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Abstract

We consider the dynamics of a single (“tagged”) monomer that belongs to a long polymer
chain in dilute solution. At times shorter than the relaxation time of the entire polymer,
the tagged monomer performs anomalous diffusion, where its mean square displacement
scales with time ¢ as t*, with o < 1. The value of a depends on the intermonomer po-
tentials, as well as on velocity-dependent interactions between the monomers. For a non-
self-interacting (“ideal”) polymer without velocity-dependent forces o = 1/2. Our model
generalize anomalous diffusion of the tagged monomer to give any subdiffusion expo-
nent (0 < a < 1).

The dynamics of a polymer is frequently described in the Rouse (Fourier) space by
Langevin equations governing the evolution of the different modes X,. We show that by
modifying the g-dependence of the noise correlation functions (and friction coefficients)
in the dynamical equations, we can alter the value of a. Our dynamical model approxi-
mately corresponds to the introduction of velocity-dependent interactions that decay as a
power-law of the separation between monomers (1/rX), and lead to anomalous diffusion
of the tagged monomer in an ideal polymer with o = 2/(2 + ).

We employ our model to study the behavior of a tagged monomer in the presence
of one and two absorbing boundaries, as the anomalous diffusion exponent is varied.
We demonstrate the differences and similarities between this process and the process
described by the fractional diffusion equation. We show that the mean time for absorption
is finite in the presence of two absorbing boundaries, and that the probability distribution
function of the tagged monomer decays as a power law near the boundaries.

Some aspects of the diffusion of a tagged monomer in the presence of two absorbing
boundaries are analogous to the translocation of a polymer through a membrane pore. We
compare the translocation of a polymer on a 2D lattice with our model, and find many

qualitative similarities, as well as some quantitative differences.



Chapter 1

Introduction

Normal diffusion processes are characterized by the linear dependence of the mean square
displacement of the stochastic variable z in time ¢, ((Az)?) = 2dDt, where D is the dif-
fusion coefficient and d is the dimensionality. Anomalous diffusion processes are usually

characterized by a mean square displacement that is not linear in time but behaves as
(Ax)?) = 2d K ,t°, (1.1)

where K, is a modified diffusion coefficient with dimensions of cm? s=®. The exponent
a determines whether the process is called superdiffusion for o« > 1 (faster than normal
diffusion) or subdiffusion for a < 1 (slower than normal diffusion) [1].

There are many processes in which this form of diffusion is observed. In physical sys-
tems, examples include the transport of charge carriers in a semiconductor [2], turbulent
flow [3] and dynamics of polymeric systems [4]. In biological systems, instances include
the diffusion of proteins along the DNA strands [5, 6], the motion of vesicles along fila-
ment, the foraging behavior of a number of animal species [7, 8] and the translocation of
polymers through a pore in a membrane [9].

In this work, we investigate the dynamics of polymers. Specifically, we concentrate
on the diffusion of a single monomer in a polymer, which we call a tagged monomer. The
diffusion of a tagged monomer is known to be anomalous (subdiffusion) [10, 11]. We
developed a model, which extends the dynamics of the tagged monomer to include any
subdiffusion exponent and study the behavior in the presence of absorbing boundaries.
We compare our results to those of other anomalous diffusion models. Our model is not

only of interest as a polymeric system for the investigation of anomalous diffusion but



there is also a similarity between the diffusion of the tagged monomer and the transloca-
tion of a polymer through a pore in the membrane. The latter process has been the focus
of intense interest and debate in recent years. We discuss the applicability of our model

to the translocation process.



Chapter 2

Theoretical review

In this chapter, we review the equilibrium and dynamical properties of a single poly-
mer chain (detailed discussions can be found in [4] and in [12]). These properties of the

polymer give the basis for the model detailed in chapter 3.

2.1 Single polymer chain

Macromolecules play a significant role in constructing the world around us. They con-
stitute a large portion of biological systems and they are also commonplace in chemical
processes. A polymer is a macromolecule composed of a sequence of recurring struc-
tural units called monomers. When the monomers are alike it is called a homopolymer.
Monomers can be connected one to another to form a long linear polymer chain, or they
can be cross linked to create a polymer network. Since the mid-20th century, much effort
has gone into constructing physical models describing the behavior of polymers. One
can go quite far with very simple models. We begin by describing a model for a linear
polymer chain, where each monomer is connected to only two adjacent monomers.

Let us consider a random process in which a particle moves on a lattice. In figure
2.1 we illustrate such a process. The particle moved on a two dimensional lattice, and at
each step had a choice of four points as its next position. Thus, each of the choices had a
probability of 1/4. The process was stopped after 100 steps.

We can make the analogy between the random process and a single polymer chain.
The position of the particle after n steps is taken to be the position of the n-th monomer,
where n = 0,1,...N. In this way the particle dynamics of N steps is mapped to one

possible conformation of a polymer of N + 1 monomers. The result of the random walk
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Figure 2.1: Illustration of a random walk of 100 steps on a square 2D lattice.



process is a snapshot of the corresponding polymer’s conformation. In our random walk
model, we allowed the particle to return to the same point. In analogy, the polymer is
allowed to cross itself and is therefore called an ideal or phantom polymer.

The distance between the first and last monomer is called the end-to-end vector R...
It is a measure of the size and compactness of the polymer. R,. is given by the sum of N

steps b,
R.=) b, 2.1)

When each point of the lattice has z neighbors, each of the steps b; has z possibilities and
is independent from the others. From the definition of R.. one can show that it has the

following properties:

1. The average square end-to-end vector is linear in /V:

(RZ,) = NV*. (2.2)

2. For long walks (IV > 1) the shape of the distribution function for R.. is Gaussian

d
2T N b2

d/2
p(Ree) = [ } exp (—d R, /2Nb?) (2.3)

where d is the dimensionality of the lattice.

The polymer has many possible conformations. Because there are no interactions between
the monomers, all conformations are of the same energy and have equal probabilities. In
this simple case, the entropy is the only non-trivial contribution to the free energy of the
chain. The entropy S is the logarithm of the number of states and can be derived from

equation 2.3:
kg d R2,
2ND?

Another important model, in which the polymer is not restricted to a lattice is the

S (Ree) = S (0) (2.4)

"freely joined chain”. In this model, the polymer consists of (/V + 1) point particles con-
nected to each other with bonds of fixed length b and able to take any orientation in
space. As in the “lattice version”, the average square of the end-to-end vector is linear

in N. It is useful to define the radius of gyration which is a more robust measure of the



polymer’s size than R?, as it includes the position of all monomers:

N
1
R} = ——Y (R;— Ran)’ 2.5
g N_'_]-Z:O( C)? ( )

where R; is the position of particle i and R, = N#H vaz o R; is the center mass position.
For long chains it gives [4]
R A Nb?
9 6
Furthermore, it was found that restricting the successive bond orientation still leads

(2.6)

to the linear dependence R’ in N, with only a change of a constant, i.e. b is replaced with
an effective bond length b = (b?) and N is replaced with an effective chain length.

So far we gave examples of discrete models of polymers. In the large N limit, the
previous models gave a Gaussian distribution of the end-to-end vector. We are motivated
to define the Gaussian chain model in which the bond length R,, — R,,_; has the Gaussian
distribution with variance of b%. This chain can be represented by a mechanical model:

N + 1 beads connected by harmonic springs. We can define an effective Hamiltonian

dkpT & )
H= 2h2 Z (Rn - Rn—l) ) (27)

n=1

which at equilibrium, gives us the probability distribution of the chain:

dN/2 N B 2
v = L:lﬁ} P <_ ) LR zban_l) > : (2.8)

n=1

which is just the normalized Boltzmann factor for H.
It can be shown that, in this model, the distance distribution between any two beads
m and n is also Gaussian, given by

&(R, — R,,) = {L} " exp (_d (R, — Rm)2> 7 (2.9)

27h?% In — m)| 2b2 |n — m)|

while the mean square separation between them is
(R, — R,)*) = |n —m| b~ (2.10)

The monomer index n is often regarded as a continuous variable:
Nod (0R,\?
II({R,}) = const exp [/0 75l (aan ) dn| . (2.11)
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In the models we have discussed so far, the monomers interacted only with their
neighbors along the chain. In real polymers, every two monomers that come close inter-
act. Since each monomer has a certain volume, two monomers cannot occupy the same
position in space. Therefore, a repulsion interaction occurs beyond a certain proximity,
known as excluded volume interaction. In one dimension, the effect of excluded volume
interaction is to stretch the polymer completely, as it cannot overlap itself. In higher di-
mensions, the effect of the interaction leads to a significant swelling of the polymer size.
The excluded volume effect was first considered by Kuhn and Flory [13, 14]. They estab-
lished that this interaction changes the equilibrium properties of the polymer. For ideal

polymers we had (R?2,) ~ N; but, with the addition of the interaction
(R%) ~ N*, (2.12)

where the exponent v depends only on the dimensionality: v = 3/4 ford = 2 and v =
0.588 for d = 3 [4].

2.2 Dynamical properties of polymers

The equilibrium properties of a polymer are described by microscopic random walk ap-
proaches, where every step accounts for a monomer’s location. The dynamics of a poly-
mer can be described using the Fokker-Planck equation for many bodies [15]. In this
treatment, the probability distribution of the monomers in space and their change in time
are calculated. A different approach taken by Rouse [16] is to use the Langevin equation,
where instead of representing the monomer by its probability distribution, it is treated
as a particle. The statistical nature of the process comes from an external random force
which affects the monomers. As the coefficients in the Fokker-Planck equation depend on
the averages of the Langevin equation, all average properties of the polymer calculated
with the two methods are equal.

The Langevin equation is used to describe many processes where a system is affected
by a random noise, such as diffusing particles and current fluctuations in an electrical cir-
cuit, among others [17]. In its simplest form, the Langevin equation describes the motion
of a particle of mass m in a fluctuating environment subjected to a randomly fluctuating

force and to a friction force. The friction force, to the first order, depends on the particle



velocity v and a constant ¢, F' = —(v. The friction constant ¢, depends on the particle size
and the viscosity of the fluid. The random force and the friction force has a similar origin.
In a solute, the solvent particles diffuse randomly, colliding with each other and with the
particle, and create in this way a random force. When the particle moves in a certain
direction, more solvent particles would collide with it from that direction, than from the
opposite one, which can be described by an effective friction force. From the equipartition
theorem, we know that at any time the mean energy of the particle is 1m(v?) = 3kgT (in
three dimensions). The fluctuating force gives us the correct thermal energy. Under these

conditions, the Newtonian equation of motion is:

where U is the potential energy and f is the fluctuating force whose properties are given
by its averages. The average over the whole ensemble is zero as there is no preferred

direction of motion:
(fa(t)) = 0. (2.14)

We assume that the collisions of the fluid particles are independent of one another after
a certain amount of time 7;. This time is usually much smaller than the relaxation time
7 = m/( of the particle. Therefore, we may take the limit of 7, — 0. The correlation of the

random force is thus given by

(fa (8) f3 (') = 2CkpT 00,50 (t — ') (2.15)

In the over-damped case of the Langevin equation, the damping term dominates the dy-
namics and is much larger than the inertia term. Thus, the inertia part in equation (2.13)
can be neglected.

We can now write the Langevin equation for the position R, of the n-th monomer

with the influence of the potential given by equation (2.7)

dR,

C o = —K(QRTL — Rn+1 — Rn—l) + fn? for 1 <n < N. (216)

And for the end monomers

C% — —k(Ry — Ry) + f, (2.17a)
Cdg% = —k(Ry—Ry-1)+ fn, (2.17b)



where k = 3kpT/b? in d = 3. The random noise f,, acting on monomer n is independent
of the noise acting on monomer m, and is also uncorrelated in time. The random noise

can be characterized by its first and second moments:

<fn,oz> =0 (218)
(fro (&) fnp (t")) = 2CkpT 0 1m0 gd(t — 1), (2.19)

where o and 3 are the spatial unit vectors.

The problem would be easier to solve if the dynamical equations (2.17) for the end
monomers were similar to those of the other monomers (equation (2.16)). If we define two
additional hypothetical monomer R, and Ry, and set a condition on them so that R, =
R, and Ry;1 = Ry, we can see that indeed, all monomers follow the same dynamical
equation (2.16). The Rouse model gives us N coupled equations, where the motion of
every monomer depends on that of the adjacent monomers and the external noise. Since
the equations are similar to that of coupled oscillators, we can use a standard method to
solve them by Fourier transforming from monomer coordinates R,, to normal coordinates
(Rouse modes) X ,. The transformation is given by the discrete cosine transform which

fulfills the condition on the end monomers:

N
1 1\ pm
X, = - o\ _
» N 2 R, cos (n 2) N (2.20a)
N-1 N\ o
R, = X,+2 p}_l: X, cos (n . 5) %, (2.20b)

The properties of the transformation are described in appendix A.1.
The location of a monomer R, depends on each of the N — 1 (internal) modes and the
movement of the center of mass X . In terms of Rouse modes, the motion is described by

N independent equations

dX
CP dtp = _K/po + Wp, (2.21)
where
_ sNmsin? (P
kp = S8NK sin <2N> , (2.22)

and the mode dependent friction coefficient

G=2N¢ (p=1,2,..),
Co = NC, (2.23)



while W, is the noise with corresponding mean and correlation

(Wpa (1)) =0, (2.24a)
(Wpa () Wy g () = 2kpT (0 00.50(t — ). (2.24b)

The exact derivation of the equation is detailed in appendix A.2. Equation (2.21) is similar
to the equation of a particle in an harmonic potential with noise. It can be solved analyt-
ically (appendix A.3). The mean of the mode amplitude decays exponentially to zero as
(X,(t) = X,(t =0)exp (—t/7,) forp #0,and 7, = i—’; is the characteristic relaxation time
of mode p. The mean square deviation of the mode (for p # 0) is given by

_ kgT

Kp

(Xp(t) = (X,(1)))%) [1 —exp(=2t/7)]. (2.25)

The center of mass X, undergoes normal diffusion with a diffusion coefficient of D, =
kgT/CN.

Although the Rouse model is very elegant and gives many important results, it proves
problematic when we compare it to experiments. Experimentally, when the center mass
diffusion is measured as a function of the polymer’s length N, it scales as D¢y, oc N~1/2
[12], while the model predicts Do o< N~'. This disparity comes from the neglect of
hydrodynamical interactions.

In 1956, Zimm came up with a new model [18] which accounts for hydrodynamical in-
teractions. Suppose we have Brownian particles suspended in a solution, interacting with
each other. The motion of a certain particle causes the fluid around it to move, thereby
creating a force which affects the motion of the other particles. Their motion in turn,
affects that of the first particle. This solvent-mediated action is called hydrodynamical in-
teraction. In the Rouse model, the velocity of a monomer n depended only on the forces
acting on it v,, = %Fn Now, as a result of the hydrodynamical interactions, it depends
on all monomers. With the addition of the interaction, the velocity of a monomer n is to
the first order, a linear combination of the forces acting on it from all the other monomers
v, = ., H,nF,,. The mobility matrix H ,,, couples the motion of all monomers. It has

the form:
I n=m
H,,, = /¢ (2.26)

8| Trm| ['f'nmf'nm + I] n 7é m,

10



where 7 is the viscosity, r,,, = R, — R,, and #,,, is a unit vector in the direction of r,,,.
H,,, is called the Oseen tensor for hydrodynamical interactions [12].
We can generalize equation (2.16) to include the influence of velocities of different

monomers to get

aRﬁ”t(t) = ; H,, (—;TUm + o (t)) . (2.27)

Trying to solve the problem explicitly is hard, as we would have to solve N nonlin-
ear coupled equations. Rather than solving equation (2.27) explicitly, Zimm suggested
replacing the mobility tensor H,,,, with its average over all polymer configuration. As-
suming an equilibrium condition, (H,,,) is calculated using the monomers probability
distribution (2.9). (This procedure is called preaveraging.) After the preaveraging and
transformation to Rouse modes, the equations for the different modes decouple (in the

limit of N >> 1) and obey equation (2.21) with modified friction coefficients

1/2

¢ = (122%) 2o (Np)'? (p=1,2,...)

(1
w=3

(67%) 72 N2, (2.28)

The center mass of the polymer diffuse normally with a diffusion coefficient

D = kel o N2 (2.29)
0

and each of the modes have the characteristic relaxation time of
7, = (ki X p 2 (2.30)

This result for the center mass diffusion coefficient agrees with the experimental results
discussed previously.

The hydrodynamical interaction changes the dynamics of the polymer while its equi-
librium properties are not modified. For this reason, the value of «, remains the same.
Introduction of self-avoiding interactions, however, would change them thorough a mod-
ification of «, [12].

In the Zimm model, contrary to Rouse’s, the interactions are non-local. This is the key
difference between them. The interactions between monomers velocities lead to different
p dependence of the relaxation times of the modes. In the following chapters, we show

how, control of the p-dependence of 7, can create arbitrary subdiffusion exponents.

11



2.3 Anomalous diffusion

2.3.1 Review of models

Anomalous diffusion occurs in many physical and biological systems. These processes
are characterized by the mean square displacement of the stochastic variable increase
with time ¢ as t*, where processes with a > 1 are called superdiffusion and for a < 1 they
are called subdiffusion. The first report of anomalous diffusion was in 1926, in Richard-
son’s study of turbulent superdiffusion with o = 3 (processes with a > 2 are known
as ballistic) [3]. Later, a study of dispersive transport of amorphous semiconductors by
Scher and Montroll [2] showed that charge carrier exhibits subdiffusion. Others showed
that motion of particles in percolative systems [19] and porous media [20] also exhibit
subdiffusion. Superdiffusion, however, is observed in collective diffusion on solid sur-
faces [21] and in bulk-surface exchange controlled dynamics in porous glasses [22].

Polymeric systems are a rich source of anomalous behavior. The motion of the center
mass of a polymer in a dense polymer solution (known as reptation) shows subdiffusion
with o = 1/2 [23]. If we observe the motion of a specific (tagged) monomer in a single
ideal polymer chain performing Rouse dynamics, we find that it exhibits subdiffusion
with o = 1/2 [10, 11]. The latter motion which is closely related to the subject of this
study is anomalous, not due to an embedded anomaly in the surroundings, but because
of the monomers collective motion.

Within a biological cell, micelles traveling by motor proteins were shown to perform
superdiffusion with an exponent of & = 3/2. DNA-binding proteins diffusing along a
double stranded DNA can perform subdiffusion [5]. In other cases, a protein can detach
itself from the chain and connect to another segment nearby in three dimensions but far
along the chain. This motion produces superdiffusion behaving like Lévy flights [6]. The
passage of polymers through a membrane pore, a process known as translocation, was
shown to be anomalous with a subdiffusion exponent (we will review the translocation
process in detail in chapter 5).

Animals searching for food sample their surroundings and, if nothing of interest is
found, they move to a remote location. While trajectories of normal diffusion tend to

be redundant, as they cross themselves repeatedly and sample the same space several
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times, Lévy flight’s trajectories spread on more space by taking the occasional large jump.
Apparently, such a strategy is better suited for animal resource search patterns. Analysis
of the traveling and searching trajectories of several animal species, such as the flight of
the albatross [7] and the movement of bacteria [24] and spider monkeys [8], have revealed
that they perform Lévy flights with o =~ 1.7 [8].

There are several physical and mathematical models that produce anomalous diffu-
sion. We will review some of them here, and later compare their results to those produced
by our model. Detailed discussion can be found in [1, 25].

Subdiffusion usually occurs in systems with strong memory effects. The most basic
formalism to describe this is a generalization of Brownian motion called continuous time
random walk (CTRW). Instead of a normal diffusion discrete model where a particle moves
a fixed distance every step, one can define a diffusion model such that both the waiting
time between steps and the length of the step are taken from probability distributions
Y (t) and A (x) respectively. Their corresponding mean time and variance are given by
T = [[°dty (t)tand X2 = [*°_da) () 2%, which can be either finite or diverging. Taking
a Poissonian distribution for the waiting times and a Gaussian distribution for the steps
length reproduces, in the long-time limit, the regular Brownian dynamics. Actually, every
process where 7" and ¥ are finite will reproduce this dynamics.

When the waiting time distribution has a long-tailed asymptotic behavior ¢ (t) ~
Aq (1/1)'7%, with 0 < a < 1, the mean time will diverge. This can happen, for example,
when the particle is trapped for long times, as is the case in amorphous semiconductors
[2]. For a Gaussian A (), it can be shown [26] that the probability distribution P (z,t) for
this process obeys the dynamical equation:

2
% _ opg%%f.
Equation (2.31) is known as the fractional diffusion equation (FDE) which reduces for

(2.31)

a = 1 to the regular diffusion equation. (D} “ is the Riemann-Liouville operator which,

for 0 < a < 1, is defined through the relation

N L o [> , P(xt)
DY eP(z,t) = —— = / dt —————. 2.32
0L ( ) F(O() at 0 (t—t/>1_a ( )
This is a fractional differentiation of a power ¢
L(l+p)
DI = —————~ P79, 2.33

13



which holds for any real g. Solving equation (2.31) with the initial condition P(x,0) = 6(z)

and calculating the mean square displacement indeed gives us:
(22 (1)) = Fi—]i’a)ta. (2.34)
For the case of diffusion in an external potential the fractional diffusion equation can be
generalized to give the fractional Fokker-Planck equation (FFPE).
Many anomalous diffusion processes are described using the Lévy flights (LF) model.
LF is a Markov process which has a broad jump length distribution with an asymptotic
power law »

o)~ L (2.35)

ateep
such that the variance diverges. The trajectories of are fractals, with the fractal dimension
of p. Unlike Gaussian random walk that “fill" the area, LFs trajectories consist of self-
similar clusters, separated by long jumps. The waiting time distribution in LFs, is sharply
peaked with a finite characteristic mean time 7. If we Fourier transform ), we get a part
that behaves as |k|", whereas in the Gaussian case, we would get |k|?. The fractional

derivative is sometimes defined through its Fourier transform [25]

dtg | 4
where 1 < u < 2. And the Lévy process can be defined though a fractional diffusion
equation
9p (z,1) = ke _p (z,1) (2.37)
ot T Ot v '

with the generalized diffusion coefficient K* = o* /7 and 0"/ |z|" that is called the Riesz-
Feller derivative. The probability density of LF has the power-law asymptotic form of
P (z,t) =~ K*'t/|x|" for p < 2. As a result of this property, the mean squared displacement
diverges.

The Riesz-Feller derivative appears also in the equation for stochastically growing sur-
faces where the height of the surface is dynamically described by the Langevin equation
[27, 28]. The equations of our model, which will be presented in the next chapter, are
very similar to the equation describing the surface’s height, and can be used to describe
its dynamics.

The definition of the Riesz-Feller derivative is done through the Fourier space. This

operator derivative is sometimes written as a fractional Laplacian operator — (—A)?
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(for 4 = 2 the normal Laplacian is recovered). In the form of the fractional Laplacian, it is
easier to describe the problem of anomalous diffusion in terms of an eigenvalue problem
where the probability density function is represented by the eigenfunctions.

Another important model is Lévy walks, which can be described as a coupled CTRW.
In this process the walker maintains a constant velocity. This is achieved by coupling
the waiting time distribution and the jump length distribution. A condition on the two
distributions ensures that long jumps result in long waiting times. Hence, the time of
travel is proportional to the total trajectory length and the mean square displacement

converges and with time, grows at a faster than linear rate.

2.3.2 Anomalous diffusion of a tagged monomer

In this work we investigate the behavior of a monomer in a long polymer chain, which
we call a tagged monomer. The following discussion applies to any of the monomers,
including the end monomers.

The description of the motion of a monomer undergoing a cooperative diffusion de-
pends on time scale. Two important times are relevant when discussing the monomer’s
motion. The time is takes for the monomer to move a distance of b (the mean distance be-
tween monomers), denoted 7y ~ b?/D,, and the time it takes for the polymer to diffuses
its own radius of gyration 7y ~ R’/Dcm ~ b>N'*?"/D; (considering the Rouse model).
Dy = kgT/( is the diffusion coefficient of a single monomer. At times shorter than 7,
the monomer’s motion is simple diffusion with time scaling (AR2) ~ Dyt, where n is the
monomer number. In this time regime, the monomer diffuses without feeling its adjacent
monomers. In the long time regime ¢ >> 7y, the tagged monomer diffuses normally with
the diffusion coefficient (AR2) ~ £0t,i.e. Dyy = Do/N. In the intermediate time regime
70 < t < Ty, the monomer undergoes anomalous diffusion with (AR?) ~ b*~2* (Dyt)"
[11], where a = 2v/ (1 + 2v). In the case of an ideal chain (v = 1/2) we get o = 1/2.

To observe the monomer’s motion in the different time regimes, we performed a sim-
ulation in one dimension, where we followed the location of the central monomer in
polymers of increasing length. The simulation method is described in the appendix B. In
each simulation, we equilibrated the polymer by randomizing the initial modes ampli-

tudes, and positioned the central monomer at the origin. The location R, of the (central)
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Figure 2.2: Variance of the central monomer for N = 5,9, 17, 33,65, 129, 257 (left-to-right).
10,000 runs where preformed for each polymer. The time is in units of 7, = %% while the
variance is in units of b?.
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monomer ¢ = N/2 + 1/2, was averaged over 10, 000 realizations and its mean square dis-
tance was found as a function of time. Figure 2.2 depicts the mean square distance of
monomer c in Gaussian polymers of length N = 5,9,17, 33,65, 129,257. At short times
the diffusion of the monomer is indeed normal for all polymers. The crossover to the
anomalous regime is the same for all polymers as the monomer does not yet feel the full
length of the polymer. As the polymers are Gaussian ones, the monomer diffuses with the
same anomalous exponent of &« = 1/2. The difference between the curves occurs when
returning to the normal diffusion regime. Because the time of the crossover is determined
by the radius of gyration, the length of the anomalous regime is larger for longer poly-
mers. In the following simulations, we usually use polymers of length N = 257, so that

throughout the simulation time the diffusion will be anomalous.
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Chapter 3

The model system

In this section, we describe the model being studied and discuss the physical motivation
behind it.

3.1 Description of the model

As we noted in the previous chapter, models of anomalous dynamics are numerous. In
most of them, the anomalous exponent is a free parameter of the dynamical equation.
While the models” equations can later describe many physical systems, in some sense,
the mathematics precedes the physics. In this chapter, we demonstrate how the physical

description of a polymeric system can be used to create anomalous dynamical equations.

3.1.1 Monomer-monomer interactions

In Rouse-like models of beads and springs, the dynamics of the system is controlled by
the nature of the interaction between the beads. This is evident when comparing the
Rouse and Zimm models, where the first gives Rouse modes relaxation times that scale
with N and p as 7, oc (N/p)?, while for the second they scale as 7, o (N/ p)*/?. The reason
for the disparity is this: in the Rouse model the interactions are local as they are restricted
to the neighbors, while in the Zimm model there are also long ranged interactions as the
velocities of the distant monomers are coupled.

The equilibrium properties of the polymer are governed by the mean distance between

adjacent monomers. In the Langevin equation the spring constant « is related to the mean
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inter-monomer separation b by x = 3kgT'/b* (in d = 3). The introduction of excluded vol-
ume interactions into the dynamical equation can be done [12] by modifying the value
of mode dependent spring constant «,,. It is possible to control the dynamics of the poly-
mer by changing «,, which sets the relaxation time of the modes (7, = (,/x,). However,
if we wanted to control the dynamics without changing the equilibrium properties, we
would have to think of a way to change (,. We could do so by coupling the velocities
of the monomers. Let us introduce a nonlocal interaction between monomers’ velocities
that has a power law dependence on distance between them. The mobility matrix for it is
given by

where #,,, is a unit vector in the direction of R,, — R,,. This is actually a generalization
of the Zimm model (for hydrodynamical interactions x = 1).

We can write the Langevin equation (2.27) with our interaction for monomer R,,:
0 ou
—R, = — t)]. 2
5 Em Onm( or. T Iml )) (3.2)

Equation (3.2) couples the velocities of all monomers. It is nonlinear in the monomers dis-
tance |R,, — R,,|. In order to solve it, we will linearize it first. The velocity v,, of monomer
n is calculated as the summed perturbation of forces from all monomers. We assume
that the effect of forces on the motion of the fluid is given by the Kirkwood-Riseman
[29] approximation applied for O,,,,. In essence, O,,, is replaced by its average over all
monomer realizations using the equilibrium monomers distance distribution function for

a Gaussian polymer (2.9) (as the equilibrium properties did not change).

Onm - <Onm> = /d{Rn}Onmq)eq{Rn} (33)

pum —Ad7x
Chln — m[¥/?

The value of Ay, is given in appendix A.4. Note that in expression (3.4), |n — m| has

(Onm) =h(n—m). (3.4)

no exponent dependence on the dimensionality of the problem. This occurs because the

averaging procedure reduces the distance between the beads to their order distance along
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the polymer chain (n — m). Now the Langevin equation is linear, of the form:

0 ou
aRn = Xm: h(n —m) (_E + fm(t)> : (3.5

We can write it as a Langevin equation in terms of the Rouse normal modes X ,;:
0
EXP = Z hipg (_“qu + fq(t)) ) (3.6)
q

where £, is the same as in the Gaussian case and the mobility matrix h,, is the Fourier
transform of the mobility matrix.

Since hy, 4,4 in the limit of large N, equations (3.6) decouple and can be shown (see
appendix A.4), to have the form of equation (2.21) with modified (,. The mode-dependent
mobility scales in the following way (up to a dimensionless factor)

1-x/2
hpg o W%#

From this we calculate the friction constant

B q 1—x/2
Cg = (hgg) ™" o NC (N) (3.7)
and the friction constant for the center of mass:
Co ox (NX/2, (3.8)

For detailed analysis of the model derivation and the model equations we refer the reader

to the appendix A.4.

3.1.2 Model equations

So far we have shown that by adding a monomer-monomer interaction with a parameter
X to the Rouse model, we can arrive to the Rouse equation with modified friction coef-
ficients, in the large NV limit. Motivated by this, we now define the following model in
the Rouse space. Our system is described by N Langevin equations, one for each Rouse
mode (p =0,1,..., N)

0
Canp = —rp X, + W,(t), (3.9)
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where the noise mean and correlation are given by

(Wpa(t)) =0 (3.10a)
(Wpa () Wy g (') = 2kpT (00 0050t — ). (3.10b)

The mode spring constant is defined as in the Gaussian case

k, = 8Nk sin? (%) , (3.11)
while
1—x/2
¢y = 20, wNC (%) (3.12a)
Co = CNX/2, (3.12b)

In the Rouse and Zimm model the slowest internal mode friction coefficient (; differs
from the center mass friction coefficient by a factor of order unity. As a result, the slowest
relaxation mode 7, is of the order of the time it takes for the polymer to diffuse its own
radius of gyration. Since we wanted to adhere to that relation, we defined (, with a
dimensionless factor Cy, which depends on N and x. We used our freedom in choosing
C, to define it so that in the limit of very short times, a monomer diffuses with diffusion
coefficient Dy = b?/7y, where 7y = %% = % In the limit of large NN, the normalization
factor is reduced to C' ~ % For elaboration see appendix A.5.2.

The mode relaxation time 7, = (,/k, has a power law dependence on the mode num-
ber p with exponent , where for x = 2, we get the Rouse equations for Gaussian polymer.
Since each of the dynamical equations is that of a particle in harmonic potential coupled
to random noise, the mean and the mean square displacement of X, can be found ana-
lytically as described in appendix A.3.

In our derivation of the dynamical equation in the presence of the interaction between
monomers’ velocities we used a number of approximations - the transition from a discrete
to a continuous chain and the limit of large ¢. It should be stressed that the shape of the
operator in the real space from which equation (3.9) is derived is not that of equation
(3.2). However, it gives us a very good intuitive sense of the nature of a process which
will result in this kind of anomalous behavior.

Next we show how we get the anomalous exponent of the process from the model

equations.
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3.2 Subdiffusion of a tagged monomer

Following Kantor and Kardar [30] study of the anomalous diffusion of a monomer in
a polymer (o = 1/2), our model (equation (3.9)) generalizes the dynamics to yield any
subdiffusion exponent. By controlling the value of x in (3.12), the relative relaxation times
of the modes are changed to yield different anomalous exponents. At times of the order
To (the time it takes for the monomer to move a distance of b), the diffusion is normal with
the monomer diffusion coefficient D, while at times longer than 7y (the time it take for a
monomer to diffuse its own radius of gyration), the monomer diffuses with the diffusion

coefficient of the center of mass D., = Dy/N*/2. These limiting times are given by:

70 = b%/2Dy (3.13a)
T~ = R2/Dem = B’ N2/ Dy (3.13b)

In the intermediate time regime 7y < ¢t < 7y, the monomer performs anomalous diffu-
sion according to equation (1.1). At intermediate times, the monomers does not yet feel
the full extent of the polymer. Therefore, its behavior in this regime does not depend on
N. Simple scaling arguments can show [11], that the mean square displacement of an

anomalous walker is of the form
(AR2) ~ b2 (Dot)” (3.14)

If we consider this equation for the two limiting times 7, and 7y, the anomalous exponent
is found to be
a=2/2+x). (3.15)

In our work, we solve equation (3.9) numerically for various values of x, with different
sets of boundary conditions. We perform the simulations in one dimension but the results
can easily be extended to higher dimensions. Our simulation method is the Smart Monte
Carlo algorithm which is a modification of the MC method, specifically applicable to
conducting dynamical simulations. We elaborate on this in appendix B.

Figure 3.1 illustrates the motion of the central monomer in a polymer of size N = 257.
The location of monomer ¢ = 129 with respect to the starting location was squared and
averaged over 10,000 independent simulations. The horizontal axis is in the characteristic

time units 7, while the vertical axis is in units of ?. These are the units we will work with
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Figure 3.1: Variance of the central monomer ¢ = 129 of (N = 257) polymer. The curves
match the values of: x = 0.5, 1,1.5, 2, 2.5 going left to right. 10,000 runs where preformed
for each exponent.

for the rest of this study. At times shorter than 7, the diffusion is normal and the curves
for different values of x coincide. The crossover from normal dynamics to anomalous
is evident at about ¢ = 7, where the curves start to separate. As each of the lines is the
simulation result for a different value of x, we expect each curve to have a different slope.
Indeed, the slopes of the lines behave according to expectations, giving smaller slopes
for higher values of x. Analyzing the slopes confirmed that they match the expectations
(equation (3.15)). The crossover back to the linear regime does not appear in the figure
because the system was not simulated for a long enough time.

Each of the modes behaves as an independent particle diffusing in a harmonic po-
tential. The noise in the dynamical equation for each mode is defined through its mean
and correlation, and can be described as a Gaussian. The probability distribution func-
tion (PDF) for each of the modes is also Gaussian. Since the position of the monomer

R, is a linear combination of Gaussian variables X, (equation (2.20b)), it is clear that
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its motion can also be described by a Gaussian process (this property of Gaussian pro-
cesses is known from the Cramér’s theorem [31]). At very short times, the variance of the
monomer’s PDF will be linear with time, as the mean square displacement is linear. In the
anomalous regime, we know that the variance of the PDF has an anomalous dependence
on time 02 o t* (6 = (AR?)). The PDF can be described by a Gaussian of the form

P (x,t) 67%, (3.16)
where z is the initial position of the monomer. The variance in the anomalous regime
can also be calculated analytically through a sum of the variances of modes [32]. At times
larger than the 7y, the variance also depends linearly on time, but with Dp,.

Anomalous processes have many unique features. The behavior when adding differ-
ent boundaries condition differs dramatically from that of a single particle. Studying our
model in the presence of one and two absorbing boundaries, we analyze the spatial prob-
ability density function and the absorption time probability density, and compare them

to the results of other models.
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Chapter 4

Tagged monomer dynamics in the

presence of absorbing boundaries

4.1 Absorption time in the presence of two boundaries

First passage time (FPT) problems arise in many areas of physics where stochastic behav-
ior is observed. In its simplest form it describes a Brownian particle that diffuses until it
reaches a certain reactive site and a reaction takes place. More complex situations involve
many reaction sites and interaction between particles. Typical examples of FPT processes
are fluorescence quenching and neuron firing, or the purchase and sale of stocks when
their value reaches a certain price [33]. The common property to all these processes is
their termination when a certain value is reached. For many problems, the first passage
phenomenon is modeled by the first passage probability @) (¢). This is the probability that
a process was terminated at time ¢. In the case of a random walker, this is the proba-
bility that the walker hits a boundary for the first time at ¢. When the particle reaches
the boundary, it disappears and the process stops. In terms of boundary condition, stop-
ping the process when a certain point is reached is equivalent to placing an absorbing
boundary condition at that point. First passage time and absorption processes are in fact,

mathematically identical. We can also define the probability that a diffusing particle has
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not yet hit the absorbing boundary at time ¢ as its survival probability S (¢). The connec-

tion between the two quantities is given by

Sit)y=1 —/O Q(t')dt'. 4.1)

The problem of a single diffusing particle in the presence of one or two absorbing
boundaries can be solved analytically. Their solution are discussed in details by Chan-
drasekhar [34] and in [33]. I will review them here briefly.

Consider a particle starting from position z, = 0 at time zero. The diffusion equation

for the probability density is

OP (z,t) DGQP (x,t)

ot 0x? (4.2)

For absorbing boundaries located at X;,; = —L/2 and X = L/2, the solution is subjected
to boundary conditions P (—L/2,t) = P (L/2,t) = 0. The solution of equation (4.2) may
be written as the eigenfunction expansion of the operator at the right side of the equation,

and a time dependent part

P(x,t) = i A, cos <M> e_(wym, (4.3)

n=0
where A, are determined by the initial conditions. Each of the eigenfunctions decays

exponentially with a different relaxation time given by 7,, = m. Atlong times, only

the slowest eigenfunction survives and P (z,t) = A; cos (%£) e_<%)2D *. The relaxation time
1 = L?/7?D of the slowest mode is of the order of the characteristic time for diffusing the
length of the interval between the walls. As a result, the asymptotic survival probability
decays as

S (1) o e (B)'Pt = gtim, (4.4)

The first passage time distribution can be characterized by its moments and the mean

time to hit or exit the boundaries. The n-th moment of the distribution is given by

(tn) = /0 T @) dt. (4.5)

The characteristic time scale for the first passage problems is L?/D. For example, in the

problem of a diffusing particle between two walls, the mean passage time is just 7 =

26



— 257
. ——129
10 — 65
——33
—9
2 5
@ 10 — 1 |
[¢D)
©
2
% 10" E
o)
o
o
10} ]
10_6 L L PR L J | “.“i\\‘huiu‘\ |
0 1000 2000 3000 4000 5000 6000 7000

time

Figure 4.1: Probability distribution of the absorption time of the central monomer of
Gaussian (y = 2) polymers of lengths N = 1,5,9,33,65,129, 257 (plotted left to right).
Two absorbing boundaries are present at X;; = —8 and X;; = 8. For each polymer
length, 100,000 independent runs were preformed.

L?/8D. When the particle starts its motion near the center of the interval, the moments of
the first passage time behave as (t*) oc (L?/ D).

First passage time problems with anomalous diffusion have been studied extensively.
Most models use Lévy type diffusion or the FDE to study the FPT distributions.

The dynamics of a tagged monomer in a polymer can be treated analytically, as we
have shown in the previous chapters. However, the treatment cannot be extended to
include absorbing boundaries. Although the equation for the monomer motion can be
separated to independent Langevin equations for the modes, the introduction of bound-
aries in the real space couples the equations again. We use numerical methods to study
the behavior of our model system in the presence of boundaries.

Let us introduce absorbing boundaries into our model system. We simulated the dy-

namics of Gaussian polymers (x = 2) of different lengths (N = 2' + 1 where [ is a natural
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number) by solving equation (3.9) numerically using the SMC method. At every time
step, we followed the motion of the central monomer (¢ = 2'~! 4 1) by transforming the
modes amplitudes to the real space (equation (2.20b)) and checking if it had crossed the
boundaries, i.e. has been absorbed. At ¢ = 0, we located c at the origin while the entire
polymer was at equilibrium and placed absorbing boundaries at X;; = —8 and X, = 8.
Figure 4.1 depicts the probability distribution of the absorption time (denote ) (¢)) on a
semi-log scale. We can see that for small polymers, the distribution is similar to that of a
single particle with a diffusion constant of D.,, = Dy/N. This happens because, for small
polymers, the radius of gyration is smaller than the length of the interval and the slow-
est relaxation time is smaller than the time it takes to diffuse the interval with the Dy.
The probability distribution of the absorption time for a single particle can be derived
from equation (4.3) with the matching initial conditions. From the equation, it is clear
that, for long times, the probability function decays exponentially with a time constant of
7 & X2 /2D

As we take longer polymers, the distributions start to coincide, until they overlap for
polymers of lengths N = 65,129, 257. This occurs because, for large polymers, the radius
of gyration is larger than the boundary size and the longest relaxation mode exceeds the
mean absorption time. For N = 257 for example, the slowest relaxation time is 73 ~
1.3 x 10*, while the characteristic time to diffuse the interval with anomalous exponent
a =1/21is X} /b*Dy ~ 4 x 10°. Because in this regime the distribution function becomes
independent of the polymer size, we are guaranteed that the monomer’s motion will be
anomalous even at long times. This can also be observed in figure 3.1, where the diffusion
is anomalous throughout the entire process.

Note that the asymptotic behavior of the absorption time distribution in figure 4.1 is
clearly an exponential decay. This excludes the possibility of describing the distribution
as a stretched exponential In (Q (t)) ~ —tY/2(D/X2)Y/? at large times, as was previously
proposed by Nechaev et al. [35].

Now let us see how the shape of the absorption time distribution function changes as
we change the anomalous exponent. To do so, we simulated equation (3.9) with differ-
ent values of x, each produces a different exponent according to equation (3.15). Again,
at the beginning of each simulation, monomer number 129 of an equilibrated polymer

(N = 257) was placed at the origin and its location was followed in time. In figure 4.2, we
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Figure 4.2: Probability density for the absorption times of a central monomerina N = 257
polymer, in the presence of two absorbing boundaries set at X;; = —8 and X, = 8. Each
of the curves is the result of 100,000 independent simulation with a certain x. The different
curves correspond (from left to right) to x = 0.5,1,1.5,2,2.5.
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illustrate in a semi-log plot, the results of the absorption time distributions. The distribu-
tions have the same general shapes. Since at large times the curves appear to be straight
lines, it is evident that they still decay exponentially. However, the time scale, differs for
each of the curves. Because of the exponential decay, its time constant should be of the
same order as the mean absorption time. In the N-independent regime, we would expect
the constant to depend solely on the exponent and on the time scale of the problem.
Previously, it was shown by Yuste ef al. [36] and Gitterman [37] that, for subdiffusion
processes described by the fractional diffusion equation, the absorption time distribution
decays in large times as a power law and that the mean time of absorption is infinite. In
our subdiffusion process, this is not the case. As the distribution decays exponentially
for large time, we are guaranteed that the distribution has a converging first moment.
Because we are in the infinite NV regime (the distribution shape has no /N dependence), the
mean time can depend only on the length of the interval (the distance from the boundaries
to the initial point), the monomer’s diffusion coefficient, and the anomalous exponent.
From the equation for the mean square displacement (3.14), we expect it to be of the
order
T~ Dy (L) (4.6)

In fact, since this is the only time scale in our problem, we expect all our characteristic
times to be of the same order. In figure 4.3 are depict three characteristic times of our
system: the exponential decay constant of the absorption time distribution, the calculated
tirst moment of the distribution and the theoretical time constant 7" as calculated from
equation (4.6) with L = 8b and Dy, = b*/7. We plotted these times as a function of
the anomalous exponent. The decay constant and the mean absorption time give very
similar results. The difference between them results probably from the way we chose the
data points for analysis. Comparing them to 7', we see that the curves behave differently
for smaller values of a, whereas for higher values the curves have similar slopes. It seems
that as o goes to 1, the curves are similar up to a constant that does not depend on the
exponent. In the same way that the characteristic time in the single particle problem
differs from the mean absorption time in a prefactor, we expected to see a difference in
our case. In principle, it is possible that the prefactor would have a certain dependence

on o This behavior creates the different slopes for the curves.
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Contrary to the result of the fractional diffusion equation, we get a finite mean absorp-
tion time in our subdiffusion process. This implies that if it would have been possible to
describe our model by an operator equation in the real space, it would not be the frac-

tional diffusion equation.

time

10 | | |
0.5 0.6 0.7 0.8

Figure 4.3: Comparison between the mean absorption time (squares) with the exponential
decay time constant (diamonds) as calculated from the data shown in figure 4.2. Also
shown is T (asterisks) as calculated from equation (4.6) with L = 8 and D, = b*/7
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4.2 Absorption time in the presence of one boundary

Now we turn our attention to the behavior of our model in the presence of a single ab-
sorbing boundary. We begin by reviewing the problem of a single particle performing
normal diffusion in the presence of one absorbing boundary. A detailed description can
be found in Chandrasekhar’s article [34].

Consider a particle performing normal one-dimensional diffusion starting from loca-
tion zy > 0. An absorbing boundary located at the origin X; = 0, sets the probability dis-
tribution function of the particle to be zero at that location. The most convenient way to
solve the differential equation with this boundary condition is using the images method.
We can place an image particle with a negative probability distribution function at the
location x = —x; at the beginning of the process. We allowed both particles to diffuse
freely in the whole space. The addition of the image fulfills the boundary condition for
which P (z = 0,t) = 0. The probability distribution for the two particles can be written as
the sum of Gaussians of two freely diffusing particles located respectively at z, and —z,

where the PDF of the image particle has a negative sign

P(x,t)=

1 2 2
—(z—=x0)“/4Dt _ _—(xz+x0)” /4Dt (4 7)
€ € . .
VAar Dt [

The absorption time distribution is given by the flux at the boundary. It can be derived

from the probability distribution (4.7)

P (z,t) To —a2 /4Dt
- A  |xz= == r . 4.8
or | 0 /—4th36 ( )

In the long time limit v Dt > x,, when the diffusion length is much bigger than the

Q(t)=-D

initial distance to the boundary, the absorption time distribution behaves as a power law
Q (t) o t=3/2. Because the first moment of the distribution diverges, the mean time to
reach the boundary is infinite. The first moment diverges because the distribution has a
long tail, a similar behavior to that of CTRW, where the waiting time distribution decays
as a power law.

We return now to our model. We wanted to investigate the diffusion of the tagged
monomer in the presence of a single absorbing boundary for different anomalous expo-
nents. We performed simulations in which a single absorbing boundary was placed at

X = —8 and the central monomer ¢ = 129 of a polymer N = 257 was placed at the origin
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rg = 0 att = 0. As we have already shown for the case of two boundaries, we are in
the infinite N regime, where the radius of gyration of the polymer is of the order of the
distance to the boundary (the same numeric estimations apply). In this regime, the poly-
mer is sure to perform anomalous diffusion throughout the process. We also performed
simulation for polymers of different lengths and saw the congruence of the absorption
time distributions for large polymers (data not shown). At very long times, unabsorbed
monomers will probably diffuse far away from the boundary, and their diffusion at this
regime would be normal. That happens when the time is considerably large than 7y, and
in our simulations we do not reach this time limit.

Figure 4.4 depicts the absorption time probability distributions of the tagged monomer
for different values of x in a logarithmic plot. Also shown is the absorption time distri-
bution of a single particle performing normal diffusion (equation (4.8)). For small values
of x, the exponent approaches the normal diffusion limit, and we see that the probability
density resembles that of a single particle. At large times, the probability density clearly
behaves as a power law. This result can be compared to the study of Ding et al. [38],
which investigated a CTRW using the fractional Fokker-Planck equation in subdiffusion
and superdiffusion. In their study, one absorbing boundary is placed at the origin and the
other at infinity which makes it a one absorbing boundary problem. Ding et al. derived an
expression for the absorption time distribution and give an expression for its asymptotic

behavior at large times:
Q(t) ot 72, (4.9)

where « is the anomalous exponent. In the case of normal diffusion where o = 1, we get
the expected power law behavior of —3/2 of equation (4.8).

In figure 4.4, we drew over the distributions, lines with the expected power law as
specified by equation (4.9). The fit between the curves and the long time behavior is
very good. While the absorption time probability density with two boundaries decayed
exponentially in the long time limit, which was in disagreement with the results of FDE,

here we see that the long time behavior matches that of FDE.

33



probability density

=
o

1
EN

time

Figure 4.4: Absorption time distribution of monomer ¢ = 129 of a polymer N = 257,
in the presence of an absorbing boundary at X, = —8. The curves correspond to
x = 0.5,1,1.5,2,2.5 going left to right. For each x value, 100,000 independent runs were
performed. The leftmost curve corresponds to the absorption distribution of a single par-
ticle performing normal diffusion under the same initial and boundary conditions. The

dotted lines give the large time approximation of the distribution corresponding to equa-
tion (4.9).
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4.3 Probability density in the presence of one absorbing

boundary

In the following chapters, we consider the probability distribution function (PDF) of the
tagged monomer position in the presence of absorbing boundaries. We begin with the
case of a single boundary.

In the previous chapter we showed that the problem of a single particle performing
normal diffusion under the influence of one absorbing boundary can be solved using the
addition of an image particle. When we have a particle performing Lévy flights (which
would result in anomalous diffusion), the use of this method is more problematic. The
method of images is expected to work only when the boundary is also a turning point of
the trajectory, i.e. when the particle cannot pass the boundary without being absorbed.
In the case of LF, the particle can perform a long jump that would take it far across the
boundary. That is the reason the image method fails in this case [32, 39].

Our model is a non-Markovian process. At every time step, the monomer’s position is
the Fourier transform of the Rouse modes amplitudes. Since each of the modes changes
on a different time scale, sequential steps depend on one another. The application of
the image method assumes that steps are independent. Thus it does not work for our
subdiffusion system.

Figure 4.5 depicts the probability distribution function for the central monomer of
a Gaussian polymer (x = 2) of length N = 257 with an absorbing boundary present
at X;, = —8. As the times in which we simulate are short then 7y, we are guaranteed
anomalous dynamics throughout the process. At the beginning of the simulation, the
tagged monomer was placed at the origin and the polymer was equilibrated. The shape
of the PDF is quite different from that of a single particle (equation (4.7)) performing
normal diffusion. The PDF of a single particle is linear near the boundary, while the
distribution in the figure is clearly not so. Thus, it is evident that the use of the image
method is not applicable here.

At long times, the distribution exhibits self-similarity. We can show that by rescaling
the distributions from figure 4.5. Let us introduce a new variable p = (z — X,) /tY/0),
where z is the position of the tagged monomer and ¢ is the time. The result of the scal-

ing after normalization is illustrated in figure 4.6. We can understand this behavior if
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Figure 4.5: Probability density function of the central monomer in a polymer N = 257. An
absorbing boundary was located at X, = —8. The curves correspond (narrow to broad)
to different times, as shown in the legend. The distribution was obtained by 100,000
independent runs.

we recall the dependence of the mean square deviation on time (equation (3.14)) in the
absence of absorption and observe the shape of the PDF in the anomalous regime (equa-
tion (3.16)). Since the size \/(R2 (1)) /t'/>* is constant, after the rescaling, the probability
density losses at long times its time dependence.

The probability density of the tagged monomer might be described as the eigenfunc-
tion of some linear operator in the real space, with corresponding boundary condition (in
our case one or two absorbing boundaries). However, our model is defined in the Fourier
space while our boundary conditions are described in the real space. From our results
so far, we know that this operator is not the FDE. We are not even sure if it is linear. We
have, however, some intuition about its origin. In the section describing the physical mo-
tivation for our model (3.1.1), we showed that the Langevin equations of Rouse model,

along with a distance-dependent interaction that couples the velocities of the monomers,
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Figure 4.6: The probability density functions from figure 4.5 were scaled with the new
variable p = (z — X)) /t'/+X). The graphs coincide at long times.

can generate our dynamical equations in the continuous long chain limit.
Let us assume that there is a linear operator that describes our model. It can be solved

as a form of an eigenvalue problem, with its solution given by:
P(z,t) =Y Apy (z) e, (4.10)
k

where P (z,t) is the probability density function, ¢ (x) are the eigenfunctions, ), are
the eigenvalues and A;, are set by the initial conditions. As we do not even know the
operator producing these solutions, it is impossible to derive an analytical expression
for the eigenvalue problem. We investigated the properties of the solutions numerically.
The natural time scales of our system are the relaxation times of the different modes. It is
reasonable to assume that each of the eigenvalues corresponds up to some factor, to one of
the Rouse mode relaxation times (|\;| ~ 1/7;). Atlong times ¢t > 7 all the eigenfunctions

have decayed exponentially, and we are left with the ground state eigenfunction ;.
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Figure 4.7: Probability density function of the central monomer ¢ = 129 in a polymer with
N = 257 monomers in the presence of one absorbing boundary. The horizontal axis is in
the scaled variable p. The different curves correspond to y = 0.5,1,1.5,2.5 (bottom up).
The dotted lines give the small p approximation from of equation (4.11). The graphs are
shifted vertically for clarity with increasing x values by a factor of 5.

Figure 4.7 depicts the shape of the PDF of the central monomer (N = 257) in a log-
arithmic plot. To investigate the dependence of the PDF on the anomalous exponent,
we ran simulations using different values of x. The long time behavior of the PDF is
shown, which matches to the ground state eigenfunction. After rescaling, the boundary
is mapped to p = 0 and the density function does not change with time. Since, for longer
times, in most of the realizations the central monomer has already been absorbed, it is
difficult to gather enough data to produce a accurate curve which can be analyzed. To
compensate for this, we used the fact that, after a certain time the shape of the distribu-
tion does not change. When calculating the PDF, we accumulated data from several large
times. Although the samples at different times are somewhat correlated, the correlation

seems to decay rapidly - enabling us to get better statistics.
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Other works on anomalous diffusion in the presence of absorbing boundaries have
calculated the PDF of their process [40]. The PDFs of Lévy flights and Lévy walks are
usually sharply peaked, described by Fox functions [1] and look very different from the
Gaussian probability distribution of the normal Brownian motion. In the study of Zu-
mofen and Klafter of Lévy walks with a single absorbing boundary [41], the PDF near
the boundary is shown both analytically and numerically to behave as a power law. Our

results show that for small p, the PDF converges to the power law:
P (p) oc pPt2 = ptle, (4.11)

This is the same scaling dependence on the anomalous exponent that Zumofen and Klafter
found in their study. This also corresponds to the linear behavior of the PDF in the case
of normal diffusion with one absorbing boundary (for oo = 1). The predicted scaling of p
by equation (4.11) is shown in the figure as dashed lines. The simulation results indicate
(figure 4.7) that the convergence towards the power law behavior near the boundary is
slow for small p. Also, note that the convergence is faster for smaller values of x. Very
close to the boundary, the results should be handled with care. We performed our simu-
lations with a finite time step, which in turn determines the mean size of the monomers’
step. At distances from the boundary of the order of the step size, the discrete nature of
the stepping mechanism emerges. For example, although we know that the PDF should
be exactly zero at the boundary, we can see in the figure that this is not the case. For this

reason, data points very close to the boundary should be ignored.

4.4 Probability density in the presence of two absorbing

boundaries

Next we consider the behavior of the central monomer of a polymer between two absorb-
ing boundaries. Figure 4.8 illustrates the probability distribution of the central monomer
of a Gaussian polymer (x = 2) with N = 257 in the presence of two absorbing boundaries
located at X;; = —8 and Xj; = 8. In the figure, we see the evolution of the distribution
in time. At very short times (t < 79), the particle’s distribution is Gaussian with the vari-

ance o2  t. Later on, at times considerably shorter than the mean time of absorption,
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Figure 4.8: Probability density function of the central monomer in a Gaussian polymer
with N = 257 monomers in the presence of two absorbing boundaries at X; = +8. The
distribution is shown at different times ¢ = 2, 8, 32, 128, 512, 1024, 1400 (narrow to broad).
The distribution was obtained by 100,000 independent runs.

the particle is still unaware of the presence of the boundaries and performs anomalous
diffusion with Gaussian distribution with 02 « /2. Analogously to equation (4.10), it
appears that at long times, only the slowest “eigenmode” survives and the shape of the
normalized PDF stabilizes. In the long-time solution for normal diffusion (equation (4.3)),
the slowest mode is a cosine with a period twice the length of the distance between the
boundaries. This is clearly not the shape of the curve in the figure. It is also not a Gaus-
sian (as the Gaussian value is never zero). Actually, we cannot describe the distribution
with an analytical expression.

The method of images can be used to find the PDF of a normal diffuser between two
absorbing boundaries using an infinite number of images farther and farther from the
origin. The contributions of the additional images become progressively smaller and the

PDF converge to a steady form. We cannot solve the non-Markovian motion of the tagged
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Figure 4.9: PDF for the central monomer in a N = 257 Gaussian polymer with absorbing
boundaries (blue) compared with a PDF obtained by the image method with the same
variance. Note that the graphs do not coincide.

monomer with this method. In figure 4.9 we present the long-time stable shape of the PDF
from figure 4.8 and the PDF calculated by the method of images. To produce it, we placed
particles at with a positive sign PDF at x = 0, 32, —32 and particles with negative sign PDF
at x = 16, —16. The PDF of each particle was a Gaussian with the mean value set to be the
position of the particle and variance of 1. We summed the Gaussian of all the particles.
Since the PDF converges rapidly, no additional images were needed. To compare the two
distributions, we changed the variance of the image distribution so that it would match
that of the distribution obtained from the simulations and normalized it. We can see that
the two curves do not match. The behavior of the image distribution is linear near the
boundaries while the tagged monomer’s distribution is not. This proves that, indeed, the
method of images fails to solve our problem.

Next, we investigate the behavior of the probability density as x is changed. Figure

4.10 depicts the shape of the “ground state eigenfunction” PDF of the central monomer
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Figure 4.10: Probability density function of the central monomer in a polymer with N =
257 monomers with absorbing boundaries at X, = 8, for x = 0.5, 1, 1.5, 2.5 (bottom up).
Each graph is the product of 100,000 independent runs.

in a polymer N = 257, for different values of x. The limiting behavior of x — 0 is that of
a single particle - the PDF becomes the cosine function. In the other limit of y — oo the
distribution will give us a delta function.

Although we cannot get a closed analytical expression for the PDEF, other studies that
investigated the probability density function of anomalous processes showed that, near
the boundaries, the PDF behaves like a power law. Zoia et al. [32], investigated the diffu-
sion equation with a fractional Laplacian with two absorbing boundaries. The operator
was implemented in such a way that its eigenfunction and eigenvalue could be calculated
numerically. Specifically, the shape of the long time eigenmode was found. Analysis of
the function’s behavior near the boundaries demonstrated that it has a power law depen-

dence in the anomalous exponent «

v & (x— Xi)' (4.12)
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Again, the power law behavior is the same as in the case of a single boundary condi-
tion (equation (4.11)). The Laplacian operator can be represented as a Toeplitz symmetri-
cal matrix. It was shown analytically, based on Widom's study on the eigen-problem in
Toeplitz matrix [42], that in the limit of & — 0, the first eigenfunction can be approximated

near the boundaries as

9 1/a
_I(3/2+2/a) x \"
VR T 2/a) ((X) 1) ’ (419

which is consistent with the numerical result in equation (4.12).
Figure 4.11 illustrates the distribution from figure 4.10 on a logarithmic plot with the
horizontal axis shifted by —X;;. The PDF near the boundary behaves as

P (z) = (z — Xpn)®T2, (4.14)

which displays the same power law behavior near the boundary as equation (4.12). Also
shown are dashed lines fitted to each distribution, corresponding to z(*)/2. Very near
the boundary, the distributions deviate from the expected power law and converge to the
small x approximation farther along the axis. Note that the convergence for the power
law is faster to for smaller values of y, while for xy = 2.5 the convergence is rather poor.
In our simulations, we produced different probability distributions for different val-
ues of y. We wanted to find out if a distribution for a specific x can actually be calculated
from the solution for another x by some change of variables or a rescaling of some kind.
Through algebraic analysis of the dynamical equations (3.9), one can see that it is not pos-
sible to define an effective time variable, such that x will be scaled out of all the equations.
By analyzing the distribution in figure 4.10, we can also show that the distribution for one
x cannot be calculated from that of another. Based on the small = approximation (equa-
tion (4.14)), we wanted to match the power law behavior of all the distribution to that of
the distribution for the Gaussian polymer (x = 2). We raised all the other distributions
to the power of ﬁ and normalized them. The result is presented in figure 4.12. We
see that the distribution are similar but they do not collapse. This indicates that the pro-
cess is unique for every x in the same way the eigenfunctions in the fractional Laplacian

problem are unique for every a.
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Figure 4.11: Probability density function of the central monomer in a polymer with N =
257 in the presence of absorbing boundaries at X;; = —8and X, = 8, for x = 0.5,1,1.5,2.5
(bottom to top). The dashed lines give the small z approximation z(>*X)/2, Each curve is
the product of 100,000 independent runs. The curves are shifted vertically for clarity with
increasing x values by a factor of 5.
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Chapter 5

Translocation

In this chapter we will discuss the similarities between the system of a tagged monomer
in the presence of two absorbing boundaries and translocation. We begin by reviewing
the translocation process.

There are many biological systems in which a polymer diffuses or is pulled through
a pore in the lipid membrane of the cell. This process is known as translocation. Phages,
for example, invade bacteria by taking advantage of existing channels in bacterial mem-
brane and translocate their DNA through it [43]. Inside the cell, peptides translocate into
organelles by specific channels. Lately, translocation has drawn much attention as a po-
tential method to sequence DNA (read its nucleotide sequence). Deamer et al. [44, 45]
introduced an experimental method for rapid DNA sequencing. The DNA is threaded
through a bacterial channel (alpha-hemolysin) and the nucleotide residing in the pore
can be identified by measuring the ionic current through the channel. This new method,
though promising, still lacks the proper resolution to sequence DNA correctly.

A number of theoretical and numerical works have shed light on the translocation
process. A common approach is to describe the dynamics of the process through a single
dynamical variable which is the number of the monomer currently inside the pore. This
variable is known as the translocation coordinate (denoted s (¢)). The translocation is
completed when the translocation coordinate is 0 or NV + 1, i.e. when the polymer has left
the pore. As the polymer is threaded through the pore, it faces an entropic barrier [46].
Since the number of possible configurations is least when the polymer is halfway through

the pore, the polymer has to surmount the barrier in order to complete its translocation.
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Early works modeled the translocation process as a form of Brownian dynamics [47].
The process was described by the diffusion equation with s (¢) as the dynamical variable.
In this formalism, the process resembles the diffusion of a particle between two absorbing
boundaries. This Brownian model constitutes the mean translocation time to scale with
the polymer’s length N as N?. However, it was argued by Kantor ef al. [9], that the
translocation cannot be faster than the relaxation time that scales as N¢, where o = 1+ 2v
is larger than two, for a self-avoiding polymer performing Rouse dynamics. The slowest
relaxation time is of the order of the time it takes for a polymer to diffuse its own radius of
gyration and it is not reasonable to assume that the constraint of a pore would accelerate
the process rather then slowing it down. The relaxation time sets an lower bound on the
mean translocation time. The result was also corroborated by Monte Carlo simulations.
Recent simulations in 3D have argued that the translocation is even slower [48], but the
validity of these results has yet to be proven [49].

It is not clear what kind of equation would best describe the translocation process. It
was argued [50] that it can be described by a fractional diffusion equation. This would
result in an infinite mean translocation time. However, experiments and numerical stud-
ies indicate that the mean translocation time is well defined. Since our model also gave
finite mean time of absorption for the case of two absorbing boundaries, it is reasonable
to compare it with the translocation process.

The translocation process and the dynamics of a tagged monomer between two ab-
sorbing boundaries have certain similarities. In both processes, we follow the dynamics
of a single dynamical variable - the translocation coordinate s (¢) and the position of the
tagged monomer R, (t). In both cases, the variable performs anomalous diffusion because
of its interactions with the other monomers, and its dynamics is governed by Rouse re-
laxation. While the tagged monomer diffuses in the real space until it is absorbed by one
of the boundaries, the translocation coordinate diffuses in the discrete monomer number
(index) space (1...N) until one of its edges has diffused out of the pore and the polymer
has fully translocated.

We decided to study the analogies between the processes by comparing their proba-
bility distribution functions. Simple scaling considerations [9, 51] suggest that the mean
square displacement of the reaction coordinate scales with time as (A (s (t))*) o t* with
a =2/ (1+ 2v) which is 0.8 in 2D.
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We compared the PDF of the translocation coordinate of a 2D self-avoiding polymer
of size N = 128 (data from Chatelain et al. [52]) with the PDF of the tagged monomer
location as obtained from our model with x = 0.5 for the central monomer of polymer
N = 257 (figure 4.10). As the two processes have the same anomalous exponent a = 0.8,
they are comparable. The result is presented in figure 5.1. The two dynamical variables
were rescaled to z € [0,1] for the purpose of comparison. Both distributions were ob-
tained after a long time (with respect to the mean passage time). At this point in time,
only the “slowest eigenmode” survived. The translocation PDF was obtained by a Monte
Carlo simulation on a 2D lattice. The absorption time distribution indicated an exponen-
tial decay as does our model. Since, at long times, most of the polymers have already
translocated, the statistics for the results are not very good.

We can see that the curves are mostly congruent. The main difference between them
occurs near the boundaries where the function is expected to go to zero as a power law
with an exponent of 1.25 (equation (4.14)). However, the translocation PDF decreases
faster, with a power of ~ 1.44 [52]. The logarithmic plot, in figure 5.2 shows that, the PDF
produced by our model converges to the expected exponent, while the translocation PDF
does not.

The high resemblance between the functions is promising. It is clear that the processes
share many features. The translocation problem is still under debate in the scientific com-
munity. More and more complex simulations are being performed to investigate the de-
pendence of the mean translocation time on the polymer length and relaxation dynamics
of the polymers. Yet, no single equation which could describe it sufficiently well was

found. Models such as ours might hint on some of the features of a future solution.
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the translocation coordinate of a translocating polymer N = 128 (smooth line with cir-
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cation PDF. Also shown (dashed line) is the power law behavior near the boundaries with
exponent of 1.25.
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Chapter 6

Conclusion

We have investigated the anomalous motion of a tagged monomer in a polymer. We ex-
amined the effect of a monomer-coupling interaction on the Rouse model. The interaction
couples the motion of the monomers through their velocities, much like the hydrodynam-
ical interaction, and its strength decays with distance between them as a power law with
exponent x. As it turned out, the addition of the interaction (under certain approxima-
tions) leads to the mean square displacement of the tagged monomer depending on time
as (AR, (t)°) o« t* with o = 2/ (2 + x). This motivated us to define a model in the Rouse
(Fourier) space, that produces anomalous behavior of the tagged monomer with expo-
nent . The ability to control the exponent x, enables us to get any subdiffusion exponent
we desire. While most standard models used to investigate anomalous diffusion are mo-
tivated by mathematical concepts (fractional derivatives, for example), we developed a
physical model which can be used to investigate subdiffusion processes. The dynamics of
the monomers can be described in the Rouse space, where each mode changes on a differ-
ent time scale depending on . From this dependence, the anomalous behavior emerges
when transforming back to the monomer space.

Using simulation methods, we investigated the dynamics of the monomer in the pres-
ence of one and two absorbing boundaries, and found the absorption time distributions
and the probability density functions. For one absorbing boundary, our model resem-
bles the long-time behavior of absorption time distributions of other models. The power
law tail in our model and its dependence on the anomalous exponent are similar to those

found in other subdiffusion models (CTRW and fractional diffusion equation). For two
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absorbing boundaries, our distribution decays exponentially in the long-time regime, and
its decay time constant depends on the anomalous exponent. The time distribution has a
finite mean, while, in fractional diffusion equation models and Lévy flights, the distribu-
tion has a power law tail and the mean time diverges.

We have also shown that the behavior of the PDF of the tagged monomer’s position
is similar to the known shape of PDF in other models. Near the boundaries, the PDF is
expected to behave as a power law with an exponent of 1/«a (where « is the anomalous
exponent). In our results, both for one and two boundaries, the PDF converges to the
expected exponent, whereas the convergence is faster for smaller values of .

The translocation process shares many features with our model. We compared the
PDF of the position of the tagged monomer with x = 0.5 to that of the translocation coor-
dinate of a self avoiding polymer in 2D. The two curves are very similar in shape, but they
differ in their behavior near the boundaries. In fact, the two processes are quite different
in nature. Our polymer is equilibrated at all times, while the translocating polymer, in
a way, is never at equilibrium. A process at equilibrium travels at all times through the
same phase space. Yet, because the phase space in the translocation process is determined
by the length of the strand on each side of the pore, the passage of a monomer changes
it. It seems that our model cannot describe translocation precisely, as their probability
distributions differ from one another. Nonetheless, perhaps it can suggest the structure

of a future model that could give an exact description of translocation.
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Appendix A

Treatment of polymer dynamics

A.1 The discrete cosine (Fourier) transform

Rouse equations can be decoupled by transforming them to the Fourier space. In our
model, we work with a discrete polymer, composed of N monomers. In the Rouse model,
the dynamics of each monomer is described by the Langevin equation. For the equations
for the end monomers, n = 1 and N (2.17), to resemble those for the other monomers

(2.16), we define additional hypothetical monomers
RO = R1 (Al)
Ryy1 = Ry. (A2)

We use the discrete cosine transform (DCT) [53] which fulfills the condition on the

end monomers

N
1 1\ pm
Xp = N ;Rn COSs (TL — 5) W, (A3a)
N—1 1\ pr

n = Xo+2 X, cos - =) =, A.3b

R 0o+ ; p COS (n 2) N ( )
where the set of mode functions are
1\ pr

—— | = =1.. N =1,....N—1. A4

coSs (n 2) N n AT % y e ( )

We show that the functions form an orthogonal set. First let us find the following sum

n+1
Sa(0) = cos (k; - %) 0. (A.5)
k=1
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We will solve it by using complex variable

on+ 1)) o (*52)

, , : 2

/2 (1+e7’9+...+em0) =exp |1 n - )
2 sin (g)

After taking the real part of the above relation

sin(f(n + 1))

Sn(0) = 2sin (2) (A.6)
We note that
{ Sn(0,) =0 , foro, = np—L, and
Sn(0) =n+1.
The inner product Cj, of two functions cos(16;) and cos(mb)
nt1 1t
Cim = ; cos(16y,) cos(mby) = 5 ; [cos(l + m)b, + cos(l —m)0] =
o s )
From this we get the functions orthogonality relation:
Cion = %(n 1) (A7)
Copo=n+1 (A.7b)

A.2 Langevin equation of Rouse modes

The one-dimensional over-damped Langevin equation for the location z of a particle,

under the influence of an external potential U and a random force f is of the form

dz oU

a = T ar + f. (A.8)

In the Rouse model, a polymer is described as a chain of monomers connected by har-

monic springs. The Hamiltonian for N monomers is given by

=2

-1
(Rn - Rn+1)2' (A9)

1

H =

Do

3
Il
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The Langevin equation for monomer n, influenced by the Hamiltonian is:

dzn = _l{(an - Rn+1 - Rn—l) + fn (A10)
with the noise defined as:

(fa(t)) =0 (A.11a)

(fu() fn(t')) = 2CkpT O md(t —1'). (A.11b)

We use a white noise with zero mean and a correlation which depends on the friction

constant. The Fourier and inverse Fourier transform of the random noise are respectively

given by
Y 7r
fo = Z cos(n — = % (A.12a)
1
fo = fo+2 Z fpcos(n — 5)% (A.12b)

Now we can present the Langevin equation (A.10) in Fourier space by inserting the

Fourier transform of the variables:

N—1 N-1
dX, aX, 1. pm 1.p 1. pm
q e +2pE:1 Wcos(n— §>N] = —/@[4 pEZl X, cos(n — 2)N 2 E X, cos(n + 2>N
3.pm — 0
-2 E_ X, cos(n — Q)pﬁ + fo+2 pEZl fpcos(n — _)p_

Because the mode functions are orthogonal, the equality in the above expression holds

for every value of p. The equation for each mode (multiplied by N) is

aX, . pT
(N = —8Nnsin® (W) X, +2NF,, (A.13)

The noise correlation in Fourier space is given by:

1.p
(D (1)) = 373 Zcos ) cos(m — P (1) alt) =
% cos(n — %)% cos(n — %)]ﬁZCkBT
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By using (A.7) we get

() fr(#)) = 2CkiTS, 0 5(t — t’)%, =12 N—1. (A.14)
(Folt)olt) = 20k To(t )1 (A15)

If we define W, = 2N f,, equation (A.13) can be rewritten as

X,

CPW = —l{po + Wp, (A16)

where (, = 2(N, and (, = (N. The random variable W, is now characterized by

(W, (t)) =0, (A.17a)
(W, (6) Wy (1)) = 20T 8(t — 1), (A17b)

Equation (A.16) of each mode (p > 1) is the equation for a particle in an harmonic

potential with noise. The modes relax with the characteristic time

G ¢ b’
T, 12kpT Lm%g)] ' (A.18)

The Hamiltonian for the model can also be written in terms of Rouse modes. In the
Rouse space, the Hamiltonian is written as the sum of energies from N — 1 independent

harmonic springs, each with a different spring constant

1
H= ) iang. (A.19)
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A.3 Solution of Langevin equation in harmonic potential

Here we give some analytical results for Langevin equation of a particle in harmonic

potential.
dz

dt

with the noise moments given in equation (A.11).

= —Kkx + f, (A.20)

First we find the correlation between the value of x (¢) and its initial value z(0):

(t —ty —ty)
T

o) = 5 [ o [ e [-EEEE g

1 t 0 _ _
= Z/ dtl/ dtg exp [—M} 2k3T5(t1 — tg)
—00 —o0 T
ks

_ TT exp(—t/7)

Note that the equilibrium properties are independent on the friction constant ¢, and that
the correlation decays exponentially with the characteristic relaxation time 7 = (/.

The first moment and variance of the random variable z can also be calculated

z(t) = x(0) exp(—t/7) + % /0 dt'exp (—(t —t')/7) f (1) (A.21)

(x(t)) = x(0) exp(—t/T) (A.22)
2y L t t exp (—(t — - T

(l(t) = (w(O)) = 5 [ dtr [ dtaexp (=t =1+ = t2)/7) (01 (1)

= %/ dtyexp [—2(t —t1)/7] 2kpT = % [1 —exp(—2t/7)] (A.23)

Equation (A.23) describes the relaxation of the variance of a mode.

A4 Approximate treatment of velocity-dependent interac-

tion between monomers

In this section, we describe the physical motivation that led us to define our model.
The Rouse model can be generalized by adding a long distance interaction. Since the
monomers diffuse in a solvent, their movement results in a force on their nearby solvent

known as the hydrodynamical interaction. The interaction couples the velocities of the
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monomers. To include them into a the Rouse model, the monomer’s Langevin equation
is rewritten with a mobility tensor. The strength the hydrodynamical interaction decays
with the monomer distance as |R,, — R,,,|”" [12]. Let us introduce an interaction whose
strength decays as a power law with the exponent x. The corresponding mobility matrix

describing it is given by

I _
o, —1/° e (A.24)

pX ” o
m [I + Tnm'rnm} n 7£ m,
where +,,, is a unit vector in the direction of R, — R,,. For one dimension, the expres-

sion for n # m is reduced to The generalized Langevin equation for the n-th

bX
CIRn—Rm[*"
monomer is written as:

) oU
o B = zm: Oum (_E + fm(t)) : (A.25)

To solve this equation, we would need to simplify it. An approach previously taken by
Kirkwood [29] for hydrodynamical interaction, was to approximate the mobility matrix
by its average equilibrium value (this operation is call preaveraging). In our case, we can
use the equilibrium distribution of the monomer-monomer distance ®., to find the value

of O,,,,, over all possible monomers realizations.

O — (Op) = / A{ R} O, (R} (A.26)

To calculate it, we insert the distribution function (2.9). Since the distribution of #,,, is

independent of |R,, — R,,|, the average interaction can be written as

(0 = o 1 I+ 7,7 A.27
( nm>_?<m> (I + PamPrm]) - (A.27)
Using (7, Pnm) = L, we have

I (d+1) 1

where d is the dimensionality.
©  opd/2 d 4/2 dr? (d+1) bx
Onm = dr ——= —f — =
< ) /0 7nlﬂ(d/2)r (27r]n—m|b) exp( 2\n—m|b2) d (rx

_2(d+1) d V2 % 1y 2N 7p
_F(d/2)d(2\n—m!> Z/Ot exp(—£2)dt = h (n — m) .
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By using the relation

o0 1 _
/)t*+*eHX—ﬂﬁﬁ:—{Xi—ﬁL (A.29)

0 27\ 2

Note that the integral converges only for x < d. We now find
Ad

h(n—m)=——""2% A.30
e r— (A30)

where . p

D) (d+1) [d\*

Agy = z = : A31
d;x T (%l) d (2) ( )

We found the value of (O,,,,,) in d dimensions. In fact, since in equilibrium the distance
between monomers depends (up to a dimensionless factor) only on the distance along
the chain |n — m|, any dimensional scaling disappears from the equation and the rest is
embedded in the factor A.

Solving this equation requires transformation to the Fourier space

0
5 X = D by (=R X+ £,(1)) . (A.32)
q
where £, is the same as in the Gaussian case and the mobility matrix:
1 T qm
hpq:m Cos(n—I/Q)Wcos(m—l/Q)Wh(n—m). (A.33)

mn

Changing from summation over the modes to integration, we find:

1 N N pITNn qmm
h :—/ dn/ dm cos (—) oS (m—) h(n—m)=
PN N A
N

N—n

%/0 dn [COS <]%> Cos (%) /n dmh(m) cos <q7jrvm>
— Cos (Zﬂ> sin

i () [ mbtmysin (g)} |

For large ¢ values, we can replace the integration boundaries in the inner integrals with

+00. The first inner integral can be approximated

o0 grm, A [*  cos(%F) AN 1=x/2 poo cos(t)
/_ dmh(m) cos( N )= Z/—oodm—’mP(/Q =\ /_oodt e =

(e 9]

AN\ T2
2= I
¢ (QW)
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where [ is the result of the integral in the last expression. Note that the integral I con-
verges only for 0 < x < 2. The second inner integral vanishes in the same approximation

o . qmm
/_ dmh(m) SIH(T) = 0.

o0

Consequently,

A N1x/2 N prn qmn A  N-—x/2
v = N3 g | eosCr) eos(r) = s st
N2 ((qm)i=x/2 J, N N 2N ((qm)t—x

From this we find the dependence of the friction constant of a mode in ¢:

B 2(m)t=x/2 g\ 1-x/2
_ 1 _ 2
Go=(ha) = =2 NC (1) (A.34)
Careful calculation of the hq, gives us the friction constant for the center of mass
2 — 4 —
CO — (hoo)—l — ( XS)A/El X) CNX/2. (A35)

Remember that we already required x < 2 for the convergence of the integral I, so (j is
always positive.

The friction coefficients are composed of ¢ and N which scale with a x dependent
exponent, a dimensionless prefactor and (. The prefactor which depends on x and d
is the result of the transformation and integration. The scaling gives us the anomalous
behavior of the system while the prefactor would only change rate of the motion, that
is - will give us a x dependent diffusion coefficient. Since we wanted to adhere to the
convention of the Gaussian polymer, we choose to disregard the prefactor when writing

our model equations.

A.5 Model

A.5.1 Model equations

In the previous section, we got a decoupled Langevin equation for every mode. The
dynamical equations resulting from the addition of the interaction gave us the motivation

for our model. We now define our model equation in the Rouse space as following:

CP%X}, = —rp X, (1) + W, (1), (A.36)
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where £, is the same as in Gaussian polymer. The noise mean and correlation are

(Wpa(t)) =0 (A.37a)
<Wp,a (t> Wp 8 ( )> - 2k3BT<p pp’éa 65(t - t/) (A-37b)

And the friction coefficients are given by

G = 20N (£) T (A.38)

(o = CNX2, (A.38b)

where C, y is a normalization factor of order unity. We explain its derivation in the next

subsection.

A.5.2 Normalization of the dynamical equations of the model

In the Rouse model, the first mode friction coefficient (; differs by a factor of 2 from that
of the center mass (y. Thus, the slowest inner relaxation time is of the order of the time
it takes for the polymer to diffuse its own radius of gyration. To adhere to this relation,
we wanted our generalized model to have (, and (; of the same order. Since we have a
freedom in choosing the normalization factor C, we choose it in such a way, that at very
short times (¢t < 7y), when the mean square displacement of a monomer is (AR?) = 2Djt,
the diffusion coefficient will be Dy, =
for C.

We begin from the Fourier transform definition (A.3b) and the expression for the time

s Under this condition, we derive an expression

M\»—‘

dependent variance of a mode (A.23). We write the expression for the mean square dis-

placement of a monomer in terms of Rouse modes and develop in series for ¢ < 7y:

)|~

(AR2) = ((Xy >+4Zj

—x/2 V-1
(X(0) - >HZ@ «(%%M%ﬁ%%—ZWﬂ

Assuming we have N = 2/ + 1 monomers and our tagged monomer is ¢ = 2""! + 1, we
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are left only with the even modes:

 2%kpTt  AkpTtN—2 "

(AR(0) = s +

/o (N—1)/2
kBTt 2 2X/2+1N X/2 Z (p)X/Qfl

¢ | Nx2 - C

p=1

If we now insert our condition, we arrive to the expression

oX/2 N—x/2 (N-1)/2 3
=Ty 2 @ (A39)
p=1
In the limit of large polymers (/N > 1)
2
C = " (A.40)

For a Gaussian polymer (y = 2), we get C' = 1 which is consistent with the definition of

the Rouse equation for a Gaussian polymer.
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Appendix B
Simulation methods

In our study we follow the location of a tagged monomer propagating according to our
model (section 3.1.2). We do that by simulating equation (3.9) for each of the N indepen-
dent modes. At each time step, we perform an inverse cosine transformation and find
the location of the tagged monomer. We choose polymers of length N = 2! + 1 where
[ =0,1,2,.... This choice was made for computational reasons. It can be easily shown
that for such N the Fourier transform (equation (2.20b)) is reduced to the summation
of the amplitude of the modes thus simplifying our calculations. To solve the equation
numerically we use a derivative of the Metropolis Monte Carlo (MC) method.

The standard MC method [54, 55] is used to estimate the equilibrium or dynamical
properties of a system with a certain Hamiltonian. It is based on stochastic Markov pro-
cess, where a subsequent configuration of the system A’ is generated from a previous
configuration A with some transition probability W (A, A’). There are various methods
to choose the elementary step. The transition probability is required to fulfill the detailed
balance principle with the equilibrium distribution P., (A):

P, (A)W (A A) =P, (K) W (A, A). (B.1)

In the case of a simple RW, each configuration has the same weight, implying that the
probability to select a motion A — A’ is equal to that of the inverse transition A’ — A.

If configuration A has energy E (A), then at equilibrium, the probability of A is propor-

tional to the Boltzmann weight e~ (4)/ksT and hence (B.1) leads to requirement
W(AA)  (pan-say/msr
R okt Rkl ) B.2
W (14/7 A) € ( )
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It is common to take the transition probability as the following

W (A, A) = e [BA-E@VET  for B (A') — E(A) >0
W (A, A) =1 otherwise.

(B.3)

At each time step, the algorithm changes configuration A — A’. This can be an ele-
mentary step of a random walker for instance. The new configuration can be accepted or
rejected. When the energy of the new configuration is smaller than that of the previous
configuration, the new configuration is always accepted. If however the new configura-
tion has higher energy, A’ is accepted with a probability equal to the Boltzmann weight
of the energy difference of the two configurations. Whether or not the configuration is
accepted, the trial step is counted when calculating averages of the result - such as the
mean time to get to a certain energy. When the number of iterations goes to infinity, the
algorithm can reproduce the equilibrium distribution and all averages are guaranteed to
reach their correct equilibrium value.

One of the shortcomings of the MC method is its slow convergence. Since the stepping
mechanism is oblivious to the energy, steps to a new configuration with higher energy
with respect to that of the current are as probable as steps to configurations with a lower
one. As a result, many steps are discarded. We use a modification of the MC algorithm
called Smart Monte Carlo (SMC) [56]. The difference lies in the stepping mechanism. At
each iteration, the next step is calculated using an equation similar to the Langevin equa-
tion, only instead of a time derivative we find the step Ar through numerical integration
with small time steps At

Ar = BKF + f, (B.4)

where F is the force, 3 = 1/kgT, f is the Gaussian noise with distribution

Z(f) = (4Km) ™" exp(— £*/4K) (B.5)
and K = % = DAt. If K is chosen to be small enough, the trajectories generated by this
equation are expected to provide accurate estimation for equilibrium averages. Usually
in standard MC the direction of the step is chosen with equal probabilities up or down
the potential slope. Here the step direction is biased by the direction of the force. The

transition probabilities in SMC are also modified so that the equilibrium properties are
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kept. It was shown numerically [56], that the averages of a system converge faster with
the SMC method, than they did with standard MC.
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