We
once again find the steady state by calculating the eigenvector of M*™' belonging to the eigenvalue equal to
1 and rescale the vector such that py, = 1.

Unfortunately, for passive systems, i.e. @« =0 and v = %, we find steady states with pgr # pr. Depending
on the shape of the ratchet the relative difference usually has an order 10~% — 1. However, for very steep
ratchets it can even reach on order of 102 or higher. The inequality of the bulk densities in passive systems
is caused by small errors due to the discretisation of the ratchet force. Using detailed balance, which states
that each elementary process of a system in equilibrium should be equilibrated by its reverse process, we

: . rat _ . rat : : . rat — . rat :
write niy e, M7 i) o) = Missea M) ¢ iy en)- This can be rewritten to p;, T¢7,; ) = pi, T(f);,) for a passive

Trat
system. Thus, we find p;, = ph% and use this to iterate from p;; = pr, to p;, = pr to find the bulk
(iylig)
density ratio
1, BF 1, BFg 1 pR\ 2T f1 pER \RTL /1 B(FL+FR)
pr_ (2t (2150 (2t 50 5t T st (4.6)
oL 1_BF |\ 1_BFe )\ 1 _ B 1 _ BFg 1_ BFLtFn) |- '
2 8 2 8 2 1 2 1 B) 3

In the continuum limit iy,,ir — oo we clearly have F, Fr | 0, and Eq. 1) yields indeed % = 1. To ensure
that ’;—f = 1 in the non-continuum limit we make a small correction in the definition of the force at the top

of the ratchet. Instead of F;, = %, we use Fj) cor = %i—ﬁ. Since A =~ 1 for a “decent”-sized ratchet, i.e.
a ratchet with ig, iy, 2 20, the corrected force 5|Fj, cor| < 1. Thus, the correction is indeed small.

4.2 Examples of Steady States

In this section we use the matrix M™® derived in the previous section to calculate the steady states of a
few active systems. However, before we look at some examples of steady state distributions, we first have to
define two restrictions of our model. The first restriction considers the ratchet size: each side of the ratchet
should consist of a considerable number of lattice sites, such that the continuum limit holds and the forces
due to the ratchet are reasonably small. By trial and error we find that ig, iy 2 20 is usually large enough,

3See appendix [B| for the detailed calculation of this continuum limit.
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but to be safe we use ig,i;, > 40 whenever possible. However, in the case of extremely high potentials, i.e.
BVmax > 15, one should consider a finer discretisation for the ratchet.

The second restriction considers the decay length . For a system of length L and with a ratchet potential
with sides zp and z1 the decay length is approximately restricted to the range [8a, L_g%“] The upper
bound of the range can be explained with the decay of the accumulations. A system with a ratchet potential
between two hard walls forms accumulations of particles at the walls, but also at the edges of the ratchet. For
the system to have a well-defined left and right bulk, these accumulations should decay fast, such that the
particles in the bulk do not feel the presence of the neighbouring accumulations. We saw in section that
systems with no external potential and % > 10 can be approximated with the one-wall model and thus have
a reasonably large bulk. Therefore, we use as a rule of thumb that A should be at least ten times smaller than
the distance between the wall and the edge of the ratchet. This is captured approximately by A < Lig%“.
The lower bound of the range can be explained by another finding in section namely that % > 8 for the
continuum limit to hold. However, the strictness of this bound depends on the quantity which one wants to
obtain from the steady state distribution. Using, for example, the same data from section we see that
the calculated prefactors only start to deviate from the expected continuum value when % < 2. We therefore
use systems with % > 8 when possible, but also use systems with smaller % when necessary and possible for
the measured quantity.

Applying the two restrictions of our ratchet model, we now look at a few examples of steady state distributions.
Figure [9] shows the steady state distributions for a system of N = 1400 sites for Péclet numbers 1, 2, 3 and
4. The external ratchet potential is indicated by the dashed black line and has height SV,.x = 4 and the
length of the right and left side are, respectively, zzp = 40a and xj, = 160a. The solid black line depicts the
Boltzmann distribution, i.e. the density distribution of a passive system, and the length scale Ly = 40a for
all four distributions. Using Eq. 1) we find % is equal to %, %, j—% and j—% for Péclet numbers 1, 2, 3
and 4, respectively, which lie in our restricted range for A. The density distributions clearly differ from the
Boltzmann distribution and show inequalities of the bulk densities, i.e. pr > pr. Notice that the steady state
belonging to Pe = 2 has the greatest pg. Apparently, pr does not simply increase with increasing Pe as one
would naively expect. In the next section we examine the dependency of the bulk density difference on the
Péclet number and other variables. Also notice that the density distribution on the ratchet is quite similar
to the Boltzmann distribution for Pe = 1, but increases for increasing Pe. This can be explained by the fact
that particles with a low Péclet number have a low activity and therefore have a similar distribution to that
of passive particles, while particles with a higher Pe have a higher activity and are therefore less hindered by
the ratchet potential, which results in a higher particle density on the ratchet.
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Figure 9: The density and polarisation distribution of the steady state for Péclet numbers 1, 2, 3 and 4. The
polarisation distribution is divided by the density distribution. The dashed black line represents the ratchet
potential and the solid black line depicts the Boltzmann distribution. The results are obtained using a lattice
of N = 1400 sites, translational diffusion length Ly = 40a, and a ratchet potential with height SVi.x = 4
and right and left side xg = 40a and xj, = 160a, respectively.
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Furthermore, we clearly see accumulations of particles at the walls and edges of the ratchet, all with a net
polarisation in the direction of the nearest wall or ratchet edge. The net polarisation of the bulks is zero,
as expected. The accumulation at the edges of the ratchet can be explained by the effect the ratchet has
on the translation probabilities. The probability to translate up the ratchet is lowered, while the probability
to translate down the ratchet is increased. This effect can surpass the translational preference due to the
orientation of the particles, which causes particles to translate down the ratchet even though their orientation
points upwards the ratchet. Once the particles arrive back at the base of the ratchet, they still have an
orientation pointing towards the ratchet and thus restart their battle to cross the ratchet. This process
causes many particles to get temporarily stuck at the base of the ratchet and thus an accumulation forms.
Notice that the accumulation at the steep side of the ratchet is larger than the accumulation at the more
gentle side. This is simply explained by the fact that the more gentle side is easier to cross than the steep
side, thus particles at the steep side are stuck for a longer period of time before crossing the ratchet. The
decay lengths of the accumulations at the walls are not affected by the ratchet potential: they are still given
by the one-wall solutions Eq. and Eq. with ppuk given by pr or pr. The accumulations at the
edges of the ratchet decay into the bulk with a decay length equal to A, which therefore appears to be a
universal length scale of the problem.

4.3 Bulk Density Difference

The steady state density distributions displayed in figure clearly show a difference in bulk densities for
active systems with a ratchet potential. As already mentoined, this difference is dependent on the Péclet
number. In this section we look at the difference in the bulk densities 2& — 1 and its dependency on the
four system variables. The first variable is the Péclet number Pe and the remaining three define the ratchet
potentlal the height SV ax, the dimensionless length of the right side & i L and the asymmetry of the ratchet
= — 1. Figure |10| shows the bulk density difference % 1 plotted against Pe, Vi ax, QE—R and ZL — 1, all
with logarithmic horizontal and vertical axes. Notice that all figures have a regime in which the data can be
fitted to a linear line. This hints to power law dependencies.

We first consider Z—R — 1 as a function of the Péclet number. Figure @:hows g—f — 1 plotted against Pe
for a few different Vi ax, %R and m—L — 1. We clearly see a low and high Péclet number regime. In the low
Pe regime, i.e. Pe < 1, the slopes of the fit lines are all equal to 2 £+ 0.005 and in the high Pe regime, i.e.
Pe > 1, they are equal to —4 # 0.08. Thus, the dependency of 2& pL — 1 on Pe is given by

PR Pe? for Pe <« 1,
oL 1 { Pe* for Pe > 1. (47)
Notice that the slopes are independent of the other three system variables, i.e. Viax, i—R and £& — 1, but

that the Péclet number for which ”—R —1 is largest does depend on these three variables. The low and hlgh Pe
regimes can be qualitatively explamed by the activity of the particles. For Pe < 1 the activity of the particles
is almost neghglble, hence the steady state distribution will resemble the passive steady state distribution for
Wthh 2R _ 1 = (. Increasing Pe increases the activity of the system, which in turn results in an increase of
ER _ 1, However when Pe & 1, further increasing Pe results in a decrease of 2& — 1. This decrease is caused
by the fact that particles start to cross the ratchet with increasing ease. Therefore when Pe > 1, particles
can almost ignore the presence of the ratchet potential and thus, pr ~ pr,.

Next, we consider Z—f — 1 as a function of the potential height. Figure shows ”j—’; — 1 plotted against
BVmax for a few different Pe, I—R and 7 — 1. We see that ’;f 1] 0 for BVmax 4 0, as is to be expected.
After all, when BViyax 4 0, the forces due to the ratchet potential become negligible small and consequently

—110. For 8Viyax < 3 the datasets can all be fitted to a line with slope equal to 3 + 0.1. Thus,

Zi 1~ (BVmax)?  for BVimax < 3. (4.8)
L

Notice that for high ratchet potentials, i.e. SVynax 2 3, the green data points deflect upwards from the
corresponding fit line, while the other three datasets deflect down. Unfortunately, we could not discover the
dependency of ’;—’L‘ — 1 on BViax in the high potential regime.
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The third dependency we examine is p—f — 1 as a function of the asymmetry of the ratchet potential. Figure
c| shows ’; ’z 1 plotted against 7= —1 for a few different Pe, 3Vi,ax and ””R . To obtain the data we fix 72
and vary L . We see that the den51ty difference increases for increasing asymmetry This is to be expected
as & — 1 = 0 for a symmetric, i.e. i—L 1 =0, ratchet and increasing the asymmetry increases the ease with
which the particles cross the ratchet from the left. For i—; — 1 <« 1 the datasets can all be fitted to a line
with slope equal to 1 £ 0.05. Thus,

'0R—1~<“—1) for “L — 1< 1. (4.9)
PL TR TR

Lastly, we consider Z—lz — 1 as a function of the ratchet size. Figure shows Z—}; — 1 plotted against ’z—’;‘ for
a few different Pe, V. and iR 1. Naively we would expect 2 —L — 1 to increase with increasing ’2—’;, as

we expect it to be more difficult for a particle to cross a ratchet the longer the ratchet gets. However, we
see that this is not always the case, as ;”—LR — 1 decreases for %{; 2 1. This can be explained by the fact that
the force due to the ratchet potential becomes almost negligible small, when SVj,.. is fixed and ”2—2’ — 0.
And even though this very small force acts over many lattice sites, the translational preference due to the
orientation of the particles is far greater than the influence of the ratchet force. For ”“—’: > 1 the fit lines of
figure all have a slope of —2 4+ 0.05, thus our fourth and last dependency of Z—f 1 is given by

—2
PR TR
— -1~ = for R, 4.10
pL (L2> L,y (4.10)

For 2—’: < 1 figure also appears to pass into a power law dependency. Unfortunately, it is difficult to
obtain data to examine this limit. The reason for this finds its origin in the earlier defined restrictions of our
model, i.e. ig,ir, > 40 and \ € [8a, L*“"Q%“] The first restriction implies that xr should at least be equal
to 40a. Hence, since we cannot take xp < 1, we need to take Ly > 1 to achieve “2“ < 1. This, on its own,
is easily accomplished. However, from Eq. - ) follows that A > 1, when Ly > 1 and Pe is fixed. Thus,
to meet the restriction A < M the system size L should become even bigger than A. In this lies the
actual problem: increasing L also increases N, which results in an enormous matrix M and this in turn
results in extremely long calculation times for ﬁnding the steady state distribution. For this reason we also
do not have data for i—R > 100, —1<0.01, — 1> 6 and Pe > 50. These situations, all in their own
way, demand a system with N >> 4000 for Wthh calculatlng the steady state distribution simply takes too
long using Mathematica.
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Figure 10: The bulk density difference Z—f —1 plotted against (a) the Péclet number Pe, (b) the height of the
ratchet potential SVi,ax, (¢) the length of the right side of the ratchet potential 7t and (d) the asymmetry of

the ratchet potential & — 1, all with logarithmic axes. The lines represent fit lines of the function y = ax?.
The small figures underneath the horizontal axes of (c) and (d) represent the shapes of the ratchet potential.
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5 Conclusion, Discussion and Outlook

5.1 Conclusion

This thesis aims to develop a discrete model for an ideal active lattice gas to find a generalisation of the
Boltzmann distribution for active systems. We specifically analyse the dependence on the particle activity
of the particle accumulation at hard wall boundaries and the behaviour of active systems with an external
ratchet potential. In chapter 2] we develop a lattice model using one parameter, i.e. v, to characterise the
activity of the system. The model considers the time evolution of a state to be described by a rotation step,
in which a particle’s orientation is maintained or changed with a probability dependent on =, followed by a
translation step, in which a particle translates along its orientation. However, we see that this one-parameter
model is too heavily simplified and produces steady states without a length scale in the particle accumulation
at the boundaries. Thus, in chapter [3] we adjust the translation step of the model by introducing a second
parameter, i.e. «, which serves as a measure for the probability of a particle to translate along the direction of
its orientation. The steady state distributions produced by this two-parameter model are in good agreement
with the continuum distributions, i.e. Eq.— and Eq.—7 derived from the Fokker-Planck
equation, when we consider the continuum limit of our model, i.e. «,v | 0. We find that the particle
accumulation at a hard wall boundary exponentially decays with a universal decay length A given by

Lo
V1+pe2

where Lo is the translational diffusion length scale and Pe is the Péclet number. Moreover, the density and
polarisation distributions of a system with a hard wall boundary at x = 0 are given by

A= (5.1)

() = poulk (1 + PeZeﬂ”/)‘) , (5.2)
m(z) = —ppuPeV/1 + Pe?e™%/*, (5.3)

where ppyik is the density of the bulk.

In chapter [4] we examine the behaviour of a system with an external ratchet potential by implementing the
influence of the potential in the translation step of our two-parameter model. We find that the steady state
of a system with an external ratchet potential divides itself in two subsystems with their own bulk density
and argue that the bulk density belonging to the steepest side of the ratchet, the right side in our definition,
is greater than the bulk density belonging to the more gentle left side. The bulk density difference Z—R -1
depends on the activity of the particles, i.e. the Péclet number, and three variables that define the ratchet:
the height 8Viax, the length of the right side 7% and the asymmetry ~& oy — 1. We numerically find a low and

high Péclet number regime in which the dependency of the bulk den51ty difference on Pe is given by

PR for Pe <« 1,

Pe
L i~ { Pe™* for Pe > 1. (5.4)

Furthermore, we find that for flat and almost symmetric ratchet potentials, i.e. ratchets with a height
BVinax < 3, length T ”R > 1 and asymmetry TL — 1 <« 1, the bulk density difference is given by

2
PR 3 (TR XL

5.2 Discussion

The discrete lattice model developed and used in this thesis is a simplistic, yet accurate model. In section [3.6]
we see that the calculated steady state distributions for systems without an external potential are in good
agreement with the derived continuum distributions. Unfortunately, we have no continuum validation for
the results obtained with an external ratchet potential. However, the observed behaviour of the bulk density
difference is not unexpected, as is explained in section [£.3] and, in private conversation with J. Rodenburg,
we find that numerical solutions of the differential equations provide similar results.
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During our research we encountered a couple of limitations of our lattice model. The most obvious limitation
considers the number of lattice sites N. Evidently, increasing N increases the calculation time. Calculations
of systems with N up to the order of 10 typically take up to an hour per state, which is acceptable, but
when N is of the order 10* or higher calculations using Mathematica typically take a day per state, which
is simply too long. This, of course, is no surprise, since Mathematica was not made with the aim to solve
large matrix equations. For future research it could be beneficial to invest in software specifically designed
for solving large matrix equations, such that larger systems can be investigated.

Other limitations of our model consider extrema, such as small decay lengths, high Péclet numbers and
very large, small, antisymmetric or almost symmetric ratchets. All these limitations directly or indirectly
originate from the restriction on the number of lattice sites. The total length of the ratchet, for example, is
directly restricted to the size of the system, while the minimum decay length is restricted to a couple of lattice
constants, which in turn depends on N. For discrete models it is important to have a fine discretisation. The
lattice constant a should be small enough such that examined phenomena, e.g. the decay of the accumulation
or a ratchet potential, take place across a considerable number of lattice sites and for a system with size
L = (N — 1)a a small lattice constant is accomplished when N is large. When using continuum models, one
does not have to take this into account and arbitrary small decay lengths, large Péclet numbers and small
ratchets can be easily studied. In future research continuum models can be used to examine these limits and
check if our derived dependencies of the bulk density difference in systems with external ratchet potentials
still holds.

5.3 Outlook

The discussion already provided a couple of recommendations for future research considering different software
of continuum models. However, there are plenty more possibilities for future research using our discrete lattice
model. For example, we only briefly looked at flux and flux rotation and left a lot to be examined. Another
example that we only briefly discussed is two-dimensional systems. We mentioned two-dimensional systems in
chapter[2] but did not discuss the two-parameter model for two-dimensional systems. However, we did develop
this model. One could further research flux rotations in two-dimensional systems, examine the influence of
different confinement shapes, or add chiral obstacles to study self-induced flow. The downside of discrete
two-dimensional lattice models is the rapidly growing matrix dimensions, and consequently calculation times,
for larger systems. For example, a system of 20 by 20 sites already has a 1600 x 1600 transition matrix.
Therefore, to truly be able study two-dimensional systems one should consider using faster software or
continuum models. Lastly, there is additional research possible on external ratchet potentials. One could for
example examine the steady state of a system with two ratchets for which the two steepest sides face each
other, study the cascading steady state distribution of a system with a row of ratchets, or consider ratchet
potentials in two-dimensional systems or in systems with periodic boundary conditions.
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A Eigenvalues of the Transition Matrix

In this appendix we study the transition matrix and examine its eigenvalues. For generality we consider the
transition matrix M of the two-parameter model described in section [3.1] However, the transition matrix
M’ of the one-parameter model is equivalent to M when o = 1.

The transition matrix describes the time evolution of a state |n(t)), i.e.

In(t + 7)) = M|n(t)), (A1)
and M is given by
my 776+
- e 1/ (1£a)1l-v) (l+a)
M=TR = : Come= (O wdaily) ) e
m_ my

where o € [0,1] and ~y € [0, 1] are the dimensionless model parameters.

A column i of M represents the probabilities of the particles in state ¢ = (7, é) transitioning to the other
states of the system. The sum of a column must be equal to 1, such that there is no gain or loss of particles.
Let us denote the eigenvalues of a system by p;, with ¢ = 1,...,2N. For a system of N = 3 sites the 6
eigenvalues of M are

1, %+%\/(1—v)2—a2(1—2v), —%—%\/(1—7)2—042(1—27),
1=2y, 3-3/0-7)2-0a?(1-27), —F+3/(10—7)?%-a2(1-2y),
and for a system with N = 4 sites the 8 eigenvalues are
1 0, Ji-a2i-7), JO-a2-29)(t-7)
) 9 2 2 ) 2 )
1-2y, 0, —/i-a23-9), —/(1-a2-29)( -

For larger systems the analytical solutions of the eigenvalues quickly become hideous and extremely hard
or impossible to calculate. However, using numerical solutions we find that M has eigenvalues p; = 1 and
o = 1 — 2v for arbitrary a, v and N. Notice that gy = 1 when 7 = 0. Furthermore, we find that all
other eigenvalues p; with i = 3,...,2N exist in & pairs, i.e. p; = —p, and have absolute values |p;| < 1 for
arbitrary «, v and N. Notice that some eigenvalues can be complex.

In section we explained that the steady state |nss) of a system can be found by solving |nss) = M|nss),
which corresponds to calculating the eigenvectors belonging to u; = 1. Thus, we find that a system with
arbitrary NV has one unique steady state distribution when v # 0 and two in the extreme case where v = 0.
Another method, which also reaches the conclusion that the steady states are found by finding the eigenvectors
belonging to p; = 1, uses the fact that u! vanishes for ¢ — oo, when |u;| < 1. Hence, the only eigenvectors in
|n(t)) = M*7|n(0)), which do not vanish when t/7 — oo, are the eigenvectors belonging to y; = 1. Since a
steady state is reached when t — 0o, these eigenvectors must correspond to the steady states of the system.
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B Continuum Limit of Lattice Model with Ratchet Potential

In this appendix we derive the continuum limit for the lattice model with a ratchet potential described in
section The derivation closely follows the derivation of the continuum limit done in section for the
two-parameter model with no external potential.

We start by determining the € dependency of the force term BF;, such that we know the behaviour in the
continuum limit, i.e. the limit of € | 0. Using Eq. and Eq. we calculate the velocity

<Al‘>i,e

T

aa Fia
=e(l—2y)— + L

T 4T
Recall that the velocity should remain finite when € | 0 and that a ~ € and 7 ~ €2. We therefore find 8F; ~ €
and define F; = F? Next, we derive the equivalent of the Fokker-Planck equation starting from our matrices
R and T™*. The Fokker-Planck equation with an external potential V (z) is given by

5t¢e($7t) = [—’er + BDtaxV(x)} 8Iwe(x’t) + Dtamzwe(x’t) + % [w—e(x’t) - wE(x’t)] . (Bl)

The derivation for R is already done in section For the derivation of T"" we start by finding the

equivalent of Eq.(3.18))

Ta) ]' ~ BE 1 ~ BE
T(i;,ez\h,el) = 5@2761 [(2(1 + eae) + 4 1> 5i2,i1+1 + (2(1 - 6&6) - 4 1) §i27i1—1‘| . (B2)

Then, using Eq.(3.20) we rewrite and restate Eq.(B.2) to find

F, 1
Tt = 1 4 277 ) 4 O(e?), Tt @ =4, ., l— <ed + b ) ady + aQam] . (B.3)

2 2

Finally, we find the equivalent of the Fokker-Planck equation by taking the limit of € | 0 of

rat (2) (2)
Dutbel,t) + O(e) = (T + RT> bel,1) + O(E2). (B.4)
We find
Otpe(m,t) = — 161%1 (6(;a n g27-a> Opthe(z,t) + 3 lellng <O;_> Opzte(m,t) + 16%1 (1) [V_e(x,t) — Ye(z,t)].
(B.5)

Comparing this to the Fokker-Planck equation of Eq.(B.1|) we find, besides the already derived Eq.(3.28])-
3.30), D0,V (z) = — lig)l (%) Now, using Eq.(3.29) we find

0,V (x) = 711&)1 (?) = flii%l <Zl> . (B.6)

Thus, we find that F; is equal to the force due to the potential times the lattice constant, which is precisely
our definition of F; introduced in section
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