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Abstract

Beyond KPZ: Simulations of 1-d Surface Growth with Memory
By Ruomin Zhu

Growing interfaces are ubiquitous in the nature. They are categorized by different
universality classes, the most well known of which is the Kardar-Parisi-Zhang (KPZ)
class, which describes a variety of well-known growth processes, including sticky
ballistic deposition. KPZ and other common growth processes assume that interfaces
spread without memory. In contrast, recent experiments on living systems show that, in
some cases, for an interface to spread, it must not slow down, and must have reached
the current position only very recently. In other words, the interface possesses memory,
and hence cannot be modeled by KPZ-style processes. Here we propose a model of
ballistic deposition with memory aimed to describe such processes. We calculate
dynamical growth exponents for this process using numerical simulations and we
observe that universality classes with these exponents have not been studied before.
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Background

Growing interfaces are ubiquitous in nature. Physically, the boundary of two
spatial regions occupied by different substances is defined as an interface.
Interfaces are formed with certain morphologies and these morphologies are mostly
dynamic instead of static. The propagation of an interface through certain media
is considered as growth of the interface [1]. As shown in Fig. 1.0.1, examples of
growing interfaces include flux lines in a superconductor, atomic deposition,

bacterial growth among many other systems.
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(a) Atomic deposition (b) Flux lines in a superconductor

(c) Bacterial colony growth

Figure 1.0.1: Example of growing interfaces. (a) The interface generated by a simple
deposition model, in which spherical particles with uniformly distributed random diame-
ters arrive on the surface and roll until they make contact with at least two other particles
(Barabasi [1]).

(b) Thermal fluctuations destroy the ordered lattice and the flux lines be-

come wavy when temperature increases. If there are impurities in the su-

per conductor, the flux lines are pinned in random positions of the impurities
(https://www.youtube.com /watch?v=1kKMoQZ1JKo).

(c) A bacterial colony with a branched morphology
(http://physionet.org/tutorials/epn/html/chp5lexp3.htm).



Interfaces typically exhibit growth fluctuations, such that the width is governed
by a power law. Numerous discrete and continuum models have been proposed to
describe the growth profiles of interfaces, among which random deposition (RD),
ballistic deposition (BD) (discrete), as well as the Edwards-Wilkinson (EW) [2]
and Kardar-Parisi-Zhang (KPZ) (continuum) equations [5] are the most common
ones. Growing interfaces are categorized by universality classes, which include
many specific models. For example, surfaces generated by RD can be described by
the EW universality class, while BD surfaces fall within the KPZ universality class.

KPZ and other common growth models come with the assumption that
interfaces propagate without memory. Nevertheless, recent experiments on living
systems show that, in some cases, an interface can spread at certain position only
if it does not slow down and this position was reached very recently [10]. In other
words, this kind of interface propagates with memory, and hence cannot be
modeled by KPZ-style processes. Thus we propose a model of ballistic deposition
with memory in order to describe the propagation of such interface.

This thesis is structured as follows. First, we provide a brief overview of the field
of surface growth and the need for exploration of new surface growth phenomena
in view of recent experiments. (Section 2). Then we present our simulations of the
well-established BD class (Section 3). Finally we define a new growth process,
Ballistic Deposition with Memory (BDM) and present simulations as well as
analysis of the processes (section 4). We present our results of exponents in BDM

as:

a = 2.063 £ 0.033, B = 1.157 £ 0.006, z = 1.067 £ 0.057. (1.1)



Introduction

2.1 BALLISTIC DEPOSITION

Surface growth is affected by many factors, yet discrete growth models can reflect
the morphology and the dynamics [1] of growth while some unnecessary factors
can be neglected. Various discrete growth models are used for scientific
exploration, for instance random deposition, ballistic deposition, Eden model,
solid-on-solid models, etc [1]. Since much of the original research in this thesis is

based on modifications of the ballistic deposition model, we will devote some space



here to review this model specifically.

2.1.1 HEIGHT AND SURFACE

Ballistic deposition (BD) was introduced by Vold [9] in 1959 as a stochastic growth
model and we discuss 1-d BD in detail in this thesis. In BD, all the particles are
considered equivalent square particle with size 1 x 1. Meanwhile, BD is defined on
a lattice with length L and periodic boundary condition. The height of site x at
time ¢ is therefore h(z,t). In this way, the height of surface at time ¢ can be

determined as the highest particle at each site:

Surface height = {max(h(i,t))|1 <i < L}. (2.1)

2.1.2 STICKING RULE

Initially, there are no particles, which means the surface is flat and h(i,0) = 0 for
1 <7 < L. At each time point, one particle is dropped from far above the max
height of the surface at a random position. The trajectory of the falling particle is
vertical and it sticks to the first touched particle on the surface. As shown in

Fig. 2.1.1, A, B, C are the falling particles while A’, B, C" are their final positions
deposited on the surface. Suppose at time ¢, one particle is dropped above a
randomly picked site i, 1 < i < L. Then the height of site 7 at £ + 1 can be defined
as:

h(i,t + 1) = max[h(i — 1,t), h(i,t) + 1, h(i + 1,t))]. (2.2)
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Figure 2.1.1: Mechanism of BD. Solid blocks represent the existing aggregate. Dashed

blocks A, B and C are incoming particles and A’, B’, C’ are the final positions of the par-
ticles on the surface. The final position of a particle falling on site ¢ can be determined by
h(i,t 4+ 1) = max[h(i — 1,t),h(i,t) + 1, h(i + 1,1)].

2.1.3 SURFACE ROUGHENING

As the deposition proceeds, the surface tends to have 'peaks’ and ’'valleys’ This is
a process called surface roughening. With all the definitions above, some key

values during roughening can be defined as follows.

MEAN HEIGHT

The mean height at ¢, h(t), is defined as the average height of the surface:

A(t) = % > i) (2.3)

D



SURFACE WIDTH

The width of the surface at ¢, which can be understood intuitively as roughness, is

defined as the standard deviation of the surface height:

w(L,t) = %Z[h(i, t) — h(t)]2. (2.4)

2.2 DYNAMIC SCALING

Dynamic scaling was introduced by Family and Vicsek [3]. It describes how width
scales as a function of time and the system size in interface growth models. With

fixed lattice length L, the plots of function w(L,t) in log scale usually have three

regimes: Poisson regime, growth regime and saturation regime as shown in

Fig. 2.2.1.

PoissoNn REGIME

When the deposition begins, the particles have to stack up for several layers until
significant correlations emerge. Therefore, the initial part of the plot is a regime
dominated by Poisson noise [8], where particles are deposited in an uncorrelated
fashion, shown as the green segment in Fig. 2.2.1. Power law growth of this regime

can be summarized as:

w(L,t) ~ %, (2.5)
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Figure 2.2.1: Expected shape of w — t plots in BD. The width (w) vs time (t) graph is
composed of three regimes on log-log scale: the Poisson regime (green segment), the growth
regime (blue segment) and saturation regimes (black horizontal lines). Systems with larger
lattice sizes (L) saturate at larger width.



GROWTH REGIME

Indicated as the blue part in Fig. 2.2.1, the width will keep its power law increase
described by:

w(L,t) ~ 17t < by, (2.6)
where [ denotes the growth exponent and ¢, represents the separation of growth
regime and saturation regime.

SATURATION REGIME

The width will rather reach a constant value, w,,; after long time of deposition as

fig. 2.2.1 shows. The width now will depend on the system size (L) only:

wsat(L) ~ L“ t> tsat; (27)

where « denotes the saturation exponent that reflects the saturated width of the
surface.

The saturation time could be measured roughly by finding the intersection of
the fitting lines for growth regime and saturation regime on log-log scale. It has

power law relation with lattice size as well:

tsat ~ Lz, (28)

in which z is also know as the dynamic exponent.



SCALING RELATION

Family-Vicsek scaling provides a way to relate all scaling exponents of the BD
problem, as well as other growth problems [3]. Specifically, if one plots the curves
with different system sizes on the same figure and the growth regimes are shown to
be collapsing. Then the plots of w(L,t)/ws. (L) as a function of ¢ come with the
saturation regimes collapsing. Furthermore, plots of w(L,t)/ws.(L) as a function

of t/tsq for different Ls are on top of each other. This correlation indicates:

w(L, 1) Nf< / ) 25)

Wgat (L) tsat

By (2.7) and (2.8):
w(L, 1) ~ L*f (Li) , (2.10)

in which f is the scaling function satisfying:

u w1,
flu) ~ (2.11)
1 u>»1

For the condition u < 1 of the scaling function, ¢ < L? has to be satisfied. Then

by (2.10), (2.11), curves in the growth regime obeys:
w(L,t) ~ L PP, t < L*. (2.12)

In the growth regime of BD, w is independent of lattice size L, which indicates:

a—pFz=0, (2.13)

10



finally resulting in:

(2.14)

™| 2

2.3 KPZ UNIVERSALITY CLASS

2.3.1 PROPERTIES

Kardar-Parisi-Zhang equation, known as the KPZ equation, was introduced as a
continuum equation to describe the profile of a growing interface [5]. KPZ

equation obeys the following symmetry properties [1]:

Invariance under translation in time.

Translation invariance along the growth direction.

Translation invariance in the direction perpendicular to the growth direction.

Rotation and inversion symmetry about the growth direction.

The simplest equation satisfying the mentioned symmetries is:

On(T, 1)
ot

A
=vV?h + §(Vh)2 + (T, 1), (2.15)

where v deals with the surface tension, A denotes the average velocity of the

interface and (¥, t) is the Gaussian white noise satisfying:
(n(@ tyn(a' ) = 2D — ") (t — '), (2.16)

in which d denotes the dimension of the system.

11



2.3.2 SCALING EXPONENTS

KPZ equation is an effective tool to explain the exponents in discrete depositions

such as Ballistic Deposition. The ballistic deposition can be transformed into KPZ
by limiting procedure of mathematical perturbations [6]. Width of KPZ interfaces
are able to be fit into Family-Vicsek scaling (2.10). Similar to the definition in BD,

the mean height and average width of multiple realizations are given by:

h(t) = — /OL h(z,t)dzx, (2.17)

w(L, 1) = \/ % /0 (h(z, £) — R(E). (2.18)

For 1-d KPZ systems, the exponents are exactly [5]:

3
= _, 2.1

Since BD falls within KPZ, the dynamic exponents of BD is the same as KPZ,

and therefore given by (2.19).

12



Simulation of BD

Since the BDM model builds on the simpler BD model, we first show results of our
simulations of the latter, to convince the reader that the new universality class of

BDM is not due to numerical errors.

3.1 BD WITH DIFFERENT LS

The simulation of ballistic deposition is fairly easy with the settings and sticking

rules stated in Chapter 1. Since BD is a stochastic model, the characteristics are

13



found based on the average of multiple realizations. The mean width through all

realizations is defined as:

wavg(Lat) = <% Z[h(Z,t) - h(t)]2>> (31)

where (-) takes the average over all realizations.
In order to measure the width as a function of time for different lattice sizes,

time in different simulations are normalized by:

L Simulati;n Time‘ (3.2)

BD with different lattice sizes are simulated. Surface widths w as a function of
time are plotted in log-log scale as Fig. 3.1.1. These curves come with the shape as
Fig. 2.2.1 expected. They are apart from each other when ¢ is small because of the
Poisson noise. Then in the growth regime all curves collapse. At the end, different

lattice sizes lead to different saturation times and widths as (2.7), (2.8) showed.

3.2 SCALING EXPONENTS

As all the curves increase exponentially in growth regime, orthogonal distance
regression in Scipy (Scipy.ODR) is employed to perform linear regression for
L = 2000 data in growth regime on log-log scale and determine 3 as shown in
Fig. 3.2.1.

Meanwhile, according to (2.7), @ can be obtained by linear regression on log-log

14
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Figure 3.1.1: w — ¢ plots with different Ls in BD. Data are generated with lattice size
L = 500, 1000, 2000, and 4000. The width is averaged over 100 realizations for each sys-

tem size. Curves are plotted on log-log scale to show power law growth and saturation
regimes.
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t fitting line
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Figure 3.2.1: Linear regression for growth regime on w — t plot in BD. BD simulation

for L = 2000 shows a power law growth with 5 = 0.299 + 0.004. Two decades of simulation
time tgim € [2 X 10%,2 x 106] are used to extract the value of the growth exponent 3. Only

a few error bars are shown to indicate typical size of error bars.
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Figure 3.2.2: Linear regression for ws, (L) — L in BD. Values of wyq (L) are determined
as time averages of the corresponding saturation regimes on w — ¢ curves for various system
sizes (See Fig. 3.1.1). Power law relation of wgq ~ L as expected with o = 0.491 + 0.003
on log-log scale.

scale as well since:

log(wsa (L)) = alog(L) + C, (3:3)

where wg,; (L) is obtained as time average of corresponding saturation regime on
w(L,t) curve shown in Fig. 4.4.1. Then linear regression for wy, (L) — L on log-log
scale is done as Fig. 3.2.2.

Thus 2z can be calculated:

a=0.491£0.003, [5=0.299+0004 — 2z=-~1.644+0.03 (3.4)

™| 0
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The exponents of BD are expected to be the same as KPZ. According to Reis [7]
as well as Farnudi and Vvedensky [4], the exponents exhibit finite size scaling, and
match the KPZ exponents only at L — co. Family and Vicsek [3] obtained the
exponents as f = 0.30 £0.02, « = 0.45=+0.02. Meanwhile, the exponents we
obtained are consistent with Farnudi and Vvedensky’s results of large-scale
simulation with similar system size [4]. Thus BD simulation results and exponents

are reliable.

18



BD with Memory

4.1 THE BDM MODEL

Here we propose a modification of the BD model, which we believe models
processes observed in biological systems, and may change the universality class of
the system. The lattice and sticking rules are exactly same as BD. Yet choice of
dropping site is revised. For each site on the lattice, along with the height h(x,t),
another profile Propensity p(z,t)(0 < p < 1 for all sites at any time) is introduced.

The probability of deposition on a certain site depends on propensity, which has

19



its own dynamics, hence introducing memory into the system.

4.1.1 DroprPING RULE

In BD, a particle is dropped at a site picked randomly and all sites have the same
chance to be chosen. In the BDM model, the dropping site at each time step is
picked by multinomial random number generated based on the distribution of
propensity:

R
P,(drop at site i) = f(@a )

Zi:1 P(Z}t)’

where the propensity, p(i,t) is evolved based on the memory of previous dropping

(4.1)

history. Initially, p comes with:

p(i,0) =1, 1<i<L. (4.2)

4.1.2 MEMORY STIMULATION AND DECAY

In biological processes where activation of a cell depends on the rate of change of
the messenger molecule, rather than on its value, cells can only get activated in a
short period of time following the activation of their neighbors. We model this as
the propensity function being stimulated by nearby activation, and then decaying
with time. The mechanism of memory change is shown in Fig. 4.1.1. At time ¢, a
particle is dropped at site 7. Then for ¢ 4 1, the propensities of site j and its
adjacent neighbors will be increase to 1 while all other sites will decay

exponentially by rate r (0 <r <1). p(i,t + 1) is given by:

1 jol<i<j+l,
p(i,t+1) = (4.3)

r-p(i,t) otherwise(0 <r < 1).

20



The decay of propensity together with the dropping site determined by
multinomial random number give us a chance to model the feature that the cell
can only be activated if the temporal derivative of chemical concentration is high.
Meanwhile, deposition on one site will stimulate the site itself and its nearest
neighbors to 1 as well as the decay models the feature that the activation of one
cell can increase the chance for itself and neighbors to be activated in a short
period of time.

As one can tell from the relation, once a site is dropped on, memory of this site
as well as the adjacent sites will be stimulated. The chance for these sites to be
dropped on again increases. In the mean time, for other sites where there is no
particle dropped on them or right next to them, their memories will decay
exponentially in long term.

The simulation of ballistic deposition with memory is done with the same
settings as BD. Time is normalized by the lattice size as (3.2). A snapshot of

BDM surface growth is given in Fig. 4.1.2.

4.2 EFFECTS OF R

In BDM, a site can only grow in a short period of time after the growth of itself or
its neighbors. As Fig. 4.2.1 indicates, value of r affects the behavior of the model
drastically. For small r there is a random-walking deposition finger. The deposition
is condensed around the finger while the finger itself moves around the lattice. The
finger itself cannot grow much therefore only BDM growth regime appears in w — ¢
plot. When r =1 the growth obeys KPZ. For intermediate r, there will be a time

range where the finger itself grows with KPZ exponents, before the effects of the

21



1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Figure 4.1.1: Mechanism of BDM. Solid blocks represent the existing aggregate. A
falling particle A is deposited on the surface at site 8 (dashed block A’). The deposition
of particle A stimulate the propensities of site 8 and its adjacent neighbors (site 7, 9) to
1. Propensities of other sites on the lattice decays exponentially with rate 7 (0 < r < 1).
Propensity at time t is indicated by shaded yellow area and at time ¢ + 1 by shaded blue
area.
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Figure 4.1.2: Snapshot of BDM growth with » = 0.9. The simulation is done with
L = 1000 and T, = 10%. Each line indicates a surface when t;,, is a multiple of 2.5 x 10°.
Regions with darker colors are deposited earlier.
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100 100 102  10®  10°
tsim/L

Figure 4.2.1: w — t plots with different rs in BDM. All simulations are done with L =
1000. When » = 1, BDM is identical to BD. Curve for » = 0.997 is between two clusters
of curves, hence for all remaining simulations we focus on r < 0.9 to assure that r is small
enough.

finger’s own motion become important. Thus, as shown in Fig. 4.2.2, there will be
four growth regimes: Poisson, KPZ, the new BDM growth class and finally the
saturation. For all remaining simulations, we focus on small enough values of r
(r <0.9) so that the width of the finger is only a few pixels, and the KPZ regime

is absent, allowing us to focus on scaling of the new BDM growth regime.
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Figure 4.2.2: Expected shape of w — t plots with intermediate » in BDM. The width
(w) vs time (t) graph is composed of four regimes on log-log scale in BDM with intermedi-
ate r: the Poisson regime (green segment), the KPZ growth regime (red segment), the new
BDM growth regime (Blue segment) and saturation regime (black horizontal lines).
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4.3 SCALING RELATION

In the context of BDM, Family-Vicsek scaling (2.10) holds while the scaling
relation is different from BD. In BD, o — 8z = 0, while the BDM model will not
necessarily obey this because the growth will be condensed around the deposition
finger and hence roughen faster due to memory. Therefore the growth regimes of
w — t plots with different lattice sizes will not collapse and the expected shape of
the curves are shown in Fig. 4.3.1. Here we define a new exponents ~ to help

describe the growth regime of BDM:

v =a—fz. (4.4)

4.4 SCALING EXPONENTS

Exponents are obtained by dynamic scaling scheme. For all the simulations in this
section, r = 0.9 is chosen since it is effective while the growth is not extremely
condensed. Surface growth as a function of time for different lattice sizes are
plotted in Fig. 4.4.1.

For the saturation regime, (2.7) holds. Values of wg, (L) are obtained by taking
average of the saturation regime on each curve. Linear regression of wgy (L) as a
function of lattice size L in log-log scale gives the saturation exponent
a = 2.063 £0.033 as shown in Fig. 4.4.2.

In the growth regime,  — Sz = 0 does not hold and w — t curves of different

lattice sizes are not on top of each other. Nevertheless, linear regression of growth

26



108 5

—— growth regime ]
] = saturation regime Wsat ~ La' g
107'5 =
] ©
Y
106- =
W ]
105‘5
: w ~ L%~ B7tB
104+
10 107 10° 10* 10°

t

Figure 4.3.1: Expected shape of w — ¢ plots with small » in BDM. Systems with
larger lattice sizes (L) have larger width (w) in all regimes. Curves do not collapse in growth
regime because o — Bz = 0 does not necessarily hold when memory is embedded.

27



10° 4
i —— L=500, T4, =10’

105 4 L=1000, Tim = 10’
] —— L=2000, Tsm = 108

104

103
1024

101 -

100

10-1 10 10' 102 103 10*
tsim/L

Figure 4.4.1: w — t plots with different Ls in BDM Data are generated with decay
rate r = 0.9 and system sizes L = 500, 1000,2000. The curves (averaged over 50 re-
alizations) are plotted on log-log scale to show power law growth and saturation regimes.
Growth regimes do not collapse because a — 3z = 0 does not hold in BDM.
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Figure 4.4.2: Linear regression for ws, (L) — L in BDM. Values of wg,; are determined
as time averages of the corresponding saturation regimes on w — ¢ curves for various system
sizes (see Fig. 4.4.1) with decay rate r = 0.9. Power law relation of ws, ~ L shows as

expected with @ = 2.063 £ 0.033 on log-log scale.

29



5 |
10”7 — [=1000 data

1 th fitting line
e
1044 @ errorbar ot
] 7’
7
] /3 -7 ‘.
3 tF
10 _ 7/
W ,/,// -
1021 7

107 B=1.157  0.006

10°

10-!  10° 10! 102  10®  10%
tsim/L

Figure 4.4.3: Linear regression for growth regime with . = 1000 in BDM. BDM sim-
ulation for L = 1000 with » = 0.9 shows a power law growth with § = 1.157 4+ 0.006. Two
decades of simulation time ¢, € [2 X 103,2 x 105] are used to extract the value of the
growth exponent 5. Only a few error bars are shown to indicate typical size of error bars.

regime in log-log scale still gives the growth exponent 5 = 1.157 £ 0.006 as shown

in Fig. 4.4.3 because:

log(w) = C' + ~ylog(L) + Blog(t). (4.5)

To determine the value of dynamic exponent z accurately, instead of finding the

intersection of fitting lines, another scheme is employed. First, for the growth
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Figure 4.4.4: Linear regression for w(L,t)/t? — L in BDM. Values of w(L,t)/t’ are
determined as time averages of corresponding growth regimes on w — t curves for various
system sizes (see Fig. 4.4.1) with decay rate » = 0.9. Power law relation of w(L,t)/t? ~ LY
shows as expected with v = 0.828 £ 0.026 on log-log scale.

regime on each curve, divide w(t) by t* governs a constant K (L):

w(L,t)

5~ L= K(L). (4.6)

Then, as shown in Fig. 4.4.4, linear regression for K (L) vs L on log-log scale

gives 7 = 0.828 £ 0.026. Together with the values of a and  obtained above, z
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can be determined. We hereby present the results as:

a=2063+£0033,  B=1157+0.006, ~ = 0.828+0.026,
(4.7)
a—7

= 1.067 £ 0.057.

z =

The values of these exponents show a significant difference from BD exponents
while the Family-Vicsek scaling still holds. Therefore one can conclude that it is a
new universality class. As mentioned in chapter 3, Reis [7] suggested that dynamic
exponents exhibit asymptotic relation with system size. The obtained exponents of

BDM will approach their exact values as system size increases.
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In this project, we verified the set up with ballistic deposition and the results
showed that larger system size will lead to exponents closer to analytical results.
We managed to modify ballistic deposition to include memory, hence capture the
key features of growth observed by Levchenko’s lab, which restricted the surface to
grow only when temporal derivative of chemical concentration is high and the
growing position is reached very recently. Simulation and data analysis results

show that it’s a new universality class. And more works will be done in the future:

e Do simulations for BD and BDM with larger system sizes.
o Verify the correlation between BD exponents and system size.

» Extrapolate the exponent from larger system sizes of BDM to find the

exponent for infinite system size based on the correlation.

o Connect the exponents to experiments.

o Explore how universal the class is by slight modification on the model, like

particles falling in parallel.

o Write down PDEs to describe this kind of growth.
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