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Abstract

In this thesis we study a nonequilibrium model that displays interesting
and unusual phenomena. The analysed system consists of multiple probes
locally interacting with driven colloids and trapped in a toroidal geometry.
The effective forces between the probes break the action-reaction principle
and these interactions induce, under particular conditions, stability of a
crystal pattern, in which the probes are equidistant. In this thesis we explore
the thermodynamic limit of such a system. Sending both the number of
probes and the length of the ring to infinity it is possible to analyse how a
perturbation on a hypothetic infinite crystal configuration perturbs such a
system.
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Introduction

Every physical system can be described in two ways, by a microscopic or
a macroscopic point of view. Let us consider for example a gas in a box.
The physical system that describes the gas consists of an enormous number
of interacting particles. In this sense the system can be described by the
Newton equations: each particle has a defined position and velocity that
depend on time. If we could solve these equations we would have a perfect
knowledge of the evolution of each particle of the gas in time. But this is
obviously not possible as usually, in Physics, systems are too complicated
to be solved by the Newton equations and the single-particle dynamics is
practically unpredictable. On the other hand, macroscopically, a gas can be
described thermodynamically just by its temperature and pressure.

The two different interpretations of the (gas) system are equivalent, but
their gap is very difficult to fill. And here Statistical Mechanics comes to
our aid.

During the nineteenth century a new theory, a bridge between micro-
scopic and macroscopic worlds, started to rise [5], [19]. One of the most
important concepts of Statistical Mechanics is the definition of two different
kind of states: the microstate and the macrostate. The former is described
by Newtonian equations’ dynamics, the latter by a small number of state
functions like energy E, temperature T, pressure P and number of particles
N.

Each microstate needs a huge amount of information in order to be
described and in particular there is a very large number of microstates cor-
responding to the same macrostate. The goal of statistical mechanics is
really to examine, instead of a single microstate, an ensemble of microstates
corresponding to a given macrostate.

This is not the only purpose of this new approach. Indeed Statistical Me-
chanics, with respect to thermodynamics, makes more predictions describing
the deviations from the average system’s physical behaviour.

Statistical mechanics was initially created as an equilibrium theory, suit-
able for explaining the emergence of an equilibrium state for a macrostate,
starting from a probabilistic study on microstates. Such equilibrium states
are stationary states, stable in case of small perturbations.

Since the 19th century until now, a huge and powerful equilibrium sta-



tistical mechanics theory has been developed. In particular, detailed phase
space diagrams, scaling laws and universality of the systems allow us to de-
scribe almost any equilibrium system. The concept of universality is worthy
of attention: equilibrium systems have indeed been proved to be largely
independent on the model’s details. Very different systems, sharing cer-
tain fundamental symmetries, have the same behaviour in particular critical
conditions.

What happens if the system is not at equilibrium? Thermodynamically
there is a theory that was developed by Onsager for systems close to equilib-
rium [18]. Furthermore, under some assumptions, a non-equilibrium system
can be described as sum of weakly interacting equilibrium subsystems.

The study of nonequilibrium systems is conceptually way more difficult.
Indeed, in addition to the study of stationary fluctuations, in this case we
are also interested in the dynamics of the system which evolves in time.
Formally, for an equilibrium system, the distribution of the system’s observ-
ables can be described by random variables. Instead, out of equilibrium,
because of the instability of the system over time, stochastic processes are
needed.

A stochastic process is therefore a very important tool in non-equilibrium
statistical processes and an important part of the present day research is
committed to analysing stochastic processes that are physically relevant.

As we said before, statistical mechanics has been proven to be successful
at describing physical systems at thermodynamic equilibrium. But since
most natural phenomena occur in nonequilibrium conditions, the present
challenge is to find physical approaches for such conditions. Nonequilibrium
statistical mechanics indeed does not exist as a systematic physical theory.

The present day work is mainly focused on the study of specific models.
The analysis and collection of nonequilibrium models is a starting point in
order to reach the ultimate goal: the construction of a full nonequilibrium
statistical mechanics theory.

The application field of nonequilibrium physics is huge. Ecological and
biological systems, optimal transportation network, complex networks dy-
namics and environmental science are based on nonequilibrium.

In particular, understanding the origin, maintenance and loss of biodiver-
sity in ecological systems is a goal of the highest scientific priority given the
rapidity of global biodiversity loss. Ecological communities exhibit perva-
sive patterns and relationships between size, abundance and the availability
of resources [13]. And nonequilibrium statistical mechanics is the natural
candidate to develop a unified framework for understanding the distribution
of organism sizes, their energy use, and spatial distribution.

Bacterial suspensions, flocks of birds and swarms of insects, for instance,
are self-propelled and interacting systems that, under proper conditions,
display collective motion, aggregation and patterning. If one neglects the
details of these systems, each individual can be described as a particle that



burns internal energy to move in the environment. Hence these systems are
intrinsically out of equilibrium.

Their statistical properties such as the aggregation phenomena and dy-
namical patterning that occurs as a result of spatial confinement and the
mechanisms of communication between individuals have to be studied by
considering the non-equilibrium properties of such systems.

Pattern formation in particular is one of the most surprising aspects
of nonequilibrium systems [17], [4], [3]. The complex patterns that appear
everywhere in nature have been cause for wonder and fascination throughout
human history [16]. People have always admired the elegance of the even
simplest living systems.

The growing understanding of the physics of pattern formation has led to
possibly speculate about a more general science of complexity, and to pose
deep questions about our ability to predict and control natural phenomena.

The beauty of nature that surrounds us is based on equally beautiful
mathematical equations that perfectly explain the emergence of so many
surprising behaviours in all living systems. And this is what this thesis
tries, at least partially, to deal with.

The purpose of this thesis is to analyse a particular nonequilibrium sys-
tem characterized by the emergence of a crystal pattern formation. The
work is based on a series of articles written by Christian Maes and Karel
Netocny ([11],[12]) and tries to further develop the arguments of such pa-
pers. In particular the thesis is organized as follows. In the first chapter
some theoretical notions about diffusion of particles subject to forces are
introduced. In chapter 2 we explain the model of the system and start
to analyse the features of the dynamics by computing the driving induced
forces on the probes. In chapters 3, 4 and 5 the relaxation to a crystal pat-
tern emerges and we study the stability of such a configuration. In the last
chapter, finally, we analyse the thermodynamic limit of the system.

I would like to thank Professor Christian Maes for his constant guidance
and endless supply of fascinating ideas for my research. I am most grateful
for his constant and supportive supervision.

Thanks to his contagious curiosity and invaluable advice the work on my
thesis turned into a really challenging opportunity.

I am also thankful to the KU Leuven Theoretical Physics department
for its warm hospitality and support.

Finally, I would like to thank Professor Marco Baiesi for the suggestions
and discussions that helped me during these months abroad.






Chapter 1

Theoretical background

In this first chapter we want to introduce the theoretical framework in which
this thesis work is inserted.

In particular the features of a diffusing particle subject to external forces
will be analysed.

1.1 Fokker-Planck equation

Let us start by considering a particle moving on a uniform one-dimensional
lattice (x; =i -1, t, = n - €) and satisfying the Markovian property, meaning
that the probability W; (t,+1) of being at the position labelled by i at the
time-step t,41 depends only on the state at t,, that is on the probabilities
W; (t,) ¥j and on the transition probabilities W;; (¢,,) from j to i :

+o0o
Wi (tns1) = Z Wij (tn) Wj (tn) (1.1)

j=—o00
Allowing jumps of any size in R, (1.1) becomes:

+oo
Wz, tht1) = / dz W (z,tpyr | 2 — 2,t0) W (x — 2,tp) (1.2)

—00

The integrand is the probability of the particle being in [z —z, x — z 4+ dz]
at time ¢, and making a jump of size z to reach [z,x + dx] at time ¢,41.
By summing over all possible jump sizes we compute the total probability
of the particle being near the arrival position. If we require jumps to be
independent of each other then the jump probabilities W (z,t,41 | © — 2, t5)
depend only on the jump size z. Assuming an isolate system, as the particle

)
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cannot escape, probability is conserved:

/de(l’vtn+1);/dyW(yvtn)
R R
:/dz/de(x,tn+1 |z —2,tn) W (z — 2,t,) =
R R

:/dz/dyw(y+zatn+1 ‘ yatn)W(yvtn) =
R R

(:) (/ dzW (g + z,th41 | Zj,tn)> </ dyW (yatn)> VyeR
a R R

where in (a) we used the independent increments property (g is a arbitrary
constant). Comparing the first and last lines leads to:

/ A=W (5 + 2t | yota) = 1 (13)
R

Intuitively, if the particle cannot disappear, it must make a jump. For
simplicity we denote

W(y+zatn+1’yvtn) = W(—I—Z|y, tn) (1'4)
Starting from (1.2) and taking the continuum limit in time we can find a

general diffusion equation. We start by constructing the difference quotient:

W (z,thy1) — W(:U,tn):/de(+z|m—z,tn)W(:n—z,tn)—W(m,tn):
R

= /de(—i—Z:z—z,tn)W(a:—z,tn)—/de(—i—z\x,tn)W(x,tn):
R

= /Rdz[WH-z |2 =2, tn) W (x —2,10) =W (+2 [ 2,t0) W (2,10)] =

2

F.(z—2) F. ()

= [l =2) - F) -

= [ dz Fz(m)—zéFz(ﬂi) z—Qa—ZFZ(rcH---—Fz(@ =
i oz 2 Oz

_ —/Rdzzaax [Fz(x)]—l—;/ﬂ{dzzQaa;[Fz(m)]—i—m:

_ _% K /R dezW (42 | a:,tn)> W(:E,tn)} +

n ;aa; [(/RdzzW(—kz | :z:,tn)> W(x,tn)] +o

(1.5)
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where F,(z) is the probability of a jump of size z from the position x.
So at the end:
+o0 (_1)k 6’“

W (2, tng1) = W (2, tn) = 1 gk e (@, t) Wz, ) (1.6)

B
Il
—

where we defined the k-th moment of the jump pdf as

pg(z,t) = / dz 2MW (+2|z,t) (1.7)
R
And consequently

W (2, to) =W (2.tn) _ O {iwk O <x,tn>w<x,tn>} 18)
k! '

thi1 — tn - Oz Oxk—1 ths1 — tn

Letting t,41 — t, = €, in the limit € — 0 the left side will be W (x, ).
Assuming a gaussian pdf for the displacements:

1 . < (Az)? >
Z o~ xp | —
vVamrDe P 4De

the first two moments become:

w1 =0 w2 = 2De (1.9)

And the variance
Var(z) = pp — 3 = 2De (1.10)

However, for a particle subject to a force we would expect to have a preferred
jump direction, leading to a constant velocity motion in the direction of the
force. So we require a different py:

p1 = /RZW(—i—sz‘,t) x € f(x) (1.11)

We want to fix the variance to be proportional to €, as it is expected in a
diffusion process.
An appropriate choice for such a distribution is given by:

Wtz | oty = g [ 22 @D
eD(z,t) eD(z,t)

(1.12)

with F,D : R — R functions, satisfying certain conditions, and with a
physical meaning that we will see. First of all, we check the normalization:

1
lé/de(—l—z]x,t):A/sz @) /dF
R \JeD(z,t) 'R eDa:t

(1.13)



8 CHAPTER 1. THEORETICAL BACKGROUND

where in (a) we changed variables:

Yy = zoefl@t) dz = \/eD(z,t) dy (1.14)

eD(x,t)

Then we compute the first moment:

) = (. t) = L z—ef(x,t) 1 _
= atnd /Rd " VeD(a.t) ) \JeD(a,t)

:/Rdy(ef(x,t)w eD(x,t) )F(y) =

—ef(m)/F(y)dyﬂ/eﬁ(axt) /yF(y)Lef(w,t)
R R

=1

So, in order to have the right normalization and the desired (z) we need:

{ f]R dyF(y) =1
JrdyyF(y) =0

For the second moment:

po(z,t) = ﬁ Jpdz2®F (i;g:;) —
= Jady(ef(x,t) +y\/eD(x,1) )2 F(y) =
= JadyF(y) [212 + 42 De + 26 /EDy)| =
=2 f? +l§efRdyy2F(y) =€2f2 + De <y2>F(y) (1.15)

And so the variance becomes:
Var(z) = pg — p? = €D <y2>F(y) X € (1.16)

which is proportional to € as desired. For notational simplicity, we introduce
a new function D : R — R such that:

Var(z) = €D (y?) .. = 2D(x,t)e = po(z,t) = €2 +2D(x,t)  (1.17)

F(y)

We note that higher order moments are all of order O (63/ 2) . For example,
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the third moment is:

Z = éf(ZL‘,t)

= \/G;sz/RZ?)F \/T

/dy ef(x,t) +y\/eD
= /Rdy (63f3 +y*(eD)*? + 362f2y\/5 + 362ff?y2) F(y) =
= & (D)2 43D (32) 1, = O (¢72)

Substituting (1.12) in (1.8), we get

W(x,tn+1)—W(:U,tn) _ _% W($,tn)w +%% M W(x’tn)
€ \ € , *
flz,t) ef2+2D(z,t)
1 83 M3 (x7tn)
1o R AGALIA 1.1
+ 31523 [W(:p,t ) = + (1.18)
o(12)

Taking the limit ¢ — 0 we obtain the Fokker-Planck equation, that
is

oW (z,t) 0 0 } (1.19)

= —— t t) — — (D(z,t t
S = L W (1) — S (DG W (1)
and describes the diffusion process in the presence of a force f(xz,t) and a
diffusion parameter D(z,t).
Note that, in absence of forces and with a constant diffusion coefficient,
from (1.19) we get the diffusion equation:
0 W(z,t) =D o sW(x,1) (1.20)
—Wi(x —Wi(x .
ot dx? ’
Fokker-Planck equation (1.19) can be seen also as a Master equation
with current j(x,t):
SWia) () =0, j(ent) = W (1) = 2= (D, W (z,1)
ot t\Z 81’j r,t)="u, J, - xz, x, O Zz, Zz,
(1.21)
and in particular stationarity implies that

;xj(a:,t) = 0. (1.22)



10 CHAPTER 1. THEORETICAL BACKGROUND

1.2 Langevin equation

The Fokker-Planck equation involves probability distributions, meaning that
it describes the behaviour of ensembles of trajectories at once. However, we
can find an equivalent description by focusing on a single path. We start
with a Wiener process, that is a stochastic process with independent and
gaussian increments and continuous paths. Considering a time discretization
{ti}, the evolution of a single trajectory is described by:

T (ti—i-l) =T (tz) + Az (t,) (1.23)

where each increment Az (¢;) is sampled from a gaussian pdf:

1 (Az)?
NZTI N <_4DAtZ-> (1.24)

To simplify notation, we change variables, so that:

Al‘i (t@) ~

AB?  Ax? Ax
_ AB = 1.25
o 4D Neh) (1.25)
If v ~ p(x), and y = y(x) ~ g(y), then by the rule for a change of random
variables we have:

dx
9(y) = p(z(y)) d(y> (1.26)
y
In this case:
1 (AB?\ dAz 1 (AB)?
BB~ Jmpar, O (— 21t > dAB ~ \2nnt P (— oA, f120)

V2D’

Note that now (AB?(t;)) = At;. So, in a sense, it is the ”standard” Brow-
nian path, and any specific Brownian motion can be obtained by rescaling
it.

Substituting in (1.23) and rearranging we get:

z(tis1) —x (t;) = V2D AB (t;) (1.28)

Now we would like to have a time derivative in the left side, in order to
obtain a stochastic differential equation for paths. In order to do this, we
first extract a At; factor from AB (t;) by performing another change of
variables:
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so that Az; = V2D At;&;, and all the randomness is now contained in
the random variable &, which is distributed according to:

€(t) ~ L exp (—A’%2 ) daB: _ [AL (—At’f?) —

V21 AL 2At; d¢ (t;) 2 2
At;

Substituting back in (1.28) and dividing by At; leads to:

z (tip1) — (b)) _ ,
+1Ati = V2D (t;) (1.30)

And by taking the continuum limit At; — 0 we get the Langevin equation
for a Brownian particle:

(t) = V2D &(t) (1.31)

We can see £(t) as a highly irregular, quickly varying function, which, in a
certain sense, expresses the result of Brownian collisions at a certain instant.
In particular, the following holds:

€®)y=0 EWEH))=0(t—1) (1.32)

meaning that the values of £(t) at different instants are completely inde-
pendent. Brownian paths are not differentiable, so @(t) does not exist and
(1.31) is just a formal equation, with a definite meaning only in a given
discretization. In particular, as £(t) is a random variable, eq. (1.31) is an
example of a stochastic differential equation.

We can rewrite (1.31) in a more rigorous form by "multiplying by dt”,
i.e. performing the change of variables (1.29), which, in the continuum limit,
is dB = &dt, leading to:

dz(t)=+v2D dB  dB~

1 d32>
exp | ——— 1.33
V2mdt ( 2 dt ( )
Equations (1.31) and (1.33) can be generalized to the presence of external
forces. This just results in adding a constant velocity motion to the particle,
leading to the full Langevin equation:

&(t) = f(z,t) + v/2D(x,t) £(1)

1 dB2\ (1.34)
da(t) = f(x,t)dt + /2D (x,t)dB  dB ~ o O <_2dt)

Consider a particle of mass m immersed in a fluid, with a radius a that
is much larger than the surrounding molecules. The forces acting on it
will be that of viscous friction —v7, eventual external forces Feyt and a




12 CHAPTER 1. THEORETICAL BACKGROUND

rapidly varying and random term F',.is , encompassing the effect of the
large number of collisions with the smaller fluid particles:

mr(t) = *’77'4 =+ Fext + Fnoise(t) (1.35)

Dividing both sides by = :

(1.36)

If  is much smaller than the timescale we are interested in, we can
neglect the acceleration term, reaching the overdamped limit for which (1.36)
becomes:

F X Fn i
R (1.37)
Y Y

In particular for a particle moving in one dimension:

Fext + Fnoise
Y Y

#(t) = (1.38)

Comparing (1.38) with (1.34) gives the physical meaning of f(z,t) and
D(z,t).



Chapter 2

The model

The analysed model consists of a ring in
which passive probes are suspended in a
driven colloidal fluid. The red arrows in
figure 2.1 indicate the fact that the colloids
are driven by a rotational force €. The ther-
mal environment is then represented by the
many smaller (blue) particles.

For a system of N probes, their coordi-

nates are defined by x, where a goes from 1
to N. The colloids are instead modeled via
independent particles, have generic coordi-
nate 17 and are subject to thermal noise.
In particular, for the colloids, an average
density p" can be defined such that the
number of colloids is p°L, where L is the
length of the ring.

The only interaction considered in such
a model is a local interaction between
probes and colloids which interact through
a local potential u(zo —n) such that u(z) =
u(—z) and u(z) = 0 for |z| > 0. Therefore
¢ is the range of the interaction.

The starting point for such an analysis is the study of the colloids’ dy-
namics. The colloidal fluid is driven and subject to thermal noise. Thus it
can be described by the overdamped Langevin equation

Figure 2.1: Passive probes sus-
pended in a driven colloidal
fluid. The big grey particles
are the probes, the arrowed
green particles are the driven
colloids and the small blue
particles represent the thermal
environment.

1/2
% =c— OU(O::; ) + <2‘§> & (2.1)

where U(z,n) =Y, u(zq — 1), € > 0 is the constant driving force and ( is
the fixed friction parameter.

13
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Due to the local interaction u(x, — ) the mean force on the a-th probe
from the driven fluid is

L
falz) = — /0 W (2o — )pa(n)di (2.2)

where the classical definition of the force averaged on the colloid density
pz(n) has been used.

In particular
ou(zq —m)  OU(z,my)
N —n) = o = ’ 2.3
w (o —n) 0%, 0%, (2:3)
In order to compute eq. (2.2) the stationary colloidal density is needed and
that will be done in section 2.1.

From the Langevin equation (2.1) easily follows the Smoluchowski equation

ol ()

that describes the colloidal density and from which the current j(7) of the
colloid flow is defined such that

G + 5i) =0 (25)

The (stationary) Smoluchowski equation (2.4) can thus be rewritten as

Ca = pa(n) {8 - %ﬂ - péé”)

For the forces the following transmission rule can then be derived

Shin = -% F 2 pan = § 2T apan = (27

= f (px(m)e — (ju) dn = epL — (joL = (ep° — (ja) L

(2.6)

where we used equation (2.6) and the fact that ¢ dnpl,(n) = 0 as obvi-
ously the density has an L-periodicity where L is the length of the ring.

2.1 Stationary density of the driven colloidal fluid

The explicit solution of the Smoluchowski equation has the form of a marginal
density

L
pe(1) = /0 pre(n,n")dn (2.8)

where

0
/ = 7p L _/BWI(”ZW') 2 9
pa(n,m') o) (2.9)
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L L

Qx) = / / e_BW”(”’”,)dn dn/ (2.10)
0o Jo
no_ B , e(n —n)° fore>0
W (n,n') = Ulw,m) = U (z,7) +{ e —m)° fore<o (21D
where (' — 1) stands for ” — 7 mod L and so, explicitly,
/ : /
oo _ ) —n ifn' >n

The integral can therefore be divided in two terms.

pOL n ’ / L ’ ’
_ L v { / BV @l )=BelL—(n=1')] gy / BV @) =Bt =n) gy

pa(n) =
! Q(x) 0 n
(2.13)
Here is the proof that (2.8) is the correct stationary colloidal density.

From the Smoluchowski equation (2.4), the stationary density should satisfy

O

Using (2.13) the derivative inside the square brackets can be rewritten as

2 (Pz(”)) _ [px(n) (_aU +€> n pOL e BU(z.n)+Ben (eﬁU(x,n)—Ba(L-Hl) _

on\ B n s (x)
(2.15)
from which
ou 9 ([ pa oL _ _ _
<5 _ 817) pu(n) — o <,0 én)> — _B?Z(z)e BU (am)+Ben o fU (@) —Ben (g =BeL _ 1)
oL
B _B?zm (et —1) (2.16)

This means that the expression inside the square brackets in (2.14) does not
depend on 7 and therefore equation 2.14 is satisfied.
It is also possible to find some useful identities for the current.
Dividing equation (2.6) by p, and integrating it in n around the ring the
following expression is obtained:

ijfdn :6L+%[ O oy — LD (2.17)

pz(n) _8777 - B pz(n)
and since the integral on the right vanishes because of periodicity
) el
Jo = ——— (2.18)

d
Cf pz-(nn)

eﬁU(m)—ﬁenﬂ
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from which

L an €L
/0 pz(n) — JaC’ (2.19)

A consequence of the Cauchy-Schwarz inequality, Titu’s lemma, can now
be considered [14]. The lemma states that, for positive real u; and v;

o> Z IUZ va (2.20)

z 1Uz

This can clearly be rewritten as

(£ Z?:iui)n(% Yiw) L i ui (2.21)
i Vi nio v

Imagine now to divide the length L of the ring in n segments. For each of
these segments (labeled with index ¢) consider w; = 1 and v; = p,,(n) where
pz; (n) is the colloidal density in the mid point of segment i.

Substituting this in 2.21:

X (FXinl) _Lgs 1
% Zizl Pz; () = ; Pz; (n) (222)

In the limit for n —

2
<foL d77> L 1
P < h -

And therefore from (2.19)

L Log L2 L?
== (R == (2.24)
JxC o pz(n) Jo dnpz(n) P L
from which we get for the current the bound:
Cif) <1 (2.25)
ep

It is possible also to express the stationary current in function of the
normalization factor Q(z). Indeed from equations (2.16) and (2.6) it is
straightforward to get

L e %
j = =
’ (AQ(z) ¢Z(x)
where in the last equality Z(x) is the modified normalization function defined

as
_ be
L(1 —eFeL)

(2.26)

Z(x) = Q(x) (2.27)
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The factor inside the colloid density that contains the interaction is

e AU@N) = ¢=F¥qu@an) = TT ¢=Pulwan) (2.28)

Introducing the Mayer expansion formula, it can be rewritten as

e PVEn T [14 ¢ (wa —n)] (2.29)

«

where ¢~ (2) = e P42 — 1,

The probes of the system are considered isolated, in the sense that |z, —
x| > 26. This imposes an upper bound on the average density of probes
% < (26)~!. Making this assumption, the colloidal particle of coordinate 7
cannot interact with two different probes and so

[Th+¢ (@a—n] =14+ ¢ (za—n) (2.30)

«

The same reasoning can be used for V@M ysing this time ot (z) =1-—
Bu(z)
e .

At the end

e U@ — 145" ¢ (2 —1) UEM = 1% "¢ (wa—n) (2331)

It is possible now to use this in order to find a more explicit expression of
the modified normalization function Z(x).

First of all a new length scale emerges in the system. Indeed Iy = (B¢)~!
is a length scale associated with the driving and it represents the typical
distance on which the dissipation as measured via the entropy flux (see [9])
to the thermal bath becomes relevant.

In particular when l; >> L the colloidal medium is (globally) close to
equilibrium, but increasing the ring size L the colloidal fluid is driven further
from equilibrium. In order to understand which is the most interesting
regime to study, there are three different length scales to analyse (L, l4 and
the interaction range ) and the interplay between them is crucial.

Just by looking at equation (2.2) it is clear that the detailed structure
of the forces depends on how the probes modify the stationary colloidal
density pz(n). Under equilibrium conditions (¢ = 0) this modification is
just local (on the scale ¢). Thus, for N isolated probes (|zq — x| > 20), the
absence of the driving force makes the colloidal density almost homogenous,
with N bubbles around the positions of the probes. Since these bubbles are
symmetric and their supports do not intersect, under equilibrium all the
forces on the probes vanish.

Instead, for driven colloids (¢ > 0), the symmetry around the probes of
the colloidal density bubbles breaks down.
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As long as the entropy flux for a colloid moving along the ring is small
(lg >> L) the medium is close to equilibrium and again there will be van-
ishing forces on the probes.

Also when the regime is too far from equilibrium, in the sense that
the colloidal fluid is also locally strongly driven (5 << ¢), again the non-
equilibrium density bubbles become local (see [11]).

The globally strong but locally not so strong non-equilibrium regime
(20 < lg << L) will be then the most interesting one and the one analysed
in this thesis.

In this nonequilibrium regime terms of order O(e~#%) can be neglected
and, considering (2.10), (2.11), (2.31), equation (2.27) can be written as

c L L
Z(ﬂC)ZBL/0 dn/o dnf [1—;¢+($a—n)

Y

(2.32)
The biggest problem of such an expression is the presence of the term (' —n)®
that needs to be treated carefully, reminding 2.12. The periodicity of the
configuration allows to choose as extrema of the second integral n and n+ L.
In this way (' —n)° =n" —n.
From the multiplication of the square brackets of (2.32) four different
terms (that will be integrated separately) are obtained:

1+ 6 (g —1) = > ¢ (@a—1) = D 6 (20 — n)d (zy — 77’)]

(2.33)
For the first one
L 1L L —Beny |1 L —BelL
/ dn /77 dT]/ 6_56(17/_77) — / dn 65877 € pen — / drr] € ’ —1 — £
0 n 0 —pBe . 0 —pe Be
(2.34)

where in the last equality e ?¢L was neglected, according to the globally
strong driving regime.

The second and the third one are similar. In particular, reminding the
interaction range J and using that for the extrema of integration, the sum
of the two terms becomes

N é

o Il O (2.35)
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The fourth term is then

L n+L o
/ dn/ d??/ Z ¢+(77 - $a)¢_(7]/ . $7)e_ﬂa(n e _
0 77 a”y
L z+L o
B / dZ/ dZI Z ¢+(Z)¢7 (ZI + To — ;z;,y)e*&?(z —2z) _
0 Z a?'y
4 Z+L |
_5 >
a?’y

where 2/ =1 —xz, and z =1 — z,.
At the end, considering also the factor

é d z+L
Z(z) = H_% /5dz [d)_ - ¢+] (Z)_% Z/ddz/ dz’¢+(z)qz5_(z/+xa—:v7)e_55(z,_z)
- ay T #

(2.37)
The contribution « = 7 of the last term together with the second and third
term depend on the probes only via their density and can be rewritten as

%, where

% in front of all the terms,

6 é z
= ot _ - —Bez + B2 g0
A /—5¢ ¢ (2)dz Bs/_éqﬁ (2)e dz/_(Sqﬁ (z")e’** dz (2.38)

Now there are the contributions of the last term with « # ~ left. Each term
of the sum is of the form

é z+L ,
/ dz/ dZ' ¢ (2)p™ (2 + T — xv)e_ﬁa(z —2) (2.39)
-4 z

where the fact that (2/ —2)° = 2’ — 2 is assured by the extrema of the integral
in d2.
Set y = 2’ — o + x, the term can be rewritten as

1) —z+(xy—2a)® R
/ dz ¢t (z)eﬁez / dy ¢~ (y)eJ“BEye*’BE(“*"”“) (2.40)
=5 -5

The upper extreme of the integral and the last exponent come from the
condition 2’ > z.

The fact that min(—z + (2, — 24)°) = ¢ and that ¢~ (y) # 0 only for
y € [—0,0] allows to rewrite the terms as

1 1
/ dz ¢* () / dy ¢~ (y)e PevePelar=re)” (2.41)
-5 -5
and considering also the prefactor

66 —Be(xy— a)o
- B > e Peleme (2.42)
ayFo



20 CHAPTER 2. THE MODEL

where
B=B"B~ Bt = / o) (2)ePdz (2.43)
At the end the modified normalization function can be written as
NA
Z(x )_1+——@B D e felermme) (2.44)
ayFa

Considering now the solution (2.8) of the colloidal density, it is possible
to analyse the integral in 7/. In particular the only factor of (2.9) that
depends on 7’ is e AWz,

L L
/ e PWen) gyt = e=BU@m) / BU @) =Be(n'=n)° gy
0 0

_l’_
_ U@ /" [1—Z¢+ _ ] —Be(n'=n) gy
n

(2.45)

— ¢ PUn) /77+ d"?’[ —Be(n’—n) Z¢+ — e B0’ n)]
n

— ¢ BU@M) [58 /n+LZ¢+ — e Bl ”)d’n]

where terms O(efﬁgL) were neglected. The last integral can be solved by
rewriting it as

n+L ,
/ D ot — xo)e Ty (2.46)
n o
Defining now
z
2 =0 -z Z=1—2Tq O(2) = / ¢+(z’)eﬁezldz' (2.47)
-5
the result is

L
/ e AW () g/ — ¢=PU(@m [ Z@ 55(%”)] (2.48)
0

The stationary colloidal density in the strong driving regime (so neglecting
terms of order O(e~#¢1))is then

0 L
pL / —BWa(nm')
Pz\N) = € ’
() Q(x) 0

0
_ p Lpe —BU () | L _ o\ —Be(za—m)
e L(l _e*,BEL)Z(w)e ﬁg za:é(xa 77)6

_ W [1 — Be za: ‘1>(-75a _ n)e—ﬂe(za—n)] (249)
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Anyway in the globally strong but locally weak driving regime, in which
Bed << 1 << PelL, the e-dependence of the form factors is negligible and
they can be written as

A= By - Bi 0 BE=BEvOE?) B = [ 65C)
(2.50)

2.2 Driving-induced forces

The force on the a-th probe can now be calculated using equation (2.2)
and substituting in it the computed stationary colloidal density (2.49). In
particular eq. (2.2) can be rewritten as

fa(z) = ;%px(n)eﬁlj(x’n)ai [ef,BU(a:,n)} (2.51)
from (2.31) = 1 pz(n)e BU(z.n )387] [¢_ (X — 77)] dn
= 3 7{ ¢ ( [pz(n)eﬂ U(“"””)] dn
0
_ = (Zsi( P 1 _65 Cb(l’ —77)6 Be(zy n)” dn
B% Z(x) ; !

—ep0 0
§ 750 > [(an@m - n)) eI 4 e, n)e‘ﬂa(“‘”)ﬁe] dn

In particular the derivative of ®(z,, —n) is
2@(1- —n) = —— = / ¢t (e dz = —¢T(2)e’** (2.52)
on 7 82
and thus
— _ —Be(zy—n)
e =~ § 22 o) 2 [0 o =)+ 00y = e

(2.53)
Let us analyse the contribution of the term with v = «. This will be the
a-independent drift component of the force and its expression is

ep’ A

drift ) =
£ ) = 55

= (A (2.54)

The contributions with « # « provide instead the interaction component.
Set z =n — z, and 2/ =7’ — x, let us study the case v # a.
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() = = / b ()6 (2 + 70 — 2,)dx +
’77506 -
1) Ty —2—Tq
—fBe /_ ) dz¢™(2) /_ ) ¢t (2)eP e Pel@ra) 4] (2.55)

The first term inside the sum is 0 because of the probes’ isolation con-
dition.

For the second term instead the same reasoning of equation (2.41) can
be used and at the end

2.0
(ilnt _ Bg P Z/ dqu Bsz/ ¢+ 662 —Bs(:p«,—xa) dz

_ p BZ —Be(xy—za)

TF
..B _ (zy—za)?
_ _Qlﬂ;ze T (2.56)
YF#o

where in the last passage Iy = (8¢)~! and j, = CT() (2.26).
At the end the complete expression for the mean force on the a-th probe
in the globally strong driving regime is

fa(x) :fdrift( )+f1nt( ) C A— C]CE Z —7@7 va) (257)
Y7

Considering the equidistant configuration, for which

L
x5 (t) = vt + N (2.58)
equation (2.57) becomes
S N-1
Fint (%) CJ”” § ¢ laN" (2.59)

where in the rightside of the equation is a finite geometric series that can
be easily computed as

L L
CjoBe Na — ¢ la

l __L
d 1—e Ny

fir(a) = -

(2.60)

_L
In the globally strong driving approximation e !¢ can be neglected, such
that

la eﬁ —1

n(a%) = — (2.61)
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and the total force for the equidistant configuration is

f(2%) = (o (A BL11> (2.62)

la ,~t; _

Using geometric series also the modified normalization function (2.44)
for the equidistant configuration can be written as

NA BeNB 1
T~ (2.63)

eNla — 1

Z(x*)=1+

From eq. (2.63), (2.26) and (2.7) a more explicit expression for the total
force in the equidistant configuration can be computed. In particular

. ep’L 1
fla®) =—5 [1— Z(x*)} (2.64)

Let us now go back to the more general case of equation (2.57). This force
has been computed under some assumptions:

e Non-interacting colloids.

e Probes’ isolation condition: |z, — 2| > 20 Va # 7, where § is the
probe-colloids interaction range.

e Globally strong driving regime: l; = (B)~! << L.
In particular the interaction part is

. CCB (= —za)?
fint(z) = -2 Seow (2.65)

l
¢ ya

The force is of order £? (due to the presence of j, and I in the prefactor) and
it is a non-reactive force, in the sense that it violates the action-reaction
principle. In fact each probe is influenced by all the other probes which are
ahead of it on the length scale [;, but not vice versa.

This non reactive force can be both repulsive or attractive, depending on
the sign of B.

We will have a repulsive force if B > 0 and so if BT and B~ have the same
sign. In order to have that is sufficient for example to have a probe-colloid
interaction u(z) either completely positive or completely negative. Another
sufficient condition is for example that the temperature is large enough such
that BT and B~ become nearly equal (see equation (2.43)).






Chapter 3

Mechanical Stability of the
crystal pattern

Now that the mean force on the probes has been computed, in this chapter
the dynamics of the probes will be analysed. In particular the possibility of
the stability of an equidistant, crystal pattern will be explored. The set of
probes can be considered as an overdamped dynamical system where

Iy = fol(x) (3.1)

Their equidistant configuration

* * L
x5 (t) = vt + N (3.2)

forms a stationary cycle with steady rotation speed

o — fa(z”) _ CJa (A _ Bl) (3.3)
1

T r ld 7 _

The idea is to consider a small perturbation of the equidistant configuration,
such that the probes’ coordinates can be written as

To = T4 + Ya (3.4)

Due to the presence of a small perturbation the probes’ dynamics can be
linearized and the force can be rewritten to the first-order as

Fal@) = fale* +9) = fal@) + 3 Moy, (3.5)
¥
where M is the stiffness matrix with M,y = 6{;“3*). Then, from the over-

damped dynamics
fa(x) =Tio =T} + Ty,. (3.6)

25
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From (3.5) and (3.6) comes directly that

Do = > Moy, (3.7)
v

and this represents the dynamics of the perturbation.

The system has a trivial translational invariance that reads

falz +2) = fa(x) (3.8)

Indeed with a simultaneous drift z of all the probes nothing change in the
system.

fa(x + 2) can be rewritten at first-order as

fola+2) = o) + 30 2 Ofal (3.9)

8:57

where z, = z.

In order to satisfy eq. (3.8) for every z

3 0fal®) _ o o ppo 3 Mo, =0 (3.10)

0
T pbae!

Since the probes are identical and equidistant, the matrix elements with
a # 7 can be written as M,y = my_q. These can be considered as effective
non symmetric spring constants.

Can these spring constants be rewritten in function of parameters that
depend on general features of the system? Let us try to derive a new form
for these spring constants.

) AN /0 aU(x N, o — 1)

8307 (9334Y
62U( 8U (z,m) 9px(n)
0 axwaxa Oz,

dn
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Inserting the explicit expression of p,(n) we get

L
Moy = = [ a0 = oo paliin + (3.12)
Lo YL swaman, o OW () = Ula,n)
- /0 dnu(xa—n)[/o 0w)° P (=p) oz dn’ +

0z, \Qz) /) Jo

L
= —/ u”(xa - 77)5aypw(77>d77 +

0
L/ LpOL —BWa(nm'), ! /
+ﬂ/0 U(xa—ﬁ)/o @6 I (2 — m)dn’ +

L L pOL W ,
—p ; U/(xa—n)/o me_ﬁ 0 (g — o i +
L

1 9 L ,
+ [ u(za— —Q(z / 0 Le AW (') gyt
/0 ( 77)92(95)69:7 (z) P n

that can be rewritten as
L L
Mcw = _/ U”(xa - 77)5a7px(77)d77 + B/O u/(xa - 77)2/(3?7 - 77)p$(77)d17 +

0
L L
-3 /0 dnu/ (zq — 1) /O u' (2 — 1) pa(n,n')dn' +
L

0

+6—%logﬁ(:ﬂ) /0 ' (26 — 1) pa(n)dn (3.13)

If ae # «y the first term vanishes and because of the probes’ isolation condition
also the second term vanishes.

Then, by translational invariance of the normalization factor (Q(z + z) =
Q(x)) the condition

3 Ologf(z) _ (3.14)

Oy

is derived in an equivalent way of (3.10). In particular for the equidistant
configuration this condition simplifies and becomes

0log Q(z*)

pu— .1
o, 0 (3.15)

for each probe. This means that, for the equidistant configuration, also the
last term in the expression for M, vanishes.
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Consequently, the expression of the matrix element for the equidistant con-
figuration simplifies a lot

Mo (a?) = =B / el (20 / ol (2 = )yt Yl (3.16)
OL L (A . . :
0 n
OL L 77+L * * / /
— _QL* 0 dﬁ/ dif (n — a)u! (nf — a2 )e PG MU ) +elr' =)
n
dz | d2'u [u(z)—u(z’)-l—e(z’—z)—&-a(xz—:vf/)]
— [ e Pe(@y—a3)°
Q(w )
where [+ = fis dzu' (2)e* P2 =22 In particular
5 8 (9 5
I = / dz ! (z)e Bulz)+Bez — / dz(u'(z) — ) Pulz)+Bez +/ dz e e Bulz)+hez —
-5 _B -5 —0
é
_ 1 [e—ﬁuw)weé _ 6fﬁu(*5)7565] L. / s e—Bu()+Bez _
B =)
1 1) §
= —/ dzeﬁgz—i—s/ dz e~ Pulz)+hez :5/ P52 ¢ (2)dz
-6 -6 -
= eB~ (3.17)
and analogously I™ = —eB™.
Therefore the spring constants for the equidistant configuration are
oL " *B L,
Moo = mq = gp - e?Be Pera = C]iLe Nl (3.18)
(@) 31— ¢ 1)
that, in order to simplify the notation, can just be written as
Me = De™ & (3.19)

where D = 65 £ °LB 4 nd £ = ﬂsL.
In the globally strong drlvmg regime, in which l; << L, D can be written
also as

5263;)03
Indeed from (2.27)
2.3 OB 2.3 OBL
Fep B _ e BL .y —pery (3.21)

Z(z*) — PeQ(a*)
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and for Iy << L

5283[)03 B ﬁEQpOBL _
7o) - o) - D (3.22)

Let us go back now to the linearized dynamics of the perturbation and
write it in a different form.

N-1
Ty = Z Maﬁ/y'y = Z m'y(yaJr’y - ya) (3'23)
v =1
Indeed
> Mayyy = Moo+ Y Myaty (3.24)
vy #a
N-1
= MyaYa + Z My Yoty
y=1
N-1 N-1
from condition (3.10) = Mool + ¥ MyYaiy — Ya | Maa + Y my
y=1 y=1
N-1
= Z m'y(ya+’y - yoz)
v=1

From equation (3.23) it is easy to see that the zero mode Y = )y, is
conserved.

In particular on the invariant hypersurface ¥ = 0 the configuration
Yo = 0 is stable for B > 0. In order to prove that Lyapunov functions will
be used.

Let us quickly recall the concept of Lyapunov function within Lyapunov
stability theory [15].

Given a dynamical system

= f(z,t) == (r1,....,0) € R" (3.25)
and a fixed point x such that
f(zo, 1) =0 (3.26)

where f : U x RT — R" is a continuous function with continuous first
derivatives .
A scalar function V' : U — R is a Lyapunov function if:

o V(z) >0 for x # xo,
o V(zp) =0 and
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o VV(x): f(z) = 52V (2) /i) + ... + 32V () fulx) <0

The Lyapunov lemma states that if such a function V exists, the fixed point
xg is Lyapunov-stable.

From the dynamics described by equation 3.23 it is clear that y, = 0 is
a fixed point.
Consider the function

1
N 321

A(y) is always positive except for y = 0 where it is 0. Its derivative

A(y) = Zyayoz = Z Z m’y Yot~y — ya)ya (328)

a =1
N-1 N—-1 1N—l N—-1
= Z My Z Ya(Ya+y — Ya) = — My (Yaty = Ya) Yoty — Ya)
y=1 a=0 '7:1 a=0

is always < 0. Hence A(y) is a Lyapunov function and y = 0 is Lyapunov-
stable.

Having proved the mechanical stability of the equidistant configuration, in
the next chapter the relaxation of an initial perturbation to such a stationary
configuration will be studied.



Chapter 4

Relaxation to the crystal
pattern

The linear dynamics of (small) deviations y, is then

N-1

['yo = Z mw(yori—’y - ya) (4-1)
v=1

for which the zero mode Y := )" y, is conserved.

The goal of this chapter is to solve (4.1) and see if such an equation leads
to a relaxation towards a crystal-like pattern for the probes.

Setting >, Yo = K, if the crystal pattern is effectively reached, the
perturbations from the equidistant configuration are expected to be equal
for all the probes. Indeed, having for all the probes the same deviation from
the equidistant configuration means that the probes are still equidistant. An
equal shift of all the particles of a crystal maintains the equidistance of such
particles in the system (see figure below where each red probe is shifted by
the same green shift).

\ shift

_

31
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At the end it is expected for each probe to have

Yal(t) = (4.2)

K
N
in the large time limit, so that all the y,(¢) are the same and ) y, is con-
served.

Let us start by solving directly two simple cases, with 2 and 3 probes
respectively.

4.1 The case with 2 and 3 probes
4.1.1 System of 2 probes

{Fy'o =mi(y1 — yo)

i where yo+y1 =&
Ly =mi(yo — 1)

Using the zero mode conservation the system can be reduced to a single
differential equation

. 2my mi
Ty = 2 4.
Yo + T o=TFh (4.3)
which solution is known:
2m [ t 2m1 s
wolt) = e T [yo(0) +/ UCSAPE 3] (4.4)
L 0
2m r 2m
= T [yo(0) + Se T - 1)
B I P L.
= ¢ 7 [00) Jng
From this y; () follows as
(t) = K — yolt) — = (4.5)
y =K Yo t—oo 2 ’

Both probes for large times, tend to 5, as expected.

4.1.2 System of 3 probes

For N=3 the system of differential equations is

L'go = mi(y1 — yo) + ma(y2 — o)
'y = mi(y2 — y1) + ma(yo — y1) where yo +y1 +y2 =k
Lya = mi(yo — y2) + ma(yr — y2)
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The system can be reduced to a single second order differential equation of
the form
i1+ Ay1 + By = C

where

k(m? +m3 + mims)

3(m1 4+ ma) B 3(m3 + m3 + mims)
AN 74 = =

A:
r ’ I?

. C=

Finding the homogeneous and particular solutions of the equation at the
end the solution for y;(t) is

(mq1+mg) — —
gt — o= [Cl o (ﬁmmz)t> e sin (ﬁmlmz)t>

K
_i_i

2 r 2 r 3

(4.6)
that tends to 5 for ¢ — oo and it is trivial to show that also yo and y2 tend
to £.

3

These two simple examples are in agreement with the idea of equation
(4.2) but obviously this is not enough.

The next section gives a different and surprising approach to the study
of the dynamics, through the use of a Compound Poisson Process.

4.2 Dynamics as a Compound Poisson Process

The idea is to construct a particular compound poisson process in a way
that can be useful to study the system’s dynamics.

Consider the random variable J having distribution P[J = a] = (ef —
1) e~¢*. The momenta can be computed as

(J) = (=D ae =1~ eg)gg (1 —1e£> T —1675

(T = (65_1)%:a26‘5“=(65—1)8521_6—5 - (1—e¢)2

Recalling that, for a # 0,

Mme = De (4.7)

where D = & Eéfﬁ,%B and £ = &TL, allows to rewrite

1 D
— —&v 1| = -———
E m,y—Dg e W_D[l—ef 1]—65_1. (4.8)

>0 >0
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P[J = a] = (e* — 1) e~ can then be rewritten as
Meq

P[j:a]zw
y>0 My

(4.9)
and so the probabilities are proportional to m,,.
The compound Poisson process can then be constructed by taking inde-
pendent copies J; of J to make the random variable

N(t)
X(t)=> (4.10)
i=1
where N(t) is a Poisson process with rate A,
1 D 1
A:I";)m’yzfeﬁ_l’ fOI'SOIneF>0.

X (t) is then a discrete compound Poisson process, takes values in N =
{0,1,2,...} and starts from X'(0) = 0.

The time-dependent probabilities for such a process to have a particular
values (pq(t) = P[X(t) = «]) satisfy a Master equation. That is because at
rate A a random variable 7 is added to the sum. In particular the rates of
the transitions are

k(a,a+7) = AP[J =] = m, /T

fora = 0,...,N —1 (mod N) and v = 1,...,N — 1. Other types of
transitions are forbidden (p, = 0 whenever a < 0).
Then, the master equation for p,(t) is

Pa =Y _[Pa—rkla—7,7) = pak(a,a+7)]
v>0

1 (4.11)
=5 2_my[Pa—y —Pal.
v>0
By replacing « with —« it gets the form
) 1
D= mev[p_(a_m) —P-al, a=0,-1,-2,... (4.12)

>0

It is clear from equation (4.1) that the y,(t), @ = 0,—1,—-2,...(mod N),
solve a similar problem on the ring (now running in the opposite direction).
More precisely,

+o00
Y-alt) = “merkzv(t), a=0,1,...,N—1
k=0

= kP[X(t) = a mod N] (4.13)
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The solution to the linearized probe dynamics can then be obtianed via
solving the compound Poisson process X(t).
In particular from standard results on Poisson processes ([10]) we obtain

po(t) = P[X(t) = 0] = (%t,)o oM = oA T (4.14)

that is just the probability for the Poisson process of not having jumped yet
at time t.

et
(X)) = (DA = o (4.15)
o6 (e
VarX (t) = (J2)At = M? (4.16)
Indeed, for (4.15)
N(t) o
) = (3 70 = T V) = 1 = ey (417

and for (4.16) the law of total variance should be used [20]. Such law
states that, if X and Y are random variables on the same probability space,
and the variance of Y is finite, then,

Var(Y) = E[Var(Y|X)] + Var(E[Y|X])
where E[Z] is the expectation value of Z. So
Var(X(t)) = FE[Var(X(t)|N(t))] + Var(E[X(t)|N(t)]) (4.18)
= [N(t)VaT(J ] + Var(N(t)E[T])
Var(J)E[N(t)] + (N (t)*E[J)?) — (N (t) E[J])?
(T)E[N(t)] + E[J)* - VarN (t)
() - [T)? - At = At - E[J?]

== ar

—

)
)
)

55

(J) - At+F

and (4.16) follows from this.

From equations (4.14), (4.15) and (4.16) it is clear that the process X(t)
leaves the origin and on average moves with speed (J) A while diffusing.
Then, by correspondence (4.13), the initial perturbation y starts from the
first probe, decays exponentially fast and moves in the negative direction
(with respect to the driven force). It reaches again the first probe and so
on until it spreads over the whole circle. It is then possible to detect three
a priori different times scales:
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(I) the characteristic time of initial decay of the perturbation at the origin
(from 4.14),

1 T r
_ = (£ =1 4.1
" Zg:_ll Mea D(e ) ( 9)

(IT) the period of the echo effect, after which the Poisson wave visits the

origin, (from 4.15),

N (ef —1)2TN
= = — 4-2
Techo <J>A 65 D ( O)

(ITI) the relaxation time defined as a characteristic time in which the wave
spreads over the whole circle, (from 4.16),

N2 € 1) TN?
Trelax — 3 = (6 ) (421)
(J2)A eS(ef+1) D

Whenever N > 1 the three time scales are well separated, in the sense that

70 <K Techo K Trelax

and this means that these are localized distinct time scales which are all
relevant in the description of the relaxation of a local perturbation to the
crystal patterns.

The three time scales, in particular, will be detected in the following
analysis.

4.3 Strong driving regime approximation of the
elastic constants

Rewriting the expression for the elastic constants that was derived in (3.18)

(j*B WO

: (4.22)
1 —e )

Mo =

it is possible to analyse it for different nonequilibrium regimes.

In particular, for globally weakly driven colloids (L << l;), the expo-
nential damping of m, in « is negligible and the elastic constants become
almost homogeneous.

Instead, in the globally strong driving regime (L >> l4), the m,, exhibit
total asymmetry as muy_, becomes negligible for 1 < o << N. In general
my is negligible whenever the distance a% between the probes 0 and « is
large compared to the driving length scale I.
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It seems then reasonable and in agreement with the strong driving regime
approximation to consider just m; as relevant (mq = dq,1m1) in the pertur-
bation dynamics and to rewrite equation (4.1) as

I'Ya = m1(Yat1 — Ya) (4.23)

This equation can further be simplified by rescaling time by 79 = I'/m;. In
this way equation (4.23) becomes

Yo = Ya+1 — Ya (4.24)

This is a much simpler equation to solve and in particular the idea is to try
to solve it by using the ansatz

Ya(t) = et folt) (4.25)
Inserting (4.25) in (4.24) it is easy to find
fo = fan (4.26)

that is a matrix equation f = Af where A is the N x N clock-and-shift
matrix

01 0 0
0 0 1 .o
A= 1 o " 0 (4.27)
0 : 1
10 0
That matrix has eigenvalues
Ne = e2™RIN k=1, N (4.28)
and respective eigenvectors
Ug fp = ?rika/N (4.29)
Indeed,
Uap1p = o2mik/N 2mika/N (4.30)
The solution is therefore
fo = ch€27rika/Ne>\kt (4.31)
k

In order to find easily an explicit solution, a particular set of initial condi-
tions is assumed. Each probe is assumed to have a null initial perturbation
from the equidistant configuration except the probe 0, for which y(0) = k.
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This assumption seems strong but actually it is not relevant for the general
trend of the system’s relaxation and this will be analysed later.
This particular set of initial conditions is translated into the relation

Z cpe?ka/N — 0,0 (4.32)
k

and by the unitarity of the u, j-matrix, rows are orthogonal and we can
take ¢, = k/N. The solution (in complex plane) of (4.24) is therefore

_ b omika/N (A—1)t
ya@)_N%:e /N e=1) (4.33)

The real part of A\;—1 is non-positive, indeed Re(A\p—1) = COS(QW%)—l <
0 and is zero only for £ = N. Therefore, it is easy to conclude from (4.33)
that yo(t) — k/N for all «, as expected.

Inserting (4.28), equation (4.33) becomes

N-1
ya(t) _ % + eQﬂik% . e(Cos %-&-isin %—1)1& (434)
k=1
Nl k k k
- % 1+ Y iR sin(3RR)e) | o—t(1-cos 27 (4.35)
k=1
Defining the relaxation times as
1
T = —————— k=1,...N—-1 (4.36)

1 cos(2m &)’

and taking just the real part, the solution becomes

N-1
k k
Ya(t) = % + ; cos [27r]\(;é + sin (27TN) t] et (4.37)

==

with initial condition y,(0) = K da.0.
Equation (4.37) can also be rewritten as

2
Yao(t) = % + % 2 cos[%k(a +opt)] et/ (4.38)
where
N 21k
vk—ﬂsin%, k=1,...N—1 (4.39)

is the velocity that the oscillatory part in each term shows.
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Let us now compare equation (4.37) with the simple cases of 2 and 3
probes that were exactly solved before.
Considering N=2 and using (4.37) the result is

yo(t) = § + Ge*
yi(t) =5 — fe*

In subsection 4.1.1 the result, using as initial condition y,(0) = ka0, Was
Yo(t) = 5 + %e”%t

mi

nit)=5—5e T
These two results are equivalent, the first one has just the time rescaled by
70 = I'/my. Indeed for N=2, the approximation m, = do,1m1 obviously

coincides with the exact solution.

For the case N=3, differently, equation (4.37) will be an approximate

solution of the system.
In subsection 4.1.2 the exact solution for y;(t) was

yi(t) = o 2mma)y [c1 cos (ﬁ(ml_m?)t> + ¢ sin (ﬁ(ml_m?)t>

2 r

where ¢; and ¢y have to be fixed from initial conditions.
From (4.37) instead, with y,(0) = kdao and so y1(0) = 0 as initial condition,
the solution is

yi(t) = gefgt [cos <2; + \/2§t> cos <4; — \/2§t> + g
K _3; V3 . V3 Kk
= §e 2 [— cos <2t> —V/3'sin (2t> + 3 (4.41)

This is very similar to solution (4.40), but in this case ms is neglected and
the time rescaled by 79 = I'/m;.

Going now back to equation (4.37) it is possible to plot how y,(t) varies
with time, changing the probe o and the number of probes N.

In particular in all the plots the sum of initial perturbations will be fixed
at k = 10 a.u. and, considering an initial perturbation only on probe 0, the
initial conditions will be y4(0) = 10640 a.u. Remind also that the time is
always rescaled by 79 = I'/m;.

A first example is the plot of the trend of yy(t) for a system of 10 probes.

The trend is clear: the perturbation from the crystal configuration is
10 at t=0, then starts to oscillate and quickly reaches the expected value
= 1.

2l=
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yo(t) o

Figure 4.1: yo(t) for a system with 10 probes
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Figure 4.2: y,(t) evolution for a system with 10 probes

The same type of graph can be studied for the other 9 probes and,
collecting all the trends in the same graph, figure (4.2) is obtained.

Qualitatively, it is possible to observe that all the probes’ perturbations
relax to the value § = 1.

These graphs explicitly show the relaxation of the system (in this case
of 10 probes) towards a crystal configuration.

4.3.1 Multi-probe initial conditions

This analysis that shows how the probes of a system relax to the crystal
configuration was done by considering the initial condition

ya(o) = "5504,0 (4.42)
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y1(t)
40 — Yin=0 — ¥1;n=8
Vin=1 — Viin=9
— Viin=2 — ¥in=10
38) — Yin=3
— Yin=4
— Yiin=9
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Yin=7

361

341

-

32k

Figure 4.3: y1(t) for different values of initial conditions

that simply means that all the probes at t=0 are in their equidistant position,
except probe 0 that has an initial perturbation equal to k.

It is reasonable to think that initial conditions do not significantly change
the relaxation towards the crystal pattern and so considering (4.42) as initial
condition is just the simplest way to study the system.

In this part some trends of the probes’ relaxation in the case of initial
conditions different from eq. (4.42) will be shown.

Consider for example the case with 3 probes. From eq. (4.6) it is known
that the evolution of the perturbation y;(t) is of the form

yi(f) = ear(mitma)t [q cos <\/§(m1_mZ)t> + ¢z sin (\/?T(ml_m?)t>

2 r 2 r

(4.43)
and just from this expression is clear that the relaxation y(f) — § does not
depend on the coefficients ¢; and ¢, fixed by the initial conditions.

Anyway let us again simplify the problem by considering consider m; = 1
and mgy = 0. The difference is that now the initial perturbations g, and
Y1in vary (Y2, = 0 is instead fixed).

Considering always x = 10 as sum of the perturbations, in figure 4.3 are
the trends of y;(¢) for different initial conditions. In the legends there is
only the initial value of 1, but obviously g = 10 — y1p.

It is clear that the evolution of y;(¢) does not change significantly chang-
ing initial conditions. The trends are obviously different at the beginning,

_l’_

w| =
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for small t, but then y;(¢) relaxes in the same way towards the asymptotic
perturbation.

The same reasoning used for a system of 3 probes can be used also for
any number of probes. Again, the only difference is for small times for which
the initial conditions are relevant, but after that the trend of the relaxation
is the same, no matter which are the initial conditions.

In order to make this argument more rigorous the continuous dependence
on the initial conditions theorem can be used [8].

The theorem states that, given the Cauchy problem

{y/ = f(tvy)
y(to) = vo

if f: Q@ C RxR" — R"is Lipschitz continuous (with respect to the
variables y) in €, then:
- for each (o, v0),(to, 20) there exist 6 > 0 and C' > 0 such that

Supte[tg—é,to—i-é]Hy(t; Yo) — y(t;20)|| < Cllyo — 2ol

Since the assumption for the dynamics’ linearization is the presence of
small perturbations for the probes (and so also initial perturbations are
small), it means that the theorem can be used to state that the solution
does not depend a lot on initial conditions.

At the end it seems correct to simplify the problem and consider the
total (initial) perturbation x = ) _ 94 (0) concentrated on just one probe
and all the other probes initially in the equidistant configuration, as done
in all the previous analysis.

4.3.2 Time-scales

At the end of section 4.2, where a compound Poisson process description was
used, some time scales were found as characteristic times of the relaxation.
The following analysis will try to recognize such times in the perturbations’
trends that come from equation (4.37).

The exponential decay with time of the peaks of the perturbations is
clear from figure 4.2. The more interesting times and their dependence from
N are the echo-time and the relazation time.

The « can be fixed and it is possible to see how y,(t) varies increasing
N. In particular in the following graphs o = 0 will be considered.

In figures 4.4, 4.5 and 4.6 it is immediate to notice how the peaks
of the perturbations are at positions corresponding to ¢ = kN with k =
{0,1,2,3,...}. This is the appearance of the echo effect of equation (4.20),
for which Techo ~ N.

Graphs 4.7, 4.8, 4.9, 4.10 are then plots in which the variation in time
of the perturbation of a fixed probe, for different N, is represented. Again
the echo effect is clear.
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Figure 4.4: yo(t) for N=50 Figure 4.5: yo(t) for N=100
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Figure 4.6: yo(t) for N=500

In particular the perturbations are represented respectively for the first
probe (figure 4.7), the second one (figure 4.8), the mid one (figure 4.9) and
the last one (figure 4.10).

Let us now try to recognize in the graphs the relaxation time. In partic-
ular let us remind from equation (4.65) that

2
Trelax ~ IN7.

In figure 4.2 the relaxation of all the 10 probes was represented. The same
graph can be done also for N=20 and N=40. Set Tyelaxi0 as relaxation
time for N=10, the expected relaxation times for N=20 and N=40 will be
respectively 4 Trelax1o and 16 Trelax1o because of the dependence on N2.

Figures 4.11 and 4.12 represent the relaxation toward the asymptotic y,,
for N=20 and N=40.

From figure 4.2 it is possible to identify Tyelax10 =~ 30 (the unit of measure
is seconds times the unit of measure of ") as the time at which all the
probes have relaxed to the asymptotic value §;. From graphs 4.11 and 4.12
it is clear that the relaxation times for N=20 and N=40 are really around
ATrelax10 and 167Te1ax10, as expected.

1400
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Figure 4.7: yo(t) for N=2, 4, 8, 16,
32, 64.
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Figure 4.9: yw~-_1(t) for N=3, 7,
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Figure 4.8: y;(t) for N=2, 4, 8, 16,
32, 64.
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Figure 4.10: yny_1(t) N=2, 4, 8,
16, 32, 64.

In order to make the explanation of the N2-behaviour of Tyeax more
rigorous, let us fix a threshold under which we consider the relaxation com-

pleted.

Let us concentrate only on the peaks (those that appear at time ¢ =
EN) of the graphs of yo(t) and see at which time their distance from the
asymptotic displacement reaches a particular fixed threshold.

Let us for example fix a very low threshold at yo(t) — % = 10~° and see
what happens for N = 40, 80, 160 (always with x = 10).

The trends of yo(t) — 4 for the three different N are shown in figures

4.13, 4.14 and 4.15.

Analyzing numerically at which time (Tinresn) yo(t) — 4 reaches the

threshold, the result is

Tthresh = 1400 for N=40 Typresh = 5540 for N=80 Tipresh = 22120 for N=160

And this proves more rigorously the N2-dependence of the relaxation time.
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500 600 f

Figure 4.12: y,(t) evolution for a system with 40 probes

4.3.3 A natural ansatz for the Poisson process’ master equa-
tion

Let us remind that the compound Poisson process is given by

N()
X(t)=>Ji (4.44)
=1
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Figure 4.13: N=40
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Figure 4.14: N=80

where N (t) is a counting Poisson process.

Due to the fact that, considering only m; as different from 0, all the jumps
J; are equal to 1, the ansatz of our displacements from the equidistant
configuration can also be chosen as

oo ta+Nk

(a + NE)! (4.45)

YN—a(t) = ke
k=0
that is just a simple Poisson distribution. It is very simple to see how this

form of the displacements solves the differential equation

Yo = Yoa+1 — Yo (446)
(just plugging (4.45) in the equivalent equation yn_o = YN—a+1 — YN—a)-

Let us see if, with this ansatz, also the condition yy_(t) m A is
satisfied Va.
In order to do that it should be verified that
N 1

7t -
¢ % (@ + NK)! 1500 N

(4.47)
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Figure 4.15: N=160

In the following calculations this is done for a = 0 but the reasoning is the
same also for a # 0.
Let us consider the following equivalence

2N 3N -1 t2N—1

1=etel = e*t[ (1 + tﬁN. + N + BN + ) + <(N71)! + eN=T) + ) + (

(N—(N-1) $2N—(N—-1)
..+( — + S +)]

Inside the square brackets we have N groups of terms. Let us consider the
first one multiplied by e~ in the limit ¢ — co. Using De L’Hopital,

1 + tN + t2N + t3N + tN—l + t2N—1 +
. NI 2N)! 3N)! T . N—-1)! 2N—1)!
A, : ét = = fim — (et : (4.49)

The same reasoning can be used also for all the other terms. At the end
each group of terms multiplied by e~ is the same in the limit ¢t — oo.
Finally, using the fact that e~*e! = 1 (obviously also in the limit * — o0),
the result is

tlgglo et x any group of terms = % (4.50)
and in particular
o tNE 1
S asn

k=0

The ansatz (4.45) seems a good ansatz in order to solve the linearized
dynamics. In particular it is the natural ansatz to solve the master equation
(4.12) for the probability of the Poisson Process.

Anyway, the visualization of periodicity on the probes of the ring it is
not immediate for such an ansatz. In addition, the matrix equation analysis

o)

(4.48)
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(see equations 4.26 and 4.27) is definitely better usable in the case, that will
be analysed later, for which more elastic constants m. are considered.

For these reasons, at the end, it seems reasonable to consider the analysis
that lead to equation (4.37) as the most convenient one.

4.3.4 Contribution of all the elastic constants m,

In order to get to the dynamics’ equation (4.23), it was assumed that m;
could be considered as the only relevant elastic constant.

Now the analysis will be extended also in the case of the presence of all
the m,’s.

In this case the dynamics’ equation (with the time always rescaled by
the factor ) has the form

. mo ms
Yo = Yat1 = Yo + — Yatr2 = Ya) + — (Yat3 — Ya) + - (4.52)
mi mi
Again the ansatz
Ya(t) = et fa(t) (4.53)
can be used to easily get
. mo ms3
fa:fa+1+7(fa+2_foz)+7(fa+3_foz)+" (4'54)
mi mi
that is the matrix equation .
f=Af (4.55)
where, defining a,, = mm—’f,
— N am 1 as as--- aN-1
aN-—1 - Z%;é am 1
A= : : —>liam a
a . 1
1 a2 _Z%;éam

(4.56)
This kind of matrix is called circulant matrix ([2]) and is defined as in
the following.
A n x n circulant matrix is a matrix of the form

Zo r1 X2 T3 - Tp-—-1
Tpn—-1 Lo T1

C = : L ome Lo (4.57)

"1;‘1 xz ... .o oee xo
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for which the normalized eigenvectors are the Fourier modes

1

NG

27

where w = e » is a primitive n-th root of unity.
The corresponding eigenvalues are given by

v = (1,wj,w2j,...,w(”_1)j>, j=0,1,..n—1 (4.58)

n—1
A=z (4.59)
=0

Equation 4.55 involves the circulant matrix 4.56. The solution of such
an homogeneous differential equation is

Zw% ite;,  a=0,1,..,N—1 (4.60)

where \; are the (time-independent) eigenvalues of A.

From 4.53
1=,
valt) = 37 > e FajeXN-Dt o =01, N—1 (4.61)
=0

The real part of A\; — 1 is non-positive. Indeed from 4.59

e(Aj—1) [lecos%r ]—1—aro+

Since for [ > 0 we have x; > 0, the maximum value of such an expression is
when all the cosines are 1 and so when j = 0. In that case \g = fi 61 ]
and considering the entries x; of matrix 4.56 A\ = 1. Therefore for every

other j £ 0 we have

N-1

Z x| oS 27?%)] -1 (4.62)

=1

Re(Aj —1) <0 (4.63)
From 4.61 it is then possible to write

N-1

C 1 2mjat L
Ya(t) = NO+NZCj€ N (4.64)
j=1
C 1 = 2mjoi N-1 2mjl 27l
Tt — 275l Tj
B NO TN cje W (T I (cos B isin S ) )o
7=1
C 1 Nl 27 2741
— 0 1+ t 1|2 + t 27jl
N ﬁ"‘ﬁ Cye( o @ cos(#F)) Z[ TR+t sin(2R)]
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Considering just the real part and defining the relaxation times as
1

1— Sty cos (—27;\,71)

j=1,.,N—1 (4.65)

T; =

the final result is
co 1 = L« Nl . [ 2mjl
Ya(t) = N + N cje i cos QWJN + Z xy sin (N) t (4.66)

where the coefficients ¢; are given by the initial conditions on the probes.

Considering for example again the case in which yy(0) = & and all the
other y;(0) = 0 with j # 0, where x = 10 and N = 10, the trends of the
perturbations are represented in figure 4.16.

— a=0
a=1
— a=2

— a=3

— a=5
— a=6
a=7

— a=8

— a=9

Figure 4.16: System of 10 probes with all the elastic constants

Instead, considering just m1, the perturbations’ trends of the equivalent
system are those in figure 4.17.

Figure 4.17: System of 10 probes with only m;
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The probes seem to relax faster towards the crystal configuration when
we consider all the elastic constants.

This faster relaxation comes from the fact that the relaxation times 7;
are smaller.

Considering the definition (4.65) of the relaxation time and splitting from
the summation the terms with [ =1 and [ = 0, (4.65) becomes

1
7= 2 N_1 N-1 2l j=1. N1
1—cos< WJ) + N 2%_Zl:2 % cos<%)
(4.67)
For m., = m1d,1 we just have
1
T = (4.68)

2
1—cos<]7\rﬂ)

and the more are the m, considered the more are the terms added in
the denominator.
In particular the sum of the added terms is always > 0. Indeed

Nz:lmm imlcos 2mjl >0 (4.69)
le mq N - '

=2

since cos (%N]l) <1.

That means that every time a new m, is added, the denominator increases,
7; decreases and the relaxation towards the asymptotic y; = & becomes
faster.

The fact that the more are the elastic constants the faster is the relax-
ation allows to state that, if the crystal pattern is detected in the case of
one single elastic constant (as it was done in the previous analysis), surely
the crystal configuration will be reached also in the not approximated case
with all the elastic constants.






Chapter 5

Thermal stability

Once the relaxation towards the crystal configuration and its mechanical
stability have been studied, it is crucial also to analyse the thermal stability
of the system.

In order to estimate the role of thermal fluctuations, thermal noise can
be added to (4.26), getting

Jo =Yai1 —Ya+ V2T &, a=0,...N-1 (5.1)

where the &, are standard white noise processes, and T is the noise-strength,
e.g. from a thermal reservoir at temperature 7. The Smoluchowski equation
that comes from eq. (5.1) is

N—-1 2
T = 3 gyl ) a0+ TG (5.2

for the density p;(y) = pe(yo, - .., yn—1) on (SHV.
The stationary density for eq. (5.2) is

N—-1
1 _vw : 1
pstat (Y) = Z¢ T with V(y) = 1 (;)(ya-i-l — Ya)” (5.3)
This can be proven. Indeed from (5.3)
0ps 1 1
ﬁ(y) = _T,Ostat(y) (Yo — i[ya—l + Yar1)) (5.4)
considering that each y, appears in two terms of the summation ) (Ya41—
Yo ).
Hence
Opstat 1
(o = Yar1) pstac(y)] + T ay () (Y = Ya+1) pstat (y) = Pstas() (Ya = 5 [Ya—1 + Ya+1])
«
1
= ipstat (ya—l - ya—l—l) (55)

53
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(5.6)

and
a a sta’
@[ﬂstat (y) (ya—l - yoc-i—l)] = patyta(y)(ya—l - ya—i—l)
1
= _Tpstat@) (ya - §[ya—1 + ya—}-l])(ya—I - ya+1)

Following the right-hand side of equation (5.2) and summing over « all
the contributions of equation (5.6), the result is zero.

However, there is no detailed balance in the sense that the current com-
ponents (Yo — Ya+1) Pstat(Y) + T%“a(y) # 0 do not vanish identically.

The analysis done in this chapter until now is correct, but it starts from
an approximate dynamics’ equation that is eq. (5.1). It seems more complete
to analyse the role of thermal fluctuations for the exact noisy equation

or\ /2
o= Mayyy + (5) €a (5.7)
S
The related Smoluchowski equation is
N-1 r
dpt 0 82p(y)
En = T, M, T
5 W) azzo P ; )| + T35 )
N-1 [N-1
0 Pp 6
= > 5| > mWary —va)uly) | +T () (5.8)

The stationary distribution coincides with the Boltzmann distribution
T _
Pstat (y) = 26’ V) (5.9)

for the effective potential

Z My Z (Yatry — yoc (5.10)

'y>0

Indeed it is possible to use the same reasoning of equation (5.3), writing
that

Opstat (y)

8ya (y) - T,Ostat Zm'y |: ya o1 + ya+'y):| 5 (511)

>0

from which

N—-1 ap 1 N—-1
tat
- Z m’y(ya-‘r’y _ya)pstat (y) +T 8;a (y) = 5 Z M~ Pstat (y) [ya—“/ - ya+’y]
fy:]_ «a 'y:]_

(5.12)
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and equation (5.8) becomes

5 » D) 1 N-1
pta;(y)(y) = Z@ 5 Moy Pstat (Y) [Ya—y — Yatr]
a @ v=1
N-1
m 0 sta
SED DD Dl TS L 1) R ERE)
a =1 Yo

Therefore, in order to prove that (5.9) is really stationary, the condition that
should be satisfied is

N-1
Z Z m“/(yaf'y - ya+’y) Zmé(ya - %(ya—é +Yats))| =0 (5.14)
1

a y= 6>0

Let us consider the terms inside the summation over a. There are two types
of terms, those with § = v and those with § # ~.
In the first case, without considering the constants m, and ms, the shape

of the terms is
_ _ 1 2 2
Ya—vYa — Yat+~yYa 5 (ya—'y ya+’y)

and summing over « each of these terms gives 0.
For § # ~ the terms inside the summation over « are

1
Ya—vYa — YaYa+y — i(yaf'yya—é + Ya—vYo+s — YatyYa—5 — ya+’yyo¢+5)

and also in this case summing over « each term gives 0.
Therefore it has been proved that the stationary distribution is

1 B
pstat(y) = E exp _Z § my § (ya+'y - ya)2 (5'15)
>0 @

In particular this is a multivariate normal distribution (see [7]) of the form

) = exp |~ 0x = )5 x )] (5.16)

for which 4 is the mean and ¥ is the variance (02).
For eq. (5.15)

uw=20 and > =
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L
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ld,
Figure 5.1: Representation of the ((ya+1 — ¥a)?) behaviour

Assuming now for simplicity that m., is negligible for v > 2,

2
(Yat1 — Ya)?) = B (5.18)
In the globally strong non-equilibrium regime
202 L
(Yak1 — Ya)?) ~ ﬁ(jfBemd (5.19)

For % >> [; the thermal fluctuations exponentially blow up (due to the
L

factor e™a). If instead Iy >> % there is again a blowing up due to the
lgl—dependence.
This behaviour can be briefly seen in figure 5.1, where the function

L L
Flla ) = ZeNia (5.20)
has been plotted in dependence of [; fixing a random value % = 50. It

is easy to notice that only for values I ~ % the function (that represents
{(Yat1—Ya)?)) does not blow up. In particular the minimum of the function
is easy to get, just differentiating, and it is [; = %%

Thus the nearly optimal regime for which thermal fluctuations do not
destroy the crystal pattern is % =~ ly.

Going back to formula 5.19, in the nearly optimal regime # ~ lg, the
condition of thermal stability ((Ya+1—¥a)?) << (L/N)? yields the inequality

7 >> /;’ng (5.21)
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This provides a lower bound on the colloidal current in order to generate a
crystal pattern that is stable against thermal fluctuations.






Chapter 6

Thermodynamic limit

The goal of this chapter is to analyse how the system behaves in the ther-
modynamic limit.

The thermodynamic limit of a system is the limit for a large number N of
particles where the volume is taken to grow in proportion with the number
of particles.

For the configuration analysed in this thesis, the thermodynamic limit
is defined as the limit of a system with a large ring length, with the probe
density held fixed:

N
N — 00, L — o0, T = constant (6.1)

The idea is to see if the forces, the currents and all the other quantities
that characterize the finite system are consistent also with the thermody-
namic limit or instead, in such a limit, show some problems, divergences.

First of all let us notice that both the globally strong driving regime
hypothesis and the probes’ isolation condition are consistent with the ther-
modynamic limit.

Indeed, for L — oo it is clear that L >> [; and again it is possible to
fix the probes density to a value smaller than % such that their isolation
condition can be mantained.

Let us now focus on the expression of the probes’ induced non reactive
forces.

The equation derived for such forces in the globally strong driving regime
for a finite number N of probes in a ring of a finite length L was

ful) = U (a) 4 () = od — B SN T (g

l
¢ yta

Does this form of the forces present any problem in the thermodynamic
limit?

59
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The possible issues are the convergence of the infinite series and the
dependence on N and L of all the terms.
Let us start from the convergence of the series

(T'y Ioz)o

el (6.3)

YF

for an infinite number of possible v that index the probes. In order to do
that the comparison test for the series’ convergence will be used.
Such a test states that, if we have a series

> a, (6.4)
y=1

that converges and by < a, for every v, then also the series

o

> b, (6.5)

=1

converges.
Let us then take the series

> ¢ i (6.6)

=1

_5
where ¢ is the range of the probe-colloids interaction. As e ' < 1, thisis a
geometric series that converges.

Because of the probes’ isolation condition we know that (z, —24)° > 2 and
_ (zy—za)® _ s
so that e la <e .

Then, by comparison test, also

(T'y Ia)

el (6.7)

YF

converges.
In equation (6.2) ¢, lg, A and B do not depend on N and L. The colloidal
current j, instead was defined in eq. (2.26) as
0

. pE
v = 5 (63)

where, in the globally strong driving regime,

NA .
Z(x) =1+~ — &B Y el (6.9)
ayFa
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In equation (6.9), for the thermodynamic limit, the double summation
behaviour should be analysed.
The sum over « is of order N, therefore

° _(I *IDOO
Z e—Be(—2a)° N Ze e (6.10)

a,yFa YFo

and from the previous reasoning the sum over v # « converges.
In the end, in the thermodynamic limit, the form of Z(x) is

Z(z) ~ 1+ NA_NBe g > e Pelera)”, (6.11)

that is well defined with N — oo and L — oo keeping % constant.
Considering now the linearized dynamics near the crystal configuration,
governed by

N-1
'Y = Z Moy, = Z m'y(yoz+'y ~Ya), (6.12)
v =1
m., is defined as
3 L
m~y = L[/e Nig (613)
B0— e )

where j» is just the colloidal current in the case of the equidistant probes
configuration. So also the elastic constants m. are well defined in the ther-
modynamic limit.

Let us remind also that, for the perturbations’ dynamics, it was used the
very simplified differential equation

Yo = Yo+l — Yo (6.14)

for which all the constants m., except m; were considered negligible and
time was rescaled by le

Also in the case of the thermodynamic limit such a simplification can be
used as, with the growing of «, there is still a strong exponential decay of
Mg

So far, everything that was computed for the case of a finite system
seems to be in agreement with the thermodynamic limit.

However, for such a limit, we still have to analyse the possibility of a
relaxation to a crystal pattern.

Equation (4.65) gives an expression for the relaxation time of a finite
probes’ system and in particular shows the dependence of Tygjax on N2 (where
N is the number of probes).
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Trelax Was defined as the characteristic time in which the Poisson wave
that describes the propagation of the perturbation spreads over the whole
ring.

It is clear that the dependence on N? makes impossible the relaxation
in a finite time for the thermodynamic limit.

The same argument can be used to state also the presence of a non finite
echo time (x N) in the thermodynamic limit.

For a finite system, the wave representing the perturbation’s propagation
travels several laps of the ring and passes several times by each probe, before
definitely relaxating to the crystal pattern. For an infinite system this is not
possible. As time passes, the wave reaches more and more probes but will
never pass by them more than once.

At the end in the limit N — oo a global relaxation to the crystal pattern
in a finite time will never be reached.

The analysis, in the thermodynamic limit, will then be different and
focused on the local behaviour of the probes and on how they respond to a
time-dependent perturbation.

The idea is to assume that at time 0 the infinite system has a crystal
configuration such that, for each probe «, y,(0) = 0.

Now a finite portion of the ring is selected (see figure 6.1). The number
of probes in that portion is n and they are indexed by 0,...,n — 1.

The probe that comes immediately after (in the direction of the driving
force &) will then have index n.

The goal of this chapter is to study the stability of such a configuration
by considering a time-dependent perturbation on the n-th probe. This per-
turbation represents in a simple way a possible thermal oscillation of the
crystal or any other behaviour that could break, at least for some time, the
crystal pattern.

In particular the perturbation on the n-th probe contains, hypothetically,
the contribution of all the other infinite probes (the bath).

How does this perturbation propagate inside the finite portion of probes?
Does the perturbation propagate differently to probe 0 and to probe n — 17
Does it depend on its frequency?

The system of probes obeys the linear dynamics already discussed. In
particular, considering m, = m1dy; and rescaling the time the dynamics
will be of the form

Yo = Ya+1 — Ya (615)
Let us start by considering a periodic time-dependent perturbation on
the n-th probe

yn(t) = B cos(wt) (6.16)
In this way

Un—1 = B cos(wt) — Yn—1, Un—2 = Yn—1 — Yn—2 and soon (6.17)
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Figure 6.1: Portion of n red probes in the thermodynamic limit. The pertur-
bation given by the infinite light blue bath is modeled as a time dependent
perturbation for the probe n.

Just through iteration it is possible to find how y,—1, Yyn—2, Yn—3,... evolve.
For example, the explicit expression for y,,—1, with initial condition y,,—1(0) =
0, is

Yn—1 [cos(wt) + wsin(wt) — '] (6.18)

T lt+w?
And just by iteration we can get expressions for all the perturbations of the
probes inside the segment, given their initial values.

Below, some trends of the perturbations for different values of w are pre-
sented (fixing B=1).

— Yn
Yn-1

— Yn3

1 — Yna

1 20 40 60 80 100 t

Figure 6.2: w =10
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—
— Yn-1
¢ - Y2

— Yn3

— Yn4a

Figure 6.3: w =0.1

Figure 6.4: w =1

It is clear that the perturbation on the probe n propagates inside the
portion with an amplitude that decreases with the distance from the probe
n. The decreasing depends also on the frequency of the signal. The bigger
is the frequency, the smaller are the probes’ oscillations due to the initial
perturbation.

What if the time-dependent perturbation on the n-th probe is given by
the sum of two (or more) sinusoidal oscillations with different frequency?

In order to study this a different approach will be used. The perturbation
on the n-th probe is written as

Yn(t) = Bie™t 4 Boe™2t (6.19)

where the oscillation is a wave written as a sum of two complex exponentials

(with different frequencies w; and ws). If we want the initial perturbation to

be the sum of two cosines, at the end just the real part will be considered.
In order to solve eq. (6.15), we consider the ansatz

Ya(t) = Cre™t + Co e (6.20)
Inserting (6.20), equation (6.15) becomes

(iv1 + 1)C1, ™ + (v + 1)Cy ™2t = Oy, €™ + Cy, €™ (6.21)
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Figure 6.5: w =2

From which
Ci, =Ci ., (im+1)""  and  Cy, =Co  (ira+1)""  (6.22)

In general (iv + 1)~! can be rewritten in exponential form as

(iv + 1)L = (V2 + 1)z tarctan(v) (6.23)
and so

Cla = Cla+1 (y% + 1)—%6—2' arctan(vy) (624)

Ca, = iy (v + 1) "2 eten2) (6.25)

In 6.20, in order to be more rigorous, a dependence on « of the two
frequencies 1 and vy should have been written. But the iterative differential
equation does not change the frequencies and so v; and 5 do not have to
depend on a.

In particular, because of 6.19, 1 = w; and vy = wy for every a of the

portion.

At the end

y k:(t) _ B 6i(w1t7k arctan(w1)) + By e’i((/JQtfk arctan(wsz)) (6 26)
T @i (W3 +1) |
and taking just the real part
B B
Yn—k(t) = —1k cos [wit — k arctan(wl)]+—2k cos [wat — k arctan(ws)]
(W +1)2 (w3 +1)2

(6.27)
The same reasoning can be used also for a single sinusoidal perturbation

Yn(t) = Bet (6.28)
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and at the end, taking just the real part, the perturbation propagates as

B
Yn—k(t) = ——— cos [wt — k arctan(w)] (6.29)
(w2 +1)2
It is clear that the propagation of a signal from the n-th probe is linear
and so that a sum of oscillations can just be analysed by considering each
signal individually.

6.1 White noise on probe n

Let us now consider a white noise £(¢) on the n-th probe and see how it
influences the crystal configuration of the probes. The studies of the ef-
fect of noise are very important and sometimes white noise can also play a
surprising ordering role in the system (see for example [6]).

In order to analyse the behaviour of the system Fourier transforms will
be used this time.

Defining Flyas(t)] = Ya(w) and Fourier transforming all the terms, equa-
tion (6.15) becomes

iwYo(w) + Yo (w) = Yoy (w) (6.30)
from which

(6.31)

Iterating this process,

T = (1) T (6.32)

14w
White noise £(t) is defined such that

(@) =0 (EER)) = ot —t) (6.33)
and defining £(w) as the Fourier transform of £(t) it is clear that
(EW)EW)) = 8(w+v). (6.34)

From eq. (6.32) and the definition of Fourier transforms, we get

wlt) = [awetéo) (o) (6.35)

1+ w

and from this it is possible to compute the correlation function (ya(t)ys(s)).

uttwson = [ o [avereegtmn (1) (1) 639
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And considering (6.34)

(Wa(t)ys(s)) = / dwe(t=2) (1 +1w2>nﬁ (1 +1Z,W>Ba. (6.37)

Rewriting
B—a
1 pre 1 7 i(a—p) arctan w
() =(e) o (6:33)
eq. (6.37) becomes
2n—a—
tw(t—s a—[3) arctan w 1 2
(o (D) (5)) = / duset ez met ](HMQ) (6.39)

The imaginary part is

2n—a—_3
Im(ya (t)ys(s)) = i/dw sinfw(t — s) + (o — B) arctan w] <1+1w2>
(6.40)

and it is 0 as we are integrating an odd function in a symmetric domain.
The real part is instead

2n—a—38
Re(ya(ths(5)) = [ docosli(t =)+ (a = Barctana] (1)
(6.41)
In particular
alt?) = [ e (le) (6.42)

that does not depend on time t.

It is possible to plot for example (yo(t)?) (see figure 6.6) varying the
number n of the probes of the section, that means increasing the distance
of probe 0 from the perturbation at probe n.

It is clear that the bigger is the distance the smaller is the influence of
white noise on a probe.

Another quantity that is interesting to plot is ((ya(t) — ys(t))?), always
varying n.

{(ya(t) —ys(1)?) =

X
— T
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0.20

0.10+

0.05

260 460 660 860 10‘00 n
Figure 6.6: Plot of (yo(t)%) vs n given y,(t) = £(¢).

The multiplication of the two brackets gives

1 n—ao 1 n—p 1 n—a 1 n—p 1 n—_p3 1 n—a
(W) T (W) B (m) <1—iw> - (m) (1—iw> -
1 n—a 1 n—p_ 1 n—pB 1 B—a 1 n—p_ 1 B—a
(m) +(m) *(m) (m) *(W) (1—iw)

Observing that

1 1 1 1

_ e—z arctan w _ ez arctan w (644)

1+z’w_\/1+w2 1—iw_\/1+w2

and substituting, at the end

()07 = [l ()" ()" 2 ()
x cos[(f — ) arctan w] } (6.45)

This formula can be plotted for example fixing o = 0 and § = 1 and varying
the number n of probes and what we get is figure 6.7.

In particular figures 6.6 and 6.7 show how the noisy perturbation to the
crystal configuration does not influence a lot distant probes. In particular
both (y(t)?) and ((Ya(t) — Ya+1(t))?) decrease exponentially in distance
from probe n.
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((yo(t) — y1(1))*)

0.0008 -

I

0.0006 -

e

0.0004

0.0002 -

1 L L L 1 L L L 1 L L L 1 L L L 1 n
200 400 600 800 1000
Figure 6.7: Plot of {(yo(t) — v1(t))?) vs n given y, () = £(t).

6.2 The damping law

So far, in this chapter, different methods were used in order to study the
behaviour of an arbitrarily large system of probes in which the crystal con-
figuration is broken by a time dependent perturbation.

We now want to clarify the analysis done until now. Among the different
methods that were used we would like to identify the best one in order to get
a clear law on how a perturbation propagates in such a system, depending
on frequency and distance.

This time the perturbing signal considered is a sine function like

yn(t) = ksin(vt). (6.46)
This is due to the fact that this signal (differently from the cosine) starts

from 0 at time 0. This is physically meaningful for a system that is in a

crystal configuration and starts to feel for the first time a perturbation at
time zero.

Let us consider equation (6.15) for « = n — 1, that is

yn—l =Yn — Yn-1 (647)

The first method used to solve this equation is the standard formula for first
order differential equations and the result is

ke~ '(—v + etvcos(vt) — el sin(vt))

(6.48)
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where the initial condition is y,—1(0) = 0.
Another way is to solve the equation using Fourier transform. Equation
(6.47) becomes

In—1(w)(1 + iw) = gn(w) (6.49)

where () = Flya(t)]
From this, implementing a coefficient C in order to impose the initial
condition on y,(t),

1
14w

n—1(w) In(w) + Co(w — 1) (6.50)

where the last term is due to the fact that w =i is a singularity.
The Fourier transform of y,(¢) in this case is

Flksin(vt)|(w) = ikm[d(w + v) — 6(w — v)]. (6.51)
Therefore
() = o [dwe | ikml3(w +v) — 6w — )] + Od(w — i)
e = — we™" - — ikm[0(w+v) —d(w—v w—1
Yn—1 27 14w
—vt 1 wi 1
T S W —ikm + et
2r 11— 2r 14w 27
k[sin(vt) —vecos(vt)] C _,
= — 6.52
1+ 12 T o (6.52)
Imposing the i.c. y,-1(0) =0, % = li”ﬂ and so
_ - ~t
yn(t) = 5.2 [sin(vt) — vcos(vt) + ve™] (6.53)

that is equivalent to 6.48.
The third method is by using Laplace transforms. In this case equation
(6.47) becomes

_ L{yn(®)}(s) + yn-1(0)

LAYn—1(t 6.54
{on-1(O}(5) oh (650
where the initial condition is already implemented in the formula.
Using the fact that y,,(0) = 0 and L{sin(vt)}(s) = =57,
. k v
Ina(8) = T mye (6:55)

where this time g,—1(s) = L{yn—1(t)}(s).

In order to compute the inverse Laplace transform the residuals at the
singularities of the function §,_1(s)e®* have to be calculated. Indeed, the
inverse Laplace transform f(t) = L71{F(s)}(t) is defined as
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Y+
F(#) = £7HF()}E) = - lim / SUF(s)ds  (6.56)

27TZ T—o00 —iT

and the integral can be calculated using the Cauchy residue theorem (see
for example [1]) as a contour integral and so that

ff(z) dz =2mi y  Res(f,ar) (6.57)
ol

where a; are the singularities of the function.
For the function in (6.55) there are three first-order poles (-1, iv and
—iv). Then

kv a kv st kv st
yna(t) = (52 +2¢ >|s=_1 * <(s +1)(s+ iu)e >|SW * <(s +1)(s— iu)e >
et civt oivt
= M T araen) i iu)(—QiV)}
- [ et eVt (1 —iv) — e W1 + u/)]
RERZ 2iv(1 + v?)
— [ et 2isin(vt) — 2iv cos(yt)]
|1+ 2 2iv(1+v?)

And so at the end

Yn—1(t) = [ve™ + sin(vt) — v cos(vt)] (6.59)

142
which again is equivalent to both 6.48 and 6.53.
The three methods are equivalent but the one that seems the simplest
to iterate (also because the i.c. are immediately specified) is the latter.
Indeed, using Laplace transforms, we can easily iterate the computation
and write

k v
s+ 1)m 2412

Un—m(s) = ( (6.60)
where, for all y,(t), y4(0) = 0.

Again, in order to anti-transform such an expression, the residuals of
e*n_m(s) have to be computed. This time there are two first-order poles
(iv and —iv) and the singularity s = —1 that is a pole of order m.

Using the definition of residuals

|s:7iu

(6.58)

1

1 ' dm—l |: kV@St :| ky|: eiut 1 e—iut
(

Yn—m(t) = ( 2+ 12 %y

m—1)! ooy Jgm=1
(6.61)

L) 2i0 (1= i)™ —2iv
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Let us concentrate on the second term.

eil/t 1 efiut 1 eil/t(l _ “/)m _ efiut(l + ZV)m
S dt =kv|m— ot | =
econd term v L+ i)™ 2iv + (1 — i)™ —2iv (1+v2)m.2i
(6.62)

Rewriting in the exponential form

1 — v = (1 + V2)1/26—iarctanu 14y = (1 + V2)1/2eiarctanu (663)

(ewt . e~ tmarctanv _ e—wt . gtmarctan l/)

(1+1v2)22i
k - sin [vt — marctan v

Second term = k

_ i (6.64)
So, at the end,
() = 1 lim dm1 T kvest k - sin [vt — marctan v
Yn—m{l) = (m—1)! s5-1dsm=1 | s2 4 12 (1+ 1/2)% '
(6.65)

In figure 6.8 is represented the evolution of the perturbations for the
first four probes using equation (6.65). Proceeding with other probes the
perturbation gets smaller and smaller.

Yo (t)

6 — Yn1
4L — Va2
, ‘ ‘ — Yn-3
2r ‘\ \ — Vo4
; At\\ ‘ :

\/

2l

—al

Figure 6.8: yq(t) vs t.

Equation (6.65) consists of two terms. Let us try to analyse such terms
separately.

The first term consists of a derivative in s of order m — 1. It is clear
that the presence of e inside the derivative (and the limit s — —1) tells us



6.2. THE DAMPING LAW 73

that, set finite v and m, all the terms obtained after the derivation will be
exponentially damped for large times and in particular will go to zero for
t — 00.

Let us now analyse better the terms that come from the (m — 1)-th
derivative (we’ll name them 7}, ,,) in order to understand when they reach
a maximum and of which order is such a value.

All the terms T}, ,, will be of the form

v 1

T :k,tm—l—r —t
mrp W+ vdP (m— 1)

(6.66)

for different values of r and p, considering that r,p € Nwith 0 <r <m—1
and p > 0.

First of all let us notice that
that

m is always less than 1. This means
1

m—1—-r —t
Tmrp < kt € m

(6.67)
The maximum of ™~ 1=" ¢t (mil)!

has the value (m—1—r)m=1=" e~ (m=1-7) (mil)! that, defining g = m—1—r,
can be rewritten as

is at t = m—1—r where the function

qle? (6.68)

(g +m)!
The maximum of (6.68) in 7 is for » = 0, that is ¢9e™¢ %. The latter is
a controlled function in the sense that it does not assume very big values.
Indeed, for small ¢ (that is always > 0) ¢? it is not very big (and it is
damped by the factorial and by e~9) and for large g the exponential damping
and the factorial win over ¢¢. This can be demonstrated for example for ¢
large enough such that we can use Stirling approximation, for which

¢! ~ \/2rq (q)q (6.69)

e

Inserting this in (6.68) for r = 0 the result is

1 el 1
qgle™? = ~qgle™ = . 6.70
q! V2mqql \/2mq ( )

This means that
Tonrp <k (6.71)

and that the sum of the terms 7}, ,, will not be very large for any time ¢.
After this analysis of the first term of (6.65) there is still the second
term to study. This time everything is simpler as the second term is just an

oscillating function, a sinusoidal which maximum value is R kQ)% .
v
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In summary, equation (6.65) shows how the perturbation from the n-th
probe propagates to the other probes.

Due to the presence of an exponential damping in the first term of (6.65),
the sinusoidal part of the equation represents quite well the trend of the
perturbation on the (n — m)-th probe. The contribution of the first term
can instead be neglected. Indeed such term is relevant just in some time
interval around ¢ ~ m and also when it is relevant it assumes very small
values compared to k.

At the end we can say that the propagation of the signal to probe n —m
is well represented by the function

k - sin vt — m arctan v
Yn—m(t) = | o ] (6.72)
(1+02)%

and the amplitude of such a signal goes like

A(k,v,m) = Lﬂ (6.73)
(1+v?)2
where k is just the amplitude of the initial perturbation on the n-th probe
(see eq. (6.46)).
Then equation (6.73) gives the desired perturbation damping relation
with distance (m) and frequency (v).



Conclusions

In this thesis work we have studied a system of probes in a ring, locally
interacting with driven colloids. In the first chapters the model has been
studied for a finite system, whereas in the second part the thermodynamic
limit has been analysed.

Summing up the main results and achievements:

We found an explicit expression for the effective forces between the
probes that break the action-reaction principle. These particular forces
characterize the configuration as a nonequilibrium system.

The dynamics of the probes near the crystal configuration has been
found to be well modeled by a very simple differential equation in which
the variables are the displacements of each probe from the equidistant
configuration.

From the dynamics’ differential equation we derived an explicit so-
lution for the displacements from the equidistant configuration. The
solution has been plotted for different initial conditions and proved
to generate a relaxation to a crystal pattern configuration. Such a
relaxation has also been described by a compound Poisson process.

For the crystal configuration we studied the mechanical stability using
Lyapunov theory and the thermal stability by adding thermal noise to
the linearized dynamics equation.

The thermodynamic limit of the equidistant configuration has been
finally analysed. We studied how a perturbation can influence and
possibly break a hypothetic infinite crystal pattern. In particular we
found an exponential damping relation for the perturbation inside the
crystal depending on the frequency and the distance of an initial sinu-
soidal perturbation.
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