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1 On avalanches and noise in non-equilibrium

systems

1.1 Introduction

Quite often, things in Nature do not happen smoothly. Instead, a typical response
of a wide class of physical systems to slowly changing external conditions takes the
form of a series of discrete events or avalanches spanning a broad range of sizes. Such
“crackling noise” [1] is observed in several apparently very different systems, ranging
from the sound emitted from a crumpling [2] or tearing [3] of a piece of paper to
earthquakes occurring when slowly moving tectonic plates rub each other [4]. Other
examples include Barkhausen noise (magnetic pulses emitted from a ferromagnet in a
changing external field) [5, 6, 7] and motion of a fluid front when fluid invades porous
media in an imbibition experiment [8, 9, 10]. Recent experimental evidence shows
that also plastic deformation of crystalline solids is characterized by intermittent
avalanches of plastic activity, contrary to the traditional picture of a smooth laminar

flow process [11, 12, 13].

A common feature of these systems is that statistics of various measures associated
to them - such as avalanche sizes and durations - appear to lack a characteristic
scale. This scale invariance is reminiscent of what one observes at a critical point
of a second order phase transition. Thus, such behaviour is often assumed to follow
from the proximity of a non-equilibrium phase transition [14], or from mechanisms
such as self-organized criticality (SOC) where the critical point is an attractor of
the dynamics - the system self-organizes into a critical point without any apparent

tuning of parameters [15].

To get more insight into this intriguing behaviour, numerical studies of such phe-



nomena using appropriately simplified model systems are of great importance. As
systems exhibiting crackling noise are typically composed of a large number of in-
teracting parts, a full model with all the microscopic details of a real system in-
cluded would often be impossible to simulate with even the most powerful com-
puters. Therefore a crucial feature of useful model systems is that they should be
somehow simplified, but still preserve the essential properties of the original physical
system. Such simplification (sometimes referred to as coarse-graining) of the system
can be justified by the observation that systems with scale free or critical-like fea-
tures typically also exhibit certain degree of universality: all the microscopic details

are not important for the large scale behaviour of the system.

This thesis consists of studies of various simplified model systems exhibiting avalanche-
like fluctuations and noise. The background and some central concepts related to
crackling noise and avalanches are introduced in this Section. Sandpile models of
self-organized criticality are studied in Section 2 to demonstrate that such simple
models exhibit non-trivial temporal correlations, contrary to earlier claims. Similar
findings are reported also for a phase field model of fluid invasion into disordered
media (Section 3) as well as in the context of a simple dislocation dynamics model
in Section 4. For the dislocation model, also other properties such as correlations
between different avalanches, the history dependence of the dynamics, and the effect
of grain boundaries on interaction between dislocations are considered. Finally, a
study of a single particle interacting with mobile impurities is presented in Section

d.

1.2 Properties of crackling noise

A schematic example of a typical crackling noise signal V() is shown in the upper
panel of Fig. 1.1. Here it is assumed that V(¢) is a stationary signal (i.e. its

statistical properties do not vary in time) characterizing the global behaviour of the



system, e.g. the total activity of some kind of a given system as a function of time
t. There are two different methods that have been commonly used to characterize
such a signal. One can either consider the signal as a collection of discrete bursts
or avalanches and study the statistical properties of various measures associated to

them, or view it as a noisy time series and study its spectral properties.

1.2.1 Avalanches

An avalanche is defined as a correlated and uninterrupted sequence of activity in
a system composed of a large number of interacting constituents. Typically an
avalanche is localized in space, but for systems in which the constituents inter-
act through long range interactions this is not necessarily the case. To trigger an
avalanche, some sort of perturbation needs to be applied to the system. This is
achieved by driving the system from outside at a slow rate. In thermal systems, also
thermal fluctuations can trigger avalanches. Such a perturbation can cause a small
burst of activity somewhere in the system, which then may trigger further activity
in its vicinity. In a critical system the characteristic size of such a chain reaction is

limited only by the finite system size.

If the drive rate is sufficiently slow such that different avalanches do not overlap in
time, one can study the avalanches simply by considering the global activity time
series V'(t): a single burst in V (¢) corresponds to a single avalanche. However, iden-
tifying an avalanche from a time series such as that in Fig. 1.1 is often complicated
by the fact that due to various reasons (e.g. experimental noise) one typically has a
nonzero background in the signal V' (¢) on top of which the bursts corresponding to
avalanches can be observed. This background needs to be thresholded away in order
to be able to define individual avalanches. As it is not a priori clear what would
be the “correct” threshold value V;; to use, one needs to consider also the effect of

varying the threshold.
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Figure 1.1: Top: A schematic example of a time series V' (¢) consisting of distinct
bursts, or avalanches. Bottom: A more detailed view from the beginning of the
signal, showing definitions of the various quantities associated to the avalanches.
The avalanche size s is the area under the part of the signal V' (¢) corresponding to
a single avalanche of duration 7. The waiting time 7 is here taken to be the quiet
time interval between two successive avalanches, but other definitions such as the
time interval between two consecutive avalanche triggerings are also possible.

Statistical properties of avalanches are usually studied by considering the probability
distributions of various measures associated to them. These include the avalanche
duration T and size s, defined by s = [/ [V/(t)—Viu]dt, see the lower panel of Fig. 1.1.
Due to the lack of characteristic scale, the distributions can typically be described

by power laws of the form
Plz) =27 f. (x) , (1.1)
Lo

where 7, is the exponent characterizing the statistics of the quantity x = 5,7, ...,
fe(2) is a scaling function satisfying f.(z) — const. for z < 1 and f.(z) — 0 for

2> 1. xg is a cut-off scale due to e.g. the finite system size.

In addition to the statistics of individual avalanches, correlations between different



amplitude V(t)
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Figure 1.2: Examples of artificially generated noise signals. Top: Gaussian white
noise, characterized by a flat power spectrum with o = 0. Middle: 1/f noise with
a = 1. Bottom: Brownian noise (integrated white noise) with a = 2.

avalanches are also of interest. If the triggerings of avalanches are uncorrelated, the
waiting times T (not to be confused with the exponent 7, which in this thesis always
appears with a subscript) between consecutive avalanches are expected to obey an
exponential distribution. Quite often, however, a power law distribution for the
waiting times is observed instead, indicating the presence of temporal correlations
between triggerings of different avalanches [3, 16]. The tendency of avalanches to
form clusters in time can in many cases be quantified by the Omori law, originally
proposed in the context of earthquakes, stating that the event rate after the “main
event” decays as a power law in time [17]. Similar conclusions have been made
also for spatial correlations: avalanche locations within the system are not typically

uniformly distributed: consecutive avalanches tend to be clustered in space [18].

1.2.2 Noise

Another possibility to characterize a stationary signal V() is to regard is as “noise”,

and study its spectral properties by means of computing the power spectrum of



(1.2)

2
S(f) ~ ‘/eiQ”ftV(t)dt‘

An alternative definition of S(f) is given by the Fourier transform of the correlation
function C() = [V (t)V (t+0)dt of the stationary signal V (), S(f) = [ C(t)e®?"/tdt.

Typically also S(f) assumes a power law form, scaling with frequency f as

S~ 1, (1.3)

where the value of the exponent a determines the type of noise. A crude classification
is presented in Fig. 1.2. White or uncorrelated noise is characterized by a flat power
spectrum with o = 0, whereas a Lorentzian spectrum with a = 2 corresponds to
stationary Brownian noise, an example being the position of a random walker in
a harmonic potential (i.e. the Ornstein-Uhlenbeck process) as a function of time.
In between these two “trivial” cases, one has the interesting regime often referred
to as 1/f noise, with 0 < a < 2. As this kind of noise is ubiquitous in Nature
and also in some man-made systems, and has interesting properties such as long
temporal correlations, a significant amount of activity has been devoted to trying
to understand the origin of 1/f noise. One mechanism producing non-trivial 1/ f-
like noise in a number of systems with avalanche dynamics over limited range of

frequencies is presented below.

1.3 Scaling of the power spectrum

In the case of an avalanche-like time series V(t), there exists a relation between
the two approaches described above to characterize such a signal. It was originally
proposed in the context of Barkhausen noise [23], and more recently it has been

found to apply quite generally for systems exhibiting critical avalanche dynamics.



V(1)

T

Figure 1.3: A schematic example of a part of the signal V(¢) corresponding to
an individual avalanche (thin line with a rough shape) and the average avalanche
shape, obtained by averaging over a large number of avalanches of given duration T’
(thick smooth line).

1.3.1 The average avalanche shape

Besides computing the distributions of simple avalanche properties such as their size
and duration, also the more detailed structure of individual avalanches is of interest.
Studies of e.g. the average avalanche shape provide another method to compare real

physical systems with various simplified models [24], see Fig. 1.3

In a critical system one expects the avalanche shape to be independent of its dura-
tion, such that average avalanche shapes (V (¢, 7)) of avalanches of different dura-
tions T" obey

(V(t.T)) =T fonape(t/T), (1.4)

where fspape() is a scaling function corresponding to the duration-independent av-
erage avalanche shape [23]. Notice that Eq. (1.4) contains also the scaling of the
average avalanche size with the avalanche duration, (s(7')) ~ 77**. The exponent
vst 18 related to the other avalanche exponents through vy = (70 — 1) /(75 — 1) [14],

a relation that can be easily derived by assuming a power law scaling of the form of



(s(T)) ~ T and using P(s)ds = P(T)dT.

In simple model systems, avalanche shape is typically symmetrical, whereas in cer-
tain experimental systems, the observed avalanche shape displays some asymmetry.
For Barkhausen noise, this has been demonstrated to be due to a negative effective
mass of the moving domain walls arising from eddy current damping [25]. Also cer-
tain other experimental systems appear to exhibit some asymmetry in the avalanche
shape [19], but it is not clear if the explanation proposed in [25] is applicable more

generally.

1.3.2 Power spectra

Starting from Eq. (1.4), one may derive a relation between the power spectrum
and avalanche scaling [23]. Consider first the probability P(V|s) to get a certain
value V' in the V(¢)-signal during an avalanche of size s. By assuming scaling and
requiring normalization, one obtains P(V|s) = VL fi,(Vs'/%t=1) where fy(z) is a

scaling function. Consequently, the avalanche energy FE(s) scales like
E(s) = (V2)s!/ e = g/ /0 V2PV |s) ~ 52V (1.5)
The stationary time-time correlation function C'(6) is defined by
C(0) = / VOV (t + 0)dt. (1.6)

By considering only the V(t)-signals corresponding to avalanches of size s in Eq.
(1.6), one obtains the correlation function C'(f|s) for avalanches of a given size s.
The 6 = 0 component of C'(f]s) is proportional to the avalanche energy F(s). Thus,
due to the scaling of E(s) in Eq. (1.5), C(0|s) scales like

C(6]s) = 5717 fo(s71), (L.7)



where fo(z) is a scaling function. The energy spectrum FE(f|s) of avalanches of a

given size is then obtained as a cosine transform of C'(6]s),

E(fls) = [~ C0]s) cos(£0)a0 = g (f5). (18)

where gg(x) is a scaling function. To obtain the power spectrum S(f) of the total
signal, E'(f|s) is averaged over the avalanche size probability distribution, assumed

to be a power law P(s) ~ s~™ with a cut-off scale s*. Thus,

S = [PeE(f9s = o0 [T ar @) (19)

By making the assumption that the avalanche dynamics is such that the elementary
events forming an avalanche contribute to E(f|s) only through local correlations,
and that the local growth of an avalanche does not reflect the overall avalanche size,
one has E(f|s) ~ s [23]. This implies gg(x) ~ 1/x, and one obtains from Eq. (1.9)
for 75 < 2 the scaling

S(f) ~ f7, (1.10)

ie. o = vy for frequencies f > 1/Ty, with Ty the cut-off scale of the avalanche
duration distribution. In the rare case with 74 > 2, the integral in Eq. (1.9) would
converge and a scaling o = 74 (3 —7) ensues. The oo = 74 scaling has been found to
be valid in a number of systems, including some of the ones discussed in this thesis
20, 21, 22]. As it is well known that the avalanche exponents (including vs) can
assume non-trivial values, the above scaling relation gives a natural explanation to

similar observations regarding power spectra of intermittent avalanche-like signals.



10

2 Sandpile models of self-organized criticality

In this Section power spectra of signals V() consisting of avalanches in sandpile
models of self-organized criticality are studied. In particular, it is shown that certain
“classical” sandpile models exhibit activity time series V'(¢) with non-trivial scaling
of the power spectrum of V(¢). This contradicts earlier claims that such models
should lead to to trivial Lorentzian power spectra. The results are published in

article 1.

2.1 Self-organized criticality

In 1987, Bak, Tang and Wiesenfeld (BTW) introduced a simple cellular automaton
model to elucidate the concept of self-organized criticality (SOC), or as the authors
put it in the title, “an explanation of 1/f noise” [15]. SOC is a mechanism through
which a large class of slowly driven dissipative systems display scale free behaviour
characteristic to a second order phase transition or a critical point, but without
any apparent tuning of parameters. The general nature of the concept has lead to
applications also outside the traditional realm of physics, and it has been proposed

to be one of the mechanisms through which complexity arises in Nature [26].

2.2 Definition of the models

Sandpile models are model systems in which such ideas can be explored within a
conveniently simple framework. After the introduction of the original model by
BTW more than two decades ago, also a number of variants have been proposed.

Here, we focus on two specific sandpile models, namely the original BTW-model



11

[15] and the stochastic Manna model [27].

These models are defined on a d-dimensional hypercubic lattice, with an integer
variable z; assigned on each lattice site ¢ representing the number of “grains” present
on that site. If for a given site the local variable reaches or exceeds a critical value
Z., the site topples, implying that some of the grains on that site are distributed
among its nearest neighbours: z; — 2; — 2. and z; — z; + 1, where j denotes the
nearest neighbour sites of the site i. The details of this toppling process determine
the different models. In the deterministic BTW model, z. = 2d and each nearest
neighbour of the toppling site will receive exactly one grain. The stochastic Manna
model is defined by z. = 2 and by a toppling process in which two randomly chosen

nearest neighbours receive a grain.

The dynamics is typically chosen to be parallel, meaning that during a single time
step all the sites are checked and those with z; > 2. will be toppled. A toppling
can induce one of the neighbours of the toppling site to topple during the next time
step, and so on. Such a chain reaction of topplings is an avalanche, with the size s
defined as the total number of topplings and duration 7' as the number of parallel

updates of the lattice during an avalanche.

Such systems are driven by adding new grains to the system at a slow rate to
randomly chosen locations, z; — z; + 1. Typically one implements the slow driving
limit, in which new grains are added only when there is no activity. This driving is
balanced by dissipation, which is usually implemented by choosing open boundary
conditions such that if a boundary site topples, grains can leave the system through

open boundaries.

By considering the above systems with periodic boundary conditions without any
dissipation or drive (the so called fixed energy sandpile [28]), one finds a transition

between active and inactive (often referred to as the absorbing state) phases when
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Figure 2.1: Main figure: The rescaled energy spectra of avalanches of size s, show-
ing that the scaling function gg(x) decays as 1/x. Inset: A data collapse showing
the average avalanche shape for different T-values. Data from the 2d Manna model.

a control parameter, the grain density ( is varied. The transition takes place at
a specific critical value ¢ = (. of the control parameter, and is characterized by
scaling features typical for critical phenomena occurring at a second order phase
transition. For instance the order parameter of the transition, the density of active
sites p,, behaves close to but above the critical point as p ~ ({ — (.)?, where
is the associated critical exponent. Such models can also be mapped to models of
interfaces moving in random media, consequently the absorbing phase transition can

also be referred to as a depinning transition [29, 30].

The combination of the slow driving and dissipation present in the SOC version of
the model drives the system towards the critical point of the absorbing/depinning
transition. In the steady state, the grain density ( of the SOC models fluctuates
around the critical value (., and the model shows scale invariance with scaling

exponents characteristic to the underlying absorbing/depinning transition [29, 30,
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Figure 2.2: Power spectra (symbols connected by a line) and average avalanche
size as a function of the inverse avalanche duration (symbols without a connecting
line). Left: Manna d = 1. Right: Manna d = 2.

31]. E.g. the avalanche size distributions can be characterized by power laws of the

form
P(f)=s""fc(s/s0), (2.1)

with the cut-off scale sy scaling with the linear system size L as sq ~ L2.

2.3 Power spectra

An important issue in the context of the sandpile models of SOC is the possible
existence of complex temporal correlation in the activity time series extracted from
such simple models. Most often this is studied by computing the power spectrum of a
time series V' (t), which could be for instance the number of topplings as a function
of time, with one parallel update of the lattice defining the unit of time. The
system is driven slowly with an uncorrelated driving such that different avalanches
do not overlap in time. The history of such studies has been confusing: First, BTW

claimed that the sandpile model gives rise to a 1/ f-type power spectrum of V(t),
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Figure 2.3: Power spectra (symbols connected by a line) and average avalanche
size as a function of the inverse avalanche duration (symbols without a connecting
line). Left: Manna d = 3. Right: BTW d = 2.

with the exponent « close to 1 [15]. Soon after that, two groups published results
indicating that sandpile models should instead lead to Lorentzian power spectra,
with o = 2 [33, 34]. After that, a number of different versions of the original
sandpile model have been proposed, some of them apparently displaying non-trivial
temporal correlations or 1/ f-like power spectra [35, 36, 37, 38]. But, in article I, it
is shown that the original BTW model and the stochastic Manna model, without
any modification, follow the apparently generic scaling of the power spectrum, Eq.
(1.10), with a = 7, thus giving rise to non-trivial scaling of the (high frequency)
power spectrum. These results are not sensitive to the drive rate (i.e. the quiet times
between avalanches), as long as it is slow enough such that different avalanches do

not overlap in time.

To demonstrate how this result arises from the generic derivation presented in Sec-
tion 1, the energy spectrum of avalanches as well as the average avalanche shapes
are computed. For the 2d Manna model, the scaling of the energy spectrum E(f|s)
is observed to be consistent with gg(z) ~ 1/x, and the average avalanche shape is

found to be symmetrical and obey Eq. (1.4), see Fig. 2.1. For the BTW model, com-
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plications arise as the avalanches appear to develop an asymmetry varying slowly
with the avalanche duration 7'. Such observations could be related to the multiscal-
ing that the BTW model has been found to exhibit [32]. Nevertheless, the Manna
model in d = 1,2 and 3 as well as the d = 2 BTW model all appear to obey the
scaling a = v, with a = v ~ 1.44,1.77 and 1.9 for the Manna model in d = 1,2
and 3, respectively, and a = v ~ 1.59 for the BTW model with d = 2. For d > 4,
with d = d. = 4 the upper critical dimension of the models at hand, mean field

exponents are expected, implying o = 5 = 2.

This finding contradicts earlier claims that such models should lead to Lorentzian
power spectra independent of the model details and spatial dimension d [33, 34].
Instead, in the physically interesting dimensions d < d. = 4, non-trivial scaling of
the high frequency power spectrum is observed, with the value of the exponent «
reflecting the universality class of the underlying avalanche dynamics. One should
note, however, that the above applies only for frequencies higher than that corre-
sponding to the inverse duration 1/Tj of the longest avalanche in the system. 1/f
noise arising from correlations between different avalanches, as apparently observed

in a number of systems, remains to be explained.
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3 Fluctuations in fluid invasion into disordered

media

Another example system involving avalanche dynamics, the dynamics of a fluid
front invading disordered porous media is considered in this Section. By studying
the phase field model of the problem, it is shown that the avalanche-like propagation
of the front gives rise to a fluctuating spatially averaged interface velocity, obeying
the generic scaling of the power spectrum, Eq. (1.10). Furthermore, the scaling of
the velocity fluctuations of the advancing fluid front with the mean velocity is inves-
tigated and compared to interfaces moving in random media without a conservation

law. The results are reported in more detail in article II.

3.1 Fluid invasion into disordered media

The process of a viscous fluid displacing air or a less viscous fluid in disordered
porous media constitutes an important problem, with many applications in various
fields of engineering and technology, ranging from oil industry applications [39] to
ink penetration in paper in printing processes [40]. A more familiar example from
everyday life of such an imbibition experiment could be a napkin that is accidentally
put in contact with a cup of coffee. Due to capillary forces arising from the porous
structure of the medium (napkin), the fluid (coffee) is sucked from the reservoir
(cup), and an interface separating the invaded (wet) and noninvaded (dry) regions
propagates. Due to the disordered structure of the medium, such an interface is

typically observed to be rough.

In more controlled experiments, such phenomena have been demonstrated to ex-

hibit robust scaling features. In spontaneous imbibition, such as the above example
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involving napkin and coffee, the average interface height h grows in time according
to the Washburn’s law h ~ t'/2 [41]. Forced flow imbibition arises if the pressure
at the liquid reservoir is increased as the interface advances, by keeping the mean
pressure gradient |V P| = (Pr — Pr)/h constant, where P and Py are the pressures
at the reservoir and interface, respectively. In general, the fluid interface advances
as fluid is transported from the reservoir through the medium. Such a fluid flow

obeys Darcy’s law,

- K
i=—"VP, 3.1
. (3.1)

where the flux 7 arises due to a pressure gradient VP, with n the viscosity of the
liquid and & the permeability of the medium [42]. The pressure P; at the interface
is a superposition P; = v*IC + P, + P, of the effect of coarse-grained curvature IC by

an effective interface tension ~v*, the capillary (P.) and atmospheric (Fy) pressures.

The porous structure of the medium gives rise to two different kinds of quenched
disorder: The capillary disorder p.(7) = P.+ 0p.(7) acting only at the interface, and
permeability disorder x(7) = k + dr(7) affecting the flux of liquid from the reservoir
towards the interface. Consequently, one can identify two different length scales.
Due to the tendency of the effective (capillary) interface tension and the average
pressure gradient to smoothen the interface, correlated roughness can be observed

only up to a lateral length scale

[ Ky* _ K

where Ca = nv/~* is the capillary number [43]. Another length scale due to the

ratio of the disorder strengths [44] is given by

K2 Ope VK
Ex ~ % 5 Ca (3.3)

Thus, for the case of a slowly advancing front (or low Ca), one has &, > &, and

capillary-induced fluctuations prevail.
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Figure 3.1: Left: Interface configurations h(w,t) for L = 500 and h = 320. Two
consecutive configurations have a time separations of 500 time units. Right: Time
series v(t) for various values of L = h.

3.2 Phase field model

To model the imbibition process, a phase field model of the problem is considered

[43]. An energy functional

2 2 4
Flo| = /dd+1r [(V;b) — ¢2 + q; — aro (3.4)

couples a scalar phase field ¢(7,t) to quenched randomness a(7) characterized by
the mean value @ > 0 and standard deviation A«, modelling capillary disorder. The
invaded and non-invaded regions correspond to ¢ = 1 and ¢ = —1, respectively. The
model is defined in the d + 1 -dimensional half-space, ¥ = (#,y), with y > 0. As
the system is coupled to a liquid reservoir at the bottom, the appropriate boundary
condition is ¢ = 1 at y = 0. The initial condition for the simulations is chosen to

be a dry system with ¢(7,t = 0) = —1.

The dynamics in such a system is due to the chemical potential, or pressure, y =
dF [0¢, which drives the current j = —kVpu. As liquid is conserved in the flow

process, the appropriate dynamical equation for ¢ assumes the form of the continuity
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Figure 3.2: Left: Scaled velocity distributions for various values of h = L Right:
Power spectrum of v(t) for L = h = 1280, and the avalanche size s(1/7) as a
function of the inverse duration 1/7".

equation,

Op = =V - &)V V26 + ¢ — ¢ + o). (3.5)

Numerical simulations of the model mimicking forced flow imbibition are performed
by continuously shifting the space-dependent fields ¢(7,t), () and «a(7) downward
with velocity . In the steady state this keeps the average interface height h constant
at h = a/(20) [43].

3.3 Fluctuations of the fluid front

To study the fluctuations of the interface velocity, the case of a slowly propagating
interface is considered, such that &, > &.. In this limit the capillary disorder domi-
nates and permeability noise can be ignored. Thus, in the simulations only capillary

disorder is considered, by setting x(7) = x in Eq. (3.5).
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The propagation of the rough interface is observed to take place in a sequence of
avalanches or localized bursts of fast interface motion. Such fast moving parts of the
interface are surrounded by non-propagating or pinned regions arising from liquid
conservation: liquid is being dragged from a surrounding region of lateral size h¢ to
allow the interface to propagate in the fast moving part of the interface. These fast
moving parts can be identified with regions of maximal capillary forces experienced
by the interface. At some point this moving part will encounter lower capillary

forces and get pinned. Then, another part of the interface will start moving.

Such dynamics gives rise to a spatially averaged velocity v(t) of the interface, which
in the limit of slow imposed ¥ (or high h) becomes increasingly intermittent, see
Fig. 3.1. For h > L, there is typically only one avalanche going on in the system
at any given time, so that bursts in v(¢) can be related to individual localized
avalanches. In the left panel of Fig. 3.2, distributions P(v) of the spatially averaged
interface velocity are shown. These resemble Gumbel distributions of extreme value
statistics, reflecting the fact that avalanches are occurring in regions of maximal
capillary pressure. The size or volume of such avalanches is expected to scale with the
duration as s(T) ~ T7t. If an avalanche has a lateral size [, then its vertical extent
is given by w ~ [Xtee where . is the local roughness exponent. The avalanche size
is then given by s ~ [4*Xwe, The scaling of avalanche durations with [ is obtained
by noticing that an avalanche takes place in a region of higher capillary forces than
in other parts of the interface. Due to the independence of the local values of p.,
the excess velocity is related to [ like v ~ (%2 implying T = w/v ~ [Xiec*4/2 Thus,
a relation s(T") ~ T with
Xioc +d

Vst = m (3.6)

is obtained. For the case at hand, with d = 1, one has y;,. = 1 and consequently
vst = 4/3. Due to the relation (1.10), one thus expects that also the high frequency
part of the power spectrum S(f) = (|9(f)|?) of v(¢) for the interface with d = 1
scales like S(f) ~ f~*3. Numerical results consistent with this are presented in the

right panel of Fig. 3.2.
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Figure 3.3: Left: Fluctuations Av as a function of the mean velocity v, for a
constant L = 500 (open circles) and for L = h. Right: Awv vs. v for the local model,
L =10%

Let us next consider the relation between the mean interface velocity v and the
fluctuation Awv. The overall average velocity of the interface is related to the average
avalanche velocity gy, trough 0 & (€/h)% a0, Where & = €. or &, giving the cut-off
length scale of the moving avalanches. Within a region of lateral size h, the overall
velocity fluctuation is given by (£/h)?Avgu,. As there are (L/h)? such independent

regions,

/2 d
Av ~ <Z> (2) AUgyq. (3.7)

By further assuming that the avalanche velocity fluctuations obey Avgyq ~ Ugva, ONE

gets
B d/2
Due to ¥ ~ 1/h, this gives rise to
Av ~ g2 =42, (3.9)

The left panel of Fig. 3.3 shows the relation Av vs. v for two different geometries,

and a reasonable agreement with predictions of Egs. (3.8) and (3.3) is found.
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This can be compared with the velocity fluctuations of an interface without any
conservation law, driven by a force F' through a random medium. In such a situa-
tion, there typically exists a zero temperature critical value F for the driving force,
separating pinned and propagating states. In the vicinity of such a depinning tran-

¥ and order parameter scaling

sition, a diverging correlation length & ~ (F — F,)~
of the form v ~ (F — F.)? ensues. In the critical region where ¢ ~ L, § assumes a
non-trivial value less than 1, while for slightly larger driving forces one has L > &

and a cross-over to v ~ (F' — F,) takes place.

In a system of lateral size L, one has N = (L/€)? independent subvolumes. The
local spatially averaged velocities within these subvolumes are then independent
random variables with mean v and standard deviation assumed to obey dv ~ ©.

The fluctuations of the overall instantaneous velocity are then given by
Av ~ §v/VN ~ gt /20 [=d/2, (3.10)

Numerical simulations with the cellular automaton version of the d = 1 quenched
Edwards-Wilkinson equation 0h/dt = T'V2?h + F + n(x, h(z,t)) (with n an uncorre-
lated quenched noise) in the regime with L/{ = O(10) are in reasonable agreement
with Eq. (3.10), yielding 1 — dv/(20) = 1/3 by using an effective 6.5y = 1 and
v = 4/3, the known critical value for the d = 1 depinning transition, see the right
panel of Fig. 3.3. Thus, the character of the velocity fluctuations of a driven inter-

face depend on the presence or absence of a conservation law.
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4 Discrete dislocation dynamics

Let us next consider the rich phenomenology arising from dynamics of interacting
dislocations, line-like defects present in crystalline solids. The results regarding the
relation (1.10) between avalanches of dislocation activity and noise in such systems
have been published in article III. Article IV deals with apparent temporal corre-
lations between distinct avalanches and the dependence of such correlations on the
thresholding procedure applied to identify avalanches. Also the history dependence
of the dynamics is studied. The results on a low angle grain boundary interacting

with a single edge dislocation are published in article V.

4.1 Plastic deformation of solids

Plastic deformation of crystalline solids has been an active field of study already
for a long time due to its enormous practical importance for various engineering
applications. It is well established that the dominating contribution of irreversible
deformation arises from the nucleation and motion of dislocations, linear defects
of the ordered crystal lattice. The traditional picture of the deformation process
has been that of a smooth laminar flow -like process in which fluctuations average
out when large enough scales are considered. However, recent experimental obser-
vations have challenged this paradigm: Instead, plastic deformation of crystalline
[11, 12, 13, 45, 46, 47, 48] as well as amorphous [49, 50, 51] solids is characterized by
intermittent avalanches of plastic activity spanning several orders of magnitude in
size. Similar results have been obtained also by modelling the plastic deformation
of crystalline solids by means of discrete dislocation dynamics models of varying
degree of complexity, ranging from simple two dimensional models involving point-
like dislocations [52] to more realistic three dimensional simulations with flexible

dislocation lines [53].
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4.2 Morphology of crystalline solids

Crystalline solids are ordered structures formed by the constituent atoms of the
material. These can have different structures (such as BCC, FCC) depending on
the material at hand. However, real crystals are usually not perfect. Instead, a
typical piece of solid material with crystalline structure contains a finite concen-
tration of various defects, including point defects such as vacancies, interstitial and
substitutional atoms, as well as line defects such as dislocations. On larger scales,
crystalline materials are often composed of distinct grains with a specific crystallo-
graphic orientation in each grain, separated from each other by planar defects called

grain boundaries.

Dislocations are the defects the motion of which is typically responsible for the
majority of the plastic deformation of crystalline solids. Two specific kinds of dis-
locations are the edge dislocation and the screw dislocation, see Fig. 4.1 for a
schematic illustration of the former. Also mixed dislocations combining aspects of
both types are common. Dislocations can be characterized by a “topological charge”,
the Burgers vector l;, indicating the magnitude and direction of the induced lattice

distortion.

Under an applied external (shear) stress, dislocations tend to move, or glide, in
some specific slip planes containing both the dislocation and its Burgers vector,
defined by the underlying crystal structure. Slip motion of a screw dislocation is
possible in any plane containing the dislocation, as the dislocation and its Burgers
vector are parallel. The Burgers vector of an edge dislocation is perpendicular to the
dislocation line, implying that for a given edge dislocation there is only one plane in
which it can move by glide. Another mechanism contributing to dislocation motion
is called climb, through which an edge dislocation can move perpendicular to its
slip plane. As dislocation climb is due to diffusion of vacancies, it is a strongly

temperature dependent phenomenon. For low temperatures, dislocation glide is the
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Figure 4.1: A schematic diagram of an edge dislocation. The dislocation line is
located where the extra plane of atoms inside the crystal ends.

dominating mechanism for motion of edge dislocations.

4.3 Discrete dislocation dynamics model

A common feature of a class of models referred to as discrete dislocation dynamics
(DDD) models is that there the dislocations are taken as the fundamental entities
of the model, instead of the atoms of the underlying lattice [52, 53, 54, 55]. Such an
approach is convenient as unlike in atomistic simulations [56] it makes it possible to
study systems with reasonably large number of dislocations, but at the same time
allows a more detailed description of individual dislocation processes than various
continuum models where dislocation densities are considered to be the basic variables

57, 58, 59].

Here, a simple two-dimensional discrete dislocation dynamics (DDD) model similar
to the one presented in Ref. [52] is considered. The point-like dislocations are

assumed to be of edge type, and they can also be thought to represent cross-sections
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Figure 4.2: An example of a time series V(t) = >_; |v;|, showing bursts of disloca-
tion activity.

of straight dislocations in a three dimensional system. For simplicity only dislocation
glide along a single slip direction parallel to their Burgers vectors b = tbu, is
considered. The equations of motion are assumed to be overdamped, with the

velocity of the n’th dislocation v,, given by

-1
Xd Un _ bs,, {Z SmOs(Thm) + 0| (4.1)

b m#n

where v, is the velocity of the nth dislocation, y4 is the dislocation mobility, s,
refers to the sign of the Burgers vector of the nth dislocation, and ¢ is the external
shear stress acting on the dislocations. The dislocations interact with each other

through their long range elastic stress fields of the form

b (@ — )
%) = et =) @2 1 g2

(4.2)
with p the shear modulus and v the Poisson ratio of the material. Dimensionless
versions of the equations of motion (4.1) are studied by measuring lengths in units of
b, times in units of 1/(x4Db) and stresses in units of 1/[27(1 — v)]. Phenomenolog-
ical annihilation and multiplication reaction are also implemented: If the distance

between two dislocations with Burgers vectors of opposite signs is less than 20, they

are removed from the system. This is balanced by monitoring the local stress in the
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Figure 4.3: Left: The average avalanche shape for different threshold values V.
The inset shows the average creation and annihilation rates (r. and r,, respectively)
during an avalanche. Right: Power spectra of the signal V'(t) = ¥, |v;| (dashed lines
) and the avalanche size (solid lines) as a function of the inverse duration, for various
values of the external stress . The inset shows an example of the power spectrum
of the strain rate signal.

system and adding a new dislocation pair to the system with a probability propor-
tional to the local stress magnitude if it exceeds some threshold value. This is done
in such a way that the local stress magnitude will decrease due to the stress field of
the new dislocation pair, mimicking the effect of dislocation multiplication through

Frank-Read sources in real plastically deforming crystals [60].

4.4 Noise and avalanches

Such a system has been demonstrated to undergo a transition between a jammed and
moving steady states, as the control parameter, the external stress ¢ is increased.
Close to the transition point, 0 = o, the strain rate

i b
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exhibits power law time dependence i ~ ¢t~ for the early times, with 6§ ~ 2/3,
reminiscent of the Andrade creep law observed in a number of systems ranging from
metals [61] to paper [62]. For ¢ < 0., the system will eventually get stuck, due
to the self-induced constraints on dislocation motion arising from the combination
of long range elastic interactions and kinematical constraints due to the single slip
geometry considered. For o > 0., however, a moving steady state is observed after
the initial transient. This state is characterized by large fluctuations of dislocation

activity, visible as burst in the collective velocity signal
V(t) = luil. (4.4)

The sizes s = [y [V(t) — Vin] of such avalanches have been found to exhibit power

law scaling, with an exponent 7, close to 7, = 1.6 [52].

More detailed studies reveal that the shape of these avalanches appears to be slightly
asymmetrical in time, see the left panel of Fig. 4.3. While this is in agreement with
experimental observations regarding the pulse shape in acoustic emission studies
[19], it could also arise from the way dislocation multiplication is implemented. The
instantaneous introduction of a dislocation pair changes the stress field in the system
in a discontinuous way, thus causing a jump in the collective velocity signal V().
As such a multiplication event is one of the microscopic processes contributing to

an avalanche, it could explain some of the observed asymmetry.

Furthermore, avalanches are observed to follow the scaling (s(7")) ~ 77 with 4 ~
1.5, independent of the threshold value V;;,. This is in reasonable agreement with
the previous results for the model, as can be seen by the scaling relation

o= gt (4.5)
yielding s =~ 1.6 by using 7, = 1.6 [52] and 75 = 1.8 (with 75 characterizing the
statistics of the quantity F = (3; |v;])? [12]). Similar conclusions apply to the power
spectrum of the signal V' (), which scales as S(f) ~ f~, with o & 1.5, see the right

panel of Fig. 4.3. Thus, the relation o = v is satisfied also in this case.
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Figure 4.4: The effect of the threshold value V;;, on the observed correlations
between avalanches. Left: Distributions of the waiting times 7, defined to be the
time interval between the starting times of two consecutive avalanches. Right: The
correlation integrals of avalanche starting times.

4.5 Correlations between different avalanches

In a number of experimental systems with avalanche dynamics, temporal corre-
lations of different avalanches are often observed [3, 16]. Typically this happens
through clustering of avalanches, the best known example being aftershocks in the
context of earthquakes, with their statistics being described by the Omori law [17].
An often used technique to check if such correlations exist is to study the waiting
time distribution between avalanches. For uncorrelated avalanche triggerings, one
expects an exponential distribution of waiting times, and consequently deviations
from this simple form are often interpreted to indicate the presence of some correla-
tions between avalanche triggerings. Another possibility is to analyze the correlation

integral of avalanche starting times [45].

In the present case one has to threshold the signal with some threshold value V;;, in
order to be able to define individual avalanches. Thus, also the effect of varying the

threshold needs to be considered. The waiting times are here defined to be the time
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intervals between the starting times of two consecutive avalanches. Their distribu-
tion is observed to evolve with the threshold, such that for low V;j,-values the forms
of the distributions are close to exponentials, whereas for higher threshold values
a cross over to a power law distribution with an exponent 7. &~ 1 is observed, see
the left panel of Fig. 4.4. Similar conclusions can be made based on the correlation
integrals of the avalanche starting times, right panel of Fig. 4.4: For low thresholds,
the starting times appear to be almost random, whereas for higher threshold values

significant clustering is observed.

This can be interpreted to arise from the breaking of individual avalanches into
correlated subavalanches as the imposed threshold value is increased: An avalanche,
by definition, is a correlated sequence of activity, and thus different parts of the
same avalanche are correlated. While it is unclear to what extent such an idea
might explain the apparent avalanche clustering observed in various experiments, it

could be worth considering in more detail in the future.

4.6 History dependent dynamics

Dislocation ensembles have been proposed to belong to a family of glassy systems,
characterized by slow dynamics and ageing. Such issues have previously been studied
in the absence of externally applied stresses, by studying the relaxation of random
dislocation configurations [63]. Recent experiments have addressed also the effect
of an applied stress [64]. Here, the waiting time dependent response of the system
is discussed briefly in the case where an external stress is applied, in the form of

various cyclic loading/unloading histories subject to the dislocation ensemble.

The left panel of Fig. 4.5 shows an example of such a situation, with a stress close
to o. applied for three cycles, separated from each other by waiting times of equal

duration 7 = 5 x 10? time units during which no stress is applied. The first loading
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Figure 4.5: Time evolution of the average strain rate in loading/unloading cycles
with constant stress during the loading steps. Left: ¢ = 0.01, unloading cycles of
equal duration 7 = 5 x 103. Right: Two different stress values (¢ = 0.01 for the
blue curves, o = 0.04 for the red curves) and unloading cycles of different durations
7 = 10,102,103

cycle reproduces the Andrade creep scaling 4 ~ t~2/3, but the last two do not: the
system appears to be “stronger” after the initial loading cycle - the strain rate decays
faster in time. The right panel of Fig 4.5 shows similar cyclic simulations for two
external stress values, but with different waiting times (7 = 10,10% 10%) between
the loading steps. Both the initial regime of slow relaxation as well as the crossover
time to the steady state are observed to depend clearly on the loading history. This

non-trivial response of the system needs to be further explored in the future.

4.7 On the effect of grain boundaries

The scale free dynamics of plastic deformation of crystalline solids described above
in the case of single crystals is nowadays a well established phenomenon. However,
less is known about the intermittent dynamics of plastic deformation of solids with

polycrystalline structure. Recent experiments on polycrystalline ice samples indicate



Figure 4.6: A schematic figure of the grain boundary dislocation system.

that the characteristic scale due to the average grain size (d) induces a (d)-dependent
cut-off to the distribution of acoustic emission amplitudes [65]. Also the power law
exponent appears to change from the single crystal case [65]. Other effects of the
polycrystalline structure include the so called Hall-Petch law, relating the yield
strength of the material to the grain size [66].

To understand such phenomena, a crucial question is the effect of grain boundaries
on the propagation of the avalanches of plastic activity from one grain to the other.
In the following, as a conveniently simple starting point for such considerations, the
interaction of a single dislocation with a deformable low-angle grain boundary is

studied.

The low angle grain boundary is schematized as a linear assembly of N + 1 edge
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dislocations distributed along the y-direction with a constant spacing D, with Burg-
ers vectors b parallel to z axis. The grain boundary is taken to be pinned at both
ends (y = 0, y = L), but can otherwise be deformed under an applied shear stress.
Such deformations are denoted by a vector 7, with 7, the displacement of the nth
dislocation along the z axis, see Fig. 4.6. Then, up to quadratic terms in 7,, the

energy cost of deformation reads

K 2

2 i )
with K = pub?/(4wD?*(1 — v)). If an external stress field 7(7) is applied, an equation
of motion for the nth dislocation in the grain boundary ensues

) oE .
Y + ﬁ = sbr(7), (4.7)

n

where v is a phenomenological friction coefficient for dislocation glide. The static

displacement is then obtained as the solution of

oF
o, - %: Vo m = bt (7), (4.8)
where
-K—, n#m
Viem = (n—m) 7 (4.9)

K> i ﬁ, n=m.

If one takes 7(7) to be the stress field generated by a single external edge dislocation
a having a Burgers vector of modulus b and sign s, = +1, positioned at 7, = (24, Ya),
Eq. (4.8) becomes

(nn - xa>2 B (Dn — ya>2
(nn - xa)2 + (Dn - ya)2]2’

where ¢ = pb?/[2n(1—v)|. By assuming small deformations 7, < z,, and expanding

Z VamMm = $SaC(Mn — xa)[ (4.10)

to the lowest order in 7,, one obtains the solution

M & =2 3 N LY AL Cn(7), (4.11)
1 m
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Figure 4.7: Left: Comparison between Eq.(4.12) and the profiles of the deformed
grain boundaries obtained from the discrete dislocation dynamics simulations. Mid-
dle: The deformation induced stress correction to the stress field of a straight grain
boundary, as obtained from discrete dislocation dynamics simulations, by comput-
ing the difference between the deformed and undeformed cases. Right: The first
order correction term, Eq. (4.15).

where \; = 2K7l/N and 4}, = \/2/7]\7 sinwin/N are the eigenvalues and eigenvectors
of the matrix V,,,,,, respectively, and C,,(7,) = ssqc[x?—(Dn—ya)?]/[x2+(Dn—y,)*]>.
Then, by considering the limit L > x,, the sum over m can be replaced by an integral
from —oo to 0o, which is then calculated by considering the residues around the poles
of the function C,, (7). This yields a displacement

1 x ly, . ml
Ny = —255axaﬁ Zl: e~ T 17l gin % sin 7;\]—” (4.12)

This deformation affects the stress field generated by the grain boundary. The shear

stress at (z,y) due to the deformed grain boundary can be written as

o(2,y) =Y 0T = N0,y — ). (4.13)
For small deformations 7,, the stress can be expressed by Taylor expanding around

Thh = O, O'n(x — T, Y — yn) ~ Un(xay - yn) +O’;(I’,y _yn)nn + 0(77721) Eq (413) can

then be rewritten as

o(z,y) =z, y) + oW (z,y) + ... (4.14)
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where 0¥ (z, y) is the stress field generated by a straight grain boundary. The first

order correction reads

b 1 ThTa l a
oW(z,y) = 7T8a$alﬂ ﬁZe_ > lsinﬁliy X (4.15)
—v
]
l il [
l (1 - 77235\) et sin%y.

Comparison with results from discrete dislocation dynamics simulations shows that
Egs. (4.12) and (4.15) give a good estimate of the grain boundary deformation due
to the external dislocation and the induced stress correction to the grain boundary
stress fields, respectively, see Fig. 4.7. The net effect of the grain boundary defor-
mation is such that the deformation-induced stress correction tends to screen the
stress field of the external dislocation. Consequently, such a screening effect could
provide one mechanism through which avalanches of dislocation activity would tend
to be confined to some extent within individual grains. One should note, however,
that the deformation process is not instantaneous. Instead, it is characterized by a
relaxation time given by [67]

2LD~(1 —v
- —7(2 ). (4.16)
b
Thus, for very fast avalanches (which may not cross grain boundaries anyway), the
relaxation time can be long compared to the avalanche duration, and the screening

effect does not play a role. For longer avalanches, however, the deformation-induced

screening might become important.

It is important to remember that real grain boundaries present in polycrystalline
materials are typically complicated structures which cannot in general be described
as an array of dislocations. However, such a simple toy model may nevertheless give
some insight on the general physics of screening of stress fields by extended defects

such as low angle grain boundaries.
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5 Mobile impurities

In this Section, a single particle interacting with a cloud of mobile impurities is stud-
ied, as a toy model of a dislocation interacting with diffusing solute atoms in solid
solutions. In systems such as metallic alloys, the dynamic interaction of dislocations
and the diffusing solute atoms is known to give rise to intriguing phenomenology,
including the Portevin-Le Chatelier effect [68]. Here, within the simple toy model
of a single “dislocation” interacting with diffusing impurities in one dimension, it is
found that the statistical properties of the dynamics of the particle (or “dislocation”)
can be described by fluctuations characterized by power law scaling with a cut-off.

The results are reported in more detail in article VI.

5.1 Introduction

The motion of driven particles, interfaces, membranes etc. in disordered media is an
important topic in both condensed matter and statistical physics. The properties
of quenched, or frozen disorder do not change within the experimentally relevant
time scales. Such disorder is typically due to various impurities in the material and
can be modelled e.g. by pinning centers that have fixed positions in space. For
elevated temperatures, however, these impurities might start diffusing around, thus
becoming mobile. A particular example of such a system is given by a dislocation
interacting with diffusing solute atoms in metallic alloys. The presence of mobile
impurities can have dramatic effects on the dynamics of the system, as evidenced e.g.
by the Portevin-Le Chatelier -effect in solid solutions [68], occurring within a certain
range of temperatures and applied strain rates. This phenomenon, widely believed
to arise due to the dynamic interaction between dislocations and diffusing solute
atoms, gives rise to localized plastic deformation visible as macroscopic deformation

bands and oscillating stress-strain curves of various kinds [69, 70, 71].
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5.2 Particle interacting with diffusing impurities

Here, a simplified model mimicking some features of a single dislocation interacting
with a cloud of diffusing solute atoms is studied. The dislocation line is reduced
to a single point particle, representing the average position of the dislocation line
within its glide plane. As thermal fluctuations acting on the different segments of
the dislocation tend to average out on the scale of the entire dislocation line, the
projection particle is taken to be at zero temperature. The diffusing impurities,
mimicking pure misfit solute atoms, have an attractive interaction with the particle
(dislocation), but do not interact with each other. For simplicity, the dynamics of the
system is constrained to one dimension, and only parameter values of the problem
with which the impurity particles have a vanishingly small probability to escape from
the neighbourhood of the particle within the relevant time scales are considered.
Thus, the particle moves around due to interaction with a cloud composed of a

fixed number N of diffusing impurity particles.

The equations of motion of the system are

uor = Zf(x — Ts,;) (5.1)
s, = —fla—xs;) +ms,

where = and z,,; are the positions of the particle and the ith impurity particle,
respectively. f(z) is the interaction force between the particle and an impurity
particle, p defines the relative mobilities of the particle and the impurities, and n;
is Gaussian white noise acting on the ¢th impurity particle, with mean zero and

standard deviation 7).

By differentiating the equation of motion of the particle with respect to time, and
by linearizing the particle-impurity interaction force such that 0,f(z) ~ —C < 0,

one can write an equation of the form of an Ornstein-Uhlenbeck process for 0z,

Olr = — o + €, (5.2)
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Figure 5.1: Trajectories of the particle and a single impurity. The monotonic ex-
cursions correspond to the motion of the particle during time intervals the impurity
spends on a given side of the particle. p = A =1=1.0,6n =0.1.

with A = C(N + u)/p and & = (C/p) >o;m;. The process defined by Eq. (5.2) for
Oy has been considered in the literature [72, 73] and its properties are known. In
particular, the first passage probability P(T'|v)dT that the process starting initially

at vg crosses zero for the first time in [T, T + dT] has an exact expression [73]

|2 |up|\3/2e AT g
P(T|vy) = W—D—(l — BT exp _—2D(€2)‘T —| (5.3)

which vanishes for vy = 0. To circumvent this problem, a small but non-zero value

vo ~ € is considered and Eq. (5.3) is expanded to leading order in €, yielding

P(T|e) — €T =32 f.(T/Ty), (5.4)

3/2 —x
fe(z) = \/WQD(la_jeiz)g/g- (5.5)

For practical purposes, the first return times 7" to origin of d;x can thus be taken

where Ty = 1/X and
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to be characterized by a probability distribution scaling as

P(T) ~ T f, (;;) , (5.6)

with 7 = 3/2 and the cut-off scale Ty ~ 1/A. The average shape of an excursion
of Oz, (Dyx(t))r, scales for t,T —t < 1/X as (O (t))r = T fopape(t/T), where
vst = 3/2. Then, the distribution of lengths Az = fOT Oyxdt of the monotonic
excursions of the particle scales as

P(Az) ~ (Az)™ f. (ﬁ;) | (5.7)

The exponent value follows from the scaling relation 7o, = 1+ (70 — 1) /s [14],
yielding 7a, = 4/3. The cut-off scale Az is due to the combined effect of the cut-off
To of the first return time distribution through Az ~ Ty*" and the factors contained

in the rescaled noise term, giving rise to

Azo = (i)w 5E = \/5(1—32)3/2 (5.8)

These predictions are verified by numerical simulations, where an interaction force
of the form f(z) = —Azexp—(1/2)(z/1)? is used for simplicity. The equations
of motion (5.1) are integrated with the Euler algorithm. The thermal noise was
chosen to be weak enough such that the impurity particles did not escape from
the neighbourhood of the particle during the simulation time. An example of the
ensuing trajectories for the particle and a single impurity is shown in Fig. 5.1.
Probability distributions of the monotonic excursions Az of the particle are shown
in the left panel of Fig. 5.2, displaying the expected scaling with 7o, = 4/3 and the
cut-off Az obeying Eq. (5.8).

The power law forms of the distributions of the monotonic excursions Az and their
durations T indicate that for scales smaller than those corresponding to the cut-offs
of the distributions, the particle is performing transient anomalous diffusion. As

the early time behaviour of the mean square displacement (x?)(¢) is dominated by
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Figure 5.2: Left: The probability distributions of the monotonic excursions of the
particle interacting with N impurities. The inset shows a data collapse of the distri-
bution, with Axy computed from Eq. (5.8). Right: The mean squared displacement
of the particle interacting with a single impurity, from various interaction strengths
A. The early time behaviour follows (22) ~ t>/2, with a cross-over to normal diffu-
sion for times longer than 7. u=1=1.0,6n = 0.1.

a single large step Az, one should consider the effect of such a step conditioned on

its duration,

@~ [ (A(T)2P(T)T = Ji TRt g o 2Tt (5.9)

corresponding to (z2)(t) ~ t>/2. For times longer than T, a cross-over to normal
diffusion with (z?)(t) ~ t is expected. The right panel of Fig. (5.2) shows the

behaviour of {(x?)(¢) in numerical simulations, confirming the above result.

5.3 Constant velocity drive

To study the effect of an external drive, a slow constant velocity drive is considered.

The equations of motion become

uoyr = Z flx —z)+ F (5.10)

atl'si - —f(l' - xs,i) + i,
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Figure 5.3: The behaviour of the external force as a function of time. The inset
shows a magnification of a part of the signal in the steady state. u=1=1.0,A =
0.01, N =10, K =0.1,6n = 0.1 and V = 0.001.

where F' = K(Vt — z), with V' the driving velocity and K a spring constant char-
acterizing the response of the driving mechanism. Here, the interesting quantity is
the statistics of the external force fluctuations. An example of the behaviour of the
external force as a function of time is shown in Fig. 5.3. After an initial transient,
the system enters a steady state characterized by fluctuations of the external force.
To study such fluctuations, the stochastic process 0,F is considered, along similar

ideas as above. One can thus write

O}F = —Kolx (5.11)
K C KC
= —|—+—(N+p|oF+—> n
l” M( /ﬁ)] t " i77

+IZO[V(N +p) — F.

In the steady state the last term has a zero mean, due to the balance of the driving
velocity and the average retarding force due to a single impurity. By further assum-

ing that its fluctuations 6[V(N + p) — F] = 0F satisfy 6 F < v/Nén, Eq. (5.11) can
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Figure 5.4: Left: The probability distributions of the monotonic changes of the
external force AF for various parameter values. Right: A data collapse of the same
distributions, with Fy computed from Eq. (5.13)

be approximately written as

K C

KC

i

which is again of the form of the Ornstein-Uhlenbeck process for 9,F. Thus, the
monotonic changes of the external force AF = fOT O Fdt are expected to be dis-
tributed as a power law P(AF) ~ (AF)™™2F f (AF/AF), with Taor = 4/3 and

KC+\/uNodn

AFy = )
T IK T OV T PR

(5.13)

Fig. 5.4 shows the probability distributions P(AF') for various values of the param-
eters satisfying the condition AFy, < v/ Nén. The expected power law scaling with
Tar = 4/3 and AF} obeying equation (5.13) is observed.

The fluctuations considered here have been neglected in classical studies of a dis-
location dragging a cloud of solute atoms [74]. Future studies of these issues in
systems with a large number of interacting dislocations interacting with diffusing

solute atoms would be interesting.
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6 Summary

In this thesis various aspects of non-equilibrium systems with avalanche dynamics
are studied. The relation between the power spectrum and avalanche scaling orig-
inally proposed to account for observations in the context of Barkhausen noise is
shown to be applicable much more generally. In article I, for the sandpile models of
self-organized criticality this is shown to imply that such simple models can exhibit
non-trivial scaling of the high frequency power spectrum of the activity time series
V (t), contrary to earlier claims. Thus, observations of a power spectrum exponent
« < 2 in various systems, such as in the context of solar flares [75, 76], cannot be

used to exclude SOC as the underlying mechanism.

In article IT, the same relation between the avalanche statistics and the power spec-
trum scaling is demonstrated to apply also for the spatially averaged velocity of an
advancing fluid front when a viscous fluid displaces air or a less viscous fluid in porous
media (imbibition) within a phase field model of the problem. Furthermore, also
the collective dislocation activity in a simple two dimensional dislocation dynamics
model obeys the same scaling relation (article III), which could be checked also in
three dimensional simulations [53] and possibly in experiments [13]. This scaling

appears thus to be quite generally applicable in systems with avalanche dynamics.

In article IT it is also found that the velocity fluctuations of the fluid interface ex-
hibit scaling with the average interface velocity that is governed by the geometry
of the situation as well as by the conservation law arising from the liquid conser-
vation. This is then contrasted with the velocity fluctuations of interfaces without
any conservation law, which are found to obey different scaling. These findings can

be checked experimentally in systems such as Hele-Shaw cells.

Several aspects of the rich phenomenology arising from the interaction of large num-
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bers of dislocations in plastically deforming crystals are further considered in articles
IV and V within the two-dimensional discrete dislocation dynamics model. In ar-
ticle TV, the effects of the threshold value used to identify individual avalanches
on the observed correlations between such avalanches are studied. As thresholding
of the intermittent signal is typically used also in various experimental situations,
the evolution of the waiting time distributions with the imposed threshold could
explain some of the observed non-trivial distributions in such experiments. Also
the ageing behaviour of the system in repeated loading/unloading cycles is studied,
and clear history dependence of the response of the system to the loading stress is
observed. These issues should be studied in more detail in the future. In article V,
the interaction of a single dislocation with an array of dislocations - a toy model
of a deformable grain boundary - is studied. The relevance of the grain boundary
deformation induced screening on the propagation of avalanches of plastic activity in
polycrystalline materials is discussed. An interesting possibility would be to study

such phenomena experimentally e.g. in colloidal crystals [77].

Finally in article VI, a single particle interacting with a cloud of diffusing impu-
rities is studied, as a toy model of a dislocation interacting with a cloud of solute
atoms in solid solutions. Analytical calculations and numerical results show that
the dynamics of such a system can be described by fluctuations with statistics given
by power law distributions with a cut-off. It would be interesting to study the ef-
fect of such fluctuations on larger scales, by considering numerically the dynamics
of systems with large numbers of interacting dislocations interacting with diffusing

solute atoms.
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