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Aging Processes in Complex Systems

Nasrin Afzal

(ABSTRACT)

Recent years have seen remarkable progress in our undenstarighhysical aging in nondisor-
dered systems with slow, i.e. glassy-like dynamics. In msystems a single dynamical length
L(t), that grows as a power-law of time t or, in much more cangikd cases, as a logarithmic func-
tion of t, governs the dynamics out of equilibrium. In theragor dynamical scaling regime, these
systems are best characterized by two-times quantities diynamical correlation and response
functions, that transform in a specific way under a dynanscale transformation. The resulting
dynamical scaling functions and the associated non-équiin exponents are often found to be
universal and to depend only on some global features of thiesyunder investigation.

We discuss three different types of systems with simple amdptex aging properties, namely
reaction diffusion systems with a power growth law, drivéifugive systems with a logarithmic
growth law, and a non-equilibrium polymer network that ipjgosed to capture important proper-
ties of the cytoskeleton of living cells.

For the reaction diffusion systems, our study focuses otesyswith reversible reaction diffusion
and we study two-times functions in systems with power laawgh. For the driven diffusive
systems, we focus on the ABC model and a related domain modehaasure two- times quan-
tities in systems undergoing logarithmic growth. For théypeer network model, we explain in
some detall its relationship with the cytoskeleton, an oedja that is responsible for the shape and
locomotion of cells. Our study of this system sheds new l@ghthe non- equilibrium relaxation
properties of the cytoskeleton by investigating througloagr law growth of a coarse grained
length in our system.

This work was supported by the US National Science Founadtimugh Grants DMR-0904999
and DMR-1205309.
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Chapter 1

Introduction

1.1 Physical aging

Physical aging is an important phenomenon observed in many materialisg&mogn organic and inorganic
glasses to some of the metals[1]. Fig. 1 illustrates aging in the context of gladdeen cooling down a
glass, the system passes from the equilibrium behavior to the aging regenpadsing the glass transition
temperaturdy. After reaching even lower temperature, the system displays the truly gits.

eI truly ' aging range

glassy :
volumg |
state

| equilibriurr

|
Z_ 1 line
/'/%

b T>

Figure 1.1: By reducing the temperature, the free volume efrtlaterial decreases. When the
temperature reachdg, the system is in a non-equilibrium state and shows aging\neh After
passing a certain temperature range, the truly glassyistabserved.

This behavior has been seen in most of the materials studied by Struik [tHr thaoretical studies have
investigated in more detail non-equilibrium relaxation and aging in materialsdiar équilibrium. Aging

in general refers to slow dynamics out of equilibrium that changes theepies of the material without
presence of an external perturbation. Aging relaxation is displayedystars brought out of equilibrium
by a rapid change of a thermodynamic state variable. Additionally, fluctuatieci® are large enough in
the system to prevent the system from returning rapidly to the stationary s$tagarly studies physical

1
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aging has mainly been studied in glassy systems. In our study we are fpaumsiton-glassy systems with
aging behavior.

The first systematic study of physical aging dates back to 1978 and wadgdstruik [2]. This experiment
studies the slow dynamics inside a certain type of glass forming system, tladlet\VC. After quenching
the system below the glass transition temperaflyeStruik observed that the dynamics slowed down and
the system fell out of equilibrium. In Struik’s study mechanical stress wlded to the system and the
mechanical response of the system was measured after the waitingtilmesdata showed that the longer
the waiting time was, the slower the system reacted to changes. Additionallyatdnsltbwed dynamical
scaling for various waiting times

In general, the following protocol is used for studying aging in diffemgrstems [3],

1. Prepare the system in a high temperature state.
2. Quench the system rapidly to a low temperature where several equilibrates exist.
3. Fix the temperature and measure the response of the system to anlgdeurhation.

Often the relaxation process towards a stationary state obeys the followipgrpes [3]:

1. Slow dynamics.
2. Breaking of time-translation-invariance.
3. Dynamical scaling.

In the aging regime where the waiting time and the observation time are largermyameoscopic time
scale in the system, a single dynamical lengtth emerges. The dynamics of the system in that regime is
dominated by this length. This length changes as a function of time. Commonlyrgeoed growth laws
aret/2, wherezis called dynamic exponent, bft) ~ (Int)/¥ with ¢ > 0.

Typical two-times quantities used to study physical aging of a system areitbeoarelation and autore-
sponse functions. The autocorrelation functiGft,s), shows the correlation of the two configurations of
the system at times andt > s. Heres is the waiting time and is the observation time. The response
function,R(t,s), measures the response of the system to an external perturbatiogsteons with a growth
law L ~ t¥/Z, the following scaling behavior is expected:

C(t,s) =s Pf(t/s), R(t,s)=s123fx(t/s) (1.1)
with the asymptotic behavior of the scaling functions,

fo(y) ~y /2 frly) ~y /2. (1.2)

The exponents, b, Ac, and Ar are non-equilibrium exponents that govern the scaling properties of the
two-time quantities. However, in some systems the typical length is growihg~adnt)¥/%. In the aging
regime, one then expects for these systems the following generalized doatirggfor the correlation and

the response functions,
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Ct,s) = (L(s) e (L(S)> (1.3)
Rts) — <L2)> (1.4)

with the scaling functiondc(y) and fr(y) and the non-equilibrium exponengsandb. Here times are
expressed through the time-dependent growth lebgth

In my PhD work, | have focused on three different systems with slowmycs reaction-diffusion systems,
driven diffusive systems, and biological protein network, e.g. the kgteton of living cells, using com-
putational modeling and non-equilibrium statistical mechanics techniquestidtediffusion systems with
reversible reactions display power-law relaxation toward equilibrium. immdel we investigate the aging
processes of systems with single occupancy of each site. The two-tim@hsof the system display dy-
namical scaling similar to the results discovered previously in an exactly $elatsion with no restrictions
on the occupation numbers. The second systems | studied are drifigsiveifsystems. Previous numerical
studies of coarsening in disordered systems have shown a crossmwvearf initial, transient, power-law
domain growth to a slower, presumably logarithmic, growth. Due to the slowndigsathe asymptotic
regime can usually not be accessed in the disordered systems. We stugigjmpl@driven systems, the one-
dimensional ABC model and a related domain model with simplified dynamics, t&nakvn to exhibit
anomalous slow relaxation where the asymptotic logarithmic growth regime is readidgsible. We study
the aging in the systems via two-times functions in the logarithmic regime. The asymiptb@wior of
these systems is expected to share common features with the asymptotic regisoedsrdd ferromagnets
and spin glasses. The last system | focused on is a semiflexible proteiarkenside eukaryotic cells,
the so-called cytoskeleton. This organelle inside the cell is responsitileef@ell motility. In this context
we study the response of a Worm-Like-Chain model through Monte Carldations. After preparing the
system in a relaxed state, different perturbations, e.g. shear strédrstiain, unilateral strain, or uniaxial
strain, are applied and the relaxation processes are monitored. We eng@astimes functions of various
guantities. The results show the existence of slow relaxation and aging iry$tesrs

The following subsections briefly discuss these systems, whereas adléiadession is done in the fol-
lowing chapters. In chapter 2 we study reversible reaction diffusiciesys whereas in chapter 3 we focus
on aging in driven diffusive systems. In chapter§,4, and 7 we study two-and three-dimensional models
that have been proposed to describe the dynamic properties of noitpgu polymer networks like the
cytoskeleton.

1.2 Reversible reaction diffusion systems

Slow dynamics and aging processes are encountered in a huge vaggsyasiis. The best known examples
can of course be found in glassy systems, i.e. structural glasses ianglagses, but intensive research
in the last decade has revealed that these processes are ubiquitaadelfound in magnetic systems,
in non-equilibrium growth or in diffusion-limited reaction systems. Slow dynanmiagson-glassy systems
is often much easier to understand than in the more complex glassy systenmpeamgrogress in our
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understanding of the general properties of aging processes hasbeieved through the study of rather
simple model systems with slow dynamics. Reaction-diffusion systems havidygreatributed to our
current understanding of the physics far from equilibrium. This is eafetrue for non-equilibrium phase
transitions as encountered in systems with irreversible reactions andbialgsstates [4, 6]. In this context,
the study of relaxation and aging phenomena remains in its early stages. 8téljseresting results have
been found recently. As is well known, power-law relaxation, the hallmégkow dynamics, is observed in
diffusion-limited irreversible reactions at their (non-equilibrium) phasesitenm points. Consequently, the
first studies of aging in reaction-diffusion systems were restricted to thasequilibrium critical points
that are characterized by the absence of detailed balance [7, 8, 81,112, 13, 14, 35, 16, 17, 18]. The
analysis of two-time correlatorS(t,s) and responseR(t,s) at an absorbing phase transition revealed a
phenomenology similar to that observed at an equilibrium critical point. Bathtifies exhibit the standard
scaling forms(1.2) and the scaling functions display a simple power-law behavior for largensegts,
y=t/s> 1, see equatioifl.3). These studies also revealed some remarkable differences to the aging
properties of systems relaxing towards an equilibrium steady state. Mtailyjyahe exponenta andb,
which for a system relaxing towards equilibrium are identical and relatedstati critical exponent [3],
can be different when detailed balance is broken. In some cases tei®dde can be understood through
symmetry properties of the model, as for example for the contact proc8ksrilother cases no simple
explication seems to exist.

In order to observe slow dynamics at an absorbing phase transitiom-tufimg of the system parameters
is obligatory. This is, however, different for systems with reversibletieas, as these systems generically
display power-law relaxation, independent of the values of the reactidrddfusion rates [19, 20, 21,
22, 23, 24, 25, 26, 27, 28, 29]. Studies of excited-state proton #ansfctions provided experimental
verifications of this theoretically predicted behavior [30, 31, 32]. Thisofrse makes the diffusion-limited
systems with reversible reactions very attractive for a study of agingpses.

In [33] a first step was undertaken in that direction where the non-eguititdynamical properties of some
exactly solvable models were studied. This study indeed revealed thepeasehe standard scaling forms
(1.2) for correlation and response functions, and this for any values of/#tera parameters. Surprisingly,
however, the scaling of the response function was found to stronggndegn whether or not some specific
guantity was kept constant when perturbing the system. This is an interessualgy, as it highlights the
importance of conserved quantities during non-equilibrium relaxation.

The models studied in [33] are to some extend specialized in order to be esaletiple. It is therefore of
interest to understand which of the properties found in [33] are getwesigstems with reversible reactions
and which depend on special features of the studied models. Thus,entorde soluble, it was assumed
that the possible number of particles at every lattice site was unrestrictaddiition, as initial condition an
uncorrelated Poisson distribution on each lattice site and for each partdespvas assumed. In chapter
2 we study a system composed of two types of particles that undergsitdgereactions while diffusing on
a lattice. We thereby only allow single site occupation and prepare the sygteandomly distributing on
the lattice a given number of particles of every type. During the relaxatiocess we study the two-time
autocorrelation function as well as different two-time response functions
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1.3 Driven diffusive systems

Growth laws can be much more complicated than simple power laws, as discassatly in disordered
ferromagnets quenched below their critical temperature. Thus, congiagidence for a dynamic crossover
between a transient regime, characterized by a power-law growth wittfesitivee dynamical exponent that
depends on the disorder, and the asymptotic regime, where the growthrithiogain time, has been found
in recent studies of the dynamics of elastic lines in a random potential [339380] as well as in numerical
simulations of disordered Ising models [41, 43, 44, 45]. These indicati@sompatible with the classical
(droplet) theory of activated dynamics that, under the assumption ofyebargers growing as a power of
L, predicts a slow logarithmic increase [46] of this length:

L~ (Int)¥, (1.5)

with the barrier exponenp > 0. However, none of the recent numerical studies was able to fully eicces
the asymptotic regime when following the time evolution of the system, and thesegystematic study of
aging processes in this regime with logarithmic growth has not yet been done.

In chapter 3, we study two one-dimensional models that exhibit anomalowsdgizamics and that are
known to display coarsening where the length of the domains increase#hogeally with time [47].
Even though these models are in no way related to disordered ferromaguetpin glasses, their studies
should allow us to gain a better understanding of the generic propertinsgfrag system with a logarithmic
growth law.

The models discussed in chapter 3 are the so-caAlB&imodel [48], a driven diffusive system composed of
three different types of particles that swap places asymmetrically, ardtad@omain model [49] whose
simplified dynamics is supposed to capture the dynamics oAB&model at the later stages of the coars-
ening process. ThABC model has recently yielded a flurry of interesting studies [50, 51, 5254355,
56, 57, 58, 59, 60, 61, 62, 63] that helped establishing it as a parddigsystems far from equilibrium.
Not only is theABC model characterized by its anomalous slow dynamics, making it a repregeitata
larger class of systems with a similar coarsening process [64, 65, 668h7t also exhibits a variety of
interesting non-equilibrium phase transitions whose properties chaagetically when breaking certain
conservation laws. The domain model has been proposed as a simplisashvefr theABC model where
only movements of particles between domains of the some species are cesitids simplified dynamics
accelerates the coarsening process and allows to enter the purely lmg@agtbwth regime faster [49]. We
use theABC model in order to investigate the onset of dynamical scaling, whereasthanlanodel is used
to characterize aging scaling deep inside the logarithmic growth regime.

1.4 The cytoskeleton

We here briefly summarize some of the main characteristics of the cytosketeta@ilas some of the prop-
erties of the main types of filaments forming the cytoskeleton. The cytoskelehgoratein network inside
eukaryotic cells that provides mechanical structure to the cell. Hence taselte is responsible for cell
motility and exerts forces inside and outside of the cell. There are manygsex@volving the cytoskele-
ton. These processes are establishing the cell shape and structueggaesponsible for the mechanical
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strength of the cell, locomotion, chromosome separation in mitoses and meitialay civision, and intra-

cellular transport of organelles. This protein network consists of thifesxeht types of protein filaments:
actin filaments, intermediate filaments and microtubules. The different filamevesdiféerent properties
and play different roles in the cell.

Actin filaments, which helps strengthening the cell, play a central role in the &etin can show up in
various forms inside the cell, as actin monomers, actin bundles, or actin gél.i®\mainly located under
the membrane of the cell, in a region called the actin cortex. The actin cortexrneling the membrane
through the polymerization and depolymerization of filaments. Actin filamentscaineefl by globular
monomers or G-actin. The persistence length of actin depends on thaitigecaf the filaments. The
reported length is betweent90.5um for bare actin and 20m for actin in skeletal muscle cells [107]. The
actin filament has two ends with two types of behaviors. One end is calledéptlis "fast growing end”,
or "barbed end” where mostly ATP-bound (adenosine triphosphatepmers are located. The other end,
called "minus end” or "slow growing end”, has a high concentration of AtaRind (adenosine diphosphate)
monomers. The two different ends are involved in "the treadmilling phenoni¢h@n] : adding monomers
from one end and removing monomers from the other end. This processsitiees center of mass of the
filament with a velocity of the order of a few micrometers per hour [107]. pitesence of some binding
proteins helps to increase the speed of the center of mass. This is thetiestsactin plays an important role
in cell motility. Actin monomers are also the most concentrated monomers insidettipdasyn [107]. They
also appear in various structures such as linear bundles, two-dimdngtwark and three-dimensional gel.
Two vital structures that help cell motility are the two-dimensional actin netwiarksnellipodia and linear
bundles in filopodia that extend out from the lamellipodia.

A second type of protein filaments is formed by intermediate filaments (IF). Asamee shows, the radius
of these filaments is between those of microtubules and actin filaments. Inteterfddiaents help to shape
and strengthen the cell. They are formed by two stranded helical polyriiées radius of the filaments
ranges front =7 nm to 12 nm [107]. Intermediate filaments are the most flexible filaments insidelhe
with persistence lengths ranging fron8@o 1um. Different types of intermediate filaments form different
families. The most important shared property between all intermediate filameht ihey are not polar
and that they do not treadmill like actin or microtubules. They mainly participatesisttiictural and elastic
properties of the cell and are rarely involved in the cell motility. Intermediateéles are more stable in
comparison to the two other main filaments and usually are involved in transcgliotdions and in the
attachment to the extra cellular matrix [81].

Microtubules are hollow cylinders and are the thickest polymers in the nletvibey originate from cytosol,
the organelle near the nucleus, and usually grow in one direction, bustoank as well. Microtubles
participate in cell division and in the intracellular or vesicle transport [8ll]crotubules have an outer
diameter of 25 nm and a persistence length of id0to 6 mm [107]. This hollow cylinder is formed
from building blocks called heterogeneous tubuline subunits. Thesaissibind to guanosine triphosphate
(GTP) or guanosine diphosphate (GDP). The tubuline is a heterodinmesaobunits ang3-subunits [107].
Microtubules are polar polymers and they treadmill and exert forces ocsutiheunding.

There are a number of motor proteins that play many roles in the cytoskeletide icell. These motor

proteins are involved in processes such as the crosslinking betweeramerits, the creation of bundles
of actin filaments, the chopping of long filaments into smaller ones, or the capigrfdaments that stops

their growth.
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The cytoskeleton dynamics has been studied experimentally [117]. Theiemhpiata can be described
using the Soft Glass Rheology model of Sollich for the cytoskeleton. Tisisriigion is successful as long
as there is small strain on the system and the linear properties are obsetiredlynamical moduli. For

more complicated situations, with large strain on the cytoskeleton and in normeggae, further theoretical

studies need to be done.



Chapter 2

Aging processes in reversible reaction
diffusion systems: Monte Carlo simulations

N. Afzal, J. Waugh, and M. Pleimling, J. Stat. Mech. (2011) P06006.

2.1 Introduction

Reaction-diffusion systems with reversible reactions generically displagplaw relaxation towards chem-
ical equilibrium. In this chapter which closely follows my paper [70] we inveggghrough numerical sim-
ulations aging processes that characterize the non-equilibrium relax8tiafying a model which excludes
multiple occupancy of a site, we find that the scaling behavior of the two-timelation and response
functions are similar to that discovered previously in an exactly solvabkoref33] with no restrictions
on the occupation numbers. Especially, we find that the scaling of thensspepends on whether the per-
turbation conserves a certain quantity or not. Our results point to a highaleguniversality in relaxation
processes taking place in diffusion-limited systems with reversible reacOhs [

Reaction-diffusion systems have greatly contributed to our currentrsiatheling of the physics far from
equilibrium. This is especially true for non-equilibrium phase transitions eswertered in systems with ir-
reversible reactions and absorbing states [4, 6]. In this context, theatuelaxation and aging phenomena
remains in its early stages. Still, some interesting results have been fountyeas is well known, power-
law relaxation, the hallmark of slow dynamics, is observed in diffusion-limite@rsible reactions at their
(non-equilibrium) phase transition points. Consequently, the first stufieging in reaction-diffusion sys-
tems were restricted to these non-equilibrium critical points that are charactéy the absence of detailed
balance [7, 8, 9, 10, 11, 12, 13, 14, 35, 16, 17, 18]. The anal{/sietime correlator€(t,s) and responses
R(t,s) at an absorbing phase transition revealed a phenomenology similar to seateth at an equilibrium
critical point. Both quantities exhibit standard scaling forms,

C(t,s) =s Pf(t/s), R(t,s)=s12fx(t/s) (2.1)
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where the scaling functions display a simple power-law behavior for lagyereentsy =t /s> 1:
fe(y) ~y /% fr(y) ~y /2. (2:2)

Heres andt > s are two different times called waiting and observation times, aiscthe dynamical ex-
ponent. The exponents b, Ac, andAr are non-equilibrium exponents that govern the scaling properties
of the two-time quantities. However, these studies also revealed some retaatifirences to the aging
properties of systems relaxing towards an equilibrium steady state. Mtdilyyathe exponenta andb,
which for a system relaxing towards equilibrium are identical and relatedstat critical exponent [3],
can be different when detailed balance is broken. In some cases teiedife can be understood through
symmetry properties of the model, as for example for the contact procgssrlother cases no simple
explication seems to exist.

In [33] a first step was undertaken in that direction where the non-eguititdynamical properties of some
exactly solvable models were studied. This study indeed revealed thepeasiehe standard scaling forms
(2.1) and (2.2) for correlation and response functions, and this fpvalues of the system parameters.
Surprisingly, however, the scaling of the response function was fausttongly depend on whether or not
some specific quantity was kept constant when perturbing the system. Tdnsingeresting result, as it
highlights the importance of conserved quantities during non-equilibriurratidtan.

The models studied in [33] are to some extend specialized in order to be esaletiple. It is therefore of
interest to understand which of the properties found in [33] are getwesigstems with reversible reactions
and which depend on special features of the studied models. Thus,entorde soluble, it was assumed
that the possible number of particles at every lattice site was unrestrictedldition, as initial condition
an uncorrelated Poisson distribution on each lattice site and for each papetées was assumed. In
this chapter we study a system composed of two types of particles thagonm@eersible reactions while
diffusing on a lattice. We thereby only allow single site occupation and peegbar system by randomly
distributing on the lattice a given number of particles of every type. Duringelagation process we study
the two-time autocorrelation function as well as different two-time respamsgibns.

2.2 The model and quantities

We consider one- and two-dimensional lattices on which particles of difféypes, calledh andC, diffuse
and interact. The data discussed in the following have mainly been obtainggstems of linear extend of
L =10000 ind =1 andL = 100 ind = 2. We carefully checked that no finite-size effects show up in our
guantities for these sizes. The diffusion of particles is realized by jumpingdoaupied nearest neighbor
sites with rateD, for anA particle and rat®. for aC particle. The reaction scheme considered here is given
by

A+A=C (2.3)

where two neighboringh particles coalesce with rate to form aC particle, whereas & particle can
decompose into twé\ particles with rateu, provided that one of the neighboring sites is empty. In the
simulations, we realize this scheme in the following way. We first select randarsiye and a direction.

If the selected site is occupied byCeaparticle and if the neighboring site in the selected direction is empty,
then theC particle is hopping in that direction with probabilify; or it is replaced by two neighboring
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particles with probabilityu. If, on the other hand, af particle sits on the selected site, the possible action
will depend on whether the neighboring site in the selected direction is eithdy @mpccupied by ai\
particle. In the first case we move the particle with probabilify in the second case the twgarticles are
replaced with probabilith by aC particle that we put on the initially selected site. For all other cases, no
action takes place.

We prepare our system at tinte= 0 "microcanonically” by distributingNa(0) A particles and\c(0) C
particles randomly on our lattice. Preparing the system in this strict way is irvéasg important as the
guantity

K = Na(0) +2Nc(0) = Na(t) + 2Nc(t) (2.4)

is independent of time, making it a conserved quantity [26]. H\a@) andNc(t) are the numbers dfand
C particles at time. It follows from the presence of this conserved quantity that the stetadg-particle
densitiegoa s = Na(t — ) /N andpc s = Nc(t — ) /N, with N = L in one dimension and =L x L in
two dimensions, depend on the initial preparation of the system.

In our simulations we monitor both the particle density as well as the two-time ciiorefanction. Defining
the time dependent occupation numhig(t) of sitei as having the value 1 when that site is occupied at time
t by aC patrticle and zero otherwise, the particle densit¢gfarticles is given by

pc(t) =y ne(t)/N. (2.5)
|
Due to the conserved quantity;, the particle density oA particles is obtained directly through the relation

Pa(t) = K/N—2pc(t) . (2.6)

Insights into the scaling properties during the relaxation process canimedday studying the two-time
connected autocorrelation function fomparticles,

Co(t,9) = (1 3 mbOR(9) ~ (V) pc(S) @7)

where the notatiorf- - -) indicates averages over both initial conditions and realizations of the nioise.
similar way we define the two-time connected autocorrelation functioA faarticles Ca(t,s).

For the two-time response function different cases can be distinguiBiretly, one can perturb the system
in such a way that the quantity K does not change its value. This can beeghier example, by adding
with raterk additionalC particles to the system, while removing at the same time paiis pdrticles.
Obviously, we do not think that this is a realistic scenario that can be easilgvad in an experiment.
Still, this scenario can be studied theoretically and might yield important insightshatmle played by
conserved quantities during relaxation processes. Secondly, orzdscgperturb the system such tlkais

no longer conserved. An obvious way of doing that is to inject additioagigbes of only one type (say,
C patrticles) with some rate This will change the value df, and the system will relax to a steady state
whose particle densities differ from those of the unperturbed system.

In our simulations we have implemented the calculation of the responses in theifigllavay. Initially,
we prepare the system in a random state with fixed numbehsaofdC particles,Na(0) andNc(0). This
fixes the value oK at timet = 0. CallingMk (t,s) the response of the system to a perturbation that ki€eps
constant, we compute the difference between the average densities witlitlamat perturbation:

M (t,8) = (pE(t,s)) — (pc(t)) - (2.8)
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Herep(’:’(t,s) is the density ofC particles at time when the perturbation is removed at time: t. Alter-
natively, we could define the response through the change in dengitypaiticles. We carefully checked
that our conclusions do not depend on our choice of the particle defgitythat reason we will restrict
ourselves in the next section to a discussion of the change in the denGifyaoficles.

We proceed slightly differently for the calculation of the response to thetiofeof particles of a single
type. We still prepare the system as before and inject additional particigsime s. After removing the
perturbation we determine the particle densipdés,s) andpR(s,s) as well as the new value & which

will remain constant for the remainder of the simulation. Having determifede then do a second,
unperturbed run, where we start with a disordered initial state with partéisitiespc(0) = pé’(s, s) and
pa(0) = p,f\’(s, S). The response to the injection Gfparticles is then calculated as the difference between
the average densities with and without perturbation:

Mc(t,s) = (PE(t,8)) — (Pe(t) )k - (2.9)

Here(pc(t))k is the time-dependent particle density for the new valulé.of

2.3 Simulation results

In the following we discuss the relaxation and aging processes that tad@ iplaur system. In our sys-
tematic study we considered diffusion rateg and D. between 0.05 and 0.5, whereas the reaction rates
to study the dependence of our results on the valu€.oln addition, for a fixed value ok we typically
considered three sets of initial conditions that differ by the numbéek ahdC particles deposited on the
lattice. Our main results for the time-dependent particle densities as wellthe fovo-time autocorrelation
and response functions are summarized in the following subsectionse fdwagts are confronted with the
analytical calculations obtained for the related model studied in [26, 33].

2.3.1 Particle densities

As discussed in many theoretical studies [19, 20, 21, 22, 23, 24, 227288, 29] and as verified in some
experiments [30, 31, 32], systems with reversible chemical reactionsharaaterized by slow dynamics
such that the particle densities approach their steady-state values withealpanin time. More specif-
ically, for the exactly solvable models without site restriction studied in [26,08@® finds that particle
densities asymptotically behave like

p(t) —ps~t~9/2 (2.10)

for any dimensiord. Explicit expressions have been found for the stationary particle densitieh reveal
a dependence only on the value of the conserved quagtiyd the ratiqu/A of the reaction rates [26].

In Figure 2.1 we show the typical time evolution of the particle densities for ygtem. After an initial
fast change, the particle densities rapidly evolve towards a regime wrespfhoach to the steady state
is algebraic. Figure 1 shows two cases with identical reaction and diffuates as well as with identical
initial densities, the only difference being the dimensionality of the lattice. In basies, the asymptotic
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Figure 2.1: (a) Time evolution of the densitiesfodndC particles in one and two dimensions. The
linear sizes of the systems dre= 10000 ind = 1 andL = 100 ind = 2, the common rates being
Da=D¢c=0.1andu = A = 0.5. Initially the systems consist only @f particles that randomly
occupy 30% of the lattice sites. (b) The approach to statitynia governed by a power law with
exponentd/2, as indicated by the dashed straight segments. The data diere result from
averaging over 400000 independent runs [70].

particle densities are found to be identical and independent of whetherar lansquare lattice is considered.
Changing the diffusion and reaction rates in a systematic way, we find thatatienary particle densities
remain unchanged when the values of the diffusion rates are chamgiedt,land this is in agreement with
the expressions obtained for the exactly solvable case in [26], the steatdywalues of the particle densities
are completely fixed by the valuesi§fand of the ratiqu/A. Furthermore, see Figure 2.1b, the approach to
stationarity is governed by the exponeh®, as it is the case for the corresponding exactly solvable model
[26].

2.3.2 Autocorrelation

The scaling of the two-time autocorrelation function in one and two dimensiom®versin Figure 2.2 for
theC particles (similar results are obtained when looking giarticles). In all cases we obtain the standard
aging scaling (2.1) and (2.2) with exponeats: d/2 andAc/z= d/2. Comparing the scaling functions for
different values of the rates and different initial densities but fixed dgioeality, one observes that small
differences, present for small valueg ¢$, rapidly vanish whet/sincreases. Disregarding these finite time
corrections, one recovers for a fixed valuedat common scaling function for all rates and initial states.

It is tempting to compare our scaling functions with those obtained when sitetiestis not imposed. As
shown in [33] the scaling function is then given in leading order by

Celt,s) = As 92 (t/s+1)79/2 (2.11)

where the amplitud@ depends on reaction rates as well as on initial conditions and the ste&elpasticle
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Figure 2.2: The scaling of the autocorrelation funct@s(t,s) for C particles in (a)d = 1 and
(b) d = 2 dimensions. The diffusion rates dbg = D; = 0.05, whereas the reaction rates are
U= A = 0.5, the initial state being composed only@particles that randomly occupy 30% of the
lattice sites. The red dashed lines show the asymptotimgctinctions obtained for the exactly
solvable model studied in [33], see equation (2.11). Tha dagult from averaging over at least
30000 independent runs [70].

densities. One therefore obtains for both models the same values of theeaetgandAc/z. The expres-
sion (2.11) however only slowly approaches the scaling function obtainthe present study, as shown in
Figure 2.2. In fact, equation (2.11) only gives the asymptotic scaling functalid in the limitt/s>> 1.
Subleading correction terms, the most important being proportiosaPtdt ~9/2 [33], can not be neglected
on the time scale of our simulations.

2.3.3 Response functions

Our main motivation for the present study was the surprising observati@3jiHat the scaling function of
the autoresponse strongly depends on how the system is perturbdcealyanentioned in the introduction,
one obtains for the exactly solvable models studied in [33] expressioritbéaesponses that depend on
whether or not certain quantities are conserved during the perturb&igrmain aim in the following is to
verify whether this is a generic behavior or whether this follows from tleeisih properties of these exactly
solvable models.

Before discussing our data we remark that we are in fact computing time atgegresponse functions.
Indeed, our responses result from summing up all the effects due tethehation of the system during a
time interval of lengtrs. As a result our integrated responses, see equations (2.8) ancaf2.#¢lated to
the response functions in the usual way [3] through an integration in time:

M(t,s) :/duR(t,u) (2.12)
0
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which yields under the assumption of simple aging for the response, satoe(2.1), the following scaling
form for the integrated response in leading order:

M(t,s) = s 2fu(t/s) (2.13)

with fy(y) ~y *®/Zfory > 1.

We start by showing in Figure 2.3 the time-integrated response (2.8) wheenejéiation of aC particle is
accompanied by the removal of twoparticles such thak remains constant. We recover a simple aging
behavior, with exponenta = d/2 andAr/z = d/2, similar to what is obtained for this response when
studying the model without site restrictioh. This scaling behavior of the integrated response is therefore
similar to that observed in many systems relaxing toward their steady state winidedbaracterized by a
single time-dependent length scale that increases algebraically with time [3].
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Figure 2.3: The scaling of the time integrated respdvigét, s), see equation (2.8), in (&)= 1
and (b)d = 2 dimensions. The diffusion rates dbg = D, = 0.5, whereas the reaction rates are
U =A =0.5. The rates for injectin@ particles and removing pairs @&f particles arex = 0.01
ind=1andrgk = 0.05 ind = 2. Initially 14% of the sites are occupied Byparticles, whereas
C patrticles are randomly deposited on 23% of the sites. The stadwn here have been obtained
after averaging over typically one million independents{irQ].

The scaling ofVik (t,s) has to be contrasted with the scalinghé(t,s) where the perturbation consists in
injecting additionaC particles. As shown in Figurg? Mc(t, s) is independent of the waiting time and, after
some initial faster decay, rapidly exhibits a power-law behavior,

Mc(t,s) ~t79/2 (2.14)

as indicated by the dashed lines in the figure. Comparing this to the resultseabfairihe model without
site restriction, we notice here a difference in behavior. Indeed, fomibael studied in [33] the time

INote that in [33] it is also the time integrated response ihatvestigated. This is not correctly stated in that
paper.
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integrated response to the injections of o@lyparticles is the sum of two terms, one proportional t&/2

and one proportional t¢t —s)~9/2, see equation (41) in [33]. This difference can be understood in the
following way. In the model studied in [33] a newly inject€dparticle can immediately decompose into
two A particles, as there is no restriction on the number of particles at any gieeinsour model, however,

a newly injectedC particle needs to have an empty neighboring site in order to decompose int& two
particles. It is immediately clear that the injection of additional particles yieldslacten of the number

of unoccupied sites. Consequently, the decompositidh mdrticles is retarded as more and more diffusion
steps are needed in order to bring @particles close to empty sites. Therefore, it is the hopping of particles
that dominates and that gives rise to the waiting time independent response.
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Figure 2.4: The scaling of the time integrated respdigé&,s), see equation (2.9), in (&= 1

and (b)d = 2 dimensions. The diffusion rates ddg = D = 0.05, whereas the reaction rates are
U = A =0.5. The injection rates df particles isr = 0.0001 in both cases. Initially 14% of the
sites are occupied b particles, whereaS particles are randomly deposited on 23% of the sites.
The data shown here have been obtained after averagingypiealty 250000 independent runs.
Note that the response is waiting time independent andhieadécay is algebraic for large times,
with exponentd/2, as indicated by the dashed lines [70].

Even so the scaling behavior for this response is different in our sitiéctesd model, the main conclusion
drawn in [33] is still valid: the scaling properties of responses changaswktherwise conserved quantities
are changed due to the perturbation. This effect is therefore not estyiated to the model discussed
in [33], but seems to be a generic property of aging processes thaplate in systems with conserved
guantities.

2.4 Conclusion

We have discussed in this section the non-equilibrium relaxation in a reatiffasion model characterized
by reversible reactions. In contrast to systems with irreversible reactgstems with reversible reactions
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generically display slow dynamics and simple aging, independent of thesvaiitige reaction and diffusion
probabilities. Comparing our results with those obtained previously for a Ingttesite restriction, we
note that the approach to stationarity is governed by the same exponentk tabes, as revealed through
the study of the time-dependent particle densities or the two-time autocorreldfmsame conclusion
can be drawn when looking at the response to a perturbation that eesgbe quantity K; see equation
(2.4). It also remains true that the scaling properties of responsesamnd fo depend on whether the
perturbation conserves the value of K or not. Of course, other reggameed to be studied in the future
in order to further probe the universality of this statement. All this points to la dégree of universality,
suggesting that systems with reversible reactions are excellent candatates in the experimental study
of aging properties in reaction-diffusion systems. No fine-tuning of tetegy parameters is needed in order
to have slow dynamics, as demonstrated in experimental studies of excitegnstion transfer reactions
[27,29]. As our theoretical findings point to a high robustness of therteg results, a future experimental
verification of our predictions can be envisaged. Our present studyezily be generalized to other
reaction-diffusion systems. In this chapter we considered one of the simpiersible reaction schemes
where two A particles coalesce to form a C particle which then can agaimges® into two A particles.
Other reaction schemes that can be studied are given by

A+B=C (2.15)

and by
A+B=C+D. (2.16)

The second reaction scheme is of particular interest, as it not only is ekadiadily in experiments (a well
known example is provided by ethanoic acid dissolved in water, that formas@dite and hydronium ions
following the reaction€€H3CO,H + H,O = CH3CO, + H30™), but also has the interesting property that
three different quantities are conserved [30]. It would be interestistutty the different responses in these
systems in order to see how the scaling properties change when theveioseof some or all quantities is
destroyed by the perturbation.



Chapter 3

Aging processes in systems with anomalous
slow dynamics

N. Afzal and M. Pleimling, Phys. Rev. &7, 012114 (2013).

Recently, different numerical studies of coarsening in disordere@rmgshave shown the existence of a
crossover from an initial, transient, power-law domain growth to a slowesymably logarithmic, growth.
However, due to the very slow dynamics and the long lasting transient regimeds usually not able to
fully enter the asymptotic regime when investigating the relaxation of these systema equilibrium.
We study two simple driven systems, the one-dimensié®& model and a related domain model with
simplified dynamics, that are known to exhibit anomalous slow relaxation whersymptotic logarithmic
growth regime is readily accessible. Studying two-times correlation andnssganctions, we focus on
aging processes and dynamical scaling during logarithmic growth. Usingrtbedependent growth length
as the scaling variable, a simple aging picture emerges that is expected toeaaih ip the asymptotic
regime of disordered ferromagnets and spin glasses. The resultssgidéoghe following are the subject
of my paper [76].

3.1 Models and quantities

In the ABC model patrticles of three different species live on a one-dimensional[4®ig Every lattice
site is occupied by exactly one particle, which can swap places with its leftightdneighbors. In the
symmetric case, where all exchanges happen with the same rate, evanyg perdergoes a random walk,
and nothing interesting takes place. However, this changes dramaticalpass one introduces a bias
which makes the particles diffuse asymmetrically around the ring. This is acthigvrandomly selecting a

17
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pair of neighboring sites and updating them using the following rates:

q
AB = BA
1

q
BC=CB
1
q
CA=AC (3.1)
1
with q < 1. As a result of these rules, phase separation takes place in suchthavtye ordered domains
arrange themselves in repetitions of the sequéite whereA indicates a domain o4 particles, followed
by a domain oB particles, which itself is followed by@ domain. Once this arrangement has been achieved,
the domains coarsen whereby the typical domain size increases logarithmithaltyme.

Obviously these exchanges keep constant the total number of partidaestospecies. We consider in our
study only lattice sizes divisible by three and initially populate one third of the laties by particles of
each species. In that case detailed balance is fulfilled and the systerasstmbard an equilibrium steady
state [48].

In the domain model one focuses on the later stages of the coarsenieggvatere well-defined, compact
domains have already formed. One then defines a simplified dynamics wilgrevents are taken into
account that change the sizes of two neighboring domains of the samesspear example, consider the
case where two suchA domains are selected, calldg and A, that are separated by ofeand oneC
domain, yielding the sequenee A/BCA, ---. Calling a respectivelya; the domain size of the domaty
respectively?;, these domain sizes are then modified in one of the following two ways [49]:

a—a-1,a=a+l withrateq
a—a+1l, a=a—1 withrateqf

whereb respectivelyc are the number of sites of tigerespectivelyC domain separating our twddomains.
These rates follow from the observation that in order to go from one doim#ire other ai\ particle has to
cross one of the two intermediate domains in the ‘wrong’ direction.

Two-times quantities are well suited to study relaxation processes far fjaitibeium [5]. We here briefly
recall the expected behavior of such quantities, without entering into taésden how these quantities are
computed for our driven diffusive systems. This will be done in the follgngactions when we discuss our
numerical results.

The two-times quantities usually at the center of aging studies are the aetatorr functionC(t,s) and

the autoresponse functidtit,s). The autocorrelation function measures the extend to which configurations
taken at two different times andt > s are correlated. Hergis the waiting time, whereasis called the
observation time. The autoresponse function, on the other hand, allotesimgstigate how the system
reacts during the relaxation process to a instantaneous perturbation f@esrfy other studies, we will focus
below on the time integrated response to a longer lasting perturbation which iseasier to measure).

In the aging regime, where the observation and waiting times are large cahtpaary microscopic time
scale, the single growth lengthdominates the properties of the system, so that the different quantities
should depend on time only through this len§ithThus one expects the following (very general) scaling
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forms, using standard notation [5]:

Cty = (L) fe (tg) (3.2)

RS = (L(9) " (tg) (3.3)

with the scaling functiondc(y) and fr(y) and the non-equilibrium exponengsandb. In systems un-
dergoing coarsening one usually Has- 0 anda # 0, but this can be different in other situations, as for
example during non-equilibrium relaxation at a critical point [69]. In saséh an algebraic growth law
L(t) ~ t¥Z as observed in critical systems or coarsening systems without disorseysually uses/s

as scaling variable and as an example refer to section 2.3.2. Howevenpfercomplicated cases with
subleading contributions to the growth and/or crossover between an ingebraic growth and the true
asymptotic behavior, this approach is too simplistic &fd/L(s) has to be used as variable in order to
achieve the expected scaling [41, 45].

3.2 Aging in the ABC model

In our simulations of the origin@ABC model we focus on the early time regime where coarsening slowly
sets in. We thereby always prepare the system in a disordered initial statewery species occupying
one third of the lattice sites chosen at random. The data presented belewd®vobtained for rings with

N = 9000 sites. This is large enough so that no finite size effects show upefdintkes accessed in our
simulations, as we checked by making additional runs for other system $ieesefine one time step as

N proposed updates. For every proposed update we select a paigbboeng sites at random and then
exchange them with the rates given in (3.1).

3.2.1 Domain growth

We start by having a look at the average domain size. Fig. 3.1 sh@wdor a large range of) values.
We note that in all cases an initial regime is observed during which domairferared and arranged in the
correct sequence, so thaCalomain follows &B domain that follows a domain. This initial regime lasts
longer for larger values dj as it gets increasingly difficult to form these initial domains the closgets to
1.

Once these initial domains are formed, they then coarsen, and the systeantstases logarithmically with
time: L(t) ~ Int. Obviously, this is a very slow process and even aftértiife steps the average domain
size does not reach twenty lattice spacings. This coarsening pro@steisfor larger values af. Indeed,
the slopes in the log-linear plot decrease when decreagirithus, in the interval between= 10° and

t = 108 we obtain that the slope continuously decreases from 1.05%00.9 to 0.86 forq = 0.2. Whereas

at short times the domain size is the largest for the smajleatue, we expect the order to be reversed for
very long times, due to the difference in slopes. In fact, indications of teislaeady seen in Fig. 3.1, see
the two curves fog = 0.2 andg = 0.3 that start to be below some of the curves obtained for laygafues.
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Figure 3.1: (Color online) Time-dependent average domaia feir theABC model with various
values of the ratg. After some initial regime, that lasts longer the largentakie ofq, logarithmic
growth sets in. The slopes in the log-linear plot increash gi The data result from averaging
over 600 independent runs. (Reprinted figure with permissam [76]. Copyright (2013) by the
American Physical Society).

A closer inspection of the curves in Fig. 3.1 reveals that their slopes ehslightly with time. Even
aftert = 10% time steps we are not yet completely inside the asymptotic regime where corseictithe
logarithmic growth law should be completely absent.

3.2.2 Autocorrelation

As mentioned in the introduction, valuable insights into relaxation far from egqiuitib can be gained
through the study of two-times quantities. In this subsection we discuss theoaetationC(t,s). For
our three species system we characterize lattice byea time-dependent Potts varialggt)(alternatively
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we could use a species dependent occupation humber [70, 71] whidheba used in chapter 6) that can
take on the three different values 0, 1, or 2, depending on whether at threesite is occupied by af, B,
or C particle. The autocorrelation functi@it, s) is then defined as

13 1
Ct9={N2,%0ne )3 (3.4)
i=

whered, g is the Kronecker delta. In that equati¢n-) indicates an average over both initial conditions
and noise as realized through different random number sequeneesubvact from this average the value
1/3 that one has for two completely uncorrelated configurations, thus makiaghatC(t,s) approaches
zero when t gets very large.

In our simulations we averaged over a large number of realizations, gafigin 600 for the longest waiting
times to 20000 for the shortest waiting times. In all cases we let the systenedwotv= 40 s time steps
wheresis the waiting time.
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Figure 3.2: (Color online) Autocorrelation function for tA8C model with (a,b)q = 0.9 and
(c,d)g= 0.3. For every waiting time we compute the autocorrelation function for ug te 40s
time steps. Plotting the autocorrelation against the sgalariableL(t)/L(s), see (b) and (d),
yields indications for the onset of dynamical scaling fa bngest waiting times. The data result
from averaging over at least 600 independent run (Reprintgadiwith permission from [76].
Copyright (2013) by the American Physical Society.)

The data shown in Fig. 3.2 fay= 0.9 andq = 0.3 are representative for all studied valuegio€omparing
data for different waiting times reveal the expected physical aging whett&o-times quantity is not simply
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a function of the time difference, see Fig. 3.2a and 3.2b.g~er0.9 the behavior for the shortest waiting
time shown in Fig. 3.2a clearly differs from that observed for the largétinvgatimes. In fact, inspection

of Fig. 3.1 reveals that = 3200 lies in the time regime where the initial domains are forming and where
coarsening starts to set in. As a result correlations dramatically change sgygtem, which is revealed by
the non-monotonous behavior of the autocorrelation function.

In Fig. 3.2b and 3.2d we test dynamical scaling by plotting the data as a furdftibft) /L(s). Clear
deviations are observed for the smaller waiting times, but these deviatiofesgeind less important the
largersgets, yielding foig = 0.3 already a good data collapse for the largest waiting times. All this indicates
that for very largeswe start to be in the aging scaling regime. In agreement with Fig. 3.1 the scaedjimger

is accessed more rapidly for the smaltevalues. We also note that even figis = 40, the ratio of the
corresponding lengthis(t) /L(s) remains rather small. Obviously, the regiin@)/L(s) > 1 remains out of
reach in systems displaying logarithmic growth.

3.3 Aging in the domain model

It follows from the discussion in the previous section that it is extremely diffio fully enter the asymptotic
growth regime for théABC model. We therefore focus in the following on the domain model with simplified
dynamics that captures the essential properties oAB@ model deep inside the coarsening regime while
speeding up the dynamics [49].

For the domain model we consider systems Wth- 27000 sites, thereby checking carefully that no finite-
size effects affect our data for the times accessed in our simulations. Agriaenics assumes the existence
of domains that coarsen, we prepare our system in an initial state whemawee3000 sequences ABC
domains, with every domain extending over three lattice sites. We then staysthenswith the chosen value
of g. During the simulations smaller domains tend to disappear as larger domaingrkeepg. If, say, an

A domain vanishes in the originABC model, this yields a sequen&BCBCA, which rapidly evolves into a
sequenc@&BCA as for two neighboring siteSB is replaced byBC with rate 1. The resultin® respectively

C domains have then sizes that are identical to the sums of the sizes of tiBerespectivelyC domains

at the moment of the dismissal of thedomain. In the domain model this merging is done immediately
whenever a domain vanishes [49]. For simplicity we increase in our simuldiioas by one unit when the
number of proposed updates is equal to the number of domains that aresystém at time.

3.3.1 Domain growth

In Fig. 3.3 we verify that we are indeed deep inside the logarithmic growiimeefpr all studied values
of q. As already observed in [49], the logarithmic growth sets in very rapidlgnviising the simplified
dynamics. We note that the growth proceeds faster for larger valugs This is of course in agreement
with our observation in Fig. 3.1 that for the system with the full dynamics thé&agi@ in the equation
(which corresponds to the slope in the log-linear plot)

L(t) = yInt (3.5)
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is decreasing wheq decreases. In [49] it has been proposed that the length should grow a

L(t) = pInt/|Inq| (3.6)

for the domain model. We indeed obtain consistently a valup sf2.0 for all g values. This value is
slightly smaller than the value of 2.6 found in [49]. This difference shoulduzeto the different definitions
of a time step in both studies.
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Figure 3.3: (Color online) Time-dependent average domam feir the domain model for various
values of the ratg. Logarithmic growth is observed where the slopes in thdiloggar plot increase

with g. The data result from averaging over at least 100 indepemdes. (Reprinted figure with

permission from [76]. Copyright (2013) by the American PhgsSociety.)

3.3.2 Autocorrelation

For the autocorrelation we proceed as for the orighBC model. Using Eq. (3.4) we compu®t,s) for
various waiting times and plot the data as a function loft) /L(s). The result is shown in Fig. 3.4 for two
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values ofg. In all cases we achieve perfect data collapse when plotting the data irethisee Fig. 3.4b and

3.4d. This vindicates the simple aging scaling form (3.2) also for systems withaous slow dynamics.

As for the autocorrelation only configurations at different stages ofithe evolution are compared, we
expect to encounter for that quantity the same scaling in other systemstehized by a single length scale
that grows logarithmically with time, including disordered ferromagnets andggaases in their asymptotic
regime.

0.6 T T T

C(t,s)

15 1 1.2 1.4 1.6
In(t-s) L(O)/L(S)

Figure 3.4: (Color online) Autocorrelation function for tABC model with (a,b)y= 0.9 and (c,d)
g=0.7. Plotting the autocorrelation against the scaling véeialt)/L(s), see (b) and (d), yields
a perfect data collapse. The data result from averaging®@00 independent runs. (Reprinted
figure with permission from [76]. Copyright (2013) by the Angain Physical Society.)

3.3.3 Different responses

Changes in the relaxation process due to external perturbations amaptsed through the study of two-
times response functions. For spin systems, as for example ferromagisgis glasses, one of the often
used protocols, both in theoretical [5] and experimental [72, 73] stud@ssists of applying a (random)
magnetic field at the moment of a temperature quench. This field is then renftaeitha waiting time and
the relaxation of the system is monitored.

For the domain model we employ a similar scheme for the computation of the respBnsparing the
system in the same way as for the calculation of the autocorrelation, we lstdiegrsinitially evolve with
a given exchange rag= ¢;. Attimet = swe change the exchange rate to its final vajue gs that is
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kept constant until the end of the run. Due to the initial valug,dhe average domain size at the waiting
time s differs from the typical domain size encountered in a system that evaithe éixed valueg = qs.
Consequently we choose as our observable the difference in systesnbgizveen the perturbed system,
where we switch frong; to g, and the unperturbed system, whgre g; for the whole run:

M(t,s) = |Lp(t,s) — L(t)] . (3.7)

HereLp(t,s) is the actual domain size of the perturbed system, whedrdass the average domain size
without a perturbation. As in the long time limip(t,s) — L(t), this quantity vanishes for long observation
times. The absolute values are used in Eq. (3.7) as we can have eitHgg(that > L(s) or thatLy(s,s) <
L(s), depending on whethef > g or gi < gs. In our study we considered multiple cases with various
combinations ofjy andgs. In doing so, we restricted ourselves to valuegjjof 0.7 as well as to not too
large changes in, such thato — g¢| < 0.1.

Let us mention that the resporigét, s) is a time integrated global response as (a) it sums up all the changes
that accumulate over the time during which the perturbation is switched on aritdives the global
response of the system to a perturbation that affects all parts of thensystbe same way. As such it is
related in a rather complicated way to the respdRes) discussed previously, which is the local response
to an instantaneous perturbation. It is not clagriori whether a scaling form like that given in (3.3)
remains valid for the more complicated response studied here.

Let us start with a discussion of the time evolution of the domain lebgth s) after changing the value of
the rateg. As we see in Fig. 3.5 for two cases with = 0.8, the behavior ok (t, s) is remarkably different
depending on whetheris decreased or increased. When decreagiafjer the waiting time, see the upper
colored curves in Fig. 3.5, the domain size is at the moment of the change mgehtlzan the average
domain size in the unperturbed system that evolves at the constanigvalge. As a result domains grow
extremely slowly after the change and it takes a very long time_fgt,s) to approach the unperturbed
curvel(t). In fact, a closer inspection reveals that the difference between thesiiy(t,s) — L(s) varies
logarithmically with time,Ly(t,s) — L(s) = pInt + v, wherepu is found to be independent of the waiting
times, see Fig. 3.6a and 3.6c¢ for two examples. The situation is very differeca$es whergis increased,
see the lower colored curves in Fig. 3.5. In these cases acceleratetth gats in and the perturbed curve
approaches the unperturbed curve very rapidly. Indeed, afteritéad ghort time regime, the difference
between the two lengths vanishes in an approximately algebraic way, withfeantivef exponent whose
value is between 1.7 and 1.9, depending on the waiting $ime

We investigate the possible scaling behavior of the respbhsss), see Eq. (3.7), in Figures 3.6 and 3.7.
The casey; > gy is illustrated in Fig. 3.6 by two examples: a change frgra- 0.9 togs = 0.85 as well as a
change frong, = 0.8 toqs = 0.7. We first remark, see Fig. 3.6a and 3.6c¢, Hét, s) indeed varies linearly
with Int, independent of the waiting time This observation already suggests that the time integrated
response also exhibits a scaling behavior where the time dependence ietetyngaptured through the

dynamic correlation length(t):
_ L(t)
M(t,s) = (L(S)) " fm | —= 3.8
9= (L)t ) 38)

with the scaling variabl%%. As shown in Fig. 3.6b and 3.6d this indeed yields a data collapse of the time
integrated response, with an exponerthat depends on the ratgsandqs. It therefore follows that for the
caseq; > (s the response shows a standard aging scaling, similar to the autocorrgbativided that the
time-dependent length(t) is used.
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Figure 3.5: (Color online) Time evolution of the average diovength when changing after the
waiting timesthe value of the ratg from 0.9 to 0.8 (upper colored lines) or from 0.7 to 0.8 (lower
colored lines). The different waiting times are s=2000@i¢blines), s=60000 (green lines), and
s = 100000 (red lines). (Reprinted figure with permission froré][7Copyright (2013) by the
American Physical Society.)

This is completely different for the casg < qs, see Fig. 3.7. As already discussed, the domains at the
moment of the change of the rate are smaller than those encountered in #rauthgrd system with the
same number of time steps, and the larger cgtgields a much higher probability for a particle to jump
from one domain to another. Consequently, the domain growth proceed$age As shown in Fig. 3.7

for the case withg; = 0.8 andqg; = 0.9, no good data collapse is observed when using as scaling variable
L(t)/L(s). In fact, see the inset, the curves for different waiting times alwayscvasich of course renders

a data collapse impossible. Clearly, when the approadh @fs) to L(t) is faster than logarithmic, then a
scaling behavior like that observed fqr> gs can not be expected. As mentioned befdrg) — L(t,s)
displays in a certain regime an effective algebraic dependentceltis might suggest that we could choose
as scaling variable/s. However, as this effective exponent displays a dependence oraftirgitime, this
also does not yield a data collapse.

3.4 Discussion and conclusion

In recent years numerous studies have yielded a rather good umdingtaf aging processes governed by
an algebraic growth of the unique relevant length scale. This is especiadyfdr systems with compet-
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Figure 3.6: (Color online) Response function for #%d8C model where at the waiting timethe
exchange rates are decreased from some initial \@lte the final valuegs: (a,b)g = 0.9 and
gs = 0.85, (c,d)g; = 0.8 andqg; = 0.7. Plotting the response function against the scaling bhia
L(t)/L(s), see (b) and (d), yields a perfect data collapse. The dai¥ fesn averaging over 10000
independent runs. (Reprinted figure with permission fronj.[@®pyright (2013) by the American
Physical Society.)

ing ground states where phase coarsening dominates the out of equillihamior in the ordered phase,
thereby yielding a typical domain size that increases as a power-law of tenecPmagnets, as embodied
by the Ising or Potts models, are well studied examples. However, as sommeaadds disorder and/or
frustration effects, the dynamics slows down. A series of recent nuatestiedies [41, 43, 44, 45] have
confirmed the existence of a crossover from an initial power-law like re¢prae asymptotic regime where
the relevant length scale increases much slower with time. Even though itéstegthat this long time
regime is characterized by logarithmic growth, none of the studies in which thetiohation of the system
was followed where able to fully enter this asymptotic regime. Consequently,ahtiee non-equilibrium
properties in such a regime have not yet been explored.

Motivated by the absence of systematic studies of aging in system with logarighawith, we propose to
follow a different route and to focus on model systems for which it is ptessiaccess the logarithmic
regime. Even though these models are not related to disordered magnisyiheir study should allow
us to gain a better understanding of the more universal propertiesrgaoed in this regime.

In this chapter we have studied tA8C model and a related domain model with a simplified dynamics.
The ABC model allows us to study the crossover from an early time regime to the logaritbgime. The
domain model, on the other hand, very rapidly displays a logarithmic growtheodidimains. Therefore,
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Figure 3.7: (Color online) Response function for td8C model where at the waiting timethe
exchange rate is increased from the initial vadpe- 0.8 to the final valuegs = 0.9. The waiting
times are the same as in Fig. 3.5. As the different curvessate, see inset, no data collapse
can be achieved by simply multiplying(t,s) with a waiting time dependent constant. The data
result from averaging over 10000 independent runs. (Regtifigure with permission from [76].
Copyright (2013) by the American Physical Society.)

using this model we can test the scaling behavior of two-times quantities likel@iion and response
functions.

Our study shows that in the crossover regime the correlation functioneceatter complicated. Once the
domains are formed and coarsening proceeds, one enters the logariggimie where for waiting times
large enough the two-time autocorrelation starts to exhibit a scaling beh@iiisrscaling behavior is fully
elucidated when studying the domain model. In that case we find for the angfation function a standard
aging scaling, provided that the time dependence is expressed throughdgtie scald_(t) that increases
logarithmically with time.

In order to study the response of the system to a perturbation, we keswdbeing rate, the only param-
eter in the model, at some initial valggup to the waiting times, where we then change this rate and set
it equal to the final valug;. We then compare the time evolution of the domains formed using this proto-
col with that of the domains that are formed when from the start the rate exjgat toq;. The response
function is then a time integrated global response to a global change in tieensyisterestingly, we find
different types of behavior, depending on whether the rate is dexttemsncreased at the waiting time. If
the rate is decreased, then the difference between the domain sizeseafttiibgr and unperturbed systems
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decreases logarithmically with time. This then yields again a simple aging scaling withigical length

L(t) as scaling variable, in complete analogy to the behavior of the autocorreflatiotion. This is com-
pletely different when considering the case wheis increased. In that case the domains of the perturbed
system grow very fast and rapidly approach the size of the unpedssisem, yielding a regime where the
approach to the unperturbed regime displays an effective power-laawvioe, with effective exponents that
depend on the waiting time. Consequently, no dynamical scaling is obsertret tase.

We view the present study as a first step in the systematic study of agingriiespof systems undergoing
logarithmic growth. We expect additional important insights through the stfidpace-time quantities,
like the two-times space-time correlation function. Also, up to now we restriatesetves to the global
response to a global change. In future, this should be extended to &stigation of the local response to a
local perturbation.

The two models studied here have of course no direct relation with the maggstaams that motivated
our study. Still, we expect that some of the results obtained in our studydshtso remain valid for
magnetic systems with logarithmic growth. This is especially true for the simple agaiipg with the
scaling variable_(t) /L(s) that is found for the autocorrelation. We expect that this is a generairéaf
systems undergoing anomalous slow dynamics that is characterized byithtogagrowth of the typical
domain size, including the disordered ferromagnets. Future studies ofsytems displaying this type of
growth should be able to substantiate this statement. Less obvious for ustiewtie intriguing behavior
encountered for the global response function is also a generic pyogesr the disordered ferromagnet
the corresponding protocol would consist in letting the system relax in tsepce of a magnetic fiekd,
whose value is then changed after the waiting time (this final value could o$edeH = 0). We then
should again have that the domains at the waiting time have a different typigsh lehen compared with
the domain size at constant magnetic field. The situation therefore seemssiatiter to what is discussed
in this chapter. Still, the domains in two- and three-dimensional ferromagreet&gyr different to the pure
domains encountered in the domain model. It therefore remains an intriguestaufor the future whether
responses in other systems with anomalous slow dynamics behave in a simitarwiagt has been found
in our study.



Chapter 4

Dynamics of the cytoskeleton: experiments
and theory

4.1 Soft glassy rheology

Soft glass materials (SGM) encompass materials as diverse as pastes, sharies and emulsions. The
dynamical and rheological properties of this class of materials are studikd Imear viscoelastic regime
by measuring loss and storage moduli over a certain frequency ramgee & the generic properties of
these materials are listed in the following [87]:

1) Their mechanical moduli are in the range of Pa to kPa, while other mateniatilli are in the GPa range.
Therefore the Young's modulus of this class of material is less than thatyahan-made polymers.

2) The loss tangent t&d) = G”(w)/G'(w) ! is constant in a wide frequency range.

3) The moduli are weak power laws of the frequency of the applieddoad

4) This class of materials displays aging behavior under defined conditions

Below the glass transition temperatullg, a SGM is in a metastable non-equilibrium state. This metasta-
bility and the structural disorder of the material are key concepts in utateling the SGM rheology [112].
The study of SGM shows that molecular mobility is not suppressed even biedoglass transition temper-
ature. The resulting slow evolution affects many properties of the systéhafttl yields physical aging.
Based on observation from the experiments [88, 89], Sollich develapefien used SGM model by making
some modifications to Bouchaud's trap and glass phenomenological ma@elfi1].

Comparing experimental data for CSK [117] and SGM, one observe£®Bidtcan be described as a soft
glassy material. There are three empirical characteristics about a ssdy gteaterial [109]. First, the
Young’'s modulus of these materials is smaller than any man-made polymers.m&hast this group of
material is very soft. The second characteristic is the scale-free dynahtesng no specific frequency,
molecular relaxation time, or resonant frequency. The third charactesistie origin of the frictional stress.

IStorage modulus@, and loss modulus3”, measure the stored energy in viscoelastic material, septig
respectively the elastic energy and viscous and dissifiegatienergy in the system.
2An external load imposed upon a reacting structure or a reddiorce for opposing, supporting and/or reacting.

30
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In this type of material the frictional stress mainly comes from elastic stress atiof viscous-like origin.

The original glass rheology model proposed by Bouchaud (1998) Ettdied the general phenomenology
of glassy systems. Bouchaud’s article [110] mainly focused on diseddsructure and metastable config-
urations in spin-glass systems, see also the 1996 article by Monthus ackdaBoi111]. These two papers
provide the starting point for the soft glassy rheology (SGR) model phagisn 1997 by Sollich [112].
This theory has pros and cons and there are still some properties @flasdes that have not been fully
explained. Therefore in spite of using this type of material for long time, tisestll not a comprehensive
theory that allows to explain the characteristic behavior of SGM [129].cBaud’s glass model is one of
the first analytical models that helped to understand glassy dynamics better.

4.1.1 Bouchaud’s glass model

The energy landscape of glassy systems has many local minima surrduntegh energy barriers [87].

These metastable states trap the system in a certain energy configurationeiaiended amount of time.
The energy landscape is a rough landscape. Under certain eneedyfdethe energy landscape of the
system is disconnected and the energy state of the system is hoppingrbetameconfigurations as shown
in figure 41,

Figure 4.1: The energy landscape displays different nmedtéessstates in Bouchaud’s model.

The probability of finding a system between two metastable states is negligiblepr@bability density
function to find a system in energy staids p(E). The system is in the canonical ensemble at the temper-
atureT = B~1 kg = 1. The system travels from a state with eneEggnd probabilityo(E) to another state
with energyE’ and probabilityp(E’). Therefore the probability to find a system in titnat the particular
energy deptlt, P(E,t), evolves with time according to the master equation,

OP(E. 1)
ot

= —Toe PEP(E,t) + ol (t)p(E), (4.1)

o is the attempt rate. The first term on the right hand side is the rate to escapea firap with deptte
at temperaturd. The second term gives the probability to hop into the trap with dEpivherel (t) =
[y e PEP(E, t)dE.
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The asymptotic behavior of the distribution of traps plays an important role imdhmalization of the

stationary distribution. If
1

Feq= I (E)dE >0 (4.2)

then the normalized stationary state of the sysBy(E) is given,
Pog(E) = T'eq(B)"“p(E). (4.3)

The asymptotic behavior of the distribution of traps is characterized by tke gknsition temperature,

1, . log(p(E))
& = o= im 92D (44

We conclude from Bouchaud’s model [110, 111]:

1. If p(E) decays faster than exponentially for lafgethenTy = 0 and a normalizable stationary distribu-
tion always exists.

2. If p(E) decays slower than exponential for laigethenTy = 0 and a normalizable stationary distribution
does not exist.

3. If p(E) decays exponentially as PF for largeE, thenTyg is finite and a normalizable stationary distri-
bution exists abové.

These are the main ideas from Bouchaud’s model for glassy systemsh®adidified the spin glass model
to some extent and explained the soft glass materials’ properties in equilibrimear equilibrium. The
main changes were on the existence of the normalizable stationary distridat®ollich’s model, the nor-
malized distribution vanishes beldly.

4.1.2 Sollich’s soft glassy model

Sollich formalized the Soft Glass Rheology (SGR) model by picturing a mateneisting of a number of
elements trapped inside the cages formed by their neighbors. Each iradigidment can hop in the energy
landscape into or out of traps of various depths E, see FRj. 14 Bouchaud’s glass model these hopping
processes are due to thermal fluctuations, whereas in Sollich’s modeteh&ction and rearrangement of
the elements play a more important role than the temperature effect. This cobglimgen elements, in a
mean-field spirit, is represented by an effective temperature

There are a couple of modifications in comparison to Bouchaud’s glass moHdelfirst one is that the
thermal energy must be very small in comparison to the depth of each dregggyhe second one is that the
rearrangement of the material in one place affects the material in another tilat means there is coupling
between elements of the material. The coupling between elements are undgadifie model and the
only parameter describing these two facts is called the noise tempexafline last change to Bouchaud’s
model is to add a new degree of freedom to the system, called strain dédgreedmm. This new degree
of freedom helps to describe flow and deformation of the material. The nsdeaine-dimensional model
where the strain variable per element is calleBach element deforms elastically from a local equilibrium
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Figure 4.2: Elements escape from a metastable trap to armottastable one.

configuration in order to relax the stress in the element, so that the local witkbloe zero. The element
deformation continues until it reaches to the yielding point, the maximum deformatigth calledy. The
yielding point does not have a single value, instead it has a distributiorh &ament deforms elastically.

If the perturbation is linear with an elastic constinthe stress ikl and the maximal elastic stored energy

of each element i%kl?. In this model it is not necessary to know the microscopic details as long as the
requirement for the ratio of energy of the trap to the temperature is fulfilledmAcroscopic strairy, is
increasing] shows a sawtooth-like behavior.

The time evolution of the system in a given state with ené&glpcal strainl, and macroscopic strain rage
for each element can be found from the equation,

IPEIt) 0P £ 3u2
ELY 0P e P ror(t)p(E)5(), (4.5)
at i
where
E-1K?
ray://é*x P(E,1,t)dIdE (4.6)

The first term on r.h.s of (8), which shows the variation in the probability caused by the movement in the
same energy trap, can be viewed as describing the flow of the material. e€biedsand the third terms
represent the probability to hop into the state with en&gnd hop out of the state with enerBy I'(t) is

the dimensionless total yielding rate of the system.

On the macroscopic scale, the rheological response of the material isretbhgithe macroscopic stress

0://HHEHMME 4.7)

To summarize, Sollich’'s model is almost the same as Bouchaud’s model dgcepe substitution of3
with )—1( in the related equations. The normalized probability distribution is discussétefeame three cases
as in Bouchaud’s model, witky being zero, infinite or finite. As long asis more tharxg, the stationary
probability distribution exists. The interesting assumption in Sollich’s model iglleatoise temperatuse
can not be tuned from outside. Instead it is self determined by the evoldtthe system.
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By calculating the integral in Eq. (4), one can obtain the nonlinear viscoelastic response of the material
where the viscous relaxation depends on the linear strain near equilibrhermaddel can also be simplified

to get the linear viscous model as well. The main point in this model is that thevsisteear equilibrium,

and the equilibrium probability distribution exists abogewvith small strain. Then from the equation 4,

one can obtain the complex modulus,

_ i_ —t/T —X/
G(t) =Kro( 1) /Moe (For) ¥/ %sdr 4.8)

T is the average trapping time in a well with de@hwith 7 = (1/Io) exp(E/X).

The dependency on frequencies, of the complex dynamic modulus, the loss moduBifsand storage
modulusG’ are given by,

(ToT) ¥ edT. (4.9)

* e s~/ o ° —it — i_ v _lwr
G'(w) = G (w) +iG (w)_lwx/o e kGo(l'ot)C't—kro(xgJ 1) % A ltior

Go is the shear modulus where the strain is zero. This equation is a very gewrid If we compare
the experimental result in [117, 118] with the SGR model result, we find gend agreement for the
storage modulu§&’ for most of the frequency range in the form of a power law behaviot. f&uthe loss

modulus,G”, the agreement between experimental data and the SGR model is poomirfreguency

ranges. However, it is still showing power law behavior for some smafjeaiof frequency.

4.1.3 Comparison of cytoskeleton and soft glassy rheology

From an experiment by Fabry et. al., [117] follows that the cytoskeletsagsses the properties of a SGM.
Therefore there is the possibility of modeling the cytoskeleton by using therS&f| of Sollich. The data
of the experiments [117, 118] fit quite well with the SGR model. These data ttad only drug interactions
change the effective noise parameter [87]. By comparing the SGR mondeha experimental data, the
authors could determine for the cytoskeleton the valuegxyf, k andl'o [87]. This analysis shows that the
drug treatment affects more than one parameter, unlike the results exfreatetthe empirical model. In
the experiment, the storage modul@s, and the loss modulu§”, have been extracted from the pure data,
whereas in the SGR model, these moduli have been calculated from eque®ipnAs can be seen from
the figure 43, the storage modulus fits quite well the expected linear log-log relaxation{ieatram. But
for the loss modulus the spectrum is showing deviations between the modtieaarperiment for larger
values of frequencyw > 10 Hz.

This comparison focuses on the cytoskeleton properties in a regime whalesgrain perturbs the system
and the cytoskeleton is near equilibrium. If the system is not near equilibriusnpiibblematic to use the
SGR model. The properties of the cytoskeleton out of equilibrium can bedfou[116] where there is a
good agreement between SGR model and the data.
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Figure 4.3: The solid lines represent the experiment dadictfaa dashed lines are the regression
fit of the SGR model to the data of the experiment [118]. Theditbcal elasticities are given
as 149,11.1,5.5,3.6 kPa for the cases of/xg, 1.17,1.20,1.28,1.33 respectively (Reprinted from
[87] with permission from ELSEVIER.).

4.1.4 Cytoskeleton Soft Glass Rheology (SGR) model out of equilibrium:
aging

There are two types of aging in the SGR model [87]:
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1. The aging/rejuvenation behavior when the noise temperatwre ig. This type of aging happens when
the far from equilibrium system relaxes to equilibrium. To observe this ty@gfg, the time interval of
the experiment should be large enough in comparison to the microscopic tite@ttiee system.

2. The aging/rejuvenation belowy is a second type of aging behavior in this soft glass rheology model.
Below x4, the normalized probability distribution of the system does not exist. Theréfie system ages
with time and never reaches a stationary state.

There are many experiments showing the aging behavior in CSK such sacBatral (2005) [113], Reese
and Govindjee (1998) [114], Govindjee and Reese (1997) [11%],Taepat et al (2007) [116]. To some
extend these papers follow the SGR model irrespective of whether theahest@bove or belowxg.

The study of the cytoskeleton is a very challenging subject. Various tyjpdata are available for this

system such as (1) frequency measurements of loss and storage nfdthelisystem, (2) measurement
of local Brownian motion of the system and (3) the relaxation measuremetih® alystem after a large

perturbation [87]. All the data show a good agreement with the behavibedafystem.

4.2 Experimental studies

Cytoskeleton is one of the organelles inside the cell responsible for the belavior. To study the cy-
toskeleton experimentally, there are two types of methods that allow to predpicture of the network,

one is fiber-level imaging and the second is indirect or population-levelimgdg1]. In addition there are

certain experiments that allow to study the dynamics of the cytoskeleton. Weisdliss these methods
briefly in the following.

The fiber-level imaging techniques are also called light level histology.i$mtlethod, the different parts of
the tissue are colored and the different matrix components are visualikesdn&thods are labor intensive,
with poor resolution in two dimensions. To visualize the fiber in three dimensidifex;eiht imaging tech-
niques, like magnetic resonance imaging (MRI), are used. These teebriigue limited resolution in three
dimensions.

In the indirect-imaging techniques, one of the used techniques is small-arfgledagtering [91]. In this
method, the scattering pattern of laser passing through the sample is stubigghaftern reveals the dis-
tribution of the fibers in the system [92]. The bulk methods have some ptbsaas like other techniques.
These methods are easy to implement because the cells can be detecteifférem dngles. But the reso-
lution is not good in comparison to other methods, and the tissue must be temgisafficiently thin). In
addition to that this method is unable to distinguish between different fibelguogns [81].

Other experiments are used to study cell dynamics, as for example optigsy tinagnetic beads, glass
needles, and atomic force microscope cantilevers. Optical traps argwseer to apply forces of the order
of piconewton to nanonewton that allow the detection of the motion on the saad@ometer to micrometer.
Other measurements exploit the thermal motion of the refractive particleeelafdhem micron size beads
are embedded in the surface of a cell culture. Here we focus on a mettagés magnetic beads since our
motivation for this study comes from Fabry’s experiment done in 2001][117

Magnetic beads were first used in 1922 by Freundlich and Seifriz [B@y used a manipulator mounted
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near the microscope objective in order to insert magnetic particles on trseidalte, after which a magnetic
field gradient was applied and a microscope was used. The bead isnaagaetic particle that allows to
detect small forces. One disadvantage of the method was the use of adrmoag field gradient. This
method was further developed by Crick and Hughes (1950) [80]. Tingtimodification was to magnetize
the bead with a large magnetic field before adding a small probing magnetic Tielelmagnetic beads
then twist on the cell surface. Their second modification was to use pytageells. This type of cell
prevents damages to the membrane. One of the difficulties in this method is tleaisthet any control on
the connection between the cytoskeleton and the micron-sized beadstelofsall the challenges, these
experimental methods are still used successfully today.

Another widely used method is called Magnetic Twisting Cytometry (MTC). In thithot cells are stud-
ied at the tissue and culture level. Magnetic micro-béaat®e coated with Arg-Gly-Asp (RG)to be able
to connect to specific receptors on the cell surface, that is, they cowigeintegrin to the cytoskeleton.
First, the RGD-coated magnetic beads are magnetized with a strong anchsigostic pulse in horizontal
direction. In order to create torque on the beads, a homogeneous magistig field is used in vertical
direction. Magnetic field applies torque on the bead. When the beads atedytise mechanical properties
of the cells, such as storage modulus (stiffness, G’) and loss modukig(fr G”) are measured for each
cycle. As cells are attached to the bead, the cytoskeleton deforms bexdahsebead rotation. Conse-
quently, the created mechanical stresses will oppose the bead rotatierméldnanical stress will disturb
the cell more if the elastic modulus is high [188In order to apply torque on the magnetic beads two pairs
of magnetizing and twisting coils were mounted on the microscope Stagee beads were magnetized
horizontally with a brief and short magnetic field and twisted vertically by a h@megus magnetic field
[108]. The displacement of the center of mass of each bead was detecid¢tie dynamic moduli were
measured as a function of time.

4.3 Theoretical models

Various numerical models are used for the study of bio-polymer netwé&ésh individual model studies
different properties of the cytoskeleton. The simplest models use an egiEometrical shape, like trian-
gular or hexagonal cell shape. In two dimensions the Mikado nfdae$ been used where the positions and
angles of the rigid filaments are chosen randomly. The intersection of two fitaraee called crosslinks
[93, 94, 95, 96]. Often periodic boundary conditions are used. eFdimensional models are helpful to
extract the structure of the network. One important model for our studye i$vbrm-Like-Chain model for

3Magnetic micro-beads, 48m of diameter, are coated with ligands for specific cell stefaeceptors.

4Arginylglycylaspartic acid

5In the experiment, human tracheal smooth muscle cells waneekted and placed in plastic wells at a density
of ~ 20,000 cells/ well. The beads were coated with RGD peptide asdended in serum-free medium. Then all
of them were added to the culture and stayed for-2® min for incubation at T to make binding of the beads
to integrins on the cell surface. To remove the unbound bf&adsthe cell culture, the well was washed twice with
serum-free medium.

5Then the system was heated up t8G7

’Mikado is a pick-up sticks game originating in Europe. In @®3vas brought from Hungary to the USA and was
mostly called pick-up sticks. This term is not very specificéspect to existing stick game variations. Probably the
"Mikado” name was not used because it was a brand name of a gadecer.
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semiflexible polymers that we present irB6 There is another group of models based on tensegrity (ten-
sional integrity). These models are simple and capture the essence oftih@ettaork. In the following
the tensegrity models and polymer based models are explained in detail.

4.3.1 Tensegrity based models

Tensegrity architecture was studied for the first time by Fuller 1961 [#@hit model there are some struc-
tural members that stabilize the system, called architecture tensional integi@ysaqgrity for short. The
tensegrity models can be categorized in two classes: continuum models eradedinodels [80]. Tenseg-
rity models are often used as static models for the cytoskeleton even thoughgaielle is a dynamic
network. This approach was introduced for the first time by Ingber ir8188]. Ingber’'s model is based on
the network structure and provides the stability for the network througlgencg or cable-like structural
members called prestréss

Continuum models range from simple to complicated, covering the whole raogediastic to viscous
behavior. In the continuum models the stress bearing element is small cahmpdhe length of the cell.
Also, the stress bearing elements are distributed homogeneously insid#shsocky. This type of structure
provides continuous patterns of stress and strain inside the cell [80].

Discrete models study the structure by utilizing the agency of the stress dpeteiments that are widely

separated inside the cell. In the discrete models, unlike in the continuum nmibeéedtress bearing elements
do not cover the whole space of the cell. There is a subclass of discreelaalled stress supported or
prestress structure models. To maintain structural integrity inside this ssleslas before adding external
load, these types of structures need tensile elements. One of the modele theted on the architecture of
the cytoskeleton and that consider prestress agencies has beesggrbgdonald Ingber [80].

There are three general types of models based on tensegrity tha¢dreuthe description of the cytoskele-
ton: the cortical membrane model, the tensed cable net model, and the calsietdmdodel. The major
differences between these models are the topology, the architectureradtiterk and the way to balance
the prestress.

The cortical membrane model is based on cortical layer(s) as bearingriehsments. The model has been
applied successfully in various suspended &diist has limited success in adherent ¢&8lisThis group
of models are successful in studying the static properties of the cytoskel8toce the cytoskeleton is a
dynamic system, dynamics needs to be included in the theoretical model. drecierisegrity models are
not appropriate for studying dynamical properties, even so they casdbsuccessfully for the description
of static properties.

One of the experiments that partially supports this types of model is magnetic gmstiometry (MTC).
The main idea in the experiment is that the beads are attached to the surfheecefl cytoskeleton via
integrin. By applying magnetic field on the beads, the restoring forces itfsédeell resist the cell move-

8Prestress introduces internal stresses into a body.
9Suspended cells remain floating in the medium when growmjindiculture and will not attach to the cell culture
vessel.
10Adherent cells from most of the body’s solid tissues willyogtow in culture if they are in contact with a solid
surface and other cells.
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ment. By using the cortical membrane model, the stiffness of the cell cytoskéhetdT C can be analyzed.
Figure 44 shows the details.

=]
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Figure 4.4: In a MTC experiment a bead is attached to the gdthse. The magnetic field applies
torque on the bead. This mechanical perturbation movesahieicof mass of the bead connected
to the cell surface.

There are certain common points between the experiment and the model,reuath@lso some discrep-
ancies. There is a good agreement between the model and the experithentieasurement of the linear
shear modulusG. But the first discrepancy is th& decreases in the model when the bead argles
increasing. But there are some experiments where the magnetic twisting cytemairs stress hardening
[82] or constant stiffness [117] whehis increasing. The second discrepancy is that by increasing the di-
ameter of the bead; decreases while the experiment actually shows the opposite result [I28]main
reason for these discrepancies is the shape of the prestress elemenniodil. It would be better to have

a shell-like rather than membrane-like structure. The model is still good arfouguspended cells where
the cytoskeleton is in a thin cortical membrane [83, 80].

The second model that is worth mentioning is the tensed cable model [80]. miduel makes several
assumptions, such as affine approximation (local strain behaves like thheso@gic (continuum) strain
field [80]), equally probable orientation of the cables in the network, amddgeneous prestress distri-
bution inside the cytoskeleton (in real cells, prestress increases nezlltleelges, decreases through the
nuclear region [80] and only involves actin network inside the cytoskeletadditionally the cytoskele-
ton is considered as a static and elastic network, when in reality it is a dynachimelastic structure.
Some two-dimensional models of the cytoskeleton consider the network bulittings as triangles [84]
and hexagons [85]. Actin cortical models show pretty good agreemenexpérimental data for suspended
cells; however they have moderate success for adherent cells.

The last tensegrity model to be discussed is the cable-and-strut modlely80mage of the structure is
shown in Figure 4,

At each node in the model one strut and several cables meet. The tengi@ritodel is balanced through
the struts (thick black lines) and cables (white lines). It can also be baldnycattaching it to a substrate.
This is the first tensegrity model that includes microtubules as separate antitiesnetwork. In addition,
it shows good agreement with experiments.

One famous models in these last group of tensegrity models is called the simsttel and is shown in the
Figure 46 [80].

This model is used widely for the cytoskeleton and studies the cell deformabiiityhis model there are
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Figure 4.5: A cable-and-strut tensegrity dome. In thiscitite, tension in the cables (blue lines) is
partly balanced by the compression of the struts (thickklaes) and partly by the attachments
to the substrate. At each free node one strut meets sevélatca
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Figure 4.6: Six-strut tensegrity model in the round (a) ametad (b) configurations anchored to
the substrate. Anchoring nodes Al, A2 and A3 (round) and A,,A48, B1, B2, and B3 (spread)
are indicated by solid triangles. Pulling force F (thickoav) is applied at node D1.

six struts and 24 cables. As mentioned before, at each node one sirsé\aral cables meet. The struts
can be slender bars that maintain the cell balance. There are two typm¥iglcations in this model. One
is the so-called round configuration, where the system is balanced vis.@dmpression. The system also
can be attached to a substrate to balance the system. Another configurapogeid configuration. In this
configuration, more nodes anchor to the substrate, which increasesllttstifness [86]. In this model
the cell is balanced through the strut's compression. When the cell isdépgeshe force distribution is
balanced partly through the struts and partly through the cables. If enghad the nodes to the substrate
continues, the role of the struts will be eliminated, and the substrate plays eolétat the balance.

To summarize, all three tensegrity models reveal how the cell balancdasepeesin each model the cell
balance is maintained by changing the spacing, orientation and length of dlctusdat members of the
cytoskeleton [80]. Furthermore, the relation between stiffness andiateuis common to all structural
models [80].
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4.3.2 Polymer based models

The coarse grained biopolymer network models consider interconneleteefits with interaction points
that are called nodes. The nodes can be of two types, one called emangleodes and the other one
called crosslinks. The entanglement points are close enough to make aneection and change the
network structure. The crosslinks are chemical bonds between two poitiie network. The polymer
length between two points is callégd The different types of polymer networks are defined through the
flexibility of the polymers which is summarized by the persistence lehgtiThe persistent length of the
polymer is thereby defined as [81],

< cog6(s) — 6(0)] >=exp—s/lp] (4.10)

wheref(s) is the tangent angle with respect to the filament axis [97] as shown in the figur

Figure 4.7: s is the arc parameter along the polyn@&0) is the angle between the tangent line
ats= 0 and the x axis of the chosen coordinates for the filamente#sék(s) is the correspond-
ing angle at arc length s. As the arc length increases, tlgetrangle®(0) and 8(s) become
uncorrelated.

The persistence length depends on the bending stiffnegsthroughl, = K, /KT. Herek is the Boltzmann
constant andr is the temperature. I > |, the polymer belongs to the flexible polymer group with
properties that are dominated by entropic effects. For semiflexible polywestsave that, ~ |s. Their
dynamics is complex, and their mechanical and entropic behavior deperitie situation in the system.

In the other limit wherl, > |5, we deal with stiff polymers, whose mechanical properties play important
roles in the dynamics of the network. Hence, the entropic properties aievodved in the stiff network
dynamics.

In general, the polymer based models belong to two groups. One is compoaffithe@ models and the
other is formed by non-affine models. In affine models the co-linearity oftitkes and the ratio between
distances are conserved [81].

Affine Models

A typical deformation in an affine model is the simple shear where the voluma&seoeed:
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(%) = (X+y*Y,Y) (4.11)

wherey =tan@ and® is the shear angle. It follows from equationX#) that under this transformation nodes
are moving in a rapid pre-described way without considering the interachietween them. Still, affine
deformations describe many experimental facts. Affine theory sucdigsstplains the strain stiffening of
biopolymer gels [127] and the negative normal stress during shear g&jidition, it has been implemented
successfully for flexible gels. The elastic modulus in the G&ldepends on the cube of the mesh size [99].
The mesh size is the average diameter of a sphere that fits inside the nefitmktwouching points. For
semiflexible polymers with affine deformation the mesh size is of the same ortiez psrsistence length
[100]. The affine theory is helpful to understand experiments at theléutk whereas there are still unclear
properties at the fiber level. To understand the properties of the systdatdit, non-affine deformations
are very useful, as they also show some agreement at the level of tiee eibelescribed in the following.

Nonaffine Models

There are three initial steps in creating a nonaffine model. The first orfeasing the structure of the

network and the degrees of freedom in the model. The second is setting ugdfraction between nodes
that include crosslinks and entanglement points. The last one is orgatti@rgggments in the network.
In this type of models each segment is considered as a linear or a nondpréeay or it can be a beam or
worm-like-chain that resists bending and torsion. The crosslinks araically bonded nodes that behave
as freely rotating pin joints, welded joints of fix angles, or linear or torsispahg [81]. There are three

models that we discuss in the following which belong to the subgroup of fioeahodels, e.g. the Spring

Models, the Beam Models, and the Entropic Beam Models.

The idea of the Spring Models has been used in papers by Kellomaki§®ahdran and Barocas [101],
Wyart [102], and Palmer and Boyce [103]. In Kellomaki’s model, the gywriare randomly oriented inside
the network. Under small deformations the network is floppy, and withoahging the spring lengths
the crosslinks reorganize the network and relief the tension. Thergferghear modulus is zero which is
unrealistic in biopolymers. Chandran and Barocas studied the springnkétworder to discuss collagen
gels. They found that the affine deformation can not support the biposydeformation on the fiber level
while in the bulk level there is consistency with affine model. Their result \wadas to what Kellomaki
obtained from the random spring model. There are couple of other madelsas Mikado model, that study
the biopolymers broadly, but the result of zero shear modulus obtaindidliese studies is unrealistic. In
addition to all the floppy spring models, Wyart considered a rigid springar&tim order to study the strain
stiffening properties of the network, but the model does not allow to explaiperties of biopolymers [81].
The last spring network model that we discuss here is the eight-chainnkdiw®almer and Boyce for actin
networks. In this model, each cell consists of eight springs conneaadtfre center to each corner of the
cell. This network is considered to be stiff with incompressibility constrainttieielements forming the
network are floppy. This very simple model is unrealistic [81].

The second group of nonaffine models are Beam Models. As it is ob#ioomsthe Spring Models, the
study of biopolymers should consider bending of the filament in addition ttwking. Therefore the spring
random model is not sufficient. In order to add bending to the system,emdsrio consider a Worm-Like-
Model [104] or a finite element algorithm [106, 105].
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In the third group of models, called the entropic beam models, the entropicot@mmpof the stretching
stiffness of an individual filament is added. In this model, the stretchingetitks of a segment is modeled
as two springs connected in series with elastic stiffiigss EA/Ic and entropic stiffneske, = kg/kBTIé‘,
whereE is Young’s modulusA = 7r? andr is the radius of the cross-section of the be#gis Boltzmann
constant andr is the temperature. The total stretching stiffness is giverkgdy= k;l +kgt. Entropic
stiffness is the weakest spririg,~ 154, whereas for the purely mechanical netwigk- 11, In this system
the critical average segment lendthi;, characterizes the behavior of the system. Whenli; the network
deformation is affine, whel > Ii: the deformation is nonaffine [81].

The closest model to our model used in the following is the model of a multiplysiinéed semiflexible
polymer network studied in [125] using Monte Carlo simulation. This modeltesea three-dimensional
realistic network of F-actin polymers. Fird¥, crosslinks are placed inside a cell with periodic boundary
conditions in three dimensions. Then a four fold connected network iteckbs adapting a method initially
introduced in [122] where it has been used to create random netwti2k$ for the study of amorphous
solids [122]. This step creates a connected filament formed\byegyments and by following the filament
from one side of the cell we reach to the other side. For each segmeradretwo crosslinks, a contour
length obtained from the radial distribution function of the end-to-end segimassigned [123]. The detail
of the model will be given in chapter 6. The free energy assigned toféactent is given by

le K dt fo 5
Esi| = 2 dS §|t(8)‘ )dS (4.12)

wheres is the arclength coordinate, is the bending stiffness, that is=1pf, with § = == T, t(s) is the
tangent vector along the filament, ahds the force that is acting on each crosslink.

The free energy has two terms, one internal segment part ¢all@dhereas the other one is the intersegment
partEs. The internal degree of freedom for each segment is integrated dibe model, two separate cases
for positive and negative forces are considered. For the positice fthe analogy of Marko-Siggia [120]
interpolation formula is applied to semiflexible polymers. Adapting the Worm-Likeh€ (WLC) model
[90] for semiflexible polymer does not give an accurate description.nidie reason is that the transverse
and longitudinal behavior of this type of polymers is not symmetric. For thativegforces, the authors of
[125] used the classical Euler buckling forces. The final expressios

_99(rij)[5+69(rij)] f>0
BF, = —1+69(rij) (4.13)
|(— %—1+exp[909(r.1/n2)]n4+n2)] f<O
g(rij) = p/|c11+1/6+|pru/|cu
whererj; is the Euclidean distance between noded nodej.
If the applied force is positive, the bending energy or intersegmengemner
BE3 = LT (4.14)
IC,I] + Ic,]k .

leij, Ic,jx are the contour lengths of the segments connected to the crosd,linkad j,k, respectively,
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whereadjk is the angle between the two segments represented by vectors. The toggl@&rtbe network
is the sum of the contribution of each individual filament.

There are certain simplifying assumptions in this model such as extremely spsalliocks (one dot), inex-
tensible filaments that completely ignore the backbone stretching, no dangtisgand excluded volume
and steric avoidance.

The system is then relaxed using three different Monte Carlo moves. iRiest, initial relaxation step the
long entangled filament is rewired. After the energy of the initial long filamastibeen minimized, this
filament is chopped in order to reach the desired number of filaments. A lgbeslinks’ positionst,
contour lengths: ;; and a connectivity matrix, that shows the connection between crosslieksept. Then
two other topological moves are used to create a homogeneous and isoebtpark. These moves are
called relabeling and shifting nodes. Details on these topological moves vgiver in chapter 6.

The authors of [125] looked at the mechanical response of the netwarkhear. They mainly focused on
the role played by the structural architecture in the mechanical propefties network. Mainly the strain
stiffness and the nonaffine behavior of the network were studied. d$tealgreement between the model and
the experiment was found for the modulus of the semiflexible polymer netwoddaiall shear. As stated in
the Ref. [127] the modulus of the network collapse on a master curve lgjrdjhe actual stiffness by the
initial stiffnessKy (K /Ko) and the shear by four times the initial shegfyg) with y; = 4y. They also found
a scaling of stiffness as a function of stress that is in agreement with teeegnt [127]. In this model, the
reorientation of the segments is nonaffine. They monitor the nonaffinitglation function of the system.
It is mentioned in the paper that the results are in general in good agreefitiethhe experiment, but that
the quantitative agreement with the experiment is hard to catch. In this payarahld make a connection
between microscopy and macroscopy of the network. Like most of the pdipers, their network contained
a single filament type.

Some additional work has been done by E. M. Huisman et al. [126], wioickidered a three-dimensional
realistic model of F-Actin network in order to check the importance of physjaantities such as actin
concentration, crosslink density, and the architecture of the network.nftdel presents some constraints
such as fixed crosslink. In addition, there is no supporting experimehbte Bow the structure of the actin
network depends on architecture.

In Huisman’s model, the segments with lengthare placed randomly inside a periodic cell with length
Each filament is divided into different segments that are able to twist (fog bend (stiffnesk), and
stretch (stiffnesst). The attraction force between segments is varying with the distance fike When
the distance between end points of the two segments reaches the cutoffelistaigid crosslink with fixed
length is created. At each crosslink maximum four segments meet. Once ttegkbkas been built, internal
stretch keeps the system highly stressed.

The energy is composed of two parts: bending and stretching energytoiigional energy is negligible
in all the regimes, while in small strain the bending energy is dominant. By chatiggnstrain stiffening

constant,y, three different regimes are encountered. The first one is the smatl strefficient regime

where the bending energy is dominant. The second regime is the turning pthietreetwork, which is the

medium strain regime. The last regime is the axial energy (stretching erdargyhated regime with high
stress values.

There are no experiments to support this model, but still the three-dimehgiodea! exhibits interesting
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properties. The study shows that the response of the system highlyddepe the structure of the network.
One of the physical quantities that have been monitored is the initial stiffliese aetworkGo = dt/drl".
The study shows that stiffness increases when filament length incrédseswuthors also fixed the length
Lo (filament length) and varield (distance between crosslinks) anyd(crosslink concentration). The study
shows that

GoO1d q=—4.0
Go O ¢k p=20

This study also revealed the behavior resulting from affine transfornsatiashow that, the cell is sheared
with shear strairy in thexy plane. The three-dimensional cell then exhibits nonaffine motion normal to the
shear plane. The two nonaffine quantities,

A=< |Auf?/|udff|2 > and S=<|Ar)?/|F|? >

whereAr is the mean deviation from the affine position of each individual crosslinkdch strain andu
is the difference in the crosslink displacementuantify the deviations from affine behavior as a function
of strainl".

In three-dimensional models the constraints are reduced in comparison witlintvensional models, while
showing nonaffinity very well. The stiffness of the network thereby higldpends on the local geometry
around each crosslink.



Chapter 5

Two-dimensional model of the cytoskeleton

5.1 Introduction

In the following we discuss a two-dimensional crosslinked model for theskgteton (CSK). We follow
ref. [131] where a rectangular cell was used for the airway smoothlmeosikt, whereas crosslinks represent
the contractile apparatus. In this model, we study the evolution of the link ngrbloén for a lattice model
and an off-lattice model. In addition, the effects of perturbations are studliee evolution of the network
proceeds in two steps, one involving link formation, the other link dissoluti@rd lare two important
factors in the link formation: the fraction of available contractile units and theamiges between nodes. At
any given time step, the probability to connect two crosslirgsd j is,

Le—Ln(t) 1
P (t) = il 51
|J( ) I—t dlsJ ( )
L; is the maximum number of links in a network with a fixed number of noded. aftd is the number of
links at each time step. Then the ratio(bf — Ly(t))/Lt shows the fraction of available contractile units at

each time. The second partzj’_g_:,. If s=0, short and long links are created with the same probability. For

i
nonzero values af the probability to create a long link between nodasd j decreases when the distance
dij increases. The second important feature of the model is dissolution of Bykadding a probability to
remove links, the model becomes a version of the birth-death model [13#].a3signed probability has
two parts:

Bij = bo+b(t). (5.2)

One is a constant probabilityy, and the other one is a time dependent paft). The time dependent
probability is related to the dynamics inside the cell. The dynamics inside the CSHuisniced by many
proteins and their mutual interactions [131]. In a phenomenological igésar this complex dynamics
can be described by an effective temperatyy@s stated in chapter 4. The effective temperature describes
the trapping and hopping related to the deep energy wells of non-therigadsor As it is discussed in

46
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section 41, Sollich’s model of Soft Glassy Materials (SGM) [112] provides a gdedcription for SGM.
The molecular interaction in this type of material is of intermediate strength, reit@sy as in solids and
not as weak as in liquids or gases. Therefore the evolution over time is caeplicue to the existence of
local cages that provide local minima energy. In the real system the ghgsiery complex due to many
interactions inside the cell such as hydrolysis of ATP, internal cell frictiortening velocity and the rate
of the network turn over [131]. Including all the factors, the dissolutimbpbility can be written as [131]

Bij = bo + by exp(—rt). (5.3)

wherebg andb; are constants,is time andr is a rate that we keep constant in our simulatios: 1/7 and
T = 10000 . Wher = 0, the dissolution rate is at the maximum valuégf- b;. As a function of time the
probability then decreases exponentiallypgo

This chapter address two main points. First we study properties of theitmendional model and then we
monitor the network in the presence of a perturbation.

5.2 Properties of the two-dimensional model

5.2.1 Formation probability

Let us start with the lattice model. In this model, therefenodes or crosslinks in a square cell with fixed
side lengthL. As mentioned in the introduction, the probability of creating a link betweengical®d j is,

Ryt = -0 1 (5.4)

To understand the creation probability, a schematic picture of the lattice fodiffevent values of the
exponens andN? = 100 is shown in Fig. 8. For small values o§ we have both short distance and long
distance links, but for large values ®most of the links are between nearest neighbors. The number of links
in the networkL,, is evolving. The typical behavior &f, over time is shown in Fig. .2 whens= 2.

According to Fig.52, the number of links at each time stép(t), increases in the short time regime. In the
long time regime, the system reaches a stationary state. The typical beHdahiemnetwork depends on the
number of crosslinkd\, and the exponens, For each case, we find the following time dependendy,of

Ln=R —bxexp(—at), a>0, b>0 (5.5)

R is the stationary value of each grapht at o andi;}1 = T, is the typical time constant in the lattice. For
different values oN ands=0,...,7, Ty increases whea< 2. For larger values d; it is decreasing as seen
in the table 51 for N = 40.

For different values oN ands, we measurd;. For the studied systems the largest and smallest valugs of
are obtained fos= 2, N = 60 ands = 0, N = 5 respectively. So the time range is:



Nasrin Afzal Chapter 5. Two-dimensional model of the cytdston 48

(b)

Figure 5.1: (a) For small values of s, s=2, lengths of thetecebnks are both short and long. (b)
For large values of s, s=7, most of the created links are lestwearest neighbors.
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Figure 5.2: The number of nodes are increasing frdmads60?. When the number of nodes
increases, the time to reach the stationary state increases

S 0 1 2 3 4 5 6 7
Ty | 428.02| 1931.2| 2480.03| 2003.5| 1752 | 1458.8| 1345.35| 1301.5

Table 5.1: For N=40 and differestvalues, the time to reach to stationary valtig,is changing.
Ty increases whea< 2, but decreases for larger valuessof

1
1644 < =Ty <5368 (5.6)
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Whens= 0, there is no constrain on link formation. Therefore, the system re#lthesationary state much
faster than for any other system wigh- 0.

5.2.2 Stationary values oL,

As Fig. 5.3 is showing, the stationary values of the number of links in the lafiicstrongly depends on
the number of node$J. The data shows the power law behaviorRws N.
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Figure 5.3: Stationary valud), is plotted as a function of the number of crosslinks,in the
network.

From the data, we propose the following relation betw@eamdN,

A = kN (5.7)

The values of the exponeqtcan be read off from the data plotted in a log-log plot,

InA =qgInN+Ink (5.8)

The slop of each line in Fig..3 gives the value of the exponemtThe table 32 shows the data for different
values ofsandq .

It follows from table 52 that the slope of the ling, changes from 4 fos = 0 to 2 fors= 7. This result
shows that fols = 0, when there is no restriction on the distance between nodes, we gestite®l?, 2)
where we choose 2 nodes outt nodes,
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S 0 1 2 3 4 5 6 7
g | 3.9523| 3.3289| 2.5419| 2.2478| 2.1466| 2.1103| 2.0958| 2.0862

Table 5.2: When the exponemst,increases from 0 to 7, the expongrdecreases from almost 4 to
2.

A ON%x(N2—1) (5.9)

so that the stationary value is proportionaNth However, for large values sfmost of the links are between
nearest neighbors. If there a8 nodes, the number of links will beNZ. So the power is changing from
g=4toq= 2 whensincreases.

5.2.3 Dissolution probability as a function of time

In the next step the dissolution of crosslinks is added. As it is mentioned inttioelirction, the dissolution
probability B;j is:

Bij = bo+Db(t) (5.10)

The first term of Eq. 3.0 is a constant. The second terbft), which is a function of time, has been
suggested by Gunst and Fredberg in order to explain some experimafis HLt) is assumed to be an
exponential function [131]:

b(t) = byel =t/ (5.11)

T is the typical time constant for the dissolution probability, and 10000 is larger than the typical time
constanfl’ that describes the relaxation of the sysfef¥. In our simulations we measure the time constant,
T’, which is a measure of the time needed to reach the stationary state. CompatergsswithB;; = bg
and withB;; = bg+ b(t), we expect that the relaxation time is larger in the case with a time-depeBgent
This is shown in Fig. 5 for N = 40 ands= 0.

For different values of andN = 40, the timeT’ is shown in the table.B for 7 > T;. T is a time constant
for the dissolution probability in equation®

For constani? there is a maximum value df for s= 2 and a minimum value fas= 0. This is the same
behavior that we observed in the system without link dissolution.

1T’ is the time constant of the system with formation and diggmiwof links.
2T, is the time constant related to the formation of links.
31 is a time constant for the dissolution probability in eqoatt.3.
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Figure 5.4: FolN =40,s= 0, bg = by = 0.5, andt = 10000, we plot the number of links as
a function of time. The black curve is the number of links fonstant dissolution probability,
Bij = bp = 0.5. The red curve is the number of links whByj is a function of time. The system
with time dependenij; takes longer to reach the stationary value.

S 0 1 2 3 4 5 6 7
T’ | 548.8| 2101.28| 2692.80| 2313.1| 1784.79| 1729.7| 1696.38| 1660.63

Table 5.3: Fors < 3, the typical time constant,’, is increasing. For larger values sthe time
constant of the system is decreasing.

5.3 Mechanical response to an external perturbation

To study the mechanical response of the cell to an external perturbatoadd shear or tension to the
system. The stretching coefficientasand the shear angle & Pictures of the stretched and sheared cells
can be found in Fig. 5.

5.3.1 Lattice simulation: Stretching the cell

The original cell is stretched yndirection. To keep the area constant, the sidedirection is compressed.
In Fig. 5.6 we show as an example the time evolution of the number of links when a systera i)
N = 20 is stretched at time= 30,000.

After adding external perturbation to the system, the number of linkswill reach a new plateau value,
R, see Fig. %. Fora = 0.1 anda = 0.2, the new stationary state values are higher than the values
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Figure 5.5: (a) Initial cell is shown. (b) Cell is stretchedthwconstant area. The horizontal
direction (x-direction) is compressed loyand the vertical direction (y-direction) is stretched by
1/a (a < 1). (c) Cell is sheared with constant area and shear ghgle
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Figure 5.6: At timet = 30,000 the cell is stretched. For < 0.6 the number of links increases
before reaching a stationary state. For other values dhe number of links is decreasing
monotonously. The data result from averaging over 1000peddent runs.

before stretching the cell. When the valueaincreases from .@ to 05, the new stationary state value,
R, decreases. Whea varies from 06 to 09, the plateau values will be almost the same as before the
stretching, because far values close to 1 there is only a small change of the cell.dra@alues less than
0.6, we observe an overshooting when we add tension to the system. This 8fad previous links still
exist right after the stretching, and it takes time to reach the new stationéey tee stationary number of
links are very close for some values such as.6 and 03.



Nasrin Afzal Chapter 5. Two-dimensional model of the cytdston 53

To understand the general behavior of the system when it is stretckashumt the number of links in three
directions, namely, y andd (diagonal). Fois= 2, N = 20, a = 0.8, the number of links in each direction
is plotted in Figure &.
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Figure 5.7: FoiN? = 20?, s= 2, a = 0.8 and 50 realizations, the number of linksxny and
diagonal directions are shown in the graph. The total nurablanks L, (black) is increasing after
stretching the system. The number of links in diagonal dive¢ Ly, (red) decreases after the
stretch. The number of links direction,Lyx, (green) increases, because the cell is compressed
in x direction and the distance between nodes becomes shdneenuimber of links iry direction,

Lny, (blue) is decreasing since the cell is stretchegldirection and the distance between nodes is
increasing. The initial jump in the total number of links cesrfrom the non-adjusted number of
links iny and diagonal directions.

As shown in Figure ¥, before stretching the cell, there is no difference betwggmandL,y since there is
no preference betweenandy directions. When the system is stretchkg, increases antl,, decreases.
Because irx direction the distance between nodes decreases, the probability for éatorr increases in
that direction. So the number of links indirection increases. Iy direction we have the opposite effect.
According to Fig. 57, right after stretching the cell the total number of links, is increasing before
reaching the new stationary value. This behavior is due to the number oftigkand diagonal directions.
These links stay in the system after having stretched the system, and a pghekatal number of links
shows up right after the stretch.

The next quantity that has been measured is the distribution of the numbek®fakna function of the
Euclidean distance between two crosslinks. The system is studied batbedtar stretching the cell. The
behavior of this quantity is shown in Fig.&fors=7 andN =5, a = 0.2.

Attimet =T the cell is stretched. Before stretching the cell, at time 5, most of the links are between
nearest neighbors due to the large values éffter stretching the cell, which happens instantaneously, most
of the links are distributed between two Euclidean distances. One of themdssthace between nearest
neighborsy = 0.2, and the another one is due to long linksyidirection withr = 5, that are still in the
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Figure 5.8: For a system with= 7, N = 5, anda = 0.2, the probability distribution of the links
as function of the Euclidean distance,s shown. At time =T — 5 (black line), the maximum
value of the distribution is at= 1. Attimet =T (red line), most of the links are at= 0.2 and
r=>5. Attimet =T + 4 (green line), more links are created with short length amgyér links
are dissolved in the system. At large observation timel + 25000 (blue line), most of the links
have short length.

system immediately after the stretch. As time evolves, the system gets rid of thinksa the diagonal
andy directions.Therefore the second peak disappears. In the new statstate at timel + 25000, most
of the links are nearest neighbor bonds inxftérection with a lengthr = 0.2.

As seen in Fig. ®, for N = 20,s= 3 and 20 realizations, distribution probabilities look smoother but the
general behavior is the same as in Fi® %6

The behavior shown in Fig..8 and 59 is very general and is also observed for other valuas.ofin all
cases the very long links yand diagonal directions are removed and the number of links with lergih
increases.

In tables 54, 5.5, and 56, we have a closer look at the stationary values for the total number of Lipkhe
number of links iny direction, Ly, and the number of links in diagonal directidnyg, as functions of time

for different values o andN. Our study shows that the number of links in either of the directions displays
a power law behavior before reaching the stationary value. The erfsovary between 2 and 6.

4sis small, therefore long and short links co-exist.
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Figure 5.9: Probability distribution of links as functiohdistancer for s=3, N =20,a = 0.2,

and 20 realizations. Asis a small value, the links can have both short and long leagtshown
fort =T —5 (black color). Attimet =T (red color), the cell is stretched with = 0.2. At large
observation timé = T 4+ 25000 (green color) the number of long links decreases.

N/S| 1 2 3 4 5 6 7
5 | 393326294 242|2.75|3.01| 3.48
10 | 4.41|4.04| 2.68| 2.93| 3.01| 3.35| 3.38
20 | 4.68|4.43|6.26| 5.67|4.05| 4.4

Table 5.4: For different number of nods=5,10,20 ands=1,2,3,4,5,6, 7, the total number of
links, Ly, is changing as a power law of time with the exponent listeé he

N/S| 1 2 3 4 5 6 7
5 |242)|3.26|2.36|2.45|2.84| 2.82| 2.94
10 | 2.73|3.04| 2.83| 2.81| 2.71| 2.78| 3.2
20 | 2.03]|2.27| 2.54| 3.24| 2.95]| 3.65

Table 5.5: For different number of nodes=5,10,20 ands=1,2,3,4,5, 6,7, the number of links
in'y direction,Lny, is changing as a power law of time with the exponent listae he

5.3.2 Lattice simulation: Shearing the cell

The cell is sheared according to the equation,

X = x-+y/tan(B) y

y (5.12)
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N/S| 1 2 3 4 5 6 7
5 3.5 [4.01] 39| 412 3.87| 3.57| 3.88
10 |461| 5 |[4.58|4.13| 45 | 4.93| 4.06
20 [4.93]5.02|5.32|5.29| 5.79]| 5.99

Table 5.6: For different number of nodss=5,10,20 ands=1,2,3,4,5,6, 7, the number of links
in diagonal directionl.g4, is changing as a power law of time with the exponent listeg he

x andy are the positions of a node before the shearing,»arahdy are the positions after the shearing,
whereags is the shear angle with respect to the positwdirection. Here we look at the time evolution of
the number of links fos= 3, N =5, see Fig. 8.0,
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Figure 5.10: The number of links reaches a new stationanyevatter shearing the cell. Here the
data is obtained faN =5,s= 3, 3 = 45.

The system reaches a new stationary state when the cell is sheared imetasta at some time. This is
generic behavior and does not depend on the specific valserdil. For various values of from 0 to 7,
the time evolution ot is shown in Fig. 511, after the system has been shearéed at40000.

This new stationary values of the number of links is reached very fashomasin Fig. 511. We measure
the probability distribution of the Euclidean distance when shear is applied;ige 512 forN = 5,s=
7,3 =45,

Attimet =T =40000, the cell is sheared. Before the shear, most of the links arel&dé&an distance= 1.
Right at the shear at tinte= T, the number of links withr > 1 is increasing because of the instantaneous
shear. Attimes > T, the number of links withr = 1 is increasing, whereas the number of links at large
Euclidean distances decreases. In the new stationary state, links aentated at the shortest possible
distance. The new stationary values for the number of links depends ealtles of the shear angf¥; see
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Figure 5.11: For different values sfrom 0 to 7 the system reaches different stationary states af

shearing the cell.Typically the new stationary state vadueharacterized by a larger stationary
value ofLp.
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Figure 5.12: As the data show f@r= 45,N = 5, ands = 7, before the shear at timle— 5 and
after the shear at time> T, most of the links are nearest neighbor links wita 1.

Fig. 5.13.
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Figure 5.13: FoN = 5 ands = 2, the number of links is plotted as a function of time for eliéint
shear angles. The shear anflés increasing from 30 to 60. The number of links increasesrwhe
B increases.

5.3.3 Lattice simulation: Returning to the original cell shape

After perturbing the cell, we bring it back to its original state. In reality, CSK mot return to the initial
condition, but in our model the cell can recover its initial shape. Let usidenthe case where the pertur-
bation was stretching. To return the cell to the original shape, we gradinghge the stretching coefficient
back toa = 1. For the gradual change affrom the perturbed valueg back to 1, we use

a=(ap—1)exp((T—t)/To) +1 (5.13)

0o is the value ofa after change. Her& is the time at which we stretched the cell. At the same time
starts to deviate fronmg. Tg is the typical time constant for changimgback to 1. For different values of
s, the number of links irx, y and diagonal directions are different. In Fig15 (a), results fot, Lnx, Lny,
Lng, with N =10,s=4, ap = 0.1, are shown.

According to Fig 514 (a), right after stretching the cell the distance between nodediraction is decreas-

ing and the number of links indirection,Lyy, is increasing. Fok,, andLny we have the opposite behavior.

In Fig. 514 (b),N =10,s=5, a = 0.1, the number of links in the diagonal direction is less than the number
of links in thex andy directions.

5.3.4 Off-lattice simulation: Stretching the cell

We want to see the effect of using a lattice. Therefore we also studyfdattafe version of our model.
The crosslinks are now chosen randomly inside a two-dimensional cell iitedisize. In Fig. 515, the
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Figure 5.14: (a) FON = 10,s= 4, a = 0.1 and 100 realization, the total number of links (black)
and the number of links ir(red),y (green) and diagonal directions (blue) are shown. By graylual
changing the stretching coefficient, from 0.1 to 1, L is decreasing, wheredsy andLy are
increasing in time. (b) FON = 10,s=5, a = 0.1 and 100 realization, the total number of links
(black) and the number of links (red),y (green) and diagonal directions (blue) are shown.

behavior ofL,, vs time, forN = 10,s= 7, a =1 (i.e. we do not change the cell) is shown,
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Figure 5.15: FolN = 10,s=7, a = 1 and 1000 realizations, the number of linksxiny and
diagonal directions have the same stationary value.

To calculate the number of links i y and diagonal directions, we proceed as follows. Each crosslink is
considered to be at the center of a circle. The circle is divided into 12 gadtthe links in the angle ranges
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from #rrto I and from2rto § are counted alsy links. Links in the region with the angles frofito 27t
and from%nto gnareLny links. Links in the rest of the circle are considered_.gs As we see from Fig.
5.15, the number of links i, y and diagonal directions reach to the same stationary value.

We also studied the stretching of the cell for this off-lattice situation. In fi§uté we show data where we
stretched the cell withN = 10,s= 7 anda = 0.2 at timeT = 50, 000.
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Figure 5.16: In the off-lattice case fdf = 10,s= 7, a = 0.2 and 1000 realizations, the number
of links in x, y and diagonal directions reach to the same stationary value.

The trend we observe is similar to what we have seen in the on-lattice simulatgetion 53.1, see figure
5.7. The only difference can be found in the absence of the initial shobkaiter stretching the cell. In the
on-lattice simulations it takes time to adapt the length of the segments to the new geohtle¢r cell. But
in off-lattice simulations this is not the case.

5.3.5 Off-lattice simulation: Returning to the original cell shape

In the figures 517, 518 and 519, the variation of number of links for different valuesTgfis shown where
in the off-lattice simulation we changefrom ag = 0.2 back to 1. In all the case$,= 50000. In Fig. 517,
the number of links in each direction is shown figr= 5000000.

The number of links in Fig. A7 is not showing much difference with the results obtained for a system with
constantx in Fig. 5.16. If Ty is of the same order & = 50000, the system is showing a different behavior
when comparing with th&, > T case shown in Fig.37. Fig. 518 displays data fofg ~ T.

By changinga, the number of links ix direction is decreasing while the numbers of linky end diagonal
directions are increasing. The data show that by extrapolating the reg doid green lines, we reach to one
stationary value for the numbers of links in the three different directions.tite small value ofly = 500
andT = 50000, shown in Figure.b9, we see, that the numbers of links in the three different directions
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Figure 5.17: FoN =10,s=7, ap = 0.2, a = 1 and 1000 realizations, the numbers of links in
X, y and diagonal directions are changing very slowly when cimang from 0.2 back to 1. Here
To> T, asT = 50000 andlp = 5000000.
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Figure 5.18: FON = 10,s=7, a0 = 0.2, a = 1 and 1000 realizations, the numbers of linkx,n
y and diagonal directions are changing slowly when changifiggm 0.2 back to 1. Herdp ~ T,
asT = 50000 andlp = 50000.

reach very fast to the same stationary value.
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Figure 5.19: FoN =10,s=7, ap = 0.2, a = 1 and 1000 realizations, the numbers of links in
X, y and diagonal directions are changing very fast when chgngifrom 0.2 to 1. (T > Tp and
T = 50000 andlp = 500)



Chapter 6

Three-dimensional realistic model of the
cytoskeleton

When studying the dynamics of the cytoskeleton, three-dimensional polyesedbnodels capture better
the physics of the system than two-dimensional models. The two-dimensiodal diecussed in chapter
5 study very basic elements of the network of the cytoskeleton. Here, g ataytoskeleton model in
three-dimensional space where we include important polymer aspects @falheetwork. This model is
studied by Monte Carlo simulations, and the aging of the system is investigatedth€&bretical study
closely follows the steps in recent experiments [117, 118].

Here we describe the main aspects of our model. At first, nodes or ciasslia placed inside a three-
dimensional box with periodic boundary conditions (PBC) on each siden Td¢ilowing the rules from ref.
[125], four individual segments are assigned to each crosslink, wietdis a four-fold-connected network
consisting ofN nodes and R links, thereby creating a fully connected network.

To each of the segments we assign a polymer length taken from the distribtisemilexible polymers
[123] described in chapter.® We chose to model an actin network as actin polymers participate in the
mechanical response of the cell and hence provide strength to the ceih pdtymers are semiflexible
filaments and thus they are not flexible enough to follow the rules of the WakexChain (WLC) model
[90] and are not strong enough to behave as rigid rods. The contugthlén the semiflexible network is
close to the Euclidean length of the segment. The initial connected netwodgofesits becomes thus a
long entangled filament. As this initially created network is out of equilibrium, \eer@laxing the system
using the Monte Carlo method in order to reach the stationary state. The timeldoghe stationary state
depends on the system'’s parameters such as the number of crosslimessience length of the polymer,
and the filament concentration. This relaxation is achieved through a Manle iGove called rewiring that
will be described in section.6.

In order to have a network similar to the actin network, that consists of diffdilaments, the initial en-
tangled filament is chopped into smaller pieces until we reach the desired nofmfilaments. Finally,

in order to fully relax the system, we allow for two additional Monte Carlo moea#ied relabeling and
shifting nodes, which are described in section. &6hifting a node is a realistic move which is similar to the
behavior of motor proteins that act as crosslinkers and move along theeattilaments.

63
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Similar to what is done in the experiment, we apply a mechanical perturbation system. While the
system is then relaxing to a new stationary state, we monitor the dynamics ofttherk¢hrough the
measurement of two time quantities. In the rest of this chapter, we discubtetuapolis algorithm as well
as details of the model.

6.1 Metropolis algorithm

Monte Carlo Methods, where conformation changes are modeled as @aWMerkin, are widely used in
Statistical Mechanics [119]. Starting from the current state of the systameywastate is proposed and
accepted with a certain transition probability. The proposed move is alveagpted when the energy of
the proposed state is less than the energy of the current state. If thattieroase, then the new state is
added to the Markov Chain with ragsPAE whereAE is the change in energy. The Metropolis criterion for
the acceptance of an event is therefore:

Paccept = min(1,exp(—BAE)) (6.1)

In our three-dimensional model of the cytoskeleton, we allow for threeréifit kinds of Monte Carlo moves.
The first update scheme is rewiring of the long entangled filament. After tha@isvthe long filament into
the desired number of small filaments and let the system relax through retpetirshifting nodes.

6.2 Creation of a fully connected network

We start by randomly placing crosslinks in a three-dimensional box asrshiowig. 61. To create the
four-fold-connected network, we first choose three nearestniodsur list of crosslinks and connect them.
The whole network is created by adding one segment at a time to the alreaugcted segments by using
specific rules. At each time step we choose two crosslinks where one tfidheodes has to be part of
the network, called old nodé,, whereas the newly chosen node is called new nBd&hen one segment
connected to the old node and closest to the new node is deleted. Therathadrtke deleted segmen@,
should not already be connected to the new n&I€elhen two new segmentdB andBC, are created, as
shown in Fig. 42. Following these rules we let the network grow until the total number of ligksks two
times the number of crosslinks. Therefore, each crosslink is connectedrtiinks and each link has been
created just one time.

Following the network creation rules in Fig.2 there are some cases that are not allowed during the network
creation, see Fig..8. Fig. 63 (a) shows the case of two crosslirkandB that are already connected. Fig.
6.3 (b) shows two nodeg\ andB, that have common neighbofsandD. By choosing node& andB, there

is not any possible link to delete. Fig.36(c) considers a case with only one possible segment to delete,
namely the segme®C which is not necessarily the closest segment to the new md&e can not choose

the segmen#F for deletion as this would result in having the presencBftwice in the segment list as
shown in Fig. 63. In case we can delete a segment, then the new node will always addiveegeents.
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A old node A

Figure 6.2: At each time step the nearest segnA&itfo the new nodeB, is deleted and two new
links, AB andBC, are created.

The degre®of the old nodeA, does not change but the degree of the new Bpacreases by two. In this
procedure some of the segments can be created and deleted more than once

At the end each crosslink is connected to four segments. Figdreh®ws a schematic picture of the final
four fold connected network.

In the next step we are assigning to every segment a polymer length takernhe distribution function
given in [123].

6.3 Assignment of polymer length

The polymer distribution functionG(R;L¢), is the main quantity for characterizing a single polymer.
G(ﬁ; Lc) provides the probability to find a polymer of contour lengthfor fixed end-to-endR and given
persistence length,. For the semiflexible polymer that results from the wormlike chain model witht shor

IDegree of a node is the number of segments connected to tiee nod
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A:Old Node
B:New Node only segmegt for deletion

@ (b) (©

Figure 6.3: There are some cases that are not allowed. (ajadilA, and new nodeB, should not
already be connected. (b) Old node and new node should nairireected to common neighbors,
as then one would not have a segment to delete. (c) Segmeserciiar deletion should not be
connected to any of the segments connected to new node ABesdahe only allowed segment, as
its deletion allows us to add two new segmeB(S,andAC.

Figure 6.4: Schematic picture of final network. There are fmks connected to each crosslink.

range interactionG(R; L) gives the probability to find two of the monomers at the distdbeeR(s) — R(S)
where the distance between two monomers along the chéin4s|s— s|. For a freely jointed phantom
chain? G(R; L¢) is known from [135] and is approximately described by a simple Gaussiaen\ibluding
self-avoidance, the calculation of the distribution is more complex. This distibaf the wormlike chain
is calculated for largé = L./l by adding higher terms to the Gaussian distribution [136, 137]. The exact
distribution has been obtained in Wilhelm’s paper [123] (for not too l&xg€he first three moments can be
obtained analytically [138], whereas higher moments can be computed naltygid89]. When the con-
tour length is of the same order as the persistence length of the polysyler~ 1, the distribution function
shows different behavior than for flexible polymers. The authors 28], 1through analytical calculation
and a numerical Monte Carlo study of the distribution, provide a better staheling of the semiflexible
polymer conformations. The analytical equation is

2A phantom chain is an ideal chain in polymer physics wherensggs can overlap with each other.
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. [ [ .,
G(RLc) ~ /pLg f(Z (1= IRI/Le)), 6.2)

Texp—mx for x>0.2
wheref(x) =4 143 . 1]

aazez OXP—4] for x<0.2
|ﬁ] is the end-to-end distande; is the contour length, is the persistence length, antl is a normalization
factor. This distribution is valid fot¢ < I, x < 0.5 in three-dimensional space. The radial distribution of
polymers is one of the observable quantities in fluorescence microscépyla1, 142].

The distribution functionG(r), is plotted as a function of the Euclidean distamce |R|, in Fig. 65 as
obtained from Monte Carlo simulation, see the dashed lines. Curves obfeonedq 62 are also shown
by solid lines. There is a good agreement between numerical and analgtatis for each case.

Figure 6.5: Analytical equation and Monte Carlo simulatidnGgr) plotted vsr. For different
values ofL¢/lp = 10,5,2,1, and 05 the maximum is shifted from right to left. Solid lines are
obtained from Eqg. & for the provided ratio and the dashed lines are Monte Cantwlsition
results (Reprinted figure with permission from [123]. Cophitifl996) by the American Physical
Society.)

To assign a contour length to each segment in the network, we use the distriffiven in equation . For

each Euclidean distance in the network, we choose one possible comigtlr & random. The probability
distribution shown in Fig. & is a very steep function. A schematic picture of the assigned polymer length
is shown in Fig. 6.

After a polymer length has been chosen for each Euclidean distancagwgpevith a network that is a long
entangled filament.
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Figure 6.6: (a) For each segment, a contour length is assig(i® At the end there is a long
entangled filament.

6.4 Energy of the system

The energy of the system consists of two parts:

R . |
BE =3 LUl 6%+ Y L6 (6.3)
I ] —C )]
B=keT

The first term corresponds to the stretching energy calculated frorkd*otaw and the second term is
bending energy that results from the connection of two segments belotagting same filamentri| is the

actual Euclidean length of the segment, whelfggisis the Euclidean length of the segment in the stationary
state.u is the stretching coefficieng; is the angle between segmentndj, |, is the persistence length,

andL; is the polymer contour length. Fig.©shows the two neighboring segments and the angle between

them.

Figure 6.7: Two segmenisand j are connected to each crosslink. The angle between segment

andjis 8 j, andL¢j andLcj are contour lengths assigned to segmemd segmeng respectively.

In the initial relaxation process, the system is in viscous phase and theyeclagstic energy. Therefore we
consider just the bending energy for that process.
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6.5 Rewiring

Rewiring is the only Monte Carlo move that is done in order to relax the long glemitial filament. As
it is shown in Fig. 68, three segment#B, BC, andCD, are picked randomly such that the segmei@s
andBD do not exist before this move. Then with Metropolis rate two of the segmeantsely AB andCD,
are deleted and two new segmem{S,andBD, are added.

D D

A
Figure 6.8: Two old linksAB andCD, are deleted and two new on@€; andBD, are created.

To compute the energy, we need all angles for each crosslink. Therefe need 12 angles to describe the
bending energies of the current and the proposed configurations.

6.6 Chopping the initial filament

The actin network consists of different filaments. To reach the desiretbauof flaments, our initial

filament has to be chopped. This is shown in Fig9(&). At the end of rewiring, the network is still a
connected network. That means we can go from each node to everynothee by following the filaments.
Fig. 6.9 (b) shows a connected network model, whereas Fij(@ shows a disconnected model.

@) (b) (€)

Figure 6.9: (a) The initial long entangled filament is chappato smaller filaments until the
desired number of filaments is reached. (b) By following thenfiénts, we can go from each node
to every other one. (c) There are some filaments which areamstected anymore.

As can be seen in Fig..® (b), the connected network model has three- and four-fold corshentsslinks.
In the disconnected model however, nodes can be one or two fold ceane herefore one-fold and two-
fold connected crosslinks show up when separating filaments in the netiwdtig. 610, the different node
types are shown.
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a)one fold —)—e /_<\0
b)two fold /—Wé—\

c)three fold Kﬁ \ﬁ%

d)four fold

Figure 6.10: (a) One-fold-connected crosslinks can be emdgor initial points of a filament. (b)
A two-fold-connected crosslink is a regular point that isamection node between two segments
of one filament. (c) A three-fold-connected crosslink imwed two different filaments. One filament
is indicated by a single arrow, and the other one is indichyealdouble arrow. For the single arrow
filament, the shown crosslink is a regular point and for thebd® arrow filament it is an end or
initial point. (d) A four-fold-connected crosslink is a rdgr point for two different filaments.

6.7 Relabeling and shifting nodes

After creation of the desired number of filaments, the system should relaxdewhe new stationary state.
In order to do that, we propose two different moves. One of them is cadlabieling and the other one is
called shifting nodes. In the algorithm each one of the moves is choseominadith the same probability.

6.7.1 Relabeling

In the relabeling update, a node is selected randomly. Each crosslink ietiierk connects two different
filaments. By switching two tails of two filaments, we propose a new conformaticthé system. This new
conformation is accepted or rejected by using Metropolis rate. To calcuentrgy of the conformation,
there are four segments and three angles involved, see .Eih(&.

In Fig. 6.11 (b) the two chosen filaments are represented with dashed and solidliegs. are two angles
entering the calculation of the energd©B = 8; and DOC = 6,. When we change the two tails of the
filaments, the new angles a#A©C andDOB. To update the configuration, we use Metropolis rate.
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Figure 6.11: (a) For the energy calculation four segmentsiaree angles are needed. (b) A four-
fold-connected crosslink is chosen randomly. The solid igone filament and the dashed line is
another oneAOB andDOC are the angles for the two filaments. With the Metropolis,réite two
tails of the two filaments are switched. The new assigned éfgsiangles aréOC andDOB.

6.7.2 Shifting Nodes

In this step, a node is selected randomly. Then the current bending/énegdculated. Next the coordinates
of the chosen node will be moved by the distan@®l, (I, is the persistence length). As the position of the
chosen node is changed the bending energy of the new conformaticamigezhas well, as shown in Figure
6.12.

Figure 6.12: Nod® is chosen randomly. The coordinates will change 5. A new polymer
length will be assigned to each of the changed segments.

6.8 Measuring a two-times function

When the system is in the stationary state, a mechanical perturbation is addedystem. This perturba-
tion can be different type of strains. Examples are shown in Fi3;6

We shear the cell at tinte= 0 and then measure two-times function. The perturbation can be instarganeou
or spread over time. We follow Edwards and Lee’s rule [124] to sheacéhewith periodic boundary
conditions. The two time function,
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Bulk Strain Shear Strain Unilateral Strain Uniaxial Strain
e I e i i S
& -

—————————— I — I

Figure 6.13: There are four types of perturbations: bulkashunilateral and uniaxial strains.

P(t,s) =< @(t)p(s) > — < @(t) >< @(s) > (6.4)

depends on the observation tirh@nd on the waiting time. ¢ can be the Euclidean distance between
two crosslinks, the global energy or the crosslink density, all considasefunctions of different system

parameters such as persistent lenfghfilament density and shear angle. As can be seen in Flgf, éhe
Euclidean distance between two crosslinks is changing with time,

- o o

t=s t>s

Figure 6.14: Each Euclidean distance can grow or shrinknduiime.

To assign a density function to the system, we choose a circle with radiljs d@ntered around each

crosslink. Each node can move from the center and at large obsertiat®oan go out of the circle. This
is illustrated in Fig. 615.

@@ g@ @@ g@ 9@ gd
(® (e Oe

t=s t>s t>>s

Figure 6.15: Crosslinks at tinte= s are in the center of a circle with radiusl(,. At later times,

crosslinks moving in the cell can move outside of the assigmeles. At timet > s, most of the
crosslinks are no longer in the initial circles.



Chapter 7

Two-times functions in the
three-dimensional cytoskeleton

In order to gain a better understanding of aging processes in the cgimskeve run simulations for var-
ious values of the persistence lendth),the number of filaments,, and the angle corresponding to shear
perturbation. | will first discuss briefly shear perturbation in sectidn Then in section .2, | study the
average Euclidean distance as a function of time. Results for the densiBuatidean distance two-times
functions are presented in section8 @nd 74.

7.1 Shear perturbation

To perturb the cell we apply an instantaneous shear that conservesldihgevof the cell. During the per-
turbation each crosslink is shifted according to E4.14 Therefore some of the polymers will be stretched
and some of the others will buckle. There are some polymers that do netathochange in length. A
schematic picture of the cell before and after the shear is given in figiire 7

[)
[/
) >

Figure 7.1: The cell is brought out of equilibrium at time 0 when it is sheared. The shear angle
is kept constant when measuring the two-times functionserAhe shear the system relaxes to a
new equilibrium state. Some polymers, like the blue colaed, are stretched. The red colored
polymer is buckled and the green colored polymer does nat simy changes. The magenta and
pink colored polymers are stretched and buckled in some part

73
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Keeping the shear angle constant after the initial change, the systeragétam new equilibrium state.
During this relaxation process we measure the density and Euclidean distantimes functions.

7.2 Coarse-grained length as a function of time

In our model, we measure the average Euclidean distan&gt) >, between nodes at each time step. This
length is representative of the average distance between crosslifkesdifferent filaments< R(t) > is
shown in Fig 72 as a function of timé for the persistence length = 0.1, the number of filaments = 4,

the number of crosslinks = 30, the stretching coefficiept = 10, and the shear angte= 60,

-1.4 T T T T T T T T T T
— Average of 300 0.1 =4 m=30 s=5p=10=60 ‘
I|— s=100 1
— $=200
1.5/ -
N
~-16F -
= | ]
Vv
[— '1.7% ]
£
1.8 -
1 l 1 l 1 l 1 l 1 l 1
3 4 5 6 7 8 9
In(t)

Figure 7.2: Folp, =0.1, f =4, m= 30, u = 10, anda = 60, the average Euclidean distance at
each time stepc R(t) > is plotted v4.

The average Euclidean distance is found to have a regime where it isxapately given by a power law
of time,

<R(t) >~ 1t¢ (7.1)

where the value of the exponefitdepends on the studied case. The value that we extract from the data for
lp=0.1,f=4,8,and 12m= 30, u = 10, anda =60 isé ~ 0.1. The log-log plot in Fig. 2 shows that

the slope is changing over time. For larger time, the slope, and thereforéféhtve exponent, changes
from 0.1 to 0.08. This shows that the system’s dynamics is slowing down for larger timesyimably due

to finite-size effects!

1The exponent also changes roughly b§for other studied cases.
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For other cases such gs= 1 and 10 withf = 8, m= 30, anda = 60, the average Euclidean distance is
displaying an additional regime at short times, see Fig.and 74. These two figures show that for larger
values of the persistence length the system takes longer to reach the régiraeterized by an algebraic

growth law.

T { T { T { T { T { T
— Average of 200plzl f=8 m=30 s=5=100=60
s=100
=200 3
0.251- s=400 o _

In[<R(t)>]
T

0.15(- _

Figure 7.3: Fot, =1, f =8,m=30, u = 10, anda = 60, the average Euclidean distarc&(t) >
as a function of displays an initial time regime before algebraic growtls $et

For the system with, = 1 for large values of the waiting time, see Fig3,Ave find the valug ~ 0.04 in the
algebraic growth regime. However fgy= 10 shown in Fig 7 we could not reliably measure the exponent
from the existing data. Still our data suggest that the exponent will be lagglile exponent obtained for
the case withp = 1.

7.3 Density two-times function

The density two-times function is revealing the dynamics of the crosslinks inyliers. To measure the
density two-times function, we follow the rules given in Figl®. The two-times density function is given
by the expression,

N
Cit.9) =y 3 AR (72)

N is the total number of crosslinks, where the crosslitikk characterized by the variabig that can take
on the values 0 or 1@ = 1, if the crosslink is still inside a sphere with radius- 0.11, drawn around its
position at the moment of the shear, apd= 0, if this is no longer the case. Results for the persistence
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Figure 7.4: Folp, = 10, f =8, m= 30, u = 10, anda = 60, the average Euclidean distance at
each time stepc R(t) > is plotted v4.

lengthl, = 0.1, the number of filaments = 4, the number of crosslinks = 30, the stretching coefficient
u = 10, and the shear angte= 60 are shown in Fig. ..

The panels in Fig. .B are showing the density autocorrelation function as a functiagr-afand Int — s).
Three different regimes are clearly visible in Figp{). In the first regime, the system with smaller waiting
time, s= 50 (black line), has a faster dynamics than the older systems with larger wiitieg € = 100
and 200). After a crossover, the older systems now decay slowelingeldegime where aging is observed.
In the final regime, the decay of the correlation becomes very slow. Samasliciks remain trapped close
to the position they had at the moment of the shear (at §me&o further study the density autocorrelation
function of the system, we plot the data as a functiohiafFig.7.6(a). In Fig. 76(b) the data is plotted as
a function of the ratid/s.

We study the dynamical scaling 6k(t,s) vst/sin Fig. 7.7. The measured dynamical exponenbis:
—0.107. The simple scaling behavior is rather well respected by the data. Welatsed the density
autocorrelation function as a function of the average Euclidean distaraeefatime steps R(t) >, see Fig.
7.8(a). In Fig. 78(b), we plot the same data ¥sR(t) > / < R(s) > for each waiting time [41, 42].

As the data in Fig. B(a) and (b) are showing, there are two regimes for this system. Furtherthe
data nicely follow the generalized simple aging scaling discussed in [41s42]javn in Fig. P, with the
dynamical exponertt = —1.72. This generalized scaling form works much better than the standargl agin
scaling shown in Figure.7.
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Figure 7.5: (a) The density autocorrelation function idfgld vst —s. (b) The same data, but now
plotted as a function of It — s). The data reveal the existence of three distinct regimes.
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Figure 7.6: (a) The density autocorrelation function vseosastion timet for the set of data shown
in Fig. 7.4. (b) The density autocorrelation function is plotted xsfor the same set of data.
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Figure 7.7: Dynamical scaling of the density autocorrelafunction plotted as a function ofs.
The dynamical exponent 5= —0, 107.
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Figure 7.8: (a) The density autocorrelation function @dtas a function ok R(t) > is showing
three parallel curves for three waiting times- 50 (black curve), 100 (red curve), and 200 (green
curve). (b) The same data is plotted as a functior &(t) > / < R(s) >.

7.4 Euclidean distance two-times function

The Euclidean distance two-times function also yields information on the dynahite system. The
additional two-times function provides a complementary picture of the dynanhitteeccrosslinks. As
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Figure 7.9: Dynamical scaling of the density autocorrelafunction when plotted as a function
of < R(t) > / < R(s) >. The data shows simple aging in the system with the expdmnent 1.72.

shown schematically in Fig..T0 this two-times function can provide interesting information in cases where
the density two-times function does not allow to gain any insights. In our stedmngasure the connected

=\
SN
© O

t=s

t>s

Figure 7.10: There are some situations where the Euclidestande two-times function provides
additional information on the conformation of the systera) Two crosslinks are out of the as-
signed spheres with radiusi,. (b) Only one of the crosslinks is out out of its sphere. (cpTf

the crosslinks change their location but they are stilldaghe spheres. For this case the density
two-times function will not show any change.
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Euclidean distance two-times function,
Cep(t,s) =< R(t)R(s) > — < R(t) >< R(s) > (7.3)

R(t) is the length of each segment at timetR(t) > is the average over all segments in the system at time
stept. According to our data the system shows a complex behavior over timegwieresults depend
onlp, f, anda. For some of the parameters we observe aging scaling in the system. Tra bghavior

of the system is shown in figuresll to 7.15. For the largest value of the persistence length we chose in
our simulation, we note that the Euclidean distance two-times function is in the eggjimge, see figures
7.11 and 712 where we plot the data as a functiort g§ and< R(t) > / < R(s) >. For this large value of

the persistence length, we find for the studied waiting times that the correlatictidn is monotonically
decreasing. In fact, plotting the data as a functiorcdR(t) > / < R(s) >, see figure 712, yields curves
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Figure 7.11: Fotp, = 10, f = 12, m= 30, u = 10, anda = 60, the average Euclidean distance
two-times functionsC(t, s) /C(s, S)ep, is plotted vd/s.

that are approximately parallel, thus indicating the possibility of dynamical gcatiowever longer waiting
times are needed to really confirm that dynamical scaling occurs in those das-igures 1.3 and 714 we
show the behavior of the Euclidean distance two-times function for the smstilesed persistence length
lp =0.1. In Fig. 713 the typical behavior of the Euclidean distance two-times function as &idanuf

< R(t) > / <R(s) > is shown for different waiting times alg = 0.1, f =8, m= 30, 4 = 10, anda = 60.
The data show that fa< 50, the correlation function decays monotonically. However for the largleles
s=100 and 200, the function displays a maximum. If the shear angle decfeasas = 60 toa = 30, the
position of the maximum is shifted to lower values.

Fig. 7.14 (a) reveals forf = 4 a complex and waiting time dependent behavior. The two-times function
for s= 50, shown in black, is decreasing initially until et~ 500 an increase sets in. This is in contrast
to the initial increase observed for large valuessofThe Euclidean distance two-times function shows
a complicated behavior that needs further study. Especially, the strqremdence on the value of the
persistence length needs to be further elucidated.
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Figure 7.12: Fot, =10, f =12, m= 30, u = 10, anda = 60, the average Euclidean distance
two-times functionsCep (t, S) is plotted vs< R(t) >.
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Figure 7.13: Fotp =0.1, f =8, m= 30, u = 10, anda = 60, the average Euclidean distance
two-times functionsCep (t, s), is plotted vs< R(t) >.
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Chapter 8

Conclusion

In this chapter we have investigated non-equilibrium relaxation proctedgag place in reversible reaction-
diffusion systems, in coarsening systems with anomalous slow dynamics aaswelpolymer networks.
Our conclusions for each project are given in separate sections.

8.1 Reversible reaction-diffusion system

Our particular models for reaction-diffusion systems consist of one-twoetlimensional lattice models
with single occupancy of each species for each site. We study our sytemgh the investigation of
the species densities, the two-times autocorrelation function, and the two-&smsnse function. This
systematic approach helps us to investigate the various scaling forms foothietes functions. By varying
the perturbation, we looked at different responses of the system.

When investigating the asymptotic behavior of reversible reaction-diffusgistems, one needs to take into
account the slow dynamics that occurs in these systems. By comparingsoltstwith the corresponding

model without site restriction, we note that, the exponent describing theagpto the stationary state is
the same. Our results for the response function with the conserved qu&atitythe same as for the model
without site restriction. We note that, the dynamical scaling of the responsédn depends on whether

the perturbation conserves the quantity or not.

Future studies of reversible reaction-diffusion systems should corwmluartypes of perturbations to further
check the impact of the conservation Kfon the response function. Moreover our present study can be
generalized to much more complex reaction and diffusion schemes. It weulttdresting to study the
effects of the different perturbations on dynamical scaling for these m@mplex reaction and diffusion
schemes.

83
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8.2 Coarsening systems with anomalous slow dynamics

Motivated by the absence of systematic studies of aging in system with logarigmovith expected in
many disordered systems, we propose to follow a different route anadts fin model systems for which
it is possible to access the logarithmic regime. We study the ABC-model and thard&BC-model on
a one-dimensional lattice with single site occupancy. In the ABC-model, the isidtd of the system is
prepared randomly. We focus on the domain lerigtt) which grows as a logarithmic function of time
and on two-times autocorrelation functions. In the ABC-model it takes a longttimeach the asymptotic
regime, whereas in the domain ABC-model the system reaches the asymptotie ragch faster. Our
systematic approach allows us to investigate various scaling forms for two4timetsons.

Our study of the ABC-model shows that the correlation function in the ox@ssregime can be rather
complicated. Once the domains are formed and the system is in the logarithmii gegime for large
enough waiting times, the two-times autocorrelation functions start to reveahugal scaling. The data
show dynamical scaling provided that the time dependence is expreseadtitihe length scale(t) that
increases logarithmically with time. Furthermore to study the response of ttersys a perturbation, we
keep the swapping ratg the only parameter in the model, at some initial vajpep to the waiting time

s, where we then change this rate and set it equal to the final galu€he measured response function is
then a time integrated response of the system. We find different behagjmeading on whether thgpvalue
increases or decreases. For the case wjdecreases, we have dynamical scaling with the typical length
L(t) as scaling variable.

We view the present study of the ABC-model as a first step in the systematic ataging properties of
systems undergoing logarithmic growth. We expect additional insights thithegtudy of two-times space-
time autocorrelation functions. Also, in future one can consider a locpbress to the local perturbation
instead of the time integrated global response.

8.3 A non-equilibrium polymer network: the cytoskeleton

In our final project we studied non-equilibrium polymer networks thattzansed to describe the cytoskele-
ton. We investigate two- and three-dimensional models. The two-dimensiomkdl mescribes the static
properties of the system in the presence of perturbations. This model isrdiondlabirth-death model for
link creation and dissolution. The three-dimensional model is a semiflexiblengolyetwork used to study
aging and non-equilibrium relaxation. The persistence length of the pasymernumber of filaments, and
the amount of perturbation are all varied in order to systematically measutaithidean distance and den-
sity two-times functions. Furthermore, we investigate the dynamical scaling®é tiwo-times functions.

In the two-dimensional model, we study the number of links which are creattdiasolved with certain
probabilities as a function of time. Moreover, the distribution of links as atfonof the Euclidean distance
of the crosslinks has been studied in the presence of various pertaodiar the three-dimensional model,
we investigate the Euclidean distance and density two-times functions whaninghihe system. Different
values of the persistence length, the number of filaments, and shear arglensidered. The measured
value of the average Euclidean distance is a power law function of time. &adletiisity two-times function
with |, = 0.1, we see dynamical scaling for the density two-times function. For the Eadlidistance
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two-times function, different behaviors are observed for differahies of the persistence length.

Our study of the three-dimensional model focused on shear perturbhtituture, the aging of the system
can also be studied through other types of perturbations such as bigkiallnand unilateral strains. Ad-
ditionally, the global energy of the system and filaments’ properties are fothetions that can be studied.
Furthermore, the buckling and mechanical moduli of the system are othezstitg) quantities that can be
measured.
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