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Abstract

Piecewise-smooth stochastic systems have attracted a lot of interest in the last
decades in engineering science and mathematics. Many investigations have focused
only on one-dimensional problems. This thesis deals with simple two-dimensional
piecewise-smooth stochastic systems in the absence of detailed balance. We inves-
tigate the simplest example of such a system, which is a pure dry friction model
subjected to coloured Gaussian noise. The finite correlation time of the noise estab-
lishes an additional dimension in the phase space and gives rise to a non-vanishing
probability current. Our investigation focuses on stick-slip transitions, which can be
related to a critical value of the noise correlation time. Analytical insight is provided
by applying the unified coloured noise approximation. Afterwards, we extend our
previous model by adding viscous friction and a constant force. Then we perform
a similar analysis as for the pure dry friction case. With parameter values close
to the deterministic stick-slip transition, we observe a non-monotonic behaviour of
the probability of sticking by increasing the correlation time of the noise. As the
eigenvalue spectrum is not accessible for the systems with coloured noise, we con-
sider the eigenvalue problem of a dry friction model with displacement, velocity and
Gaussian white noise. By imposing periodic boundary conditions on the displace-
ment and using a Fourier ansatz, we can derive an eigenvalue equation, which has a
similar form in comparison to the known one-dimensional problem for the velocity
only. The eigenvalue analysis is done for the case without a constant force and with
a constant force separately. Finally, we conclude our findings and provide an outlook

on related open problems.
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Chapter 1
Introduction

Piecewise-smooth dynamical systems have attracted a lot of attention over the past
decade. They have been widely used for phenomenological models in engineering
and other applied sciences. As such systems cannot be investigated in the same way
as smooth dynamical systems, a new theoretical framework is needed for the math-
ematical treatment [28]. Piecewise-smooth dynamical systems can be modelled by
differential equations with discontinuities [34]. The dynamics exhibit new and unex-
pected phenomena, new types of bifurcations, which do not appear in the theory of
smooth dynamical systems [21,68], or a loss of determinism as multivalued solutions
arise although the dynamics started from a single initial condition [53]. In the past
few years, concepts from smooth dynamical systems have been adapted and used in
the context of piecewise-smooth dynamical systems, e.g. the so-called master sta-
bility function, to investigate the synchronisation properties of coupled non-smooth
systems [23,70,79]. Applications of piecewise-smooth dynamical systems can be
found in various fields of research, e.g. in neurodynamics [22] or superconducting
resonators [54]. Systems with dry friction (or Coulomb friction) are very promi-
nent examples of piecewise-smooth systems [9,10,100] and have been investigated in
many different contexts, e.g. in seismology [13,14]. Characteristic of the dynamics
of these systems is the appearance of stick-slip motion [30,98].

In comparison to deterministic systems, the theory of piecewise-smooth stochas-
tic systems is still in its infancy. Stochastic models with discontinuous drifts are used
in physics and biology, e.g. in the framework of Brownian ratchets [69,81,85,86] or

for a phenomenological description of the stochastic motion of small solid objects
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1. Introduction

on a solid surface, i.e. stochastic dry friction models [3,4,15,27,48]. The dynamics
of such models exhibits new features such as noise dependency of the correlation
time [94] or directed motion due to the interplay of asymmetric vibrations and dry
friction in the absence of a constant bias [7]. Non-Gaussian distributions for the
underlying macroscopic variables have been found [27,48,57,71,72]. In addition,
stochastic dry friction models have been used in the framework of diffusive trans-
port in graphene [80]. From a more rigorous point of view, the influence of Gaussian
white noise on sliding motion in Filippov systems close to a switching manifold and
near periodic orbits has been investigated [88,90].

Analytical results are available for a few piecewise-smooth stochastic systems,
e.g. exact solutions for the propagator [15,94], closed expressions for the power
spectral density via Laplace transformations [95] and estimates for the first passage
time distribution [19]. Furthermore, the concepts of path integral methods and weak-
noise approximations, which are normal tools to study smooth stochastic models,
have been extended to investigate piecewise-smooth stochastic systems [5,6,18]. In
addition to the aforementioned studies where Gaussian noise sources were used,
dry friction models with non-Gaussian noise have been considered as well [7,8, 58];
these models are partially exactly solvable. While the aformentioned investigations
focused on Langevin dynamics, dry friction has been considered in connection to the
Boltzmann-Lorentz equation in the framework of granular material, e.g. studies on
a granular rotor [84,92] and an adiabatic piston subjected to granular gas [83,93].

Some features of stochastic dry friction models have been found in experiments
including water droplets and small solid objects sliding on a vibrating substrate
[16,42-44, 73] or rotators subjected to granular media [32,40,41].

The abovementioned investigations focused mainly on one-dimensional problems.
For higher dimensions, studies are very rare. A few examples are numerical investi-
gations on the displacement statistics [72], the derivation of asymptotic expressions
for the transitional probability distribution in an N-dimensional Fillipov system [89],
and results on the autocorrelation function of the velocity in higher dimensions [26].
The obvious advantage of one-dimensional problems is that analytical results are
easier to compute. On the other hand, for example, regarding two or higher dimen-
sional stochastic systems, the question always arises as to whether detailed balance
is violated [82], which can hamper analytical computations. Prominent examples

for such a scenario are systems with Gaussian coloured noise.
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1. Introduction

Stochastic perturbations are very often modelled by using Gaussian white noise,
which is usually an appropriate choice and analytical calculations can be done since
such problems often represent a Markov process. However, if the correlation time of
the noise and the characteristic time scale of the investigated system are of the same
order, a correlated noise (or coloured noise) is more appropriate [47]. Analytical
calculations of problems containing coloured noise are hampered by the lack of
detailed balance and Fokker-Planck techniques cannot be used directly since we are
dealing with a non-Markov process. Such a correlated noise can be generated for
example by an Ornstein-Uhlenbeck process, which enables us to obtain an higher
dimensional equivalent Markov process. In general, one has to rely on approximation
schemes, which are well established in the literature [36,37,55]. Models including a
coloured noise have been studied in many different contexts, e.g. magnetic resonance
[62], neurodynamics [11] and recently in active particle systems [35,65,99].

In this thesis we will go beyond one-dimensional piecewise-smooth problems and
investigate simple two-dimensional models, which do not obey detailed balance. An
obvious choice lies in focusing on a piecewise-smooth system subjected to coloured
noise, which gives rise to an additional dimension in phase space. We are interested
in how the impact of the correlation time of the noise affects the properties of the
underlying system, e.g. how the shape of the probability distribution or the power
spectral density changes. In general, we want to elaborate on whether transition
phenomena between the low correlation regime and high correlation regime become
visible and can be expressed by analytical means. The investigations focus first on a
pure dry friction model before we study a system with dry and viscous friction plus
a constant force, similarly to the case of the model subjected to white noise [94].

In addition, we will consider the eigenvalue problem of a dry friction model with
displacement, velocity and Gaussian white noise. As results for the one-dimensional
for the velocity are well established in the literature, the question is how the dry
friction affects the dynamics of the displacement of a particle. In particular, we
want to investigate the structure of the underlying eigenvalue spectrum and study
the impact of dry friction on the eigenvalues. Our goal is to perform this analysis

analytically to a large extent.

13



1. Introduction

1.1 The Langevin equation with dry friction

To set the background of this thesis, we discuss some aspects of Brownian motion
with dry friction. Historically, only a viscous friction has been taken into account in
the Langevin equation [38]. Therefore, we investigate the impact of an additional
dry friction contribution, which comes into play when solid-solid interactions are
considered, e.g. a solid object sliding over a vibrating plate. The dry friction can be
characterised by the following scenario: when the object is at rest, an applied force
has to overcome a certain threshold value to move the object and, consequently,
it slides on the plate. If the force is not large enough, the object does not move
and remains at its current position. The simplest way to model dry friction from
a macroscopic and phenomenological point of view is by using the sign-function as

the velocity dependent friction, which has the following properties:
o(tv) = £1, o(0)=0. (1.1)

More complex and more challenging friction models can be used to take into account
all characteristics, which can occur in systems with dry friction like hysteresis and
the Stribeck curve [100]. However, in this thesis, we stick to the model shown in
Eq. (1.1).

Initially, the work of Caughey et al. [3,4,15], de Gennes [27] and Kawarada
and Hayakawa [57] have only considered the stochastic dynamics of an object on
a vibrating horizontal plate and therefore only viscous and dry friction have been
taken into account there. However, experiments have been conducted by using an
inclined plate, where the object has been subjected to an additional constant force
as well e.g. [16]. Thus, the Langevin equation for the velocity of a particle with dry

friction, viscous friction and a constant force reads
i(t) = —vo(v(t)) — yu(t) + F + VDE(R). (1.2)

Here v is the dry friction coefficient and ~ the viscous friction coefficient. F' denotes
the constant force and D is the diffusion constant. For convenience, we have set the

mass of the particle to one. The variable £(¢) describes Gaussian white noise with
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1. Introduction

zero mean and a delta-correlated autocorrelation function

(1) =0, (EBEE)) =t —1), (1.3)

where (...) denotes the average over all realisations. Since Eq. (1.2) represents a
Markov process, we can derive the corresponding Fokker-Planck equation for the
propagator of the velocity

2

0 0 D o
aP(v,t\vo, 0) = 5 (vo(v) +yv — F) P(v,t|v,0) + EwP(v, t|vg,0).  (1.4)

Here we have the initial condition P(v,0]vg,0) = d(v — vg). As the noise is additive
in Eq. (1.2), we do not need to specify whether we use the Ito or Stratonovich
interpretation [38].

In the case of pure dry friction (y =0, F' = 0), Eq. (1.2) simplifies to

o(t) = —vo(v(t)) + VDE(L). (1.5)

This case is also called Brownian motion with two-valued drift [88]. By applying
the following transformation to non-dimensional units (also see App. B.3 as well)
2w 212

v, t' = —t (1.6)

=D D

the corresponding Fokker-Planck equation reads

2
(z,t|x0,0) = 2U(x)P(x,t/|aco, 0) + 8—P(x,t/|x0, 0) (1.7)

ot P ox 0x?

and we have the initial condition
P(z,0|z0,0) = §(z — o). (1.8)

To solve Eq. (1.7) via the eigenfunction expansion of the propagator, some care
needs to be taken. Since we are dealing with a piecewise-smooth drift function, we
have to solve the problem for the two half spaces (x > 0 and = < 0) separately and
then match the solutions together at the continuity, by imposing continuity for the

eigenfunctions and the probability current. Further details of such a calculation are
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1. Introduction

presented in the next Chapter 2 and in [94]. Thus, the time-dependent solution can

be found explicitly for the pure dry friction case

e /4 2y €17 |:17| + |x0|
Pt |00, 0) = £ e~al-leal/2g—(a—s0)?/ta¢) € ll n erf( )]
(@, ¥0,0) 2/rt! 4

where

erf(z \/_/ (1.10)

is the error function. In the stationary limit ¢ — oo, we obtain the stationary
probability distribution

Plz) = %exp(—|x|). (1.11)
In Fig. 1.1, we present the time evolution of the propagator Eq. (1.9). We start from
the initial condition zo = 2 (see Eq. (1.8)) and the system evolves until it reaches
the stationary distribution (blue curve in Fig. 1.1). The characteristics of a system
with dry friction is the cusp of the probability distribution, which can be observed

at v = 0.

P(x,t’[x,0)

Figure 1.1: Time evolution of the propagator from Eq. (1.9) for the pure dry friction
case. The initial condition is zy = 2. The dotted-dashed line denotes the stationary
probability distribution (Eq. (1.11)).

For additional viscous friction and a constant force, it has not been possible
to find an exact solution for the propagator. Nevertheless, an expression for the

time-dependent solution of the underlying Fokker-Planck equation (Eq. (1.4)) can
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1. Introduction

be found and represented in terms of parabolic cylinder functions (see App. C) by
using a spectral decomposition [94] or considering the problem in Laplace space [95].

The shown Langevin equation (Eq. (1.2)) represents a Markov process, which
enables us to apply Fokker-Planck techniques, which means that an analytical treat-
ment of the problem is possible. Furthermore, with natural boundary conditions the
probability current vanishes in the stationary case in one dimension, which straight-
forwardly leads to the stationary probability distribution. This does not apply for
systems with coloured noise, in which we have a non-vanishing stationary probability

current, as we will see later in this thesis.

1.2 Outline of the thesis

This thesis consists of six chapters and four appendices. Chapter 2 gives an in-
troduction on the concepts and methods that are used in this thesis. Thus, these
preliminaries are important to support the understanding of the thesis.

Chapter 3 deals with the investigation of a pure dry friction model subjected
to coloured noise. We derive an analytical expression for the marginal stationary
probability distribution of the velocity by using the so-called unified coloured noise
approximation. The joint probability distribution for the velocity and the noise
amplitude is computed numerically and its properties are discussed in comparison
with an analytical asymptotic expression. The findings are supported by numerical
simulations of the stationary probability current to underline the nonequilibrium
character of our model. Afterwards, we turn towards dynamical features of the
model like correlations of the velocity, which are computed via the power spectral
density. Finally, the statistics for sticking and sliding time periods are investigated.

In Chapter 4, we extend the pure dry friction model with coloured noise by
adding viscous friction and constant bias. Here the focus lies on the interplay of the
constant force and the correlation time of the noise. The analysis in this chapter is
basically the same as in Chapter 3. We will focus our investigations on parameter
values close to the deterministic stick-slip transition of the model.

In Chapter 5, we derive an eigenvalue equation for the problem of a two-dimensional
piecewise-smooth system with displacement, velocity and Gaussian white noise.

Here we make use of periodic boundary conditions for the displacement, which facil-
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1. Introduction

itates analytical calculations. The procedure is based on the approach used for the
one-dimensional problem for the velocity only. The eigenvalue analysis is performed
by considering the problems with and without a constant force separately.

Finally, we summarise the main results of this thesis in Chapter 6 and also
provide an outlook on closely connected open and interesting problems.

Details on calculations and derivations are put in the appendices to facilitate the

reading of the thesis and to keep it self-contained.
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Chapter 2
Preliminaries

For the convenience of the reader, we introduce and recall particular methods and
results in this chapter to support the understanding of the thesis. In Sec. 2.1,
we investigate an Ornstein-Uhlenbeck process subjected to coloured noise. As this
model is tractable analytically, it is suitable to show the characteristics of coloured
noise and the important differences towards Gaussian white noise. In Sec. 2.2 we
introduce the so-called unified coloured noise approximation, which is a simple ap-
proximation scheme for systems with coloured noise, where the violation of detailed
balance hampers analytical calculations. This approximation is used in the Chap-
ters 3 and 4. We revisit results from a Fokker-Planck approach to Brownian motion
with dry friction in Sec. 2.3. The presented methods are applied in Chapter 5. Fi-
nally, we elaborate the connection of our investigations to more rigorous treatments

of Filippov systems with noise.

2.1 Ornstein-Uhlenbeck process driven by coloured

noise

Before we start our investigations on systems with coloured noise, we recall known
results from the classical Ornstein-Uhlenbeck process with Gaussian white noise.

The equation of motion reads

b(t) = —yu(t) + VDE(t) (2.1)

19



2. Preliminaries

where 7 is the viscous friction coefficient, D the diffusion constant and £(¢) describes
Gaussian white noise with zero mean (£(¢)) = 0 and 0 correlation (£(¢){(s)) =
d(t — s). Through the entire thesis we will set D = 1 (by applying appropriate
transformations of the variables, we can always get rid of the diffusion constant, see
App. B). The corresponding Fokker-Planck equation reads

2

0 0 10
ap(’l],ﬂvo,to) = %’}/UP(U,t’U(),to) + Ewp('l},ﬂ’ljo,to). (22)

It can be rewritten in the form

9 9
EP(U,H’U(),to) = —%J(U,t), (23)
J,t) = —yuP(o, o, to) — ~2P(o, o, to). (2.4)

2 0v

Eq. (2.3) is interpreted as a continuity equation with the probability current J(v,t).
We impose natural boundary conditions, which means that the probability dis-
tribution and the probability current vanishes at v — +oo. As we have a one
dimensional problem, it follows that the stationary probability current vanishes ev-
erywhere. Therefore, the stationary solution can be obtained by a straightforward

integration from Eq. (2.4) and we get

P(v) = \/gexp (—?) . (2.5)

The time-dependent solution of Eq. (2.2) reads

P(v,t|vy, 0) =

Y Y(v — voe™")?
(1l — e 2) P 1 —e 2

with the initial condition

P(v,0|vg,0) = 6(v — vy). (2.7)
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By using these results (Egs. (2.5) and (2.6)), the stationary autocorrelation function

can be expressed via [38]

G(t) = ((vt) = () (©(0) = ()

= <Ug)v(22>—<v>2
= /_ /_ vue P (v, t|vg, 0) P(vg)dvdug
= %eXp(—’ﬂf)

- Zog (_Ti) | (2.8)

Here, we have defined the correlation time 7, = v~! and we have zero mean for the

velocity (v) = 0. The power spectral density of the velocity is defined as

L.
Sew(w) = 5= Jim [o(w)]*, (2.9)

where v(w) denotes the Fourier transform of the velocity v(t). Using the Wiener-

Khinchin theorem [38], we can find the power spectral density for the velocity

1 [ _
va(w> = % €_ZWtG<t>dt
1 1
= —. 2.10
21 42 + w? (2.10)

Here we have used the property of the autocorrelation function G(t) = G(—t). The
full width at half maximum of the spectral density reads Aw = 2v. We note the
relation between the correlation time and the full width at half maximum for linear

stochastic processes
2

Aw= = (2.11)
Te
Next, we replace the Gaussian white noise £(¢) in Eq. (2.1) with an Ornstein-
Uhlenbeck noise 7(t)

0(t) = —yo(t) + n(t). (2.12)
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n(t) is exponentially correlated

2T

<mwm¢>=3>wp<—“‘“), (2.13)

and 7 denotes the correlation time of the noise. This noise is generated by an

Ornstein-Uhlenbeck process

0(t) = —2 + @ (2.14)

Due to the correlation time of the noise 7, which can be interpreted as the memory
of the noise, Eq. (2.12) describes a non-Markov process. Therefore, we cannot apply
our previously used techniques to Eq. (2.12). By taking the limit 7 — 0, the coloured
noise becomes a white noise 7(t) — &(t). The equivalent two-dimensional Markov

process reads

0(t) = —vyo(t) + n(t), (2.15a)
n(t) = —g + %t) (2.15b)

The corresponding Fokker-Planck equation reads

0 0

EP(Uﬂ%tlUOanOatO) = %(W/U_n)P(U7nat|U07770at0)
0 (n 1 0
~=+:55 )P L1
877 (7. + 272 (%7) (Uan7t‘1}0an0>t0) ( 6)

We can rewrite it as a continuity equation

0

0 0
Pt meto) == (Goh(ea + haa) (217

with the components of the two-dimensional probability current J(v, )

Jv<vvn) = ("YU+77)P(Ua77;t|7)07770,t0>7 (218)
_ (n_ L9
Jy(v,m) = ( W 87]) P(v,n,t|vo, no, to)- (2.19)

In one dimension, it is quite straightforward to find the stationary solution, see
Egs. (2.2) - (2.5).
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For two or more dimensions, the stationary probability current does not vanish
in general. Only if the drift coefficients satisfy the so-called potential conditions,
the stationary probability current vanishes everywhere and we can proceed as in one
dimension to find the stationary distribution via a straightforward integration [82].

The potential conditions for the drift coefficients A; read

0A; DA,
8Ij N 8!@ ’

(2.20)

In Eq. (2.16) we have A, = —yv+n, A, = —n/7, thus the conditions (Eq. (2.20)) are
not fulfilled here. If these conditions do not hold, finding the stationary solution of
the Fokker-Planck equation becomes more difficult as a straightforward integration
is not possible and other analytical or numerical methods have to be applied.

The condition of a vanishing probability current is also known as a version of the
condition of detailed balance. Roughly speaking detailed balance holds in system
if each transition is balanced by the reverse transition. For a system described
by a Fokker-Planck equation, detailed balance holds if the irreversible part of the
stationary probability current vanishes [82]. The formulation of detailed balance in
the framework of the Fokker-Planck equation has been developed by van Kampen
[96,97] and Graham and Haken [45]. A detailed discussion including the application
of these concepts to Kramers’ equation (Brownian motion in a potential) [59] can
be found in [82]. Kramers’ equation is an example for a system, where the potential
conditions do not hold, but the system satisfies detailed balance since the irreversible
part of the probability current vanishes. Even more, the conditions of detailed
balance can be used in this case to find the stationary distribution. However, systems
including a coloured noise do not satisfy detailed balance [33,47,63].

Nevertheless, the stationary solution for Eq. (2.16) can be found analytically; it
reads [82]

M exp [—v(1 +~7)*0% + 297 (L 4+ y7)vn — 7(1 +47)7°] .
(2.21)

The above expression can be derived using various methods, e.g. applying a double

P(v,n) =

Fourier transform to both variables in the Fokker-Planck equation and then making
use of the method of characteristics. Eq. (2.21) describes a correlated, bivariate

normal distribution. The time-dependent solution P(v,n,t|vg,n9,0) can be found
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the same way, but we will not state this result here. The marginal probability

distribution P(v) can be obtained via an integration over 7

Pv) = /memmm

—00

— @ exp (=7 (7 + 1)?) . (2:22)

Figure 2.1: Stationary distribution P(v) (Eq. (2.22)) for different values of the
correlation time of the noise: 7= 0.0 (blue), 7 = 0.1 (yellow), 7 = 1 (red). Further
parameter: v = 1.

In Fig. 2.1, we can observe that the probability distribution becomes narrower with
increasing 7, as the variance scales 02 ~ 7!, This result does not come as a surprise,
as the amplitude of the noise 7(t) decreases when we increase the correlation of the
noise. In the white noise limit 7 — 0, we arrive at the known result for an Ornstein-
Uhlenbeck process, see Eq. (2.5). In order to visualize that the system does not
obey detailed balance, we calculate the stationary probability current (Egs. (2.18)
and (2.19))

Jo(v,n) = (=yv +n)P(v,n), (2.23a)
Ty = T O (2.230)

where P(v,n) is the stationary joint probability density from Eq. (2.21).
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Figure 2.2: Stream plot of the stationary probability current for 7 = 0.1 (a) and
7 = 1.0 (b) according to Eqgs. (2.23a) and (2.23b). Further parameter: v = 1 in
both figures. The stream plot displays the normalised vector field of the current.

Fig. 2.2 shows clearly that for a non-zero correlation time of the noise 7 the stationary

probability current does not vanish, which is a clear signature of the nonequilibrium

character of this model. Furthermore, the coloured noise n(t) induces an additional

drift term (see Eq. (2.16)), which leads to the rotational form of the current.

To investigate the dynamical properties of the model, e.g. the power spectral

density, we perform a Fourier transform of the equations of motion (Eqs. (2.15a)
and (2.15b)):

—iwv(w) = —yv(w)

n(w)

—iwn(w) =

Rearranging the equations yields

n(w)

v —iw’

n(w)

1—itw’

(2.24a)

(2.24D)

The power spectral density of a variable x can then be found via

(2.25)

(2.26)
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where z*(w) denotes the complex conjugate of x(w) [38]; thus, we obtain

1
) = T

1
Sorl) = e Ay

(2.27a)

(2.27D)

We can observe that both power spectral densities are Lorentzian shaped; for 7 # 0
the spectrum for the noise variable 1 shows a w=2 decay for high frequencies, whereas
the spectrum for the velocity decays with w=*. Taking the white noise limit 7 — 0,
Syn(w) becomes a constant and S, (w) changes towards a Lorentzian with w2 decay
at high frequencies.

From Egs. (2.27a) and (2.27b) we can find the full width at half maximum

respectively

2
Aw, = —, (2.28a)
T
4.4 6 2,2 1— 2 2_1
AWUJ2<\/VT+ Rl e e ) (2.28D)
T
100
10 ¢
g
0.1 ¢
0.01 ‘ ‘ ‘ ‘
0.001 0.01 0.1 1 10

T

Figure 2.3: Full width at half maximum Aw, as a function of the noise correlation
time 7 for three different values of v, obtained from Eq. (2.28b).

As S,,(w) becomes a constant in the white noise limit, it is not surprising that

Aw, — 00. Aw, approaches the value 2 for 7 — 0, which is in accordance with
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the result for an Ornstein-Uhlenbeck process (Eq. (2.11)). In the high correlation
limit (7 — o0) Aw, decays towards zero with 77
Fig. 2.3, the full width at half maximum (Eq. (2.28b)) is presented as a function of

7 for different values of v. We observe that for large values of 7 the results for the

as the asymptotic behaviour. In

three different cases of v coincide.

The presented model Eq. (2.12) is one of the few examples in which it is possible
to find exact analytical results despite the violation of detailed balance. Another
similar linear model, which is tractable analytically, is the case of Brownian motion
in a harmonic potential driven by coloured noise, see [52]. The same process with
Gaussian white noise instead of the coloured noise is also known as Kramer’s equa-
tion in the literature [38]. In general, however, exact analytical results in systems
without detailed balance are difficult to find. Therefore, we often need to rely on

numerical simulations or appropriate approximation schemes, see Sec. 2.2.

2.2 Unified coloured noise approximation

In this section, we want to provide an approximation scheme that enables us to ob-
tain analytical expressions for models with coloured Gaussian noise. In this thesis
we will only consider the so-called unified coloured noise approximation developed
by Jung and Hénggi [55]. This particular approximation is simple to apply, en-
ables direct analytical computations and overcomes many of the shortcomings of
other approaches (e.g. restriction to small parameter ranges); see [47] for a detailed
discussion. In the following, we recall the steps of this method along the lines of [55].

Consider the following one-dimensional stochastic differential equation

i(t) = —f(z) +n(t) (2.29)

where f(z) denotes a drift, which can be nonlinear in z, and 7 describes the coloured

noise with an exponential correlation (n(t)n(s)) = 5= exp (—@) This equation

describes, as already seen in the previous section, a non-Markov process due to

the correlation time of the noise. The equivalent two-dimensional systems reads,
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similarly to Egs. (2.15a) and (2.15b)

(t) = —f(z) +n(t), (2.30a)
n(t) = —@ + @, (2.30b)

where £(t) is Gaussian white noise. As already mentioned in the previous section,
in general, it is not possible to solve the Fokker-Planck equation corresponding to
Egs. (2.30a) and (2.30b), although we are dealing with a Markov process now. There-
fore, we proceed by applying the approximation scheme that we have already men-
tioned above. Differentiating with respect to t in Eq. (2.30a) and using Eq. (2.30b)
to eliminate n(t) yields

#(t) + (1) G + f’(x(t))) _ + 80 (2.31)

Here f'(x(t)) denotes the derivative of f(x(t)) with respect to x(t). We introduce a

new timescale ¢ = 7-!/2¢ taking into account the correlation time of the noise

% + ii) (% + f’(:z:(ﬂ)) = —f(l;(t)) + fgi (2.32)
By rearranging, we get
(D) + (DB (D). 7) = — (D) + ) (233)

where we have introduced the damping factor

. 1 N
Bla(i)7) = (= + VFFat) ). (2.34)
If we have f'(z) > 0, B(x(t), ) approaches infinity for 7 — 0 (no correlation) and
7 — oo (high correlation regime). Therefore, we can apply adiabatic elimination
procedures (neglecting fast variables) when the condition S(x,7) > 1 applies; under
this condition we are dealing with a quasi-overdamped system. Thus, we proceed

by neglecting the #(#) term in Eq. (2.33), which gives us the following multiplicative
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stochastic process

A A

i) = -2 &H (2.35)
Bla(t),7)  T/B(2(t), 7)
Thus, we have mapped a non-Markov process (Eq. (2.29)) to an effective Markov
process (Eq. (2.35)).

Since we have arrived at a multiplicative stochastic process, we have to decide

whether we will follow the Ito or Stratonovich interpretation. These two interpre-
tations are equivalent and the underlying Langevin and Fokker-Planck equations
differ only by a correction term for the drift [38]. In the original work involving
the unified coloured noise approximation [55] and other related investigations [47],
the Stratonovich interpretation has been chosen. Investigations of Horsthemke and
Lefever, who considered Stratonovich calculus and coloured noise in the framework
of a master equation [50], and the theorem of Wong and Zakai [101] indicate that the
Stratonovich interpretation is chosen in the context of problems involving a coloured
noise. The Wong-Zakai theorem states that if the white noise of a stochastic pro-
cess is considered as a limit of a noise source with a small but non-zero correlation
time, then the investigated process converges to a Stratonovich stochastic differen-
tial equation in the limit of vanishing correlation time. For example, if we consider

the following system with a drift f(z) and a variable-dependent diffusion g(x)

w(t) = —fzt) + g(z(t))n(t), (2.36)
nt) = —@Jr@, (2.37)

x(t) satisfies the Stratonovich stochastic differential equation

2(t) = —f(x(t) + g(=(2))E() (2.38)

in the limit 7 — 0. A more recent discussion on the issue with Ito and Stratonovich
can be found in [75]. As we follow along the lines of [55], we use the Stratonovich
interpretation and therefore stick to normal calculus rules.

To derive the corresponding Fokker-Planck equation now, we recall the following

expressions. Having a stochastic differential equation of the form

@(t) = —A(x(t) + B(x(t))€(?) (2.39)
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with a drift A(x), a diffusion B(z), which depends on the variable # and Gaussian
white noise £(t), we obtain the following Fokker-Planck equation (following the

Stratonovich interpretation) [38]

%p@,m,m = %[A(a:)P(%tlxo,O)H%% [B@)%[B(x)ﬂ%ﬂ%o”
— o (40 + §B@ 1B ) Pt 0
1o* .,
+ 5557 [B@)P(a, t]r0,0)]. (2.40)

By inserting the corresponding expressions from Eq. (2.35) we end up with

0 0 (@ 1 B,
EP(%H%’O) - Ow <6($,7’) 2\/?63(%7'))]3( o, 0)

1 0% [ P(x,t]zg,0)
+ 2\/?3372( 52(s.7) > (2.41)

The stationary solution reads

P(x) = Nexp (—Q/f(m)da;) exp (=7 f*(z)) 1+ 7f'(z)|
= NP_o(z)exp (—7f%(2)) 1+ 7f(z)]. (2.42)

Eq. (2.42) shows that for 7 # 0 two correction terms enter the expression for the
stationary distribution. In the limit 7 — 0 we arrive again at the result for white
noise, represented by P,_o(z) in Eq. (2.42). This approximation scheme is expected
to give excellent results in the limits 7 — 0 and 7 — o0, and for intermediate values
of 7 it is supposed to be a useful approximation. Deviations will be expected if
the condition f(x,7) > 1 does not hold. This approximation can be extended to
multiplicative stochastic processes subjected to coloured noise.

To illustrate this method, we apply this approximation to the Ornstein-Uhlenbeck

process driven by coloured noise, see Egs. (2.12) and (2.14), and we obtain

o e

o(t) = — :
% +VTYy 4 <% +\/;7)

(2.43)

As we have a linear drift function, i.e. yv, this stochastic process remains additive.
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The stationary probability distribution reads (see Eq. (2.42))

P(v) = N 'exp(—7v?)exp (—77*0%) (1 +77)
T+1
= AN (77 ) exp (—y (y7 + 1) v?). (2.44)
This result coincides with the previously found expression (Eq. (2.22)). Thus, the
approximation reproduces the exact result for the linear drift in v.
In [65], the authors generalised the unified coloured noise approximation to higher
dimensional systems and applied it in the context of active particles. Furthermore,

an extension of this method to problems with coloured Poisson noise has been sug-
gested in [64].

2.3 Fokker-Planck approach to Brownian motion

with dry friction

The problem of Brownian motion with additional dry friction can be solved to a large
extent analytically by investigating the corresponding Fokker-Planck equation. In
this section we recall the main calculations and results from [94].

We have a Langevin equation of the form
B(t) = —A@) + £(0), (2.45)

where A(v) is now a piecewise-smooth function. The corresponding Fokker-Planck

equation is, in non-dimensional units (see Apps. B.3 - B.5),

2
QP(Ua t|U07 0) = QA(U)P(UJWO, 0) + %

T 5 P(v,t|vg, 0). (2.46)

The stationary distribution is given by

P(v) = M~ exp (— / A(v)dv) (2.47)
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with the normalisation constant

M= /_ o; exp (- / A(v)dv) v, (2.48)

In order to solve the time-dependent problem, we introduce the following sepa-

ration ansatz for the propagator [82]
P(v,t) = exp(—At)up(v). (2.49)

up(v) and A are the corresponding eigenfunction and eigenvalue of the Fokker-Planck

operator Lrp and we have the following eigenvalue equation

—Aup(v) = Lppuy(v)
_ (%A(U) + %) un(v), A>0. (2.50)

Since the Fokker-Planck operator is not Hermitian because of the first derivative in

Eq. (2.50), we have to take the adjoint problem into account as well

—Awa(v) = Lipwa(v)
= (—A(v)(% + %) wp (v). (2.51)

L} p denotes the adjoint operator of the Fokker-Planck operator Lpp. The eigen-
functions up (v) are related to the eigenfunctions of the adjoint problem wy(v) via

the stationary distribution

un(v) = wa (v) exp (— / A(v)dv) . (2.52)

This relation arises from the symmetrization of the Fokker-Planck operator to trans-

form it into a Hermitian operator L [82]
L=[P)]"* Lpp [P(v) 2, (2.53)

where P(v) denotes the stationary distribution (Eq. (2.47)). The two eigenfunctions
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form a bi-orthogonal system

/ wn (V)W (0) = 6, 1. (2.54)
Since the duality of Lrp and its corresponding adjoint operator LTF p 1s equivalent to
perform integration by parts, the following boundary conditions for the eigenfunc-
tions can be found

|v]—o00

up(v)wp (v) 0. (2.55)

Thus, it necessary to check that not only the eigenfunction u, (v) fulfils the boundary
conditions but the product of the two eigenfunctions does.
Since Eq. (2.46) is linear in P(v, t|vg, 0) the general expression for the propagator

reads (in the case of a discrete spectrum)

P(o, t|o,0) = 3 =P (_At)]&i(”)w(”‘)) (2.56)
A

where M, denotes the normalisation factor

My = /OO up(v)wa (v)dv. (2.57)
Whether the underlying eigenvalue spectrum is purely discrete or not can be clarified
via Elliott’s theorem [50].

Since we are dealing with a piecewise-smooth problem, we first have to solve
Eq. (2.50) for the positive and negative domain separately. Then we match these
solutions at the origin, where we impose the continuity of the eigenfunctions and

the probability current, which results in the following two conditions

up(0—) = up(04), (2.58a)

A (0-) + Sun(w)] = A0 + oua()| . (258)
v=0+

v=0—

After these more general aspects, we consider several drift functions for A(v) and

apply the methods presented above. The case of pure dry friction

A(v) = o(v) (2.59)
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represents the dynamics of a particle in a symmetric wedge potential. The cor-
responding Fokker-Planck operator exhibits a spectral gap and continuous spec-
trum [82]. Results for the propagator, which is available as an exact analytical
expression, and the stationary probability distribution are shown in Sec. 1.1, see
Egs. (1.9) and (1.11); a detailed derivation can be found in [94].

Next, we consider the case with dry and viscous friction
A(v) = v+ po(v), (2.60)

where p is the rescaled dry friction coefficient (see App. B.4). The eigenfunctions
can be even or odd because of the symmetric potential. Therefore, it is sufficient to
investigate the problem for non-negative velocities by imposing appropriate bound-
ary conditions at the origin (v = 0) in accordance with Egs. (2.58a) and (2.58b).
For the drift in Eq. (2.60) these conditions are

ul?(0) =0, (2.61a)

e a e
uufx)(O) + —ug\)(v) =0, (2.61b)

where ug\e) (v) denotes the even eigenfunction and ug\o) (v) the odd counterpart. With
the drift function from Eq. (2.60), the eigenvalue equation (Eq. (2.50) becomes
0? 0

wu/\(v) + %[(v + p)up(v)] + Aup(v) =0, v > 0. (2.62)

To find a solution, we apply the transformation

uA@ozzexp(}—ﬁiégﬁf)zm(v> (2.63)

and arrive at P L e

vt
This equation is known as the Weber equation and can be solved by the following
ansatz

ya(v) = AiDa(v + 1) + Ay Da(—(v + ). (2.65)

Dy (v + p) is the parabolic cylinder function (see App. C.1) and A;, A, are coeffi-
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cients. We need to choose the solution which decays at infinity v — oco. Due to the
asymptotic behaviour of the parabolic cylinder function (see App. C.1) we choose

A; =1 and Ay = 0. Thus, the expression for our eigenfunction uy(v) is

v+ p)?
up(v) = exp (—%) Dy(v+ p). (2.66)
To take the boundary conditions at the origin into account, we insert the result
from Eq. (2.66) into Egs. (2.61a) and (2.61b) and by using an identity for parabolic
cylinder functions (Eq. (C.4b)), we arrive at the following characteristic equations

for the odd and the even eigenvalues

DA&@ () =0, (2.67a)
Ag)DA%e) l(u) =0 (2.67b)

This result indicates that the odd and even eigenvalues are related via
A® = AL 1. (2.68)

The characteristic equations (Eqs. (2.67a) and (2.67b)) have to be solved numer-
ically. In Fig. 2.4, odd and even eigenvalues from Egs. (2.67a) and (2.67b) are
shown as a function of the dry friction coefficient . For increasing dry friction the
non-vanishing eigenvalues also increase, whereas the eigenvalue Ag = 0 obviously
does not change. The relation between the odd and even eigenvalues (Eq. (2.68)) is
clearly visible. A further analysis for eigenvalues with large indices for large values
of p can be found in [94], where asymptotic properties of the parabolic cylinder
functions are used to obtain analytical expressions for the eigenvalues. Finally, the

spectral representation of the full propagator reads

(0) (v)w(O) (U )
P(v,tlvg,0) = )+ eXp A(O tn n 0
( ’ 0 ) Z MTgO)
= 0 W (@)wi (vo)
- Zlexp (—A91) Yo (2.69)
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0 0.5 1 1.5 2 25 3
n

Figure 2.4: Eigenvalues for the case of dry and viscous friction (Eq. (2.60)), obtained
numerically from Egs. (2.67a) and (2.67b). The dot-dashed line and the solid line
represent the odd and the even eigenvalues respectively for n = 1 (yellow), n = 2
(red), n = 3 (green). The blue solid line denotes the vanishing eigenvalue Ay = 0.

where

P(v) = My " exp (—M) (2.70)

is the stationary solution. Mj, quo), M denote the respective normalisation
constants (see Egs. (2.48) and (2.57)).

For the case without dry friction g = 0, the drift function in Eq. (2.60) only
contains the viscous friction and the resulting potential becomes quadratic. Then
we arrive at the problem of the Ornstein-Uhlenbeck process. The eigenvalues become
odd and even integers, see Fig. 2.4 for u = 0. Despite the absence of the dry friction,
Eq. (2.68) still holds as a relation between odd end even eigenvalues. The parabolic
cylinder functions can be represented via the Hermite polynomials as the indices

become integers
2
D, (v) = exp <—%) He, (v). (2.71)

The spectral representation of the propagator (Eq. (2.69)) can then be expressed in a
closed analytical form by using Mehler’s formula [31] and we arrive at the expression
in Eq. (2.6) for v = 1.

After discussing the case for two different types of friction, we extend our equa-
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tions by a constant force. Thus, our drift function changes to
A(v) = v+ po(v) — b, (2.72)

where b denotes the constant force in non-dimensional units (see App. B.5). The
eigenvalue equation (Eq. (2.50)) attains a similar form to Eq. (2.62)
0? 0

8TUA( v) + %[(v + g — b)up(v)] + Aup(v) =0, v = 0. (2.73)
Here, the + signs denote the solution for the positive and negative domain respec-
tively, as we can not classify the eigenfunctions according to their symmetry because
of b # 0. We proceed as in Egs. (2.63) - (2.66) and obtain the following expressions
for the eigenfunction, which can again be written in terms of parabolic cylinder

functions
upn(v) = Crexp (—(v £ p—b)*/4) Da(£v +pFb), v=0. (2.74)

C denote the coefficients for the respective half-space of v. The solution in Eq. (2.74)
fulfils the boundary conditions at infinity. To check the matching conditions at the
origin for our solutions (Eq. 2.74), we insert these expressions into the Egs. (2.58a)
and (2.58b) and by using an identity for parabolic cylinder functions (Egs. (C.4b))

we get

C_exp (—(u+0)*/4) Da(p +b) = Cy exp (— (1 — b)*/4) Da(p —b), (2.75a)

C_Nexp (—(p+b)?/4) Daa(pp+b) = =CyNexp (—(p — b)?/4) Dy (= b).
(2.75b)

In order to have non-trivial solutions for C, these coefficients have to obey the

following conditions

L exp(—(u— b)/4) Dalu— 1) )
O = p (“(u + 07 /4) D (u + ) (2.76a)
 Aexp(—(u— ) Dai(u—b)
O = O Ry (C(u T )2/0) Daca (i 7 D) (276b)

We can derive from the above equations the following characteristic equation for the
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eigenvalues A,
Ay [Da, (1 +b)Da, —1(pe — b) + Dy, (n — b)Dp, 1 (1 + b)] = 0. (2.77)

Fig. 2.5 shows the results for the first five non-vanishing eigenvalues from Eq. (2.77)
as a function of the constant force b and for a fixed value of . We can observe
that the eigenvalues decrease for high values of b. For b > p, the sliding motion is
dominating the dynamics and therefore, the lower part of the spectrum attains an
Ornstein-Uhlenbeck like spectrum where the eigenvalues are integers. For example
the eigenvalues A; and A, approach the values 1 and 2 respectively, as we can see
in Fig. 2.5. Furthermore, the distances between consecutive eigenvalues do not stay
constant by varying b in comparison to the odd and even eigenvalues for the case
without constant force (see Eq. (2.68)).

T

2\

0 0.5 1 1.5 2 2.5 3
b

Figure 2.5: First non-vanishing eigenvalues, obtained numerically from Eq. (2.77)
with = 1. Ay (blue), Ay (yellow), Az (cyan), Ay (red), A5 (green).

Finally, the full propagator reads, similarly to Eq. (2.69)

P(v,t|vy,0) = P(v) + Zexp (—Aut) W. (2.78)

n=1

The stationary solution is

P(v) = My 'exp (— (L;“)Q - bv>> : (2.79)

38



2. Preliminaries

Further details and results can be found in [94].

2.4 Filippov systems with noise

Here, we want to elaborate further the connection between the investigations of this
thesis and the theory of piecewise-smooth dynamical systems, in particular Filippov
systems. Therefore, we start by revising some definitions and concepts from [28].

Given an ordinary differential equation
x(t) = F(z(t)) (2.80)

with the smooth vector field F'(x(t)), we have the flow ®(x,t) = z(t), which describes
the state of the system at time ¢, starting from the initial condition at ¢ = 0. Thus,
we find for the flow

%w,w = F(®(z,1)),  ®(x,0) = (0). (2:81)

Similarly, in the framework of piecewise-smooth dynamical systems one defines a

piecewise-smooth flow, which is given by a finite set of ordinary differential equations
t(t) = Fi(x(t)), for z(t) € S; (2.82)

where S; denotes the respective region of x and we have UZ S; C R™. Each vector
field Fj(x(t)) is smooth and defines a smooth flow ®;(z,t) (see Eq. (2.81)). The
non-empty intersection between the particular regimes (i.e. the intersection of the
closures of the sets to be precise) is called discontinuity set or switching manifold.

A further notion in this context is the degree of smoothness r at a point xg on the
switching manifold. It denotes the order of the Taylor series expansion of the flows
Q;(zg,t) and @;(xg,t) with respect to ¢, evaluated at ¢t = 0, at which the difference

between the two expressions is non-zero, i.e.

o
otr

[@,(xs,t) — ®;(zs.1)],_g £ 0. (2.83)

Systems with a degree of smoothness equal r = 1 are known as Filippov systems.

Prominent examples are friction oscillators or relay control systems (see [28]).
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To give a short example for a Filippov system, which is similar to the used dry

friction model in this thesis, we consider the following system

H(t) Fi(z(t)) ifxzebd, (2.84)
Fy(x(t)) if x € Ss.

S1 and Sy denote the respective region of z. Fi(x(t)) generates a flow ®4(x,¢) and
Fy(x(t)) a flow ®o(z,t). If we have Fi(xg) # Fy(xg), or to express it in terms of the
piecewise-smooth flow 2 [®(zg,t) — Po(zs,1)],_, # 0) on the switching manifold,
the degree of smoothness is one and Eq. (2.84) therefore describes a Filippov system.
For further details, see [28].

In [88-90], Filippov systems with noise have been investigated. A small noise
amplitude had been choosen to underline the perturbative character of the noise.
Analytical results in asymptotic limits have been obtained by using the WKB
method [38]. The investigations focussed on the impact of Gaussian white noise to
the sliding dynamics near a switching manifold and close to periodic orbits, which
involve segments of the discontinuity of the vector field.

The investigations in this thesis build on the studies on Brownian motion and dry
friction, i.e. mainly the work by Hayakawa [48], de Gennes [27], and Touchette et
al. [94]. Here, the focus lies more on solving the underlying Fokker-Planck problem
and computing correlation functions than investigating aspects of stochastic per-
turbations. As previously mentioned in Secs. 2.1 and 2.2, we replace the Gaussian
white noise by an exponentially correlated noise, which is characterised by its cor-
relation time 7 and it is generated by an Ornstein-Uhlenbeck process. Our interest
lies in the impact of the correlation time of the noise to the system with dry friction.

The above mentioned noisy Filippov systems could be investigated in a similar
way by replacing the Gaussian white noise with an Ornstein-Uhlenbeck noise and
studying the impact of the correlation time 7 for example to the stochastically
perturbed sliding motion near a switching manifold or how the different phases of
stochastic dynamics in a relay control system are affected. In general, it will be
interesting to see changes in the dynamics if we go from zero correlation (white

noise limit) to the high correlation limit.
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Chapter 3

Pure dry friction and coloured

noise

In this chapter, we investigate the impact of coloured noise in a piecewise-smooth
stochastic system, which contains only a dry friction term. Our main goal is to
find the differences compared to the case of Gaussian white noise and to show the
characteristics of such a model. This simple model is chosen to allow at least a partial
analytical treatment of the problem as it is the simplest case of a piecewise-smooth
stochastic system without detailed balance.

This chapter is structured as follows. First, we introduce our dynamical equa-
tions and provide numerical results for the time series to show the main charac-
teristics of our model. Section 3.2 focuses on finding analytical expressions for the
marginal stationary distribution of the velocity v and the joint probability distribu-
tion of the velocity v and the noise 1. An approximate expression for the marginal
distribution P(v) can be derived by using the unified coloured noise approximation.
The stationary probability current is computed numerically to show the nonequilib-
rium character of our system. Furthermore, we investigate the dynamical properties
of our model in Sec. 3.3. The power spectral density for the velocity is computed
to investigate the impact of the noise correlation time 7 on the correlations of the
velocity v. Furthermore, we examine the sticking and sliding events and calculate
their distributions. While the latter can only be found numerically, it is possible to
use a semi-analytical approach for the sticking time distribution via the exit time

problem for an Ornstein-Uhlenbeck process.
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Finally, we summarise our findings in Sec. 3.4. The content of this chapter is pub-
lished in [39).

3.1 The piecewise-smooth model

In Section 1.1, analytical results have been presented for the dynamics of particle,
which are modelled by using a one-dimensional piecewise-smooth stochastic differen-
tial equation subjected to Gaussian white noise. The corresponding Fokker-Planck
equation with suitable matching conditions ensuring continuity of the probability
distribution and the probability current captures all aspects of the dynamics and
has been studied intensely in the literature, see e.g. [27]. For the case of pure dry
friction, it is possible to find an exact result for the time-dependent propagator [94]
(see Sec. 1.1 as well).

An extension of this pure dry friction model subjected to Gaussian white noise,
leading towards a two-dimensional stochastic nonequilibrium system, consists in
studying the effect of coloured noise. We therefore replace the Gaussian white noise
by an exponentially correlated Ornstein-Uhlenbeck noise, which is governed by the

stochastic differential equation

n(t) = ——=+ . (3.1)

Here, we have already rescaled the variables in our system and the noise correlation
time 7 remains the only effective parameter (see App. B.6). Since the process 7(t)
can be viewed as a continuous function with a finite amplitude, some care is needed
when introducing the dynamics of the particle. For forces smaller than the dry
friction coefficient, |n| < 1, and v = 0 the particle will stick while otherwise we will

observe sliding dynamics. Thus, we end up with the following equation

o(t) = { 0 if v=0and |n(t)] <1, (3.2)

—oo(v(t)) +n(t) otherwise,

with o¢(v(t)) = o(v(t)) = sgn(v). Alternatively we could use a regularized drift

0(t) = —oe(v(t) +n(t) (3-3)
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and consider results in the limit € — 0; a candidate for this smoothed drift function

could be
o.(v(t)) = tanh (@> . (3.4)

3

We will adopt both views throughout our exposition while we will, at the same time,
avoid the considerable technical difficulties that would be related with a rigorous
approach. Since we consider a noise with finite correlation time but a damping
which does not involve a memory kernel, the system violates detailed balance and
describes a nonequilibrium process [63]. On the contrary, the model in the white
noise limit has a vanishing stationary probability current and describes a process in
equilibrium (see Sec. 1.1).

For the model defined by Eq. (3.2) the static friction equals the kinetic friction.
In real world the former exceeds the latter, and our assumption has to be considered
as an idealisation from an experimental perspective. Our particular choice does not
include any hysteresis, but it has the advantage that the piecewise-smooth dynamical
system can be captured as a singular limit of the smooth dynamics Eq. (3.3). Above
all the model captures stick-slip phenomena which will be a key ingredient of our
analysis.

Before we enter a more detailed discussion let us just illustrate the main phe-
nomenon by time traces obtained from numerical simulations. Throughout all our
numerical investigations we apply an Euler-Maruyama scheme (see App. A for de-
tails) with step size h = 107 for different values of 7. To take the discontinuity
caused by dry friction into account (see Eq. (3.2)) we set v = 0 for |v] < 1073
and |n| < 1, as the particle sticks in this case at the origin. Time traces from the
simulations are shown in Figs. 3.1 - 3.3.

For white noise, we can observe a random motion of the velocity (Fig. 3.1).
For a numerical realisation of the Gaussian white noise the correlation time of the
noise is made equal to the stepsize of the numerical integration. The effect of dry
friction becomes visible for correlation times larger than 7 = 0.1. The particle
sticks for considerable amounts of time at v = 0, as the stochastic force n(t) is
not large enough to move the particle, see Fig. 3.3. For Gaussian white noise,
which has infinite variance, no sticking events can be observed since its amplitude
is always larger than the dry friction coefficient [27]. Nevertheless, the interest in

studying the dynamics of systems with dry friction and Gaussian white noise has
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Figure 3.1: Time traces of the velocity v(¢) (a) and the Ornstein-Uhlenbeck noise
n(t) (b) of the dry friction model (Egs. (3.1) and (3.2)) for 7 = 0.001.
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Figure 3.2: Time traces of the velocity v(¢) (a) and the Ornstein-Uhlenbeck noise
n(t) (b) of the dry friction model (Egs. (3.1) and (3.2)) for 7 = 0.1.
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Figure 3.3: Time traces of the velocity v(¢) (a) and the Ornstein-Uhlenbeck noise
n(t) (b) of the dry friction model (Egs. (3.1) and (3.2)) for 7 = 1.0.
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been motivated by signatures of stick-slip motion, i.e. the cusp of the stationary
probability distribution (see Eq. (1.11)) or stick-slip transitions, which are visible
in the correlation function and the power spectral density [94,95]. The observed
stick-slip phenomenona and the related intermittent motion will be at the centre of
our studies, being the key signature of our piecewise-smooth stochastic model with

coloured noise.

3.2 Stationary distribution

Figure 3.3 exhibits stick-slip dynamics for a high correlation time of the noise,
whereas we observe a random motion of the velocity for smaller correlation times
(Fig. 3.2) and for the case with white noise (Fig. 3.1). Given these results from
the time traces we expect the stationary probability distribution of the velocity to
exhibit a singular component for high correlation times, which reflects the fact that
the particle is sticking at v = 0. Thus, the corresponding stationary distribution is
expected to consist of two contributions: a Dirac 6 component at vanishing velocities
and |n| < 1, and a regular part describing moving particles with finite velocities. The
analysis will be further hampered by the lack of detailed balance so that closed-form

analytic expressions are unlikely to be available.

3.2.1 Marginal distribution and unified coloured noise ap-

proximation

To make some analytical headway let us first have a look at the marginal velocity

distribution

Plv) = /_ " (o, n)dy. (3.5)

We are interested in possible differences compared with the white noise case (see
e.g. Sec. 1.1 and [94]). We apply the unified coloured noise approximation (UCNA)
(see Sec. 2.2 for details) to our system (Egs. (3.1) and (3.3)). Here we use the
smoothed version of the dry friction (Eq. (3.4)) to avoid technical difficulties with

the discontinuous drift and its derivative. In the end we will consider the results in
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the limit € — 0. We obtain the following multiplicative stochastic process

o) el
O =50, " .7 (36)

with

Blu(t), ) = T2 4 71/20,'3(”0(7?)), (3.7)
and ¢ = 772t denotes the new time scale which takes the correlation time of
the noise into account. By using the Stratonovich interpretation (see discussion in
Sec. 2.2 on the issue of the interpretation) the corresponding Fokker-Planck equation

for the propagator P(v,f|vg,0) reads

0 ~ 0 [ o.(v) 1 p(v,T) .
8_£P(U7t’1)070) - % (5(0,7) - 971/2 ﬁg(U,T)> P(U,t”UQ,O)

1 9% P(v,t|vy,0)
2712002 f2(v,T)

(3.8)

Since we have reduced the problem to a one-dimensional Fokker Planck equation

the stationary distribution can be computed by straightforward integration

P(v) = N'exp (—2 / o-(v)dv — o (v) +In (|1 + m;(u)\)) : (3.9)

We can observe that due to the correlation time of the noise two correction terms
enter the expression, as already seen in Sec. 2.2 (Eq. (2.42)). In the dry friction
limit € — 0, the contributions of Eq. (3.9) become

oo(v) = sgn(v), /Jo(v)dv = |v|, oy(v) ~ d(v). (3.10)

Eq. (3.10) indicates that the probability distribution (Eq. (3.9)) consists of two parts
in the dry friction limit: a regular part, which describes the sliding dynamics for
v # 0 and a singular part, which contains the Dirac ¢ function reflecting the sticking
phenomena with v = 0 when the stochastic force is not large enough to move the

particle. In the following, we consider the two parts separately.
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For the calculation of the normalisation constant N, we have

N = /OO exp (—2/@(2})(&)—7’03(1})—I—ln(|1+7cr;(v)|)) dv

= /00 exp (—Q/UE(U)dv — Taf(v)) dv
N N;;g _
+ /00 exp (—2/05(v)dv — TU?(U)) ToL(v)dv
I > N;;g _
= N + Ning (3.11)

where Npe, denotes the normalisation due to the regular part and Ng;,, denotes
the normalisation due to the singular part, which contains the term o’(v). The first
part of Eq. (3.11) reads in the dry friction limit (see Eq. (3.10))

Npey = / exp (—2[v] — To5(v)) dv

o0

= exp(—7). (3.12)

As we have a singular and a discontinuous contribution in the second term of
Eq. (3.11), some care is needed and we proceed in a different way to compute the
integral. Due to the o’(v) term, which becomes the Dirac §(v) function in the dry
friction limit (Eq. (3.10)), we only have to consider the parts which give a nonzero

contribution around v = 0

Nging = / eXp(—TO'S(’U))TO';(U)d’U

o0

= /_ﬁ exp (—z?) V/7dz

\/F

= rrerf(y/7) (3.13)

where we have used the substitution x = y/7o.(v) and the error function

erf(z) = % /OZ exp(—y?)dy. (3.14)
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Thus, the regular part of the stationary probability distribution reads

(3.15)

Paus (o) — 2 (2l0] —703(0)

~exp (—7) + rrerf(y/7)

The accuracy of the perturbative approach can be confirmed by direct numerical
simulations, see Figure 3.4 for the comparison of the UCNA with direct numerical
simulations. For the numerical analysis, we again use the Euler-Maruyama scheme
(see App. A) and sample the distribution with a resolution Av = 0.002. By taking
about 100 realisations of time traces of length T' = 10*, we observe good agreement
for small correlation times. However, for values 7 > 0.1, deviations between numerics
and analytics become visible. The largest discrepancy can be observed around the
origin v = 0, as the analytical expression clearly underestimates the numerical result
and does not correctly describe the transition from the regular part to the singular
part. Although this is a shortcoming of the analytical approximation, it is not
entirely clear why the deviations around the peak are the largest compared to the
other parts of the distribution. Furthermore, for higher values of 7 we observe a
stronger decay of the tails and overall, the regular part of the distribution decreases.

In addition to the regular part (Eq. (3.15)), we consider the singular part of the
probability distribution in Eq. (3.9). As already mentioned before, we only need to
consider the terms which give a non zero contribution around v = 0. Therefore, we

integrate in a small vicinity [—a, a] around v = 0

/a exp (—702(v)) ToL(v)dv = /_ﬁ exp (—z?) V/7da

—a JT

= rrerf(y/7) (3.16)

where we have used the same substitution as in Eq. (3.13). Thus, the singular part

of the probability distribution is

N, in
Pging(v) = %5@), (3.17)

where N = Npg, + Nging is the normalisation constant (see Egs. (3.11) - (3.13)).

From this result we immediately obtain an estimate for the probability of sticking
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Figure 3.4: Regular part of the stationary distribution, i.e. distribution of the sliding
events, obtained from numerical simulations (dashed lines) sampled as a histogram
with resolution Av = 0.002 and the analytical approximation, Eq. (3.15) (solid
lines). Data have been displayed for different values of the correlation time 7 = 0.0
(1 =0.001 for the numerics) (a), 7= 0.1 (b), 7 = 1.0 (¢), 7 = 2.0 (d), cf. Figs. 3.1
- 3.3.

as a function of the noise correlation

Pstick(T) = Vrrer(vr) (3.18)

exp (=7) + VATerf(yT)’

Figure 3.5 shows the comparison of the analytical approximation with the simula-

tions and we observe quite a good agreement, as the probability of sticking increases
with increasing 7 and approaches the value 1 in the limit of high correlation times.
The differences between the two results, which are most visible in the intermedi-
ate range of the correlation time 7, seem to be a systematic overestimate from the

approximation since different realisations of the numerical simulations give almost
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identical outcomes. Therefore, the numerical results are presented without error

bars.

0.8

0.6

Pstick(?)
@
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02t .

Figure 3.5: Probability of the sticking events as a function of the noise correlation
time 7. The dots correspond to numerical simulations of Eqgs. (3.1) and (3.2), the
solid line corresponds to Eq. (3.18).

Taking the limit 7 — 0, we see that we arrive at the stationary probability dis-
tribution for dry friction model subjected to Gaussian white noise as the corrections
in Eq. (3.15) vanish and the expression in Eq. (3.17) becomes zero. For small corre-
lation times of the noise, the sliding motion is dominating the dynamics. However,
for high correlation times 7 the sliding contribution decreases and the distribution
is mainly determined by the delta peak. Thus, by increasing 7 we observe a gradual
transition from sliding to sticking motion. This can be understood by the fact that
the probability of having |n(t)| < 1 increases (as the amplitude decreases for higher
values of 7) and therefore it becomes more and more likely for the particle to stick.

Overall, the analytic approximation seems to work rather well, especially for
small 7 and also for high 7 for Ps;... Deviations become visible when the noise
correlation time increases (see Fig. 3.4 for the case 7 = 1.0). To explain the devia-
tions of the analytical approximation from the direct numerical simulations for the
regular part, which represents the sliding events (Fig. 3.4), we need to take a look at
the conditions of validity of the UCNA. This approximation agrees with numerical
simulations for the case G(v,7) > 1. However, for higher values of 7, this approx-

imation fails as in our case the contribution caused by the dry friction vanishes in
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the limit € — 0, i.e., when considering the piecewise linear case. Nevertheless, this
analytic approximation scheme provides very useful information of the underlying

nonequilibrium dynamics of our model.

3.2.2 Joint probability distribution and probability current

To get more insight into the dynamics of our model, we study the two-dimensional
equations of motion (3.1) and (3.2) with the aim of understanding the properties of

the stationary probability distribution P(v,n).
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Figure 3.6: Logarithmic density plot of the joint stationary probability distribution,
obtained from numerical simulations of Egs. (3.1) and (3.2), for different values of
the correlation time: 7 = 0.001 (a), 7 = 0.1 (b), 7 = 1.0 (¢), 7 = 2.0 (d). The
distribution has been sampled with a resolution of Av = 0.001 and 300 bins in
n-direction. Slices of the distribution at v = 0 can be found in Fig. 3.9.

To begin with we perform numerical simulations of the dynamics of Eqgs. (3.1)

and (3.2) (see App. A for details of the numerical integration scheme). Density plots
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on a logarithmic scale of the full stationary distribution (regular and singular part)
are shown in Fig. 3.6. For 7 = 0.001 the singular part hardly matters and results
are almost indistinguishable from the white noise case within the resolution of our
simulations. The regular distribution shows a Gaussian profile in the 7 direction
as well as exponential decay in the v direction. By increasing 7, the distribution
changes significantly as the singular part becomes noticeable (cf. Eq. (3.18) and
Fig. 3.4). Furthermore, the regular part of the distribution becomes asymmetric as
the two components in the half spaces v > 0 and v < 0 are relative to one another.
For further analytical insight we try to formulate the corresponding Fokker-
Planck system. Using the regularized version of the equations of motion, Eqs. (3.1)
and (3.3), the time-dependent Fokker-Planck equation reads
Pt m,0) = | ) =)+ 5 (2 o) | Pl thin m0),
(3.19)
Since detailed balance is violated, it is difficult to find an exact solution for the

stationary Fokker-Planck equation

[a% (0u(0) — )+(% (ﬁ+$€%)] P(v,n) = 0. (3.20)

Several different approaches to find an analytical solution for P(v,n) were not
successful. A Fourier transform of the velocity in Eq. (3.20) yields a convolution

integral involving the smoothed dry friction and the probability distribution:

F{ 0P} = ~ialota)« Plan)] (321)

with

o0

l02(q) * P(q, )] = / 0.(q — h)P(h, n)dh. (3.22)

[e.9]

Thus, Eq. (3.20) changes to an integro-differential equation for P(q,n)

—iqlo.(q) * P(q,n)] + {z’qn + a% <g + %%)] P(q,n) =0, (3.23)

which is hard to tackle analytically. If we consider only the positive half space
(v > 0) for the Fokker-Planck equation (Eq. (3.20)) by using the exact dry friction
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term 5 9 )
n
=g (24 ok P =0 (3:24)
and if we perform a Laplace transform of the velocity, we obtain
(1= ) [sP(s.m) — Plo=0,m)] + 2 (1= L) P,y =0 (3.25)
n T =Umn 877 T 27_2 1) =V, .

The problem occurring here is that the term P(v = 0,7) is unknown, which makes it
very difficult to obtain an exact expression for P(v,n). Furthermore, we consider a
perturbation expansion for small correlation times 7 for the Fokker-Planck equation

by rescaling the noise amplitude n — 772y

(- L)+ 1 (g )| Pem =0 )

We use the following ansatz for P(v,n)
P(Uv 77) = PO(Ua 77) + \/;Pl(v7 77) + TPQ(Ua 77) + 0(7—3/2)’ (327)

and we insert it into Eq. (3.26) to solve the equation for the different orders in
7. The problem with this approach is that the obtained expression not fulfil the
required matching conditions for the velocity at v = 0, thus we do not follow along
the lines of such an approach here.

The marginal distribution for the noise amplitude is easily computed as

(1) = \/g exp(—71°) (3.28)

and does not depend on the regularisation. Hence Eq. (3.28) applies as well in the
dry friction limit ¢ — 0, which does not come as a surprise (cf. Eq. (3.1)). In the

dry friction limit the expression
P(v,n) = exp (—2|U| + 2700(v)n — 7'772) (3.29)
formally solves the stationary Fokker-Planck equation, see Eq. (3.19), in the limit

€ — 0, as long as v is nonzero. If we compute the marginal probability distribution
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3. Pure dry friction and coloured noise

for the velocity from Eq. (3.29) we obtain

P(v) = /_OO exp (—2[v| + 2700(v)n — 70°) dn

[e.9]

= \/?eXp (=2[v] + To5(v)) . (3.30)

Eq. (3.30) differs from the regular part of the marginal in the framework of the
UCNA (Eq. (3.15)) by the sign of the correction term 702(v). Certainly Eq. (3.29)
does not provide an analytic solution for the stationary distribution as this expres-
sion does not obey the required matching conditions at v = 0. Nevertheless, if the
impact of the stick-slip phenomenon at v = 0 remains localised then Eq. (3.29) pro-
vides the asymptotic behaviour for large values of velocities. This assertion can be
verified by looking into the numerical data. In Fig. 3.7 slices of the regular distri-
bution taken at constant values of the velocity show deviations from the Gaussian
profile close to the singular component, i.e., at low velocities. However, the Gaus-
sian profile according to Eq. (3.29) is restored when we increase the velocity, i.e., at
regions in phase space further away from the sticking region. Deviations from the
Gaussian profile, or strictly speaking, the asymmetry of the distribution in the n
direction, can also be observed in Figs. 3.6(c) and 3.6(d) for a high noise correlation
7. A similar feature is displayed by slices taken at constant noise level, see Fig. 3.8.

The singular part of the distribution, i.e. the dynamics of sticking particles, is
entirely governed by Eq. (3.1), i.e. by the Fokker-Planck equation of the Ornstein-
Uhlenbeck process. However, natural boundary conditions do not apply as particles
perform stick-slip transitions. For the singular part of the distribution at v = 0 we
have already indicated that increasing the correlation time results in a considerable
decrease of the probability of sliding particles. As a result, the main contribution to
the marginal distribution, Eq. (3.28), will come from the distribution at v = 0 as,
apart from a small contribution, particles become immobile. That is in quantitative
agreement with direct simulations; see Fig. 3.9. For small values of the correlation
time, considerable deviations from the normal distribution appear as on the one
hand particles become mobile frequently and on the other hand there is a constant
stream of mobile particles getting stuck (see as well Figs. 3.1 - 3.3).

In the region of the phase space close to the stick-slip transition the shape of the

distribution is affected at intermediate values of the noise correlation. There is no
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3. Pure dry friction and coloured noise

Figure 3.7: Regular component of the stationary probability distribution with 7 =
0.1. Dependence on the noise amplitude for different fixed values of the velocity
v. Results of numerical simulations (dashed lines) and the analytic asymptotic
expression (solid lines), Eq. (3.29). The normalisation of the analytics is fitted to
the numerical data.

Figure 3.8: Regular component of the stationary probability distribution with 7 =
0.1. Dependence on the velocity for different fixed values of the noise amplitude
n. Results of numerical simulations (dashed lines) and the analytic asymptotic
expression (solid lines), Eq. (3.29). The normalisation of the analytics is fitted to
the numerical data.

obvious way to tackle the issue by analytical means, e.g., with the matching condi-
tions between the singular and the regular part. However, one can at least have a

closer look at the probability current which is a clear signature of the nonequilibrium
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Figure 3.9: Slices of the stationary distribution at v = 0 in 1 direction, obtained
from numerical simulations (dashed lines) and analytic results for the marginal dis-
tribution, Eq. (3.28) (solid lines) for different values of the noise correlation time.
The vertical solid lines indicate the region of the singular part of the distribution
(sticking regime). The normalisation of the analytics is fitted to the numerical data.

properties of our model. By using the method from [56] we compute the probability
current directly from the time series of our model (Egs. (3.1) and (3.2)) for different
values of 7, see Figs. 3.10 and 3.11. The entire flow pattern is symmetric, and the
main part of the current is concentrated in regions with low velocity v. For n > 1
the current predominantly points in the positive v-direction as particles are dragged
by the external forcing. For larger positive values of v the current turns and finally
approaches the sticking manifold, which lies at v = 0 and |n| < 1, where particles
change from sliding to sticking mode. The probability current on the sticking man-
ifold points in the positive or negative direction in 7, away from the point n = 0,
see Fig. 3.12. When reaching the critical value |n| > 1 particles start sliding again.
In particular, the current on the sticking manifold, which is located at v = 0 and
In| < 1, and the current entering or leaving this manifold obey matching conditions.

Hence, for the piecewise-smooth dynamics one can write down a system of two
coupled Fokker-Planck equations, one governing the sticking and one governing the
sliding motion, with appropriate matching conditions and source terms. It is however
not obvious whether such a formulation for the regular and the singular component
of the probability distribution would give more insight than direct numerical sim-

ulations of the associated Langevin equation, let along providing a pathway for an
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3. Pure dry friction and coloured noise

Figure 3.10: Logarithmic density plot (a) and stream plot (b) of the regular part
of the stationary probability current of the system Egs. (3.1) and (3.2) for 7 = 0.1,
obtained from numerical simulations. The density plot shows the absolute value
of the current in the (v,7n) plane, whereas the stream plot displays the normalised

vector field of the current.

Figure 3.11: Logarithmic density plot (a) and stream plot (b) of the regular part
of the stationary probability current of the system Egs. (3.1) and (3.2) for 7 = 1.0,
obtained from numerical simulations. The density plot shows the absolute value
of the current in the (v,7n) plane, whereas the stream plot displays the normalised

vector field of the current.
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3. Pure dry friction and coloured noise

analytic approach.

Figure 3.12 indicates a non-monotonic behaviour of the probability current on the
sticking manifold by increasing the correlation time of the noise 7. As the sticking
manifold is characterised by v = 0 and |n| < 1, the displayed n-component of the
probability current represents the current on the sticking manifold for n € [—1,1].
For low values of 7, the current is very small, as we are close to the white noise limit.
By increasing 7 slightly to 7 = 0.2 the current on the sticking manifold increases also.
Increasing 7 further the current decreases and almost vanishes, see the results for
7 = 3.0 in Fig. 3.12. For high values of the noise correlation the probability current
decays rapidly outside of the interval n € [—1,1]. In view of the particular structure
of the stationary distribution this is hardly surprising, as the singular component of
the distribution dominates for high correlation times, the dynamics is dominated by
sticking particles, and only a small part of the probability distribution contributes

to the sliding motion and finally to the probability current.

0.004 :
T =0.1 L

0.003 T©=02 ]
t=05 o

0002 t=10 = 5
T =30 * WAQ@;
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-0.001 ¢
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-0.004 ‘ ‘ ‘ ‘ ‘
45 4 05 0 05 1 15
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Figure 3.12: n-component of the stationary probability current at v = 0 for different
values of the 7, obtained from numerical simulations of Egs. (3.1) and (3.2).

3.3 Dynamical properties of the piecewise-linear

model

Traditional correlation functions are a useful tool to study dynamical properties, in

particular, within the context of linear response theories. From a theoretical per-
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3. Pure dry friction and coloured noise

spective their analytical properties are related with the eigenvalue spectrum of the
underlying equations of motion, e.g. with the spectrum of Fokker-Planck operators.
As previously mentioned in Sec. 2.1, the autocorrelation function is connected to the
power spectral density via the Wiener-Khinchin theorem [38]. Thus, by studying the
power spectral density, we can extract some information about the non-vanishing
eigenvalues of the underlying Fokker-Planck operator, especially in the absence of
analytical results for the time-dependent propagator and the underlying eigenvalue
spectrum. Furthermore, correlation functions are experimentally accessible and they
allow one to introduce the concept of correlation times. As a shortcoming, corre-
lation functions may not allow for the proper characterisation of intermittent be-
haviour, such as stick-slip transitions, which needs then to be addressed separately

by a suitable statistical measure.

3.3.1 Power spectral density

To begin with, we want to investigate how the correlation time of the noise 7 influ-
ences the correlations in our system. To be slightly more precise we will discuss the
7-dependence of the power spectral density of the velocity v, and the corresponding
linewidth. The latter provides insight into the structure of the eigenvalue spectrum
of an underlying Fokker-Planck operator governing the dynamics of the system. For
the pure dry friction model with white noise, where analytical results for the eigen-
value spectrum are accessible, a spectral gap can be found between Ay = 0 and a
continuous spectrum of the other eigenvalues [82,94]. In [95] a closed expression for
the power spectral density of the velocity has been derived based on the Laplace
transform of the propagator for a model including dry friction, viscous friction and
constant bias.

Since we have a noise with finite correlation time we mainly rely on numerical
investigations since analytic expression for the stationary probability distribution
are unknown. We calculate the power spectral density of the velocity v by averaging
over 800 numerically generated time traces of length 7' = 10*. We base our analysis
on the autocorrelations of the velocity. Hence, the corresponding power spectral
density predominantly probes properties of the sliding phase as velocities vanish in
the sticking phase.

Figure 3.13 shows the numerical results of the normalised spectral densities for
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3. Pure dry friction and coloured noise

different values of 7. The normalisation has been done by setting Sy(0) = 1. The
normalised power spectral densities Sy(w) have a single central peak at w = 0
indicating an exponential decay of the corresponding autocorrelation function. For
small values of 7, and in accordance with the white noise limit, Sy (w) is a Lorentzian
with a power law behaviour w™2 at an intermediate frequency range. Such decay
changes when we increase the noise correlation time 7: the decay changes to a w™*
behaviour at medium frequencies. The corresponding analytic behaviour indicates
a smooth autocorrelation function at time zero. The observed change in the decay
seems to be a feature of linear stochastic systems subjected to coloured noise, as
such a result that has also been observed for the Ornstein-Uhlenbeck process driven

by coloured noise, see Sec. 2.1 and in particular Eq.(2.27b).

10" }

0.001 0.01 0.1 1
0}

Figure 3.13: Double-logarithmic plot of the power spectral density of the v-variable
for 7 = 0.001, 0.1, 1.0 (from top to bottom) and different fit functions. Spectra have
been normalised by the condition Sy(0) = 1 and shifted respectively. Numerical
simulations (dashed lines), Lorentzian fit (~ 1/(1+ w?)) (yellow solid lines), quartic
spectral fit (~ 1/(1 + aw? + bw?)) (cyan dot-dashed lines).

For power spectral densities with a well defined central peak, the full width at
half maximum Aw can be related to the correlation time of the system ..., via
the Wiener-Khinchin theorem. Following results for linear stochastic processes (see
Eq. (2.11)) we define here a correlation time by . = 1/Aw. Using a fit function
of the form 1/(1 + aw? + bw) for the power spectral densities Sy(w) we evaluate
the correlation time for different values of the noise correlation time, see Fig. 3.14.

The correlation time t.,,, essentially coincides with the value of the white noise
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Figure 3.14: Correlation time t.,.. as a function of the noise correlation time T,
obtained from numerical simulations of the spectral density and estimating the full
width at half maximum by using a quartic spectral fit, see Fig. 3.13.

limit as long as 7 < 0.1. This value can be found also analytically via the autocor-
relation function (see [94]). While there is no sharp transition, ¢.. experiences a
significant monotonic increase when the noise correlation time exceeds a “critical”
value of 7 = 0.1. Hence, signatures of the stick-slip transition become dynamically
visible above such a critical value. The transition-like feature is in accordance with
the findings concerning the stationary distribution reported in the previous section,
e.g. see Fig. 3.5, where the probability of sticking starts to increase if the correlation
time of the noise exceeds the value 7 = 0.1. The increase of the correlation time of
the velocity does not come as a surprise, because with a higher correlation time of
the noise 7 the stochastic perturbations decrease, which leads to more unperturbed

dynamics and therefore a higher correlation of the velocity.

3.3.2 Distribution of sticking and sliding periods

After discussing the properties of our model concerning the spectral gap of the
Fokker-Planck operator, we want to focus here on statistical measures for stick-slip
transitions. The time series shown in Figs. 3.1 - 3.3 suggest a closer relation of the
dynamics to intermittency phenomena. To probe directly the dynamical features of
the stick-slip transition we look at the distribution of sticking and sliding times, i.e.,

the distribution of time intervals the particle spends in states v = 0 and v # 0.
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We start our investigations with the analysis of the sticking time events. We
recall the conditions for sticking from Eq. (3.2): if the particle has velocity v = 0
and the absolute value of the noise amplitude 7(t) is smaller than one, the particle
sticks. However, if the particle was at rest and |n(t)| exceeds the value 1, it starts
sliding again. Thus, if we have the situation that v = 0 and the noise amplitude
attains a value |ng| < 1 (which can be considered as an initial value), we have
to wait a specific time period 7" until the noise amplitude n attains again a value
which lies outside the interval n € [—1,1]. This time period T, i.e. the sticking
time period, depends only on the dynamics of the noise amplitude 7(t). Therefore,
we can relate the dynamics of a sticking particle to the exit time problem of the
Ornstein-Uhlenbeck process. Here we need to consider an escape from the interval
[—1,1].

As a first step, we discuss the choice of the inital value 7ny. Since every value
within the interval [—1, 1] can be an initial value for the exit time problem (as the
sticking condition is v = 0 and |n(¢)| < 1), there is no distinguished value for 7
from the dynamics of our model. Therefore, we perform numerical simulations of
the dynamical equations (Egs. (3.1) and (3.2)) to find the distribution P(ny), i.e.
those values for 7 when we have v = 0 at the beginning of each particular sticking
time period. The results for different values of the noise correlation time 7 are

shown in Fig. 3.15. We observe that for small correlation times, the distribution of

P(no)

-1 -0.5 0 0.5 1

Figure 3.15: Distribution of initial values P(r), obtained numerically for different
values of the noise correlation time: 7 = 0.01 (yellow), 7 = 0.1 (green), 7 = 0.3
(blue), 7 = 0.5 (red).
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initial values is uniformly distributed over the interval [—1,1]. However, for values
7 > 0.1 we observe a transition to a bimodal distribution and the two maxima of the
distribution are moving towards the boundaries of the interval [—1, 1] for increasing
correlation time 7.

Next, we aim to find an analytical expression for the exit time distribution.
Since we consider an Ornstein-Uhlenbeck process, the related exit time problem can
be treated by analytical means, e.g. see [25]. The Laplace transform of the exit
time distribution for an Ornstein-Uhlenbeck process like Eq. (3.1) with symmetric

absorbing boundaries at —« and « and an initial value || < « reads

; Dy (\/ZUO) +D g (-\/Zﬁo) T, 4 9
fs:m) = D_,; ( 27’@) +D_4r (— 27'oz) P (5070 -« )> ' (3.31)

Here D_,, (\/ 27'770) is the parabolic cylinder function (see App. C.1). A detailed
derivation of the exit time distribution in Eq. (3.31) can be found in App. D. We

can rewrite Eq. (3.31) in a more compact way by using hypergeometric functions

(3.32)

Here |F; (%, %; a27') denotes the confluent hypergeometric function and we have
used specific relations between parabolic cylinder functions and the confluent hy-
pergeometric function to arrive at Eq. (3.32) (see Egs. (C.24) and (C.25) for details).
We set v = 1 because the regime, where the particle is sticking, is the interval [—1, 1],
which reflects the value of the rescaled dry friction coefficient.

In the following, we consider two different approaches to evaluate Eq. (3.32)
with respect to 79. As we have a uniform distribution for small correlation times 7
(see Fig. 3.15), we integrate Eq. (3.32) over all possible initial conditions within the

interval ny € [—1,1]

f(s) = / P(10) F(s,10) o

1

- 1/1 G s g,
2/ R (LT

_ M (3.33)
1 (%3%;7)

63



3. Pure dry friction and coloured noise

Details of the integration in Eq. (3.33) can be found in the appendix (see Egs. (C.26)
- (C.32)). We expect this result to be appropriate for small correlation times of the
noise. To deal with higher correlation times 7 we use the expression from Eq. (3.32)
(with @ = 1) and insert the numerically obtained value of 7y, where the distribution
of initial conditions P(7y) attains one of its maxima (see Fig. 3.15). For example for
7 = 0.5, we choose 1y = 0.92. Since the interval and the distribution are symmetric
around 79 = 0 and the expression in Eq. (3.32) is quadratic in 7o, it does not matter

wich maximum of the distribution is taken.

RSy

10-6 L L L L L kaYN -6 L L L L L L L ™8
0.02 004 006 008 01 012 0.14 0 02 04 06 08 1 12 1.4 16 18 2
T T
(a) 7=0.1 (b)y =05
10° 10°
107 107
1072 | 102
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Figure 3.16: Distribution of sticking time intervals, f(T'), on a semi-logarithmic
scale, obtained numerically (blue dashed line) and semi-analytically from the exit
time problem for the Ornstein-Uhlenbeck process for different values of the noise
correlation time 7. The solid red line denotes the inverse Laplace Transform of
f (s) (Eq. (3.33)) and the solid cyan line is the inverse Laplace Transform of f (s,m0)
(Eq. (3.32)) with @ = 1 and the following values for the inital value ny: 79 = 0.5
(a), mo = 0.92 (b), 1o = 0.96 (c), 1 = 0.98 (d).
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As it is not possible to derive an analytical result for the inverse Laplace trans-
form of Eqgs. (3.32) and (3.33), we use the Talbot method to invert the exit time
distribution numerically [1,91]. The analytical estimates are inverted numerically
over a specific time interval and normalised with respect to the obtained values
within this time interval. A comparison between the semi-analytical approach and
direct numerical simulations for a few values of the noise correlation time 7 is shown
in Fig. 3.16.

One observes a localised peak in the distribution at 7" = 0, and for moderate to
large times a simple exponential decay. For small correlation times, the noise ampli-
tude is still large enough that the particle will not stick for a long time. Therefore,
the decay of the distribution is strong. For higher correlation times we observe from
Fig. 3.15 that it is more likely for n(¢) to attain values closer to the boundaries of the
sticking interval [—1, 1] and therefore, a quick escape from the interval is possible.
On the other hand, it also becomes more likely for the particle to stick as it may
take some time until the noise amplitude is large enough that the particle starts
sliding again. This is in accordance with the results in the previous sections, e.g.
the increase of the probability of sticking for increasing correlation time 7 (Eq. (3.18)
and Fig. 3.5).

For small correlation times (7 = 0.1), we observe deviations from the numerics
to the two semi-analytical results as the purely numerical result decays slower for
larger time periods 7" than the analytical estimates (Fig. 3.16(a)). If we increase the
correlation time of the noise, the semi-analytical result, which includes the numer-
ically computed initial value (Eq. (3.32)), fits very well with the purely numerical
results (see Figs. 3.16(b) - 3.16(d)). The other analytical estimate (Eq. (3.33)), in
which we have averaged over the initial values assuming a uniform distribution, only
gives a qualitative result as it underestimates the peak at T' = 0 and shows a slightly
different exponential decay (see Fig. 3.16(b)).

For the remainder of this chapter we focus on the statistics of the sliding events.
This analysis is done only numerically, as an analytical counterpart could not be
identified in contrast to the sticking time events, where semi-analytical results could
be obtained from the exit time problem of the Ornstein-Uhlenbeck process. We
evaluate the time series such that we count the time intervals from the point the
trajectory leaves the sticking manifold until it arrives back at the sticking manifold.

Fig. 3.17 show the numerically obtained distributions over a wide range of noise
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correlation times.

Figure 3.17: Distribution of sliding time intervals, P(7T), on a double-logarithmic
scale for different values of the noise correlation time, obtained from numerical
simulations.

For small noise correlation times the distributions are unimodal with a power law
decay from small times 7" to an intermediate range and an exponential cut-off for very
large sliding times T'. By increasing the noise correlation time 7 the maximum of the
distributions increases, but only up to a certain value. Furthermore, the exponent
of the power law decay also increases for higher noise correlation times. However,
the most surprising result is that we observe some kind of universal behaviour of
the distributions at short sliding times 7' for large correlation times 7 > 0.1, see
Fig. 3.17(b). The distributions above this value of 7 exhibit three different regimes
of decay over the whole range of sliding times 7": for small sliding times we have a
power law decay, for a small range of intermediate values of T" one observes a strong
exponential decay and for large T" we still have an exponential decay but it decreases
slower than before. This described behaviour is visualised in Fig. 3.18. Furthermore,
the intermediate range with the strong exponential decay is shifted towards higher
sliding times by increasing the noise correlation time 7, see Fig. 3.17(b).

To underline our observations we evaluate some of our the numerical data; we
estimate the power law decay and the exponential decay roughly for the distributions

with the correlation times 7 = 0.001 and 7 = 1.0. Our obtained fit functions are

p1(T) ~ T2, (3.34a)
po(T) ~ T3 exp (—(257)%) , (3.34b)
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Figure 3.18: Sliding time distribution for 7 = 1.0 to visualize the three regimes
with different decay behaviour of the distribution: (I) power law decay, (II) strong
exponential decay, (III) weak exponential decay. See also Egs. (3.34a), (3.34b) and
Fig. 3.19.

where p;(T') fits the power law decay for 7 = 0.001, whereas ps(t) is used to fit the

power law decay and the strong exponential decay for 7 = 1.0. These results are

shown in Fig. (3.19).

0.01 0.1 1 10 0.001 0.01 0.1
T T

(a) 7 =0.001 (b)y 7=1.0

Figure 3.19: Distribution of sliding time intervals, P(7T’), on a double-logarithmic
scale for 7 = 0.001 (a) and 7 = 1.0 (b). Numerics (red diamonds) and the fit
functions (black solid lines) p1(T") (Eq. (3.34a)) and p2(T) (Eq. (3.34b)).

We observe the described power law decay in Fig. 3.19(a) and the exponential
cut-off for large times T'. In comparison, the exponent from the power law decay in

the case of a higher correlation time 7 is larger, and for intermediate sliding times,
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the contribution from the exponential function becomes visible (see Eq. (3.34b) and
Fig. 3.18 as well). As already mentioned, the observed on-off (stick-slip) dynamics
of our model suggest a relation to intermittency. In [49], where on-off intermittency
has been studied, the authors observed a power law decay of the form T3/2. In the
context of our model the role of the “on” and of the “off” state are interchanged
as here the observed power law is connected to the sliding events. Furthermore,
the above found exponent is also fractional, but here we have a behaviour of the
form T%3. So far, we have not found an intuitive explanation for this universal
behaviour of the sliding times for high noise correlation times.

As already mentioned, a related analytical model has not yet been found. The
most suitable candidate for such a model would be the exit time problem for a
stochastic process with constant drift and coloured noise with an absorbing boundary
at the origin. For Gaussian white noise instead of an Ornstein-Uhlenbeck noise, this
problem can be solved analytically, see e.g. [67]. The exit time distribution shows an
asymptotic behaviour of the form P(T',vy) ~ T3/? exp (—(T — v)?/2T) in this case.
However, exact analytical results for an exit time problem including coloured noise
and very specific boundary conditions are very difficult to obtain. Furthermore,
if we set the absorbing boundary condition at v = 0 and only natural boundary
conditions for n apply, such a description will not capture all possible sliding events
appropriately. To visualize this shortcoming of such an approach, we compute two
different realisations for the sliding dynamics in the (v,n) plane, see Fig. 3.20.

The realisation in Fig. 3.20(a) could be captured by an exit time problem with
absorbing boundary at v = 0. The trajectory starts at the blue dot and evolves
towards the negative velocities before it turns back and arrives at v = 0 but within
the sticking interval n € [—1,1]. On the contrary, the realisation in Fig. 3.20(b)
shows that the trajectory makes a transition from negative towards positive velocities
but here at n > 1. That means it does not reach the sticking manifold and the
particle continues to slide until it reaches the sticking manifold later. From the
perspective of an exit time problem, as described, only the time until reaching v = 0
will be considered as a time interval, which would underestimate the actual length

of the sliding time period.
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Figure 3.20: Two different realisations for the sliding dynamics in the (v,n) plane,
starting from the blue dot and evolving towards the negative half space of the
velocity. The dashed blue line seperates the two half spaces of the velocity whereas
the thick black line denotes the sticking manifold (v = 0 and € [—1,1]). These
representations have been obtained numerically from Egs. (3.1) and (3.2).

3.4 Summary of the chapter

We investigated a dry friction model subjected to coloured noise with the emphasis
on nonequilibrium properties in a noisy piecewise-smooth dynamical system. By ap-
plying the unified coloured noise approximation (UCNA), we obtained an analytical
expression of the stationary probability distribution for the velocity. The white noise
limit 7 — 0 reproduces the exact results, e.g., see [27]. As the noise correlation time
increases, the stationary distribution develops a delta peak, as particles become more
and more stuck at v = 0. Thus, by varying 7, a transition from sliding to sticking
dynamics could be observed. By considering the equivalent two-dimensional system
we were able to derive an asymptotic expression for the stationary distribution which
is valid for large velocities and large noise amplitudes, far away from the stick-slip
region. There was no obvious way to obtain a full analytic expression for the joint
probability distribution P(v,n) containing all the required matching conditions at
v = 0 as detailed balance is violated. The latter has been clearly demonstrated by
computing the non-vanishing stationary probability current.

Furthermore we studied the power spectral density numerically to obtain infor-
mation about the velocity correlations, the corresponding correlation time, and the

spectral gap of the underlying Fokker-Planck operator. Below a ”critical value” one
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3. Pure dry friction and coloured noise

recovers the result for the white noise limit. Increasing the noise correlation further,
the full width at half maximum decreases, which is connected to a higher velocity
correlation in the system. This decrease of the spectral width comes together with
a change in shape of the power spectrum. For low values of 7 the power spectral
density has the shape of a Lorentz profile for values 7 > 0.1 the shape changes to a
w4 decay for intermediate frequencies.

To complete our studies, we investigated the sliding and sticking time distribution
as the time traces indicated a connection to intermittent dynamics. Results for the
sticking time distribution were accessible via the exit time problem for an Ornstein-
Uhlenbeck process with symmetric absorbing boundary conditions. For the sliding
dynamics the related exit time problem with coloured noise and a constant drift is
very hard to find and to tackle; thus, we had to rely on numerical simulations. For
high noise correlation times a surprising power law decay of the form T-%3 occurs
for short sliding times 7', followed by an exponential decay for intermediate and long
sliding time periods.

Some of the observed results for our model seem to be key features of dry friction
models subjected to noise and of general piecewise-smooth stochastic dynamics.
Intermittent dynamics and a singular part of the probability distribution have also
been found in the framework of the Boltzmann-Lorentz equation by investigating
the so-called independent kick model [92,93], in studies of dry friction subjected to
Non-Gaussian noise in the high friction limit [58], and in an experiment of a rotating
probe, which is in contact to a granular gas [41]. Tt is important to mention that
despite the similarities in the dynamics there is no mathematical link between the
Boltzmann-Lorentz equation and the investigated dry friction model subjected to

coloured noise.
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Chapter 4

Dry friction models including

viscous Iriction and constant bias

In this chapter, we extend our previously studied model with pure dry friction and
coloured noise (Eq. (3.2)) by adding viscous friction and a constant bias (or constant
force). We want to explore the impact of the correlation time of the noise 7 in a
system, which contains two different types of friction (dry and viscous). In addition,
as the total applied force subjected to the system has now an additional deterministic
contribution, we are interested in how aspects of the dynamics change, e.g. sticking
phenomena. The additional bias induces a stick-slip bifurcation in the deterministic
system. Therefore, the viscous friction is needed to keep the velocity at finite values.
As the full stochastic system does not obey detailed balance, analytical calculations
might be become very difficult. However, as this model is still piecewise linear, we
hope to be able to derive some results analytically, if necessary with the help of
suitable approximation schemes, e.g. the unified coloured noise approximation.
First, in Sec. 4.1, we show time traces of our extended model by performing nu-
merical simulations and we study the new features of our extended system. In
addition, some aspects of the corresponding deterministic system are discussed
(Sec. 4.1.1), i.e. signatures of stick-slip dynamics. In Section 4.2.1, the unified
coloured noise approximation (see Secs. 2.2 and 3.2.1) is used to obtain an ana-
lytical expression for the marginal probability density of the velocity P(v). For
parameter values close to the deterministic stick-slip transition, the probability of

sticking exhibits a non-monotonic behaviour as a function of the noise correlation
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4. Dry friction models including viscous friction and constant bias

time 7. Furthermore, we compute the joint stationary probability density and the
probability current numerically. These results are discussed in Section 4.2.2. Dy-
namical features of this extended model are elaborated in Section 4.3 by computing
the power spectral density and the correlation time of the velocity. The analysis
is done for different values of the viscous friction while we study the impact of
the correlation time of the noise 7 on the correlations of the velocity. In addition,
we investigate the sticking and sliding time distributions, similarly to Section 3.3.2.
However, in this chapter, these investigations are done only numerically. A summary

of the chapter can be found in Section 4.4.

4.1 Piecewise-linear dry friction model

Equation (1.2) represents the full model with dry friction, viscous friction, a constant
force and Gaussian white noise. Here we will replace the white noise by an Ornstein-

Uhlenbeck noise. Thus, the equation of motion for the velocity changes to

b(t) = 0 if |b+77(t)| < 1and v =0, (4.1)
—yv(t) — oo(v(t)) + b+ n(t) otherwise,

where 7 is the viscous friction coefficient and b denotes the rescaled constant force
(see App. B.7 for details). oo(v(t)) is the sign function representing the dry friction.
The subscript 0 in the expression o((v) is assigned to the sign function, whereas a
subscript € will refer to a smoothed version of the dry friction (see Eq. (3.4)). Thus,
we could rewrite Eq. (4.1)

0(t) = —yvu(t) — o (v(t)) + b+ n(t) (4.2)

and consider results in the limit ¢ — 0 (see Eq. (3.3) as well). n(¢) describes the

Ornstein-Uhlenbeck noise, whose dynamics is governed by the following equation:

ﬁ:_@Jr'f(T_t), (4.3)

where 7 represents the correlation time of the noise. In comparison to the previous

chapter, the total applied force to the particle is now b + n(t), consisting of an
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4. Dry friction models including viscous friction and constant bias

additional deterministic part b and the stochastic contribution 7(¢). Therefore, we
need to adjust the conditions when the particle is sticking and when it is sliding
(compare Eq. (4.1) with Eq. (3.2)). If the total applied force is smaller than the
rescaled dry friction coefficient, |b + n(t)| < 1, and the particle has velocity zero
v = 0 at the same time, then it sticks. Note that if we have |b + n(t)] < 1 but
the velocity is non-zero v # 0, then the particle is still sliding: it relaxes towards
v = 0 or towards the fixed point of the sytem, depending on the value of b. On
the other hand, if the total applied force is larger than the dry friction coefficient,
|b+ n(t)] > 1, then the particle starts sliding again if it was previously at rest.
Thus, we arrive at the sticking conditions in Eq. (4.1). The adjusted condition can
be rewritten if one wants to consider a condition only for the stochastic force 7(t).

Then, from |b+ n(t)| < 1, we can express the sticking condition as follows
—1-b<n(t)<1l-0. (4.4)

Thus, the sticking interval, i.e. which is the interval of values of n such that the
total applied force is not large enough to move the particle (here n € [-1—0,1—b]),
is shifted depending on the sign and the absolute value of the constant force. For

b =0, we arrive again at the known result from the previous chapter.

4.1.1 Deterministic dynamics

Before we present numerical results for the time traces of our stochastic model
(Egs. (4.1) and (4.3)), we discuss some aspects on the corresponding deterministic
model to motivate our choices for the parameter values used in this chapter. In the
absence of the noise (n(t) = 0 in Eq. (4.1)), the deterministic equation of motion for

the velocity reads

_ 0 if |b| <1 and v =0,
o(t) = (4.5)
—yu(t) — o(v(t)) +b otherwise.

For the sake of convenience we have dropped the subscript 0 for the dry friction here
(00(v) = o(v) = sgn(v)), since we do not consider a smoothed friction term here in
Sec. 4.1.1. The above discussion concerning sticking and sliding applies here as well,

the only difference being that the total applied force consists only of the constant
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4. Dry friction models including viscous friction and constant bias

force b. We can write down the solution for the velocity from Eq. (4.5) if we take
the two different dynamics, caused by the dry friction term, for the respective half

spaces into account (o(£v(t)) = £1)

v (t) = voexp(—y(t — to)) + b_Tl [1—exp(—7y(t —to))], vo >0, (4.6a)
07 (6) = thexp(=(t — to) + = [1 —exp(r(E —ta))], w0 (460)

If the velocity becomes zero, one has to take into account the sticking condition in
Eq. (4.5). Eq. (4.6a) applies for vy = 0 only if b > 1, otherwise we just have vy > 0.
Similarly for Eq. (4.6b), we have vy = 0 only if b < —1, otherwise vy < 0. We
illustrate the dynamics of the deterministic model (Eq. (4.5)) in Fig. 4.1, where the
time evolution according to Egs. (4.6a) and (4.6b) is shown for two different values

of the constant force b and a positive initial velocity vy.

oo
[T
o
y)
;o

Figure 4.1: Time evolution for the velocity v(t) of the deterministic model (Egs. (4.5)
- (4.6b)) for different values of the constant bias b = —0.5 (red solid line) and
b = —1.5 (blue solid line) with the initial condition v(0) = vy = 2. Further parameter

v=1.

For b = —0.5 (red solid line in Fig. 4.1), the velocity decreases towards zero
according to Eq. (4.6a). If v(t) reaches v = 0, the velocity stays zero, as we have
|b] < 1 (see Eq. (4.5)). For b = —1.5 (blue solid line in Fig. 4.1), the velocity
decreases as well towards zero, which also can be described by Eq. (4.6a) with

vp = 2 and ty = 0. As the velocity attains the value zero, it does not stay zero here,
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4. Dry friction models including viscous friction and constant bias

since we have |b| > 1. Thus, the velocity becomes negative and follows Eq. (4.6b)
then. Note that we have in Eq. (4.6b) vo = 0 and t, = t/, where ¢’ denotes the time
when the velocity reaches zero after evolving from its initial value vy = 2 at ¢ty = 0.
t' can be computed from Eq. (4.6a) by inserting all the parameters (see caption of
Fig. 4.1 as well)

2exp(—t') —2.5[1 —exp(—t)] =0 (4.7)

and we obtain here ¢’ = —log (2) ~ 0.587. Then Eq. (4.6b) shows that the velocity
approaches the fixed point v* of the system in Eq. (4.5), which is negative here.
In general, we find that the fixed point v* of our model (Eq. (4.5)) is given by

0 if [b] < 1,
v = (4.8)

o(B)E= i b > 1.

Here o(b) denotes the sign function. From Eq. (4.8) we can see that a transition
between two different dynamical regimes takes place at |b| = 1, which is the deter-
ministic stick-slip transition. We will denote the regime where the constant force
attains values smaller than the dry friction coefficient (|b| < 1) as the sticking regime,
whereas the other dynamical regime with |b| > 1 is addressed as the sliding regime.
Note also that the fixed point v* of the deterministic system depends not only on
the constant force b, but on the viscous friction coefficient v as well. For example
for the blue curve in Fig. 4.1, the fixed point is v* = —0.5 as we have v = 1.0 and
b = —1.5. Therefore, in the analysis of our stochastic model (Eq. (4.1)) we will
focus our investigations on parameter values below (|b| < 1) and above (|b] > 1)
this stick-slip transition and resulting effects. As in the previous chapter, we set the
static and kinetic friction equal and therefore the considered system does not show
hysteresis.

If these two friction coefficients were not the same and the kinetic friction ug is
smaller than the static friction pc (as it is in most cases), the following scenario for
hysteresis could be observed: to move an object, which was initally at rest (v = 0),
an applied force F' needs to be larger than the static friction coefficient F' > ug.
When the object starts moving the stationary velocity will not increase gradually
but it will jump towards a value v* ~ F'— uc > F — ug, since the kinetic friction has

to be applied for the situation that the velocity is non-zero. If the applied force is

75



4. Dry friction models including viscous friction and constant bias

then decreased, the object only relaxes towards v = 0 if the applied force is smaller
than the kinetic friction (F < p¢). Therefore we could have the situation, where
F < pug but v* # 0. Further thoughts in this direction can be found in Chapter 6.

4.1.2 Stochastic dynamics

After the discussion on the deterministic system, we want to compare the new
features of our extended stochastic model with the previously shown results for the
pure dry friction model (see Sec. 3.1). We perform numerical simulations and show
time traces of the velocity for different parameter values of v, b and 7. We use an
Euler-Maruyama scheme (see App. A) with step size h = 1073 for our numerical
analysis. In the same way, we take the impact of the dry friction into account by
setting v = 0 for |v| < 107® and |0 + n| < 1. It is important to mention that for
our investigations in this chapter the sign of the constant force b does not matter
as it can be absorbed in a coordinate transform v — —v. Quantities related to the
stick-slip transition, e.g. the probability of sticking, stay invariant under a change
of the sign for b. But this invariance does not hold in general for all statistical
quantities; e.g. conditional probabilities could exhibit a different behaviour for —b

and b depending on the initial value vy.

A5t 08l

2 1 . 1 1 1 1 1 1 1 -1 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
t t

(a) 7=0.1 (b) 7=1.0

Figure 4.2: Time traces of the velocity v(t) (Eq. (4.1)) with v = 1 and b = —0.5 for
different values of the noise correlation time: 7 = 0.1 (a), 7 = 1.0 (b).

In Fig. 4.2(a), we observe a random motion of the velocity, which is similar to
Fig. 3.2. For a higher noise correlation time 7 = 1.0, sticking phenomena become

visible (Fig. 4.2(b)), as already observed for the pure dry friction case, see Fig. 3.3.
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4. Dry friction models including viscous friction and constant bias

This does not come as a surprise since the value of the constant force is smaller than
the rescaled dry friction coefficient (b < 1) and lies therefore in the sticking regime.
In addition, due to the increased correlation time of the noise 7, the stochastic
contribution of the total applied force b + n(t) attains values which are mostly
within in the range |b + n(t)| < 1. Therefore, it becomes less likely that the total
force attains values which are larger than the dry friction coefficient. Thus, we
expect the sticking phenomena to dominate the dynamics in the high correlation

time limit of 7.
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Figure 4.3: Time traces of the velocity v(t) (Eq. (4.1)) with v = 1 and b = —1.5 for
different values of the noise correlation time: 7 = 0.1 (a), 7 = 1.0 (b), 7 = 5.0 (c).

On the other hand, for a value above this transition, we expect that the particle
never sticks for a long time as the constant force alone can overcome the dry friction
coefficient, thus it is large enough to move the particle. This can be observed in

Figs. 4.3(a) - 4.3(c), where results are shown for b = —1.5. For a small correlation
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4. Dry friction models including viscous friction and constant bias

time, we see a random motion of the velocity as the applied force is large enough
to move the particle if it sticks (Fig. 4.3(a)). Short sticking time periods can be
observed by further increasing the noise correlation time 7 (Fig. 4.3(b)). If we then
increase 7 even further, the sticking time periods vanishes (Fig. 4.3(c)) and the
velocity fluctuates around its deterministic fixed point, which is v* = —0.5 here (see
Eq. (4.8), Fig. 4.1 and the parameter values in Fig. 4.3(c)).
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Figure 4.4: Time traces of the velocity v(t) (Eq. (4.1)) with v =1 and b = —1.1 for
different values of the noise correlation time: 7 = 0.1 (a), 7 = 1.0 (b), 7 = 10.0 (c),
7 = 50.0 (d).

To investigate the appearance and the vanishing of the sticking time periods for
an increasing correlation time of the noise further, we choose a parameter value for
the constant force closer to the deterministic stick-slip transition, but still larger
than the dry friction coefficient. Figure 4.4 shows time traces of the velocity for
b = —1.1 and we again vary the noise correlation time 7. For 7 = 0.1, we observe

a random motion of the velocity, as already seen for b = —0.5 (Fig. 4.2(a)) and
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b= —1.5 (Fig. 4.3(a)). By increasing the noise correlation time further to 7 = 1.0,
sticking time periods appear (Fig. 4.4(b)), as the total applied force b+n(t) seems not
to be large enough to move the particle if it has velocity zero. If we then increase 7
even further, the sticking time periods become less (Fig. 4.4(c)) until they vanish for
very high noise correlation time (Fig. 4.4(d)). Here we could see that the sticking
time periods still remain for higher correlation times of the noise if the value of
the constant force b is closer to the deterministic stick-slip transition. Overall, the
observed phenomenon is quite counterintuitive as one would expect that the total
applied force is actually large enough to overcome the dry friction coefficient if we
choose a value of the constant force which lies above the stick-slip transition.

To understand this phenomenon in more detail, we investigate the behaviour of
the total applied force b+n(t) as a function of the correlation time of the noise 7. We
recall that n(t) describes an Ornstein-Uhlenbeck process (Eq. (4.3)) and is therefore
Gaussian distributed with a zero mean (n(¢)) = 0 ((---) denotes the average over
all realisations). Therefore we can conclude that the total applied force is Gaussian
distributed around the mean value b. The corresponding dynamical equation for
the total applied force is an Ornstein-Uhlenbeck process with an additional constant

term (compare to Eq. (4.3))

n(t) = — + 2 (4.9)

From the corresponding Fokker-Planck equation we can compute the stationary

probability density, which reads

Py(n) = \/gexp (—(n=b)°7). (4.10)

Eq. (4.10) describes a Gaussian distribution with mean (n(¢)) = b and variance
((n = (n)* = 5=. In the white noise limit 7 — 0 and for small correlation times
of the noise, the variance is large and therefore the fluctuations 7(¢) around the
constant force b can attain large values. By increasing the correlation time 7, the
variance of the distribution becomes smaller and the fluctuations around the mean
b also decrease. For high correlation times of the noise, the entire dynamic takes
place in a small region around the mean b of the total applied force as 7(t) almost

vanishes.
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Figure 4.5: Time traces of the applied force b + n(t) (Eq. (4.9)) with b = —1.1 for
different values of the noise correlation time 7, obtained numerically. The red dot-
dashed lines at —1 and 1 represent the boundaries of the sticking interval, where
the attained values are not large enough to move the particle, if it has velocity zero.
The black solid line represents the value of b, which is the mean of the total applied
force (see Eq. (4.10)).

To visualize this, we show time traces of the total applied force b + n(t) for
increasing correlation times of the noise 7 in Fig. 4.5. For small correlation times
(here 7 = 0.1), the total applied force attains high values as already mentioned, see
Fig. 4.5(a). If it attains values within the sticking interval [—1, 1] (represented by the
red lines in Fig. 4.5), usually at one of the next time steps it has left this region and
therefore the particle does not stick or sticks only for a very short time. This gives
rise to a random motion of the velocity, as already seen in Fig. 4.4(a). Increasing
the correlation time 7 further (see Fig. 4.5(b)), we observe that the dynamics of the

total applied force takes place for longer times within the sticking interval [—1, 1],
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which results in the rise of sticking phenomena, see Fig. 4.4(b). By increasing 7 even
further to 7 = 10.0, the total applied force attains only values which lie around the
lower bound of the already mentioned interval [—1, 1] and enters it only occasionally.
That is why we still can observe sticking phenomena, but for shorter time intervals
compared to the case of 7 = 1.0, see Figs. 4.4(b) and 4.4(c). And for very high values
of 7, the dynamics of the force does not take place anymore within the interval, but
only outside in a small range around the mean b = —1.1, which is represented
by the black line in all Figs. 4.5(a) - 4.5(d). Therefore the particle does not stick
anymore, and the velocity attains values close to the deterministic fixed point, which
is v* = —0.1 here (see Fig. 4.4(d) and Eq. (4.8)).

In the above discussion, we did not include changes in the viscous friction pa-
rameter 7. If we were to increase the values of the viscous friction, we would expect
the velocity to attain smaller values. Furthermore, it is reasonable to expect more
sticking time periods to occur as the particle is more likely to have zero velocity and
the dynamics of the total applied force b + 7(t) takes place for long times within
the above mentioned interval [—1,1]. For low viscous friction, we would expect the
opposite. We will investigate the role that v plays related to the sticking phenomena

in the following sections.

4.2 Stationary behaviour

After the discussion on the results from numerical simulations for the time traces
and having explored the appearance and the vanishing of sticking time periods, we
want to proceed by investigating the stationary properties of our stochastic model.
In particular, we calculate the stationary probability distributions, i.e. the marginal
distribution P(v) and the joint distribution P(v,n). In addition, we compute the
probability current from numerical simulations. Taking into account the previously
shown results in Sec. 4.1 and from Chapter 3, we expect again a Dirac ¢ contribution
in the expression for the marginal distribution, which represents the appearance of
sticking events. However, for values of the constant force b above the deterministic
stick-slip transition this contribution might undergo some changes depending on the
value of the correlation time of the noise 7. Thus, we want to investigate whether the

observed phenomenon concerning the sticking time events is reflected in the results
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for the stationary probability distributions.

4.2.1 Marginal probability distribution

To obtain an analytical expression for the stationary marginal probability density
P(v), we apply again the unified coloured noise approximation (see Secs. 2.2 and
3.2.1 for detailed calculations) to our system (Egs. (4.2) and (4.3)) and we obtain

P(v) = N 'exp {—2/ (o.(v) + v —b)dv — (0. (v) +yv — b)?

X [14+7(y + ol(v))] (4.11)

where N is the normalisation constant. The computation of the normalisation con-
stant is a bit more tedious than in the previous chapter. We start again with the
regular part, which does not include the term o’ (v) as this term reflects the singular
contribution of the density. For the regular part, we can perform the dry friction
limit € — 0 and integrate the expression in the exponent of Eq. (4.11) (see Eq. (3.12)
as well). Thus, to obtain the normalisation constant corresponding to the regular

part of the distribution, we have to compute

Npey = /00 exp [—2 <|v| + %02 - bv) — 7(00(v) + v — b)Q} (14 77)dv

= /;00 exp [—2 <v + %zﬂ - bv) —7(1+yv— b)z] (14 7y)dv

+ /0 exp [—2 (—v + %U2 — bv) —7(—=14+yv — b)z} (14 77)dv.

- (4.12)

Since these integrals include Gaussian functions, we obtain straightforwardly for the

positive half space

o] 2
) NZs a; —ry
_ dv — 22 4 f 413
/o exp ( o1v” + v + ag) v NG exp (4&1 a3> erfc (2\/a_1) ( )

with the coefficients

ar =747, ag=2(=1+b—7+by7), az = —7(1 =20+ ). (4.14)

82



4. Dry friction models including viscous friction and constant bias

For the negative half-space we have

0
/ exp (—5102 + Bav + ,33) dv = Qé_ﬂ_ (4%1 Bs ) erfc (26—\/25_1) (4.15)

with the coefficients
Bi =T+, Bo=2(1+b+~T+by7), Bs = —7(1 4+ 2b + b?) (4.16)
and we have used the complementary error function

erfe(z) = 1—erf(z)
2 [ .
= ﬁ/z eV dy. (4.17)

Finally, we obtain

- (o0
+ exp ((b?1)2> erfc ((b+ 1)@)} ‘ (4.18)

To check the consistency of Eq. (4.18) with the previous chapter, we consider

the result for vanishing viscous friction and vanishing constant force. Performing

the limit b — 0 gives

1 1 1
lim Ng., = /7 exp (—) /T + — erfc (, [T+ —) . (4.19)
b—0 ¥ Y Y

To facilitate the computation of the limit v — 0, we substitute ¥ = % and compute
the limit ¥ — oo

lim Ng,, = +/mexp (V) V7 +9 erfc <\/T + 19)

Y—00
= Tex T —eXP (_T — 19)
- \/_ p(q?) + 0 \/7_4_—19\/%
= exp(—7), (4.20)

which is the same result as in Sec. 3.2.1, see Eq. (3.12). Here, we have used the
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asymptotic expression of the complementary error function

. exp (—a?)
lim erfe(z) = ——=. (4.21)
T—>00 xﬁ

For the normalisation of the singular part of the distribution in Eq. (4.11), we

have to calculate

Ning = / exp [—2 <|v| + %112 - bv) —7(0:(v) +yv — b)Q] ToL(v)dv.  (4.22)
Similarly to Sec. 3.2.1, some care is needed in this calculation as in the dry friction
limit a singular and a discontinuous contribution are present (see Eq. (3.10)). As
this integral gives only a contribution around v = 0 due to the singular part, we just

need to compute

Ning = / exp [~ 7(0-(v) — b)?] 70" (v)dv. (4.23)
Since the value of the integral in Eq. (4.23) should be the same for the smoothed
expression and for the expression in the dry friction limit ¢ — 0, we have to perform
the limit for the entire integrand and not for each part of the expression indepen-
dently. We substitute \/7(0.(v) — b) = = and obtain

V7 (14b)
Nsing = / VT exp [—332] dx
VT(=1+b)
VT(1+b) VT(—=14Db)
= / /T exp [—xﬂ dx — / \/Texp [—xﬂ dx
0 0

= \/;T_T (erf [/T(1+b)] —erf [\/T(=1+D)]). (4.24)

Here, we have used again the error function

erf(z) = % /02 eV dy. (4.25)

This result does not depend on 7, as only the parameters b and 7 are connected to

the total applied force and therefore related to the stick-slip transitions.
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Thus, our complete normalisation constant reads

N = NReg + NSing

A e ()00
+mCﬁW%m@+%ﬁgﬂ

+ \/;T_T (erf [/7(1 +b)] —erf [T (=1 +1)]). (4.26)

The normalised regular part of the probability distribution in the dry friction limit
e — 0 is therefore

Preg(v) = N~ exp | =2 ([o] + 507 = bv) = 7(o0(0) +70 =8| (1477). (4:27)

In Figs. 4.6 and 4.7, the comparison between the regular part of the analytical
estimate (Eq. (4.27)) for the stationary probability density and numerical simula-
tions is shown. In Fig. 4.6 we set v = 1.0 in all subfigures and in Fig. 4.7 we have
~v = 10.0. In the left column of both figures the correlation time 7 is fixed to 7 = 0.1
and we vary the constant force b. In the right column of both figures 7 is fixed as
well, but here we have 7 = 1.0 and we vary the constant force. Thus, in each of
the columns the correlation time is fixed, whereas in each of the rows the constant
force is fixed. Both figures exhibit three different cases for the constant force b: the
subfigures (a) and (b) show the case of b = 0, (c¢) and (d) represent the case of
b = —0.5 (sticking regime), and (e) and (f) denotes the case of b = —1.5 (sliding
regime). For the correlation time we just show results for 7 = 0.1 and 7 = 1.0 as
the expression from Eq. (4.27) becomes exact in the white noise limit 7 — 0.

The approximation works quite well for moderate viscous friction and gives
promising results, although deviations become visible between numerics and an-
alytics for 7 = 1.0 and for 7 = 0.1 around v = 0, where we have the transition
between the regular and the singular part of the probability distribution. In the
case of high viscous friction, we observe an even better agreement between the nu-
merical and analytical results. Although deviations around v = 0 are clearly visible
for 7 = 0.1, as we increase the correlation time of the noise further, the results match

more or less perfectly. The reason for the better performance of the approximation
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Figure 4.6: Regular part of the stationary probability density Pge,(v), from the ana-
lytical estimate (Eq. (4.27)), yellow solid line) and numerically calculated (Egs. (4.1)
and (4.3), blue dot-dashed line) for different values of the constant force: b = 0.0
(a),(b), b = —0.5(c),(d), b = —1.5 (e),(f) and different values of the noise correlation
time 7 = 0.1 (left column), 7 = 1.0 (right column) and moderate viscous friction
v = 1.0.
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Figure 4.7: Regular part of the stationary probability density Pge,(v), from the ana-
lytical estimate (Eq. (4.27)), yellow solid line) and numerically calculated (Egs. (4.1)
and (4.3), blue dot-dashed line) for different values of the constant force: b = 0.0
(a),(b), b = —0.5 (c),(d), b = —1.5 (e),(f) and different values of the noise correla-
tion time 7 = 0.1 (left column), 7 = 1.0 (right column) and high viscous friction
~ = 10.0.
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for high viscous friction is very likely to be found if we have a look at the artificial
damping factor  from the unified coloured noise approximation (Eq. (2.34)). Here,
it is given by

Blo,7) = % VA + 0lw)). (4.28)

As mentioned in the Secs. 2.2 and 3.2.1, we expect the approximation to work well
if the condition (v, 7) > 1 is fulfilled. For the pure dry friction case (y = 0), we
observed deviations for values of the correlation time of the noise 7 > 0.1. The
same applies for the case v = 1.0, see Fig. 4.6. For high viscous friction v = 10.0,
the numerical and analytical results almost match perfectly, see Fig. 4.7. In this
case, the damping factor (Eq. (4.28)) becomes much larger, therefore the very good
agreement does not come as surprise.

For the cases without constant force b = 0 (see Figs. 4.6(a), 4.6(b), 4.7(a), 4.7(b))
the influence of the viscous friction becomes visible in comparison to the pure dry
friction case (Fig. 3.4) as the tails of the distribution change towards a Gaussian
shape (see the v? contributions in the exponent in Eq. (4.27)) and decay rapidly for
high viscous friction. However, for small velocities v the cusp of the distribution,
which is a characteristic of a system with dry friction, is still visible. In the pure
dry friction case the distribution is of simple exponential type (see (Fig. 3.4) and
Eq. (3.15)).

For the singular part of the distribution (Eq. (4.11)), we only consider the parts,

which give a contribution in a small region around v = 0
PSing = Nil exp [—T(UE('U> - b)2:| TU;(U)' (429)

In the same way as in Sec. 3.2.1, we need to find the right pre factor for the Dirac
d function (lim. ¢ o.(v) ~ 0(v)). Thus, we integrate the expression from Eq. (4.29)

in a small region [—a,a] around v =0

a VT(1+b)
/ exp [—T(ag(v) — b)ﬂ rol(v)dv = /f( ) VT exp [—xz] dz
—a T(—14+

by again using the substitution /7(o.(v) — b) = x and performing the same steps
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of the calculation as in Eq. (4.24). The singular part of the distribution is therefore

NSing
N

Psing = d(v) (4.31)

and the probability of sticking as a function of the correlation time of the noise is

ST

PStick(T) = W

(erf [/T(1+b)] —erf [\/T(=1+D)]). (4.32)

N is again the full normalisation constant from Eq. (4.26), including the regular and
the singular contributions.

In the following analysis of Eq. (4.32), we first fix v = 1.0 and consider scenarios
for different values of b. Then, we consider some cases where we keep the constant
force fixed and elaborate the influence of the viscous friction by varying ~.

In Figs. 4.8 and 4.9, the analytical estimate (Eq. (4.32)) is compared to numerical
simulations for different values of the constant force b and moderate viscous friction

(v = 1). Again, the approximation works quite well as we can observe a very
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Figure 4.8: Probability of sticking Psye.(7) as a function of the correlation time 7
for different values of the constant force, b = 0.0 (a) and b = —0.9 (b). The yellow
solid line shows the analytical estimate (Eq. (4.32)), whereas the black dots result
from numerical simulations of Egs. (4.1) and (4.3). Further parameter v = 1.0.

good agreement between the analytical results and the numerical simulations. For
the values of the constant force b which lie in the sticking regime (Fig. 4.8), the
probability of sticking approaches 1 in the high correlation limit. If there is no

constant force at present, this happens already at intermediate correlation times 7,
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Figure 4.9: Probability of sticking Psyq.(7) as a function of the correlation time 7
for different values of the constant force, b = —1.1 (a) and b = —1.5 (b). The yellow
solid line shows the analytical estimate (Eq. (4.32)), whereas the black dots result
from numerical simulations of Eqgs. (4.1) and (4.3). Further parameter v = 1.0.

whereas if we increase the constant force towards the value of the stick-slip transition,
the increase of the sticking probability is much slower, compare Figs. 4.8(a) and
4.8(b). If we compare the case of b = 0 and v = 1 (Fig. 4.8(a)) with the pure
dry friction case (Fig. 3.5) no big difference can be observed from the two figures
separately. If these two curves were plotted in one figure, they would only marginally
differ for intermediate correlation times.

For values above the transition |b| > 1, we observe a non-monotonic behaviour
of the probability of sticking as a function of the noise correlation time. In the white
noise limit 7 — 0, the probability of sticking is more or less zero. By increasing the
correlation time of the noise 7, the Py (7) increases up to a certain value at an
intermediate correlation time 7. If we then increase 7 even further, the probability
decreases again towards zero. The closer the value of b is to the stick-slip transition
(|b| = 1), the more pronounced is this phenomenon, compare Figs. 4.9(a) and 4.9(b).
Such a behaviour has already been indicated by the results for the time traces in
Sec. 4.1, i.e. the appearance and the vanishing of sticking phenomena, see Figs. 4.3
- 4.5.

Next, we want to investigate how the observed non-monotonic behaviour of the
probability of sticking is affected by varying the viscous friction coefficient ~v. The
viscous friction contributes to probability of sticking through the regular normali-
sation constant Ng., (Eq. (4.18)). In Figs. 4.10(a) and 4.10(b), we show the results
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for values of the constant force b above the stick-slip transition, but now for dif-
ferent values of the viscous friction coefficient v. For low friction (7 = 0.1), the
observed phenomenon is less pronounced and the value of the correlation time 7,
where the sticking probability attains its maximum, is shifted towards higher val-
ues of 7 compared with the intermediate and high viscous friction, see Fig. 4.10(a).
If we increase the constant force further, the effect basically vanishes for low fric-
tion, see Fig. 4.10(b). On the other hand, for high viscous friction (y = 10.0) the
non-monotonic behaviour is strongly pronounced. Here, the value of the correlation
time 7 is shifted towards smaller values of 7 compared to the cases of lower fric-
tion. Moreover, even if we move away from the stick-slip transition by increasing

the constant force b, the effect is still very visible, see Fig. 4.10(b).
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Figure 4.10: Probability of sticking Psy.(7) as a function of the correlation time 7
for different values of the constant force, b = —1.1 (a) and b = —1.5 (b). In both
figures analytical results from Eq. (4.32) are shown for three different values of the
viscous friction coefficient: v = 10 (red), v = 1.0 (yellow), v = 0.1 (blue).

From these results the question arises as to what scenario could be observed for
very large viscous friction. Thus, we compute the probability of sticking in the limit

~v — 00. The viscous friction enters the probability of sticking via the normalisation
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of the regular part of the probability distribution (Eq. (4.18)). Thus, we compute

Jim Npeg = }E&T T+ = [e ( 2) erfc ((1 - b)ﬁ)
+ exp (%) erfc ((b+ 1)\/?”

= \/_ 2+ erf(v/7(b— 1) — erf(v/7T(b+ 1))] . (4.33)

Here we have used the relations
erfc(—z) = 1 4 erf(z). (4.34)

The latter follows since the error function is an odd function. The probability of
sticking (Eq. (4.32)) changes therefore to

Psticr(T) =
= & ferf (VA1 +8)) — exf (VA(-1 4 )] (4.35)

A comparison between this result and previously obtained results (Eq. (4.32) and
Fig. 4.10) is shown in Fig. 4.11. We observe that the overall difference between the
result for v = 10 and v — oo is small. For small correlation times 7 a difference
is clearly visible but the larger the correlation time 7 the better the curves for
different v coincide, thus the value of v hardly matters in the high correlation regime.
Eq. (4.35) and Fig. 4.11 show that the influence of v towards a higher probability of
sticking is limited, i.e. Psyer(7) cannot be increased further and further by increasing
7.

If the viscous friction is very high, the velocity decreases and only small values
in the area around the origin v(¢) = 0 can be observed. If the correlation time
of the noise 7 lies in a parameter region such that the total applied force b + n(t)
attains more likely values, which are within the sticking interval (see Egs. (4.9) and
(4.10) and Fig. 4.5 as well), then the probability that the particle sticks (v(t) = 0)
is increased compared to the cases of lower viscous friction. Therefore, the observed

non-monotonic behaviour is more strongly pronounced for high viscous friction.
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Figure 4.11: Probability of sticking Psy(7) as a function of the correlation time 7
for different values of the constant force, b = —1.1 (a) and b = —1.5 (b). In both
figures analytical results from Eq. (4.32) are shown for two different values of the
viscous friction coefficient: v = 10 (red), v = 1.0 (yellow). In addition the result for
the limit v — oo from Eq. (4.35) is presented (green dashed line).

4.2.2 Joint probability distribution and probability current

After investigating the properties of the marginal distribution of the velocity, we
want to proceed with the two-dimensional model (v,7). As in Sec. 3.2.2, we first
compute the joint probability distribution numerically as analytical calculations are
hampered due to the lack detailed balance. We present results for the case of white
noise (7 = 0.001) and for a high correlation time (7 = 1.0). Figs. 4.12 and 4.13 show
logarithmic density plots of the full joint probability distribution, i.e. the regular
and the singular part. The figures are similarly organised as Figs. 4.6 and 4.7. In
each column the correlation time is fixed, whereas in each row we have the same
value of the constant force. Fig. 4.12 results are shown for v = 1.0, whereas we have
v =10.0 in Fig. 4.13.

For b = 0 and 7 = 0.001 (Figs. 4.12(a) and 4.13(a)), we have a Gaussian dis-
tribution in the 7 direction and the distribution in v is ~ exp(—2[v| — yv?). If
we increase the correlation time of the noise 7, the two parts in the half spaces
are shifted against each other, as already seen for the pure dry friction case (see
Fig. 3.6). For 7 = 1.0, the position of the distribution in the (v, n) plane changes as
well due to the additional viscous friction. For pure dry friction, the regular part of
the probability distribution attains its maximum value more or less around the same

value in 1 (to be more precise it is around 7 = o(v) = £1) as we move away from
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Figure 4.12: Logarithmic density plot of the stationary probability distribution,
obtained from numerical simulations of Eqs. (4.1) and (4.3) for different values of
the correlation time 7 = 0.001 (left column), 7 = 1.0 (right column) and different
values of the constant bias: b = 0.0 (a),(b), b = —0.5 (¢),(d), b = —1.5 (e),(f).
Further parameter v = 1.0.
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Figure 4.13: Logarithmic density plot of the stationary probability distribution,
obtained from numerical simulations of Eqs. (4.1) and (4.3) for different values of
the correlation time 7 = 0.001 (left column), 7 = 1.0 (right column) and different
values of the constant bias: b = 0.0 (a),(b), b = —0.5 (¢),(d), b = —1.5 (e),(f).
Further parameter v = 10.0.
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the discontinuity located at v = 0, see Fig. 3.6(c). In the case of the viscous friction,
the maximum value of the regular part of the distribution changes its position in n
to more positive or more negative values as we move away from the discontinuity,
either towards positive velocities or negative velocities. This effect becomes clearly
visible for b # 0, see Fig. 4.12(f).

Another obvious impact of the additional viscous friction compared to the pure
dry friction case is that the higher the values of ~, the smaller the possible values
for the velocity. For example in Fig. 4.13(a) (with v = 10.0), the distribution is
more or less zero for velocities larger than v = £1. For v = 1.0 in Fig. 4.12(a), the
range of the probability distribution, where results are visible from the numerical
simulation, is v € [—2,2]. Moreover, for pure dry friction (Fig. 3.6(a)) the range of
the distribution goes even beyond v = £2.

In general, the dynamics is biased towards one of the half spaces for b # 0,
depending on the sign of the constant force b; here it is towards the negative velocity
domain. For a higher noise correlation time we observe that the stronger the constant
force, the more the dynamics takes place in the respective half space or the lesser
the dynamics takes place in the other half space, e.g. see Fig. 4.12(f), where almost
the entire joint probability distribution is located in the negative velocity domain.
The results for high viscous friction (Fig. 4.13) exhibit the same changes of the
joint probability distribution, previously described for moderate viscous friction.
Furthermore, the distribution is located at lower values of the velocity, as already
mentioned before and seen for the marginal distribution in Fig. 4.7.

Having discussed results from numerical simulations, we want to obtain some
more insight with the focus on analytical results. As the two-dimensional system
in (v,n) represents a Markov process, we can write down the corresponding Fokker-
Planck equation. From Egs. (4.2) and (4.3)) we get

0
(OE(U) + YU = b— n)P(Ua 777t‘v0a Mo, O)

v
o (n 1 0
e

0
EP(Q% m, Z€|,UO7 Mo, O) =

—— | P t 0). 4.36
- + 272 877) (Uana ”U07770a ) ( )

We have used the smoothed version of the dry friction here (see Eq. (3.4)). Due to
the lack of detailed balance, there is no straightforward method to solve Eq. (4.36).
We have tried similar attempts as in Sec. 3.2.2 to find the stationary probability
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distribution but without success. However, similarly to Eq. (3.29), it is possible to
find an expression for the stationary joint distribution P(v,n), which formally solves
Eq. (4.36) in the dry friction limit € — 0

P(v,n) = exp [=2(y7 +1)*(v] = bv) + 21 (y7% + 7) (o0(v) — D)
+2nv (7272 + 77) —n? (772 + T) — 0 (yT + 1)2] ) (4.37)

Unfortunately, this expression does not obey the required matching conditions at
v = 0. Nevertheless, it turns out that it is a useful analytical estimate for large values
of velocity v and large noise amplitudes 77. A comparison to numerical simulations is
shown in Figs. 4.14 and 4.15, where slices at constant velocity and slices for constant
noise amplitude are taken to check the validity of the expression from Eq. (4.37).
The normalisation constant cannot be computed as the result in Eq. (4.37) only
takes the sliding dynamics for large velocities and large noise amplitudes into ac-
count. However, the full probability distribution contains also a singular part, which
contributes to the normalisation as well, see e.g. Eq. (4.26).

As a check of consistency we observe that for b = 0 and v = 0, Eq. (4.37) changes
to Eq. (3.29), which is the pure dry friction case. Furthermore, for b = 0 and without
the contributions of the dry friction, i.e. |v| and oo(v), Eq. (4.37) coincides with the
result for the Ornstein-Uhlenbeck process driven by coloured noise (Eq. (2.21)).

In both figures, we observe that the expression from Eq. (4.37) coincides very well
for the case of large velocity and large noise amplitude. The closer we approach the
discontinuity at v = 0, the more deviations between numerical and analytical results
become visible. In Fig. 4.14 the numerical result closest to the discontinuity exhibits
a stronger decay than the analytical estimate and the shape of the distribition
becomes asymmetric around its maximum value. For constant noise amplitudes in
Fig. 4.15, the analytical expressions fit quite nicely with the numerical results in the
negative half space, but they fail to give a valid result for the positive domain with
the exception of the case for the largest negative noise amplitude.

To close this section, we compute the stationary probability current numerically
with the previously used algorithm [56]. This quantity clearly shows the nonequilib-
rium character of our system as it does not vanish for 7 # 0. Here we only present
results for moderate viscous friction (v = 1.0), high constant bias (b = —1.5) and

two different values of the noise correlation time (stream plots in Fig. 4.16 and
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Figure 4.14: Regular component of the stationary probability distribution at fixed
values of the velocity v for 7 = 1.0, v = 1.0 and b = —0.5. The numerical simulations
(dashed lines) are compared with the analytical estimate (solid lines) (Eq. (4.37)).
The normalisation of the analytics is fitted to the numerical data.
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Figure 4.15: Regular component of the stationary probability distribution at fixed
values of the noise amplitude n for 7 = 1.0, v = 1.0 and b = —0.5. The numerical
simulations (dashed lines) are compared with the analytical estimate (solid lines)
(Eq. (4.37)). The normalisation of the analytics is fitted to the numerical data.

logarithmic density plots in Fig. 4.17). Due to the negative value of the constant
force, the larger part of the dynamics takes place in the negative half space. The
flow pattern seems to circulate around the point (v,n) = (—0.5,0) (see Fig. 4.16).

This looks similar to the case of the Ornstein-Uhlenbeck process driven by coloured
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noise, see Fig. 2.2 in Sec. 2.1, where the probability current rotates around the origin
(0,0) in the (v,n) plane. The difference between these two pictures is obviously the
impact of the discontinuity at v = 0. Note that the sticking interval is located at
v =0 and n € [0.5,2.5].

For negative values of  and small negative velocities v the probability current
points towards larger negative velocities and larger negative noise amplitudes. Due
to the impact of the viscous friction the particle gets decelerated. If n becomes now
smaller and changes its sign, it somehow opposes the constant force. Therefore, the
current points towards larger positive values of n and more importantly towards
v = 0. As the particle reaches v = 0 the particle enters the sticking manifold if
we have n € [0.5,2.5] (as the sticking condition in Eq. (4.4) is fulfilled then). On
the sticking manifold, the current points towards the positive or negative direction
depending on the value of 7, see Fig. 4.18 for the probability current on the sticking
manifold. If n attains again a value outside the aforementioned sticking interval, the
particle starts sliding again. In the case of 7 = 1.0 (Fig. 4.16(b)), the probability
current is more or less only located in the negative half space of the velocity, whereas

for 7 = 0.1, the particle can enter the positive half space for the velocity.
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Figure 4.16: Stream plot of the regular part of the stationary probability current
from numerical simulations for v = 1.0, b= —1.5, 7 = 0.1 (a) and 7 = 1.0 (b). The
stream plot shows the normalised vector field of the current in the (v,7n) plane.
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Figure 4.17: Logarithmic density plot of the regular part of the stationary probability
current from numerical simulations for v = 1.0, b = —1.5, 7 = 0.1 (a) and 7 = 1.0
(b). The density plot exhibits the absolute value of the current in the (v,7) plane.

Next, we want to investigate further whether the constant force b has an impact
on the probability current on the sticking manifold, i.e. the n-component of the
stationary probability current J(v,n) at v =0and n € [-1—b,1—10] (see Eq. (4.4)).
As in Fig. 3.12, we consider results for the current on the sticking manifold by
varying the correlation time of the noise 7. Numerical results are shown for two
different values of the constant force b, one in the sticking regime (Fig. 4.18(a)) and

one in the sliding regime (Fig. 4.18(b)).
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Figure 4.18: 1 component of the stationary probability current at v = 0 for different
values of the noise correlation time 7, for a constant force below (b = —0.5 (a)) and
above (b= —1.5 (b)) the deterministic stick-slip transition. The respective sticking
intervals are n € [—0.5,1.5] (a) and n € [0.5,2.5] (b).
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We observe that the sticking interval is shifted, depending on the value of the
constant force b, as already mentioned in Sec. 4.1, see Eq. (4.4). For b = —0.5
the sticking interval is n € [—0.5,1.5] (Fig. 4.18(a)) whereas for b = —1.5 we have
n € [0.5,2.5] (Fig. 4.18(b)). By varying the correlation time of the noise 7, a non-
monotonic behaviour for the probability current on the sticking manifold can be
observed, similarly to the pure dry friction case (see Fig. 3.12). For small 7, the
probability current on the sticking manifold is very small. If we then increase the
correlation time of the noise up to values around 7 = 0.2, the current also becomes
larger. By further increasing 7 towards 7 = 3.0, the probability current decreases
and disappears almost completely. Due to the constant force b, the two contributions
of the probability current on the sticking manifold, which point away from the
midpoint of the respective sticking interval to the positive or negative direction, are
not equally large. For example in Fig. 4.18(a) the midpoint is at 7 = 0.5 and the
absolute value of the contribution of the probability current for values smaller than
the midpoint is larger than the part, which lies above the midpoint. As we increase
7, the part above the midpoint vanishes quicker than the other. For 7 = 3.0, there is
no contribution left in the upper half of the sticking interval, but a small contribution
still remains in the lower half. For the case of the sliding regime (Fig. 4.18(b)), the
contribution in the upper half of the sticking interval vanishes even earlier. For high
correlation times, the probability current on the sticking manifold decreases rapidly

outside the sticking interval, as we have already seen for the case of pure dry friction.

4.3 Dynamical behaviour

Having discussed the stationary properties of our model, we now turn towards its
dynamical characteristics. First, we focus on the power spectral density. We are
interested in the interplay of the correlation time of the noise 7, the viscous friction
~ and the constant force b and their impact on the correlations of the velocity. In
the case of a Gaussian white noise (Eq. (1.2)) the power spectral density can be
expressed in terms of a closed analytic formula via the Laplace transform of the
propagator [95]. In this framework, asymptotic expressions for the sticking and
the sliding regime could be derived for large parameter values of the dry friction

coefficient and the constant force. In Sec. 3.3, where the pure dry friction case with
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coloured noise has been discussed, we could observe that the correlation time of the
velocity ... increases around a ”critical value” of the correlation time of the noise
7. We will investigate how this result changes due to the impact of viscous friction
and a constant bias.

Afterwards, the sticking and sliding time periods or, more precisely, their dis-
tributions are studied. The obtained results for the time traces in Sec. 4.1 and
the non-monotonic behaviour of the probability of sticking suggest that the sticking
time distribution might exhibit a related behaviour depending on the values of the
correlation time of the noise 7 and the constant force b in the sliding and the sticking
regime. Finally, the impact of viscous friction and a constant force on the sliding

time intervals is probed.

4.3.1 Power spectral density

As exact analytical results are neither available for the stationary probability distri-
bution nor for the propagator of the Fokker-Planck equation (Eq. (4.36)), we have to
rely on numerical simulations to compute the power spectral density of the velocity
S(w). Similarly as in Sec. 3.3.1, we compute 800 time traces of the length 7" = 10*
numerically and average over them to estimate the power spectral density. The fo-
cus of our analysis lies again on the correlations of the velocity. Fig. 4.19 shows the
results for the power spectral densities for different values of the constant bias b and
for different values of the correlation time of the noise, whereas we keep the viscous
friction fixed (y = 0.1). In Fig. 4.19(a), we fix the correlation time of the noise at
7 = 0.001, which represents the case of white noise. Results for an intermediate
correlated noise (7 = 1.0) are shown in Fig. 4.19(b).

As already observed in [95], the spectral density develops a peak for b # 0.
The larger the constant force, the higher the peak in the spectrum. This can be
explained via the stationary autocorrelation function, which is related to the power
spectral density via the Wiener-Khinchin theorem [38], see Sec. 2.1 in particular
Egs. (2.8) and (2.10). For b = 0, the expectation value of the velocity is zero, but
for b # 0 we have (v) # 0. Therefore, by performing a Fourier transform of the
autocorrelation function to obtain the power spectral density, a Dirac § peak arises
at w = 0. Furthermore, we can observe in Fig. 4.19 that the decay of the spectral

density becomes larger with increasing constant force. Therefore, we expect the full
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Figure 4.19: Semi-logarithmic plot of the power spectral density S(w), obtained
from numerical simulations for different values of the constant bias (b = 0.0 (dark
blue), b = —0.5 (red), b = —0.9 (cyan), b = —1.1 (yellow), b = —1.5 (green)) and
two different values of the noise correlation time 7 = 0.001 (a) and 7 = 1.0 (b).
Further parameter v = 0.1.

width at half maximum to be smaller the larger the constant force is. In addition to
the 0 peak, the higher the constant force, the larger the values the spectral density
attains. This can be related to the stationary variance of the velocity, which is
proportional to the total spectral weight Av? ~ [*° S(w)dw. The variance of the
velocity Av? decreases for b = 0 and increasing correlation time 7 (see the dark blue
curve in Fig. 4.19(a)). For b # 0 and especially |b| > 1 the variance also decreases
but not that strongly as the spectral density for b = —1.5 in Fig. 4.19(b) (green
curve) is still quite large.

As already seen in Sec. 3.3.1 for the pure dry friction model subjected to coloured
noise, the power spectral density changes its shape from a Lorentzian with w2 decay
at large frequencies to a quartic spectral shape with a w™* decay if we increase the
correlation time of the noise (see Fig. 3.13). In Fig. 4.20, we can observe the same
transition in the spectral density for the model with viscous friction and constant
bias if we increase the correlation time of the noise.

By using the quartic spectral fit function (see caption of Fig. 4.20), we compute
the correlation time of the velocity, which we define again as t.,., = A%J, compare
Sec. 3.3.1 and Eq. (2.11). First, we investigate only the impact of viscous friction
(b = 0) on the correlations of the velocity. Thus, we compute the correlation time of

the velocity from the power spectral density for four different values of the viscous

103



4. Dry friction models including viscous friction and constant bias

0l T = 000‘1 mn
10 """:::::::::—'Z:::;:_._.__::_. T =0.1 w7
"::-".‘:_- .... T =1.0 mommmmm
10" e
._.______..::;:;;;_-:_.____.___::.. ECN
1 0-2 ":7:;5::. .
§ 10 3 L TP =
10 S,
g
10°
10
1 0-7 L L L
0.01 0.1 1

()

Figure 4.20: Double-logarithmic plot of the power spectral density of the velocity,
obtained from numerical simulations (dashed lines). The Spectra have been nor-
malised by cutting out the § peak at w = 0 and by the condition Sy (wmin) = 1
(with Wy, # 0) and shifted respectively for a better visualization. Numerical sim-
ulations (dashed lines, 7 = 0.001 (dark blue), 7 = 0.1 (green), 7 = 1.0 (red)), the
Lorentzian fit ~ 1/(1 + w?) (yellow solid line) and a quartic spectral fit function
~ 1/(1 4+ aw? + bw*) (cyan dot-dashed line). Further parameters b = —1.1 and
v =0.1.

friction coefficient: no viscous friction v = 0.0, low friction v = 0.1, intermediate
friction 7 = 1.0 and high friction v = 10.0. The results of this analysis are shown
in Fig. 4.21. We can see that the correlation time of the velocity t.,.,. decreases if
the viscous friction increases. This is in accordance with the case of the Ornstein-
Uhlenbeck process (Eq. (2.8)), where the correlation time is proportional to the
inverse of the viscous friction coefficient. This observation seems to hold for any
value of the correlation time of the noise 7 shown in Fig. 4.21. If we increase now
the correlation time 7 the correlation time of the velocity increases as well. While
the increase takes place around the already mentioned ”critical value” of 7 = 0.1
for intermediate, low and no viscous friction, ..., increases already for very small
values of 7 in the case of high viscous friction v = 10.0. We also observe that for
high values of the noise correlation time 7, the distances between the results for
teorr for the different values of the viscous friction become smaller compared to the
white noise case: for 7 = 0.001, we have t.,., = 4 for v = 0.0 and t..,, = 0.18 for
~v = 10.0, whereas for 7 = 3.0 we obtain t.,.. = 7.52 for v = 0.0 and t..,,, = 2.95 for
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Figure 4.21: Correlation time of the velocity t...» as a function of the correlation
time of the noise 7 for different values of the viscous friction . The results have
been obtained from numerical simulations of the power spectral density and the
estimation of the full width at half maximum by using a quartic spectral fit, see the
caption of Fig. 4.20.

= 10.0. This is in accordance with the result of the Ornstein-Uhlenbeck process,
as the full widths at half maximum coincide for high correlation times 7 are more
or less independent of the value of v, see Fig. 2.3.

After discussing the impact of the viscous friction in addition to the dry friction,
we now take the constant force b into account. In Fig. 4.22 results for the correla-
tion time of the velocity t.,. are shown for different values of the constant force.
The numerically obtained findings are shown for three different values of the viscous
friction: v = 0.1 in Fig. 4.22(a), v = 1.0 in Fig. 4.22(b) and v = 10.0 in Fig. 4.22(c).
In the regime of small and intermediate value of the noise correlation time 7, we ob-
serve that for low viscous friction, the value of the constant force plays an important
role for the correlations of the velocity. For a fixed value 7 in the aforementioned
regime, the correlation time t.,., becomes larger by increasing the constant force,
see (Fig. 4.22(a)). This has already been indicated in Fig. 4.19(a), where the power
spectral density for b = —1.5 decays strongly for intermediate frequencies, resulting
in a small full width at half maximum. A similar but lesser impact of the constant
force can be seen for intermediate values of the viscous friction v = 1.0 (Fig. 4.22(b)).
And for high values of v, the constant force b hardly matters for the result of the

correlation time t.,,.., as the dynamics is strongly dominated by the viscous friction
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Figure 4.22: Correlation time of the velocity t...» as a function of the correlation
time of the noise 7 for different values of the constant force b = 0.0 (red), b = —0.5
(green), b = —0.9 (yellow), b = —1.1 (cyan), b = —1.5 (dark blue) (from top
to bottom in each subfigure) and for different parameters of the viscous friction:
v = 0.1 (a), vy = 1.0 (b) and v = 10.0 (c). The results have been obtained from
numerical simulations of the spectral density and the estimation of the full width at
half maximum by using a quartic spectral fit, see the caption of Fig. 4.20.

and we therefore have very similar dynamics like an Ornstein-Uhlenbeck process,
see Fig. 4.22(c).

Furthermore, in the regime of high noise correlations, the differences between
the results for the correlation times of the velocity t.... for different values of the
constant force b becomes smaller. This is displayed in Fig. 4.22 only for values of b
close to the stick-slip transition (|b| = 1) or above as the results for the power spectral
density and therefore the correlation time of the velocity are a dynamical feature

of this model. For a value of the constant force which lies in the sticking regime,
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it becomes more and more difficult to obtain reliable data for the power spectral
density for high correlation times as the dynamics are dominated by sticking events

in this case. Thus, from Fig. 4.22 stick-slip transitions are not clearly visible.

4.3.2 Sticking and sliding time distributions

In the last part of this chapter, the distribution of the sticking and the sliding time
events are investigated. In the previous chapter, the distribution of sticking time
events was estimated via the exit time problem for the Ornstein-Uhlenbeck process
with two absorbing boundaries (see Sec. 3.3.2). As we considered the pure dry
friction case (v = 0, b = 0), the boundary conditions for this exit time problem
were symmetric around 7(t) = 0, i.e. the boundaries were located at n = —1 and
1 = 1, which describes to situation that the particle sticks if v =0 and —1 <n < 1.
It starts moving again if n attains values outside from the aforementioned symmetric
interval [—1,1], as the stochastic force is then strong enough to overcome the dry
friction coefficient, which has the value one here. As a constant force enters our
equation of motion, the particle sticks now if we have v =0 and -1 < b+1n < 1,
as already mentioned in Sec. 4.1, see Eq. (4.1) and therefore the sticking interval
changes to the expression shown in Eq. (4.4). Thus, we will consider here the interval
[—1 —b,1 — b] with an initial value 1y € (—1 —b,1 — b) for our exit time problem.

As done in Sec. 3.3.2 (see Fig. 3.15) we compute numerically the distribution of
initial values P(n), i.e. when v(t) = 0 and 7(t) attains a value within the interval
[—1—b,1—0b]. We show results for two different values of the constant force b while
we vary the correlation time of the noise 7. In Fig. 4.23(a) we have b = —0.5 and in
Fig. 4.23(b) we use b = —1.5.

For small values of 7, P(ro) is uniformly distributed. By increasing 7, the dis-
tribution becomes bimodal and the maxima move towards the boundaries of the
interval. Due to the constant force, the maxima of the distribution do not stay the
same. The maximum, which moves towards the lower bound becomes much larger
than the one moving towards the upper boundary. The larger the constant force b,
the more pronounced is this phenomenon.

It is possible to derive an exact result for the exit time distribution in Laplace
space for two absorbing boundaries a;, (lower boundary) and ag (upper boundary)

(—arp # ag) (see Eq. (D.23)). Unfortunately, the numerical inverse Laplace trans-
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Figure 4.23: Distribution of initial values P(ny) obtained for different values of the
correlation time of the noise 7 and for the sticking regime (b = —0.5 (a)) and the

sliding regime (b = —1.5 (b)). The results have been obtained numerically from
Egs. (4.1) and (4.3).

form does not give reasonable results for the case including a constant force b. For
small values of b and intermediate values of 7 results can be obtained but they differ
only slightly from the results for the pure dry friction case. For higher parameter
values oscillations appear for small sticking times 7. In addition, the algorithm
produces even negative values. Therefore, we restrict our discussion to the results

of numerical simulations.
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Figure 4.24: Sticking time distribution for 7 = 1.0 and different values of the con-
stant force b, obtained numerically from Eqgs. (4.1) and (4.3).
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Figure 4.24 shows results for the sticking time distribution for a fixed value of the
correlation time 7 = 1.0 and different values of the constant force b, above and below
the stick-slip transition (|b| = 1). The shape of the distribution is in general the
same as in the pure dry friction case (compare as well to Fig. 3.16): the distributions
exhibit a peak around 7' = 0 and then they decay exponentially. For high values
of the constant force b, the decay is stronger and therefore it is less likely that the
particle sticks for a long time, whereas for smaller values of b, the decay is slower

and the particle can stick for longer time periods.
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Figure 4.25: Sticking time distribution for b = —0.5 (a) and b = —1.5 (b) and
different values of the correlation of the noise 7, obtained numerically from Egs. (4.1)
and (4.3).

In Fig. 4.25(a) we fix the constant force at a value below the stick-slip transition
b = —0.5 and increase the correlation time of the noise 7. For small values of 7, the
decay of the distribution is very strong; thus, it is not very likely for the particle
to stick. By increasing 7 further, we observe that the exponential decay for small
sticking times becomes weaker. Therefore with higher correlation times 7 it becomes
more likely for the particle to stick for longer times. We will not show results for
very high correlation times here, as the data files for the obtained distributions
become very large due to the number of possible sticking time periods and very long
numerical simulations are required to average out the fluctuations in the results.

For a constant force in the sliding regime b = —1.5, a similar behaviour as
previously described can be observed first: by increasing 7, the exponential decay
of the distribution becomes weaker. However, for high correlation times 7, we can

see that the decay becomes stronger again and only short sticking times are likely
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to happen (see the case 7 = 30 in Fig. 4.25(b)). This is in accordance with the
results from the previous sections, where we observed the appearance and vanishing
of sticking time periods (Sec. 4.1) and a non-monotonic behaviour of the probability
of sticking (Sec. 4.2.1) by increasing the correlation time. Thus, we conclude that for
small and intermediate correlation times 7, the differences between the results for the
sticking regime (b = —0.5) and the sliding regime (b = —1.5) are hardly noticeable.
A comparison for high correlation times by performing a purely numerical analysis,
where differences between the sticking and sliding regime should be visible, is not an
easy task and requires a lot of effort concerning the length of numerical simulations
and storage capacities of the computer.

After exploring the sticking time distributions and discussing the influence of
the constant force b, we analyse now the sliding time distributions. We have not
been able to find analytically solvable model, which can be used to find an analytical
expression for the distribution of the sliding time periods, in contrast to the exit time
problem for the Ornstein-Uhlenbeck process for the sticking time periods. Therefore
our entire analysis will be purely numerically. We proceed similarly to the previous
chapter (see Sec. 3.3.2): from the numerically generated time traces of our model
(Egs. (4.1) and (4.3)), we compute the length of the time intervals, for which the
velocity v is nonzero. From the length of these time intervals we generate then the
distribution for the sliding time periods.

In Sec. 3.3.2, we have seen for the pure dry friction case that for intermediate
or larger values of the correlation time of the noise 7 the corresponding sliding
time distributions exhibits a kind of universal behaviour, see Fig. 3.18. For small
sliding times the distribution shows a power law decay (regime (I)), then there is a
transition to sliding times with strong exponential decay for a short interval (regime
(IT), followed an exponential decay as well for intermediate until large sliding times
T but the decay is weaker (regime (III). Depending on the value of 7, the transitions
between these regimes of different decay behaviour are shifted, i.e. they take place at
higher or smaller values of T. For small correlation times, there is only a short regime
with a power law decay, whereas for higher correlation times the transition to an
exponential decay takes place at higher values of T. These findings can be observed
in Fig. 3.17. Here we want to investigate how an additional viscous friction term
and different values of the constant force b affect the shape and the behaviour of

the sliding time distribution while we increase the correlation time of the noise. In
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Fig. 4.26, sliding time distributions are shown for different values of the viscous

friction coefficient v and different values of 7 respectively.
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Figure 4.26: Sliding time distribution P(T"), numerically obtained from time traces
of our model (Egs. (4.1) and (4.3)) for different values of the viscous friction 7.
Further paramter 7 = 0.1 (a), 7 = 2.0 (b) and b = 0 in both figures.

For small sliding times, the distributions exhibit a power law decay, which is the
same for all shown distributions, independent of their value of the viscous friction
~. They show the same behaviour for the strong exponential decay at intermediate
times. Only for large sliding times T, we observe a difference regarding the value
of the viscous friction: the higher the viscous friction, the stronger the exponential
decay of the distribution. Thus, for a small values of v, it is more likely to observe
the particle sliding for a long time. This does not come as a surprise, as for lower
viscous friction the particle can attain higher values of the velocity compared to the
case of a strong viscous friction. Similarly to the pure dry friction case, the transition
from the power law decay to the strong exponential decay takes place already at
small sliding times T for 7 = 0.1, whereas this transition is shifted towards larger
sliding times for a higher noise correlation time. For 7 = 2.0 (Fig. 4.26(b)) we also
observe that strong viscous damping weakens the strong exponential decay around
sliding times of the value T'= 0.1.

After analysing the impact of the viscous friction on the sliding time periods,
we consider now the impact of the constant force in our model and compute the
corresponding sliding time distributions. Fig. 4.27 displays results for a fixed viscous
friction coefficient v = 1.0 and different values of the constant bias: no bias b = 0,

one below b = —0.5 and one above b = —1.5 the deterministic stick-slip transition.
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For small and intermediate sliding times 7', no difference can be observed for the
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Figure 4.27: Sliding time distribution P(7’), numerically obtained from time traces
of our model (Eqgs. (4.1) and (4.3)) for different values of the constant force b. Further
paramters 7 = 0.1 (a), 7 = 2.0 (b) and v = 1.0 in both figures.

different values of the constant force. The results are only distinguishable in the
regime between the weak exponential decay and the exponential cut-off for large
sliding times. For a large force (sliding regime), longer sliding times are more likely
to be observed compared to the case of the smaller force (sticking regime) and to
the case of no bias. While the differences between the different cases are small for
7 = 0.1, they seem to become larger at 7 = 2.0. However, the results for the cases
of b = 0 and b = —0.5 show more or less the same result. Note that in general
only qualitative statements are possible here in this analysis, as the results for the
sliding times is purely numerical. Numerical simulations for high correlation times
of the noise 7 and for constant forces in the sliding regime require a very long time

to obtain a reasonable result, where all fluctuations are averaged out.

4.4 Summary of the chapter

In this chapter, we investigated the impact of coloured noise on a dry friction model
with viscous friction and constant force. Analytical results have been available in
the framework of the unified coloured noise approximation. An analytical expression
for the marginal probability density of the velocity has been derived. For increasing

correlation time of the noise 7, the stationary distribution shows a Dirac d peak at
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v = 0, representing sticking phenomena. Depending on whether the value of the
constant force b lies in the sticking or sliding regime, two different types of behaviour
of the system could be observed. In the sticking regime, the dynamics shows a
transition from sliding dynamics to sticking dynamics for increasing values of 7. The
transition to the dynamics dominated by the sticking phenomena occurs at higher
correlation times 7 compared to the case without the constant force. In the sliding
regime, sticking events take place at intermediate values of 7, but if the correlation
time of the noise is increased further, the sticking events vanish and only sliding
dynamics can be observed. These observations are indicated by a non-monotonic
behaviour of the probability of sticking for values of the constant force b in the
sliding regime. Furthermore, we have been able to find an asymptotic expression for
the joint stationary probability distribution P(v,n), which gives a useful description
of the dynamics at large velocities and large noise amplitudes. This formal solution
does not obey the required matching conditions at the discontinuity at v = 0. Due
to the lack of detailed balance, it has not been possible to find an exact result
for the Fokker-Planck equation of the two-dimensional system with the required
matching conditions for the probability distribution and the probability current at
the discontinuity,

To study the dynamical properties of our model, i.e. the correlations of the ve-
locity, we computed the power spectral density and compared results for different
values of the viscous friction and the constant force. In general, we could again
observe that the shape of the spectral densities changes when the correlation time
of the noise 7 was increased. In the white noise case, the power spectral density is a
Lorentzian with a w2 decay for high frequencies, whereas a w™* decay is observed
for intermediate correlation times of the noise 7. By increasing the viscous friction
coefficient 7, the correlation time of the velocity decreases; this inverse proportional-
ity has already been observed for the Ornstein-Uhlenbeck driven by coloured noise.
On the other hand, for high values of the constant force b, the correlations of the
velocity increase.

Finally, the sticking time and sliding distributions were investigated. In Sec. 3.3.2,
the sticking time distribution could be estimated via the exit time problem of an
Ornstein-Uhlenbeck process. Here, we could also state an exact result for the exit
time distribution in Laplace space. However, as the numerical inversion of this ex-

pression does not give reasonable results, we have to rely on a purely numerical
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4. Dry friction models including viscous friction and constant bias

analysis. We focussed our investigations on the sticking (|b] < 1) and the sliding
(|b] > 1) regime. While longer sticking time periods become more likely in the
sticking regime as we increase the correlation time of the noise 7, this is observed
for the sliding time only for small and intermediate values of 7. For higher values,
the sticking time periods are more likely to become shorter, which is in accordance
with the previous findings for the probability of sticking. For the estimation of the
sliding time distributions suitable analytical models have not been available. Thus,
this analysis has also been done purely numerically. We investigated the impact of
the viscous friction and the constant force and compared it to the results obtained
from the pure dry friction case. The shape of the distributions did not change at
small and intermediate sliding times for different values of the viscous friction and
the constant force. It is only for large sliding times that differences become visi-
ble as the decay is stronger for large viscous friction. For a larger constant force,
longer sliding times are possible compared with the case of a smaller constant force.
However, in general, it is quite surprising that the shape of the distribution is only

marginally affected by the viscous friction and the constant force.
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Chapter 5

Eigenvalue problem of a dry
friction model with displacement

and velocity

In this chapter we consider a two-dimensional stochastic dry friction model with
displacement x and velocity v. In the previous Chapters 3 and 4 we investigated
the velocity of a particle in stochastic dry friction model subjected to exponentially
correlated Ornstein-Uhlenbeck noise. This type of noise led from a one-dimensional
non-Markov process for the velocity to a two-dimensional Markov process for velocity
and noise amplitude. Instead of using a correlated noise, we add here a spatial
component to our dynamical equation and use Gaussian white noise as the stochastic
perturbation. This system is another simple version of a two-dimensional piecewise-
smooth stochastic system which does not obey detailed balance.

While one-dimensional piecewise-smooth stochastic systems, which consider the
velocity component of a particle, have been studied intensely in the past decade,
investigations on the displacement of such systems are only in their infancy. Some
experiments and numerical studies have been performed to investigate the impact
of dry friction on the displacement of water droplets and small solid objects on
vibrating substrates [42,43,73]. In [72], the Fokker-Planck equation of a dry friction
model has been analysed by a direct numerical integration and by demonstrating a
formal connection to the Schrodinger equation for the quantum harmonic oscillator,

which allowed a semi-analytical treatment of the spatial displacement statistics.
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5. Eigenvalue problem of a dry friction model with displacement and velocity

Furthermore, displacement distributions have been calculated in the framework of
large deviation properties of functionals with dry friction [20].

Our investigations here will focus on the underlying eigenvalue problem of the
dry friction model with displacement and velocity; thus, we will proceed similarly as
in [94] for the problem with the velocity only. The main goal of these investigations
is to find out how the dry friction affects the dynamics of the displacement. By
studying the eigenvalue spectrum of the Fokker-Planck operator we will be able to
draw conclusions about quantities like correlation function or other observables like
moments or the diffusion constant. The latter can be computed via the autocorre-
lation function (Green-Kubo relations [46,61]). These quantities can be related to
the eigenvalues of the Fokker-Planck operator, since the time-dependent solution of
the Fokker-Planck equation is used for their computation.

The outline of this chapter is the following: we briefly present our stochastic
model in Sec. 5.1, before we will derive an eigenvalue equation for our problem
in Sec. 5.2, making use of periodic boundary conditions for the position z. In
Section 5.3, we focus on the eigenvalue analysis of the system without constant
force, before we discuss the eigenvalue problem including a constant force in Sec 5.4.

A summary of the chapter is given in Sec. 5.5.

5.1 Two-dimensional piecewise-smooth stochastic

system with Gaussian white noise

We add a spatial component to the one-dimensional piecewise-smooth stochastic
system for the velocity of a particle (Eq. (1.2)) and after rescaling our variables, our

equations of motion for the position x and velocity v are

0(t) = —v(t) — po(v(t)) + b+ &(1). (5.1b)

Here, i denotes the rescaled dry friction coefficient, b is the constant force in non-
dimensional units (see App. B.8 for details of the rescaling), and £(t) is delta-
correlated Gaussian white noise (see Eq. (1.3)). As already mentioned in the in-

troduction (see Sec. 1.1), we have set the mass of the particle to one. Note that
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5. Eigenvalue problem of a dry friction model with displacement and velocity

we have used the same rescaling of the variables as for the one-dimensional prob-
lem for the velocity only, which facilitates to draw connections between that known
problem and the investigated two-dimensional system here. From Egs. (5.1a) and
(5.1b) we observe that the velocity attains only finite values due to the viscous fric-
tion, whereas the dynamics in z is unbounded due to the absence of a potential
depending on x, thus, the particle can move freely. Therefore, we will impose spe-
cific boundaries for the displacement in such a way that the Egs. (5.1a) and (5.1b)
have a well defined joint stationary distribution and the problem becomes treatable
by analytical means.

The corresponding Fokker-Planck equation for the joint probability distribution

P(x,v,t|xg,vo,0) reads

2P(m v, t|zo, v, 0) = —gv—i-ﬁ(v—i- J(v)—b)—O—a—2 P(z,v,t|zg, vo,0)
ot s Uy 0, Y0, - or v % (9112 y Uy 0, Y0,
(5.2)
with the initial condition
P(x,v,0|zg,v9,0) = 0(z — 20)0(v — vp). (5.3)
Since the potential conditions are not fulfilled
0A, , 0A,
5.4
ov 7 ox (54)

(A =vand A, = —v — po(v) + b denote the components of the drift in Eq. (5.2)),
the probability current does not vanish everywhere and the computation of the
joint stationary probability distribution cannot be done straightforwardly [82]. We
impose natural boundary conditions in v and periodic boundary conditions in =,
which means the dynamics of x takes place in an interval x € [0, L] and we have
x = x + L. These boundaries give rise to a joint stationary probability distribution

P(z,v) and enable us to perform analytical calculations.
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5. Eigenvalue problem of a dry friction model with displacement and velocity

5.2 Derivation of the eigenvalue equation for pe-

riodic boundaries

To find an analytical expression for the propagator in Eq. (5.2), we have to in-
vestigate the corresponding eigenvalue problem. Similarly to Sec. 2.3, we use the

following ansatz
P(z,v,t) = exp(—At)up(x,v), (5.5)

where A denotes the eigenvalue and wuy(x, v) the corresponding eigenfunction of the

Fokker-Planck operator Lgp. The eigenvalue problem reads then

—Aup(z,v) = Lppup(z,v)
= {—%v + %(v + po(v) —b) + %] up(z,v). (5.6)

As the Fokker-Planck operator in Eq. (5.6) is not Hermitian, we need to consider

the adjoint problem as well

—Awp(z,v) = L}‘Pw/\(x7v)
o R R P CRa = FENCRS N CE

A relation like Eq. (2.52) between the two eigenfunctions uy (z,v) and wy(z,v) can
only be formulated if detailed balance holds [38]. The full expression for the prop-
agator reads (similarly to Eq. (2.56) and assuming a discrete eigenvalue spectrum,
see Sec. 2.3)

x,v)wy (g, vo)
My ’

P(x,v,t|zg,v9,0) = Zexp(—At)uA( (5.8)

where M, is the normalisation constant

My = /0 ’ /_ Z un (2, v)wa (z, v)dvda. (5.9)
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5. Eigenvalue problem of a dry friction model with displacement and velocity

As previously indicated, both eigenfunctions satisfy periodic boundary conditions in

z, e.g. up(z+ L,v) = up(z,v), and for the velocity we have, similarly to Eq. (2.55)

|v]—o00

up(x, v)wp(x,v) —— 0, (5.10)

which follows from the duality of the operators Lyp and L., (Egs. (5.6) and (5.7)).
Here, we proceed with the analysis of the eigenvalues by focussing only on the
eigenfunctions u(z,v) and in the following parts we will drop the index A. The
solutions of the eigenvalue equations need to satisfy the matching conditions at the
discontinuity (compare Eqs. (2.58a) and (2.58b)), i.e. the eigenfunctions u(z,v) and

the v-component of the probability current have to be continuous at v = 0; thus, we

have

u(z,0—) = u(z,0+), (5.11a)

— (u+b)u(x,0-) + —vu(x, v) = (p—b)u(z,0+) + %u(x, v) . (5.11Db)

Due to the periodic boundaries in z, we can expand u(z,v) in a Fourier series in

x by using the following separation ansatz
u(z,v) = P (v). (5.12)

An expression for § can be found via

T = iBetLl)  _y giBL _ 1 (5.13)
and therefore we have 5
™
w = —, 5.14
= (5.14)

with m € Z. Thus, we can express the eigenfunction u(z, v) by the sum of all Fourier

modes

u(,v) =Y e, (v). (5.15)

MmEZ

Inserting this ansatz in Eq. (5.6) gives us an eigenvalue equation for ¢,,(v)

— Ao (v) = — {zﬂmv + (% (v+ po(v) —b) + % Om (V). (5.16)
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5. Eigenvalue problem of a dry friction model with displacement and velocity

Next, we apply the transformation

Pm (V) = P9, (v). (5.17)
Thus, the terms with the derivatives with respect to v change

82

o?

82

on?

() = 2 [0 0) + 20+ tn0)] (519

and

5o 0 0) = D6n(0) = € if (0 o) = ) 0)

+ 0 (v+ po(v) —b) wm(v)} . (5.19)

o

Therefore, we end up with the following equation for ,,(v)

2
= (Ao 1 (0(0) = 8) = 52) n(0) = | 5 (0 0) = 0+ 208 + 51| ().

(5.20)
Equation (5.20) has the same structure as the one for the one-dimensional problem
with the velocity (see Sec. 2.3 in particular Egs. (2.62) and (2.73)). It differs only in
the additional terms with 3,,. Thus, by using the Fourier expansion in z (Eq. (5.15)),
we have transformed the original problem (Eq. (5.6)) to a modified version of a
known problem, which has been analysed thoroughly. The solution for ,,(v) and
therefore ¢,,(v) (Eq. (5.17)) have to obey natural boundary conditions at infinity
(v — £o0) and the matching conditions at the origin (v = 0) (Egs. (5.11a) and
(5.11Db))

Om(0—=) = ¢ (0+), (5.21a)
B

St DOon(0) ¢ o bu)] = (1= D0+ bu(w)| . (5.21)

v=0— v=0+

As already mentioned above, the product of the eigenfunctions has to obey natural

boundary conditions (Eq. (5.10)). Thus, we actually have

~

b (0) b (v) 7% 0, (5.22)
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5. Eigenvalue problem of a dry friction model with displacement and velocity

where ¢y, (v) is connected to the eigenfunction of the adjoint problem w(z, v) (Eq. (5.7))
as ¢ (v) is to u(x,v), see Eq. (5.12). In the following eigenvalue analysis, we will
separately consider the cases without constant force and with additional constant

force.

5.3 Eigenvalue analysis without constant bias

In the case of the one-dimensional problem for the velocity, the eigenvalue analysis
for the case without constant force has been performed from the perspective of even
and odd eigenfunctions (see Sec. 2.3). Even and odd eigenfunctions follow symmetry

relations
' (z,v) = u'9 (=2, —v), u(z,v) = —u(—z, —v). (5.23)

u'®)(z,v) denotes the even eigenfunction and u(®)(z,v) is the odd eigenfunction. Our

eigenvalue equation reads without the constant force

2
(A + Bt () — B2 (v) = (83( T por(v) + 2i) + 5—) Um(v) (5.24)
Note that for m = 0 we receive the known problem for the velocity only, where
the eigenfunction is even or odd. Here for m # 0 the function ¢,,(v) does not
have a designated symmetry. Therefore we need to proceed differently to facilitate
the derivation of the characteristic equation by using symmetry relations of the
eigenfunctions.

If we rewrite Eq. (5.24) by using v — —v (and making use of the antisymmetric
relation o(v) = —o(—v)), we find

2

~(Am = iBnpo(v) = B )m(—v) = %(v + po(v) = 2ifm) + % Um(=v). (5.25)

We note that Eq. (5.25) is the eigenvalue equation for —m. This gives us the relations

A=A, Y (V) = Up(—v), (5.26)

which means that eigenvalues are degenerated for m # 0. Thus, the eigenvalue

spectrum consists of simple eigenvalues with m = 0 and the corresponding eigen-
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5. Eigenvalue problem of a dry friction model with displacement and velocity

function ¢y(v) is even or odd. For m # 0, to each of the aforementioned eigenvalues
there are double degenerated eigenvalues A,, = A_,, and the corresponding eigen-
functions are the Fourier modes exp (i5,,x) ¢n(v) and their complex conjugates,
respectively, which is equal to the Fourier mode with the corresponding negative
index —m (exp (i8_mz) ¢_m(v)). By using a suitable linear combination of these

eigenfunctions, we can construct even and odd eigenfunctions via

u(z,0) = % [exP (i (2 + ©)) Pm (V) + exp (=ifm (2 + v)) Ym(—v)] (5.27)

WO a,0) = 3 05 (il + 1) Yinl0) — 5D (<l +0) (0] (5.28)

which satisfy the symmetry relations above (Egs. (5.23)).
Furthermore, we can show that all eigenvalues A,,, are real. Taking the complex
conjugate of Eq. (5.24) gives

(o = B (0) = B2 Tn(0) = g (0 0 0) = 28 + 55 ) ). (529

This result coincides with Eq. (5.25), which is the eigenvalue equation for —m. Thus,

we have the relations

A=Ay = A, U(V) = Vo (V) = Y (—0). (5.30)

Although we used 1,,(v) in these calculations, these relations hold as well for ¢,,(v)
(Eq. (5.17)).

As for the one-dimensional problem for the velocity (see Sec. 2.3), it is sufficient
to solve the problem for the positive half space with appropriate boundary conditions
at the origin, which are given by Egs. (5.21a) and (5.21b). Using the relations from
Eq. (5.30) the boundary conditions at the origin change to

Om(04) = ¢ (04), (5.31a)

= pudm(0+) + %qﬁm(v) : (5.31Db)

v=0+
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5. Eigenvalue problem of a dry friction model with displacement and velocity

Therefore, we investigate Eq. (5.20) for v > 0

2

(B Bt = 3) Y(0) = (0 i 208) Y0) + o (0). (5.32)

Similarly to Eq. (2.66), Eq. (5.32) can be solved by

Vm(v) = Cexp(—(v + p + 2iB,)?/4) D¢, (v + p + 2iB,,) (5.33)

with the parabolic cylinder function D, (v + p + 2i3,,) and we have used the ab-

breviation for the index

C' denotes a complex coefficient of the solution. Equation (5.33) satisfies the bound-
ary condition at infinity due to the asymptotic behaviour of the parabolic cylinder
function (see App. C.1). Next, we want to find the characteristic equation for the
underlying problem. Therefore, we use the result from Eq. (5.33) and insert the
expression for ¢,,(v) (Eq. (5.17)) into Egs. (5.31a) and (5.31b). From Eq. (5.31a)

we obtain

Cexp(—(u — 2iBn)* /4) De,, (1t — 2iBn) = C exp(— (1t + 2im)* /4) D, (1t + 2iBrm).-

(5.35)
The contributions on the left-hand side of Eq. (5.31b) give
—pm(0+) = —pC exp(—(p — 2ifn)* /4) De,, (1 — 2iBm), (5.36)
9 _ _
- a_¢m(v> = Zﬁmc exp(—(,u - 216m>2/4)D(fm (/vL - 27’6m>
v v=0+
— J Cexp(— (ot — 2B ) Dg, (v + 206,
v v=0+
= iBnC exp(— (1 — 2iBn)*/4) De,, (1t — 2iBm)
+ Cexp(—(p — 2in)* /4) De, 11 (1t — 2iBm). (5.37)

In the last step of Eq. (5.37), we have used an identity for the parabolic cylinder
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5. Eigenvalue problem of a dry friction model with displacement and velocity

functions (Eq. (C.5a)) The contributions on the right-hand side of Eq. (5.31b) yields

p6m(0+) = pCexp(—(p+ 2iBm)?/4) De,, (1 + 2ifBm), (5.38)
Doul| = B0 exp(—(u+ 28,)°4) g (1208
v=0+
+ ;C exp(—(v+p+ 2iﬁm)2/4)DCm (v+ p+2i6y)
v v=0+
— Cexp(—(p+2iB,)%/4) D¢, 1 (1 + 2iB,). (5.39)

Finally, we combine these expression (Egs. (5.36) - (5.39)) and obtain

Cexp(—(p = 2iBn)*/4) [~ (1 — iBm) De,, (1t — 2iBm) + D, 1 (1 — 2iB1n)]
- C’exp(—(,u + 2i6m)2/4> [(M + iﬁm)DCm (N + 2i6m) - Dcm—i-l(,u + QZﬁm)] .
(5.40)

We observe that the factor C'exp(—(p + 2i8,,)?/4) and its complex conjugate
counterpart occur in both equations (Egs. (5.35) and (5.40)). Therefore, we can

combine these equations to obtain

— Dz, (1t = 2iBm) [(1 + iBm) De,, (1t + 2iB) — Deypir (1 + 2i6,,)] = 0 (5.41)

and after using an identity for the parabolic cylinder functions (Eq. (C.3)), we arrive

at the characteristic equation

DAn,m-i-i,Bmu—B%@ (,U + 2Z5m)[An,m - Zﬂmﬂ - ﬂfl’b]DAn,m_iBmu_ﬁrQn_l(lu“ - 226771)
(5.42)

Here, A, ,, denotes the respective eigenvalue, which has, compared to the one-
dimensional problem, an additional second label m due to the contribution of the
periodic boundaries in the displacement.

To check the consistency of our result in Eq. (5.42), we consider several special
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5. Eigenvalue problem of a dry friction model with displacement and velocity

cases. For (3,, = 0, we arrive at the characteristic equation for the one-dimensional
Fokker-Planck equation (compare Eqgs. (2.67a) and (2.67b))

DAn,O (/J’)An»ODAn,Ofl(Iu) = O (543)

If we set =0 in Eq. (5.42), we obtain

DAn,m—,Bfn (225m)(An,m - B?n)DAn,m_ﬁgn_ﬂ—ziﬁm)
+DAH,M*5?n(_2iﬁm)<An,m - ﬁ%)DAn,mfﬁ%fl(Qiﬁm) - O (544)

and by applying the product identity for parabolic cylinder functions (Egs. (C.6)),

we arrive at
V2 (N — 631)
I'(=Apm + 82— 1)

From the properties of the gamma function, we therefore obtain the eigenvalues

= 0. (5.45)

Ay =n+ 32, (5.46)

which denotes the spectrum of the Ornstein-Uhlenbeck process with an additional
term due to the periodic boundaries of the displacement [82].

Next, we investigate how the dry friction affects the eigenvalues A, ,, by nu-
merically evaluating Eq. (5.42). In the following analysis, we will always refer to
positive integers m as indices of the eigenvalues. However, due to the degeneracy of
the eigenvalues, results which are valid for an eigenvalue A, ,, apply as well for the
eigenvalue A, _p,.

Fig. 5.1 shows the results for the eigenvalues A;,, with m = 0,1,...,4. As
already known from the one-dimensional problem for the velocity, the eigenvalue
A1 becomes larger if we increase the dry friction (see Fig. 2.4 as well). The same
behaviour can be observed for the other eigenvalues A;,, with m # 0. For p =
0 the eigenvalues can be found from Eq. (5.46). Furthermore, we observe that
the eigenvalue A; 4 increases stronger for larger dry friction compared to the other
eigenvalues, i.e. the distance to the eigenvalue A;3 seems to increase. For each
value of p, the eigenvalue Aq g is the smallest eigenvalue compared to the others with
different index m. Due to difficulties with the numerical evaluation of Eq. (5.42) to

obtain eigenvalues with large indices m, we only study eigenvalues for the indices
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A1 ,m

n

Figure 5.1: Eigenvalues Ay, with m = 0,1,...,4 as function of the dry friction.
The results have been obtained numerically from Eq. (5.42) with the step size Ay =
0.005. Further parameter: L = 60.

m < 4.

In Fig. 5.2, we can observe that an analysis for the eigenvalues Ay, with m =
0,1,...,4 gives similar results as seen in Fig. 5.1. By increasing the dry friction, all
eigenvalues increase as well. However, here a additional phenomenon occurs. While
we have observed in Fig. 5.1 that eigenvalues with a larger m are larger than those
with the smaller value for m, this is only the case for small dry friction in Fig. 5.2.
At specific values of the dry friction coefficient u, the eigenvalues with the larger
index m cross the eigenvalues with smaller indices m and by increasing p further,
we see that those eigenvalues with the larger index m are smaller than the ones
with a smaller index m. For example for large dry friction, the eigenvalue A, ,, is
the largest compared to the other eigenvalues with larger index m. Thus, for large
values of the dry friction we observe exactly the opposite order of the eigenvalues
Ay, compared to the eigenvalues A .

As we compute the eigenvalues As,, and Ay, with m =0,1,2,3 (see Fig. 5.3),
we find similar results compared to Figs. 5.1 and 5.2. For increasing dry friction, the
eigenvalues become larger as well. For the eigenvalues As,,, we find the same relation
as we found for A, ,,: eigenvalues with a larger index m are larger than eigenvalues
with a smaller index m, i.e. the eigenvalue Agy is the smallest. However, for the

eigenvalues A4, the same behaviour is found as for the eigenvalues Aj,,. Only for
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A2,m

n

Figure 5.2: Eigenvalues Ay, with m = 0,1,...,4 as function of the dry friction.
The results have been obtained numerically from Eq. (5.42) with the step size Ay =
0.005. Further parameter: L = 60.

small values of the dry friction, Ay is the smallest compared to eigenvalues with a
larger index m, whereas for large values of y the eigenvalue A,y becomes the largest
eigenvalue of the eigenvalues with n = 4.

Based on our findings in Figs. 5.1 - 5.3, we assume a general rule of the order
among the eigenvalues A,, ,,, concerning the index m for the same n. For odd integers

n, we have always
An,m—i—l > An,ma An,—m—l > An,—m- (547)

For even integers n, the eigenvalues follow a relation as in Eq. (5.47) with the
difference being that here, we are looking at small dry friction. For large dry friction
we get

N1 < Ny M1 < Ay (5.48)

Eq. (5.48) implies that the range of m values is bounded, otherwise A,, ,, can become
negative. This would lead to the scenario that the propagator (Eq. 5.5) becomes
unstable in the stationary limit ¢ — oo.

Next, we investigate the eigenvalues Ag,,. From the one-dimensional problem
for the velocity, we know that Agg = 0 for all u. Eq. (5.46) gives us the starting
point for our analysis as we obtain the eigenvalues Ag,, for 4 = 0. Varying the
dry friction coefficient in Eq. (5.42), we observe a quite surprising result, which

is shown in Fig. 5.4. The eigenvalues Ag,, with m # 0 decrease towards zero as
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Figure 5.3: Eigenvalues Aj,, (a) and Ay, (b) with m =0, 1,2, 3 as function of the
dry friction. The results have been obtained numerically from Eq. (5.42) with the
step size Ap = 0.005. Further parameter: L = 60.
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Figure 5.4: Eigenvalues Ag,, with m = 0,1,...,4 as function of the dry friction.
The results have been obtained numerically from Eq. (5.42) with the step size Ay =
0.005. Further parameter: L = 60.

we increase the dry friction. This result is exactly the opposite behaviour to the
previously observed results for the eigenvalues with n > 1 (see Figs. 5.1 - 5.3). Here
we performed the analysis only for eigenvalues with the index m < 4 and the dry
friction coefficient does not exceed pu = 2.

This astonishing result leads to the question of how exactly this affects the
stationary behaviour of the system, as the eigenvalues A, are the smallest in the

entire eigenvalue spectrum and determine therefore the long time behaviour of the
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system.

5.4 Eigenvalue analysis with constant bias

In this section, we study the eigenvalue problem with an additional constant force b.
As in the case for the velocity only, we cannot classify the eigenfunctions into odd
and even functions with an additional constant force in the equation of motion, see
Sec. 2.3. Therefore we need to proceed with the full equation (Eq. (5.20)) to find
an expression for ¢,,(v) (and ¢,,(v)), which satisfies natural boundaries conditions

at v — fo0o. Thus, we have for the two half spaces of the velocity

0 0?
. 2 .
(5.49)
Considering the complex conjugate equation of Eq. (5.49), we get

(B — B (g — ) — B2) (o) = P (0 — b+ 2i8) + 3—2} (), ©20.

ov ov
(5.50)

We observe that Eq. (5.50) is the eigenvalue equation for negative indices m (see
Eq. (5.14) for B,,). Therefore, we obtain here the relations

A=Ay V(v) =Y (V). (5.51)

However, if we compare the positive and the negative half space for the velocity in

Eq. (5.49), we have A,, # A_,, in contrast to Sec. 5.3 (see Eq. (5.26)). Thus, the

additional constant force removes the degeneracy of the eigenvalues (see Eq. (5.26))

and the eigenvalues A, with m # 0 come as complex conjugate pairs, see Eq. (5.51).
Equation (5.49) can be solved by

Vm(v) = Cyexp(—(v+p — b+ 2iB,,)°/4) D¢, (v + . — b+ 2iB,,) (5.52)
for the positive half space v > 0 and by

Ym(v) = C_exp(—(v —p—b+ QiBm)2/4)D0m<_<v —p—=b+2iBy)) (5.53)
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for the negative half space v < 0. Here we used the expressions

O =Ny — B+ b) — B2, (5.54b)

and C4 are amplitudes for the solution in the respective half space. The two solutions
(Egs. (5.52) and (5.53)) satisfy the boundary condition at infinity for each half space
respectively (see Eq. (2.74) and App. C.1 for details). In addition, we need to check
the matching conditions for ¢,,(v) at the origin (Egs. (5.21a) and (5.21b)). The

continuity of the eigenfunction results in

C_exp(—(p + b — 2iB,)*/4) Dy, (1t + b — 2if,,)
= Cyexp(—(u—b+2iB,)*/4) D¢, (1 — b+ 2iBy). (5.55)

In order to check the continuity of the probability current, the contributions for the

positive half-space read

(1 =) (04) = (1 — 0)Cy exp(—(p — b+ 2iB)*/4) D, (1 — b+ 2ifn)), (5.56a)
%(ﬁm(U) = C}ifm eXp<_(:u —b+ Qiﬁm>2/4)DCm (M —b+ Zlﬁm)
v=0+
— Cyexp(—(v+ p = b+ 2ifn)* [4) De 1 (v + p1 = b+ 2i6,),
(5.56b)

and we have for the negative half-space

—(p + 0 (0—) = — (114 b)C_ exp(—(pu + b — 2i3,,)* /4) Do, (11 + b — 2if3,)),

(5.57a)

0

5o0m(®)| = CLifmexp(— (i +b = 2iB)*/4) Dy, (1 + b — 2iB)

v=0—
+ Cexp(—(v — p1 — b+ 2ifBn)*/4) Do, 41 (1t + b — 2iBp).
(5.57b)

Here, we have used an identity for the parabolic cylinder functions (Eq. (C.5a)).

130



5. Eigenvalue problem of a dry friction model with displacement and velocity

Thus, the continuity of the probability current results in

— C_exp(—(p+b—2iBn)*/4) (1t +b—iB) Dy, (11 + b — 2if3,,)

+ C_exp(—(p+b—2iBy)2/4) Dy, 1 (1 + b — 2iB,)]

= Cyexp(—(p—b+2iB,)?/4) (= b+iBm) D, (1 — b+ ifn)
(—

— Oy exp(—(t = b+ 2iB)2/4) Doy i1 (1 = b+ i6). (5.58)

Rearranging Egs. (5.55) and (5.58) yields

B exp(—(p— b+ 2iB,,)*/4)] D¢, (v — b+ 2iB,,)
- [exp< (n+b- 2%)2/4)] Dy, (1 +b—2iB,)’ (5:5%)
B exp(—(p — b+ 2iB,)%/4)
=G [exp( (+b— QZﬁm)Q/‘l)}
(= b+iBn)De,. (1 — b+ 2iBn) — Dera (1t — b+ 2i85) (5.50D)

—(,u +b— ’iﬁm)ng (,u +b— QZﬁm) + D9m+1 (/1, +b— QZﬁm)

Thus, the following condition must hold to have non-trivial solutions for C'"_, C';

DCm(:U’ —b+ 216m) _ (:u — b+ Zﬁm)DCm(/vL — b+ 22Bm) - D§m+1(ﬂ —b+ 2Z5m>

Dy, (u+b—2iBn) —(u+b—1iBm)Ds, (1t +b—2iBy) + Dy, 41 (1 +b— %ém();é)

Rewriting Eq. (5.60) gives us the characteristic equation

D¢, (1= b+ 2iBp) [~ (1t + b — iB) Do, (1t + b — 2iB) + Do, 11(pp + b — 2i5,,)]
—Da,, (1 +b—=2iBp) [(k = b+ iBm) De,, (0 — b+ 2iBy) — De,a(tt — b+ 2iB5,)]
= 0. (5.61)

By using an identity for parabolic cylinder functions (Eq. (C.3)), we can rewrite

Eq. (5.61) in a similar form compared to Eq. (5.42), which facilitates cross checking
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with other results

Dy ntviBun (1=b)—p2, (1t = b 4 208 ) [Ny m — 3B (0 +b) — 5]

XD it (urb)—p2,—1 (1 + b — 216

—Dy i (b -2, (1 b = 208 [Apm + 1B (e — b) — 52]

XD,y i (u—b)-2,~1 (1 = b+ 2iBm)

=0 (5.62)

To check the consistency of our result in Eq. (5.62) with the findings in Eq. (2.77),
we set B, =0 (A, 0 — A,,) and Eq. (5.62) changes to

Ay [Dy,, (1 = b)Da,—1(p +b) + Dy, (1t + 0) Dy, —1 (1 — b)] = 0. (5.63)

Eq. (5.63) represents the characteristic equation for the one-dimensional problem
for the velocity [94] (see Eq. (2.77)). Fig. 5.5 shows the first two non-vanishing
eigenvalues in terms of the constant force b for p = 1.0, (see Fig. 2.5 as well). By
increasing b, the eigenvalues decrease towards the integers of the Ornstein-Uhlenbeck

spectrum (A; — 1, Ay — 2) (see Sec. 2.3).

3.5

Figure 5.5: First two non-vanishing eigenvalues A; (red), Ay (blue) as function of
the constant force b, numerically obtained from Eq. (5.63) for u = 1.0. The black
dots denote the values of the constant force b, which are used later in Fig. 5.8

If we consider the case without dry friction g = 0, the characteristic equation
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5. Eigenvalue problem of a dry friction model with displacement and velocity

(Eq. (5.62)) becomes

D,y =it (=0 + 20Bm) (A — iBmb — 82) D, —ipmv—s2,—1 (b — 2iBm)
—Da, i—ismi—p2, (0 = 2iBm) (M — iBmb — Ba) Dy —igmb—pz, —1(—b + 205,
_— (5.64)

Using the product identity for parabolic cylinder functions (Eq. (C.6)), we obtain

= 0. (5.65)
From this equation we find the following result for the eigenvalues
Apm =n+ 672n + 1B, n >0, (5.66)

Eq. (5.66) is similar to Eq. (5.46) with the only difference being an additional con-
tribution due to the constant force such that the degeneracy vanishes. Instead, the
eigenvalues have an imaginary part now and we find again (see Eq. (5.51)) from
Eq. (5.66) that an,m = A, _m, i.e. the complex conjugate of an eigenvalue A,, ,, is
the eigenvalue with the corresponding negative index m [82].

In comparison to the case f3,, = 0, which is the eigenvalue problem of the
Ornstein-Uhlenbeck process, the constant force has now an impact on the posi-
tion of the eigenvalues in the complex plane for m # 0. To visualise the result from
Eq. (5.66), we compute the eigenvalues Ay ,, with m = —5,—4,...,5 for b = 2.0, see
Fig. 5.6.

We observe that A; o = 1, which is the expected value coinciding with the spec-
trum of the Ornstein-Uhlenbeck process. The other eigenvalues A;,, with m # 0
have a larger real part due to the contribution of 4? and an imaginary part, which
becomes larger in terms of its absolute value the larger the index m is (or the
smaller m is for negative integers). Furthermore, Fig. 5.6 illustrates nicely the rela-
tion An,m = A, . To demonstrate the influence of b further, we compute the same
eigenvalues A4, as in Fig. 5.6 but now for different values of the constant force.
The results are shown in Fig. 5.7.

We observe again that for m = 0, the value of b does not matter and the eigen-

values lie on the real axis at Ao = 1 for all chosen values of the constant force.
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Figure 5.6: Eigenvalues A4, with m = =5, —-4,...,5 for b = 2.0 and ¢ = 0. The
results have been obtained from Eq. (5.66). Further parameter L = 60.
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Figure 5.7: Eigenvalues A;,, with m = —5,—4,...,5 for different values of the

constant force b and p = 0. The results have been obtained from Eq. (5.66). Further
parameter L = 60.

For m # 0, the eigenvalues have an imaginary part (Eq. (5.66)) and now the value
of b matters as for larger constant forces the absolute value of the imaginary part
becomes larger, either with a positive or a negative sign. This depends on the sign
of the index m and the sign of b, see Eq. (5.66). For m = £1 only small differences
for the eigenvalues can be observed but for m = 45 it is clearly visible. As already

seen in Fig. 5.6, the eigenvalues with a positive index m have a positive imaginary
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part. Furthermore, as already observed in the previous section, the eigenvalues with
the positive index m are the complex conjugate of the one with negative index.
Fig. 5.7 exhibits results for the problem without dry friction 4 = 0. Next, we will
compute the eigenvalues Ay, (with m = —5,—4,...,5) by taking the dry friction
into account. We use the same parameters as for Fig. 5.7, with the exception of p,

which we change from y =0 to u = 1. In Fig. 5.8 we observe that the real part of
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° [ ]
E 051, ® °
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c ° ° e °
= Ofe————— —@2 .
° ° °
[
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4| e
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Re A m
Figure 5.8: Eigenvalues A;,, with m = —5,—4,...,5 in the complex plane for

different values of the constant force b (A; _5 represents the dot with the largest
negative imaginary part, followed by A; 4 (see as well Fig. 5.6)). The eigenvalue
A1 coincides with the black dots in Fig. 5.5 for the respective value b. The results

have been obtained numerically from Eq. (5.62). Further parameters: p = 1.0 and
L = 60.

the eigenvalues decreases as we increase the constant force. This is in accordance
with Fig. 5.5, where we could already observe such a decrease of the eigenvalues as
a function of the constant force for u # 0. As an example for this result we can
follow the eigenvalue A;, which lies on the real axis in Fig. 5.8 and decreases for
larger values of b. (the chosen value for b in Fig. 5.8 are represented by the black
dots in Fig. 5.5). Nevertheless, the imaginary part of the eigenvalues increases, as
we have already seen in Fig. 5.7 and in Eq. (5.66).

Next, we compute the eigenvalues for a fixed value of the constant force and
vary the dry friction p. Results for the eigenvalues A;,, with m = —5,—-4,...,5
are shown for two different values of the constant force, b = 0.5 in Fig. 5.9 and
b = 1.5 in Fig. 5.10. Fig. 5.9 shows that the eigenvalue A;o, which lies on the
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5. Eigenvalue problem of a dry friction model with displacement and velocity

real axis, becomes larger for increasing dry friction and so do the real parts of the
other eigenvalues Ay, (m # 0). The absolute value of imaginary parts of the latter
become larger as well for increasing u. The largest difference can be observed for
1 =0 and g = 0.5. Then, a change in the value of the imaginary part can only be
noticed by looking at the values from the computations. However, in Fig. 5.9, this
can hardly be seen. In Fig. 5.10, we can see a similar scenario for the larger value of
the constant force b. In comparison to the previous figure, we note that the increase
of A1 and the real parts of the other eigenvalues is not as large as observed for a
smaller constant force (Fig. 5.9). Furthermore, as it can be seen from Eq. (5.66),
the absolute value of the imaginary parts of the eigenvalues Ay ,, (m # 0) is larger

for a higher constant force.

15F u=00 o
u=05 e
u=10 e
1F },L=15
£ u=2.0
< 05} o 0
E ° o’ .
Ca s
0 »F.—.i. : 4
e ., .
L °
-0.5 ° °
1 1.5 2 2.5 3 3.5

Figure 5.9: Eigenvalues A ,,, with m = —5, —4,...,5 in the complex plane for differ-
ent values of the dry friction p and fixed constant force b = —0.5 (A; _5 represents
the dot with the largest negative imaginary part, followed by A;_4 (see as well
Fig. 5.6)). The results have been obtained numerically from Eq. (5.62). Further
parameter: L = 60.

To underline our previous findings, we compute the eigenvalue A 3 as a function
of the dry friction p for different values of the constant force. As already indicated
before in Figs. 5.9 and 5.10, we see in Fig. 5.11 that the real part becomes larger for
an increase of the dry friction. The imaginary part increases as well, but depending
on the value of the constant force, this increase is differently pronounced. For small
b, the increase of the imaginary part is small, whereas for a larger value of b (e.g.

b = 1.0 (blue curve in Fig. 5.11), we can observe a stronger increase below a certain
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Figure 5.10: Eigenvalues A, with m = —5,—4,...,5 in the complex plane for

different values of the dry friction p and fixed constant force b = —1.5 (A; _5 rep-
resents the dot with the largest negative imaginary part, followed by Ay _4 (see as
well Fig. 5.6)). The results have been obtained numerically from Eq. (5.62). Further
parameter: L = 60.

value of p (here p = 1.0), then the imaginary part does not significantly change by
varying the dry friction . Note again that the real part of the eigenvalue stays the
same for ;1 = 0, independent from b, as predicted from Eq. (5.66). For u # 0 this
changes, as the real part is the largest for the lowest value of the constant force b,
see the case for u = 2.0 in Fig. 5.10.

Thus, we find in general that increasing the dry friction increases the real part of
the eigenvalues, whereas an influence towards the imaginary part is hardly visible.
If we vary the constant force b, the real parts of the eigenvalues A, ,,, are not affected
for u = 0, but for p # 0 the real parts decrease towards the value n+ 32, see Fig. 5.8.
This could already be observed in the analysis of the problem for the velocity (there
with 8 = 0), see Fig. 5.5.

If we consider the same analysis for one of the eigenvalues Ay, with m # 0 (as
we have Ag o = 0), we can see a different behaviour of the eigenvalues by varying the
dry friction p. In Fig. 5.12, the real part of the eigenvalue decreases if we increase the
dry friction pu. Furthermore, the imaginary part decreases as well, such that for large
values of the dry friction the differences between the eigenvalues for different values
of the constant force b becomes smaller (see the results for © = 2.0 in Fig. 5.12).

This very surprising result seems to be a special feature of the eigenvalues with Ag,
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Figure 5.11: Eigenvalue A 3 in the complex plane as a function of the dry friction g
for different values of the constant force b. Three points have been marked as they
represent specific values of the dry friction (1 = 0 (black diamond), u = 1.0 (black
dot) and p = 2.0 (black open square)). The results have been obtained numerically
from Eq. (5.62) for 401 values of p at an interval of Ay = 0.005. Note that exact
results are available for p = 0 from Eq. (5.66). Further parameter L = 60.
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Figure 5.12: Eigenvalue A3 in the complex plane as a function of the dry friction g
for different values of the constant force b. Three points have been marked as they
represent specific values of the dry friction (1 = 0 (black diamond), u = 1.0 (black
dot) and p = 2.0 (black open square)). The results have been obtained numerically
from Eq. (5.62) for 401 values of p at an interval of Ay = 0.005. Note that exact
results are available for y = 0 from Eq. (5.66). Further parameter L = 60.
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and m # 0 as we could already observe such a behaviour in the previous section (see
Fig. 5.4).

5.5 Summary of the chapter

In this chapter, we investigated a two-dimensional piecewise-smooth stochastic sys-
tem with displacement x and velocity v, which does not obey detailed balance. More
precisely, we studied the eigenvalues of the underlying Fokker-Planck operator with
natural boundary conditions for the velocity and periodic boundary conditions for
the displacement. This analysis has been done by following a similar approach as
for the one-dimensional case of considering the velocity only [94]. We used a Fourier
ansatz in x for the eigenfunctions, making use of the periodic boundary conditions.
This enabled us to derive an equation for the eigenfunctions, which is of similar
form as for the known problem of the one-dimensional problem of the velocity. The
eigenfunctions can be represented by parabolic cylinder functions and we obtained
the characteristic equation for the eigenvalues. The eigenvalues are labelled by two
indices n and m as the second index arises from the Fourier ansatz for the eigen-
functions. Thus, for each eigenvalue with index n, branches of eigenvalues with the
indices m and —m arise. Our analysis has been performed only for eigenvalues with
small indices n and m. This analysis has been done for the case without constant
force and with constant force.

Without the constant force, we found that all eigenvalues are real and for m # 0
we have doubly degenerated eigenvalues as the eigenvalue with a positive integer
m is the same as the corresponding eigenvalue with a negative integer. For n > 1
the eigenvalues become larger if we increase the dry friction u. If we fix a value for
1 we found that for odd integers m, the eigenvalue with a larger index is always
larger than the eigenvalue with a smaller index (for positive m). This holds for even
integers for small dry friction only, but for large dry friction, the eigenvalues change
the order and for a fixed p the eigenvalue A, ¢ is the largest compared to eigenvalues
with the same n but different m. The eigenvalues with the smallest index n = 0
show a different behaviour compared to the eigenvalues with index n > 1 as they
decrease if we increase the dry friction. This result implies that for large dry friction,

the correlations of the displacement decay slower than for small dry friction.
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Including a constant force in our model makes the degeneracy of the eigenvalues
disappear and gives rise to an imaginary part. Now, the complex conjugate of
an eigenvalue is the one with the corresponding negative index m. For the case
without dry friction, an exact result can be found for the eigenvalues. By analysing
an eigenvalue with index n = 0 but m # 0, the surprising result in terms of the dry
friction p appears as both real part and imaginary part decrease. This has been
observed already in the case without the constant force.

As we varied the dry friction coefficient p, we observed unexpected behaviour
of the eigenvalues Ag,,. This behaviour is likely to play an important role for the
stationary behaviour of the system. A more detailed analysis is needed to investigate
the decrease of the eigenvalues more thoroughly as we just gave some qualitative

results from a numerical analysis here.
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Chapter 6
Conclusion and outlook

In this thesis, simple piecewise-smooth stochastic systems without detailed balance
were investigated. We studied a dry friction model for the velocity of a particle
subjected to exponentially correlated Ornstein-Uhlenbeck noise. In particular, we
started with a pure dry friction model and afterwards we added viscous friction
and a constant force to our dynamical equations. Furthermore, we considered the
eigenvalue problem of a dry friction model with displacement and velocity. In the
following, we will summarise the most important results.

Chapter 3 deals with the investigations of a pure dry friction model subjected
to exponentially correlated Ornstein-Uhlenbeck noise. As analytical calculations
are hampered due to the absence of detailed balance, the unified-coloured noise
approximation has been applied. This approach returns quite good results for the
stationary probability density of the velocity of a particle in comparison to numerical
simulations. The distribution shows a Dirac 0 peak at velocity zero, which reflects
the phenomenon of sticking. For increasing correlation time, the sliding dynamics
becomes less likely to take place as the noise amplitude decreases. By investigating
the two-dimensional system (v, n) it was possible to find an analytical expression for
the joint stationary probability distribution. This result does not obey the matching
conditions at the discontinuity, but seems to be a useful description for large veloc-
ities and large noise amplitudes. To explore the dynamical characteristics of the
model, i.e. correlations of the velocity, the correlation time of the velocity has been
estimated via the power spectral density. For small noise correlation times, the result

for the white noise has been recovered, but when the noise correlation time exceeds
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a critical value, the correlations of the velocity increases. In addition, the power
spectral density changes for increasing correlation times from a Lorentzian shape
to a spectrum with quartic decay at high frequencies. Furthermore, sticking and
sliding time distributions were explored. The former can be estimated via the exit
time problem for the Ornstein-Uhlenbeck process with two absorbing boundaries.
The investigation of the sliding time distributions exhibits a surprising universal be-
haviour for large correlation times. We observe a power law decay for small sliding
times, a strong exponential decay for a small range of intermediate sliding times and
an exponential cut-off for large sliding times.

In Chapter 4, the previously studied model has been extended by adding viscous
friction and a constant force. The additional constant force changes the sticking con-
dition, whereas the viscous friction only limits the velocity in attaining large values.
We again used the unified-coloured noise approximation to estimate the marginal
stationary probability distribution of the velocity. The probability of sticking ex-
hibits a non-monotonic behaviour as a function of the correlation time in the sliding
regime, i.e. above the deterministic stick-slip transition. Such a feature has already
been indicated by investigating the time traces of the velocity. The correlations of
the velocity were evaluated by computing the power spectral density. For large cor-
relation times of the noise, the correlation time of the velocity increases as already
observed for the pure dry friction case. If we increase the viscous friction while be-
ing in the small noise correlation regime, the correlations for the velocity decrease,
which is in accordance with the results of the known Ornstein-Uhlenbeck process.
For high correlations of the noise, results for different values of the viscous friction
are nearly indistinguishable. Adding a constant force, its impact is only visible for
small noise correlations and small values of the viscous friction. However, for high
viscous friction the constant force only plays a marginal role. By investigating the
sticking time distributions, no significant differences can be observed among a value
of the constant force in the sliding regime and a value in the sticking regime for
small correlations of the noise. Only for very large noise correlations, we see that
only short sticking time periods occur in the sliding regime, whereas in the stick-
ing regime larger sticking periods are observed. Finally, we obtained the surprising
result that the sliding time distribution does not significantly change through the
impact of additional viscous friction and constant bias.

Furthermore, we explored the eigenvalue problem of a dry friction model with
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displacement and velocity subjected to Gaussian white noise in Chapter 5. While
we imposed natural boundaries for the velocity, the dynamics of the displacement
has been limited by periodic boundary conditions. The latter enabled us to expand
the eigenfunctions in a Fourier series for the displacement. In the end, we obtained
an eigenvalue equation for the Fokker-Planck operator, which can be solved in a
similar way to the one-dimensional case for the velocity only. Considering the system
without the constant force, the characteristic equation can be found by making
use of appropriate symmetry relations for the velocity at the discontinuity. All
eigenvalues are real and for each eigenvalue with index n additional branches with
double degenerated eigenvalues denoted by the index m arise due to the periodic
boundaries. Without the dry friction, it is possible to find exact results for the
eigenvalues. With increasing dry friction the eigenvalues with index n > 1 increase,
whereas the eigenvalues n = 0 surprisingly decrease. Adding a constant force gives
rise to imaginary parts of the eigenvalues. The degeneracy is removed and now
each eigenvalue A, ,,, with m # 0 has a corresponding complex conjugate eigenvalue
Ay —m. For a non zero dry friction, the real parts of the eigenvalues decrease, which
is in accordance with the one-dimensional problem for the velocity only. However,
the imaginary parts increase for higher values of the constant force. The same
surprising result as in the previous section was discovered for the eigenvalues A,
as they decrease towards zero for increasing dry friction, regardless of whether the

constant force is zero or not.

Open problems

Here we would like to draw attention to some open problems that are closely related
to the investigations in this thesis. Furthermore, we believe that they could be useful

links to studies related to two-dimensional piecewise-smooth stochastic systems.

Dry friction model with displacement and velocity

As we only analysed a part of the eigenvalue spectrum of the Fokker-Planck oper-
ator for the dry friction model including position and velocity (Chapter 5), further
details can be elaborated on this model. In [94], the authors found asymptotic ex-

pression for eigenvalues with large index n and for large parameter values of the dry
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friction. A similar analysis might be useful to gain a deeper insight into the spectral
representation of the underlying propagator.

Another interesting aspect is the question of whether it is possible to compute
the marginal propagator for the displacement analytically from the joint propaga-
tor. Such a result would allow us to investigate the impact of dry friction to the
displacement analytically to a large extent. As in the stationary limit the smallest
eigenvalues of the system contribute the most, it would also be interesting to check
whether it is possible to perform a Taylor expansion for small eigenvalues from the
obtained results in Chapter 5. This would mean that a Taylor expansion needs to
be done for the index of the parabolic cylinder functions, which is clearly a very
challenging task. Nevertheless, findings from such an analysis might provide a very
useful insight into the impact of dry friction on the displacement.

Furthermore, it might be of interest to investigate whether exit time problems
for the displacement can be solved analytically and semi-analytically by using the
theoretical framework shown in Chapter 5. Different boundary conditions have to be
chosen then, as they need to absorbing boundaries. Such results will be interesting

not only from a theoretical point of view but for experimental setups as well.

Brownian motion with dry friction in a harmonic potential

Another related piecewise-smooth stochastic model considering displacement and
velocity is the problem of Brownian motion in a harmonic potential including dry
friction. The deterministic counterpart has attracted a lot of attention over the
past decades [24,51,103]. In the case of the piecewise-smooth stochastic system, the

underlying Fokker Planck equation reads

0 0 0
aP(x, v, t|xg, v9,0) = —v% + Er (vo + kz +vo(v) — F)| P(x,v,t|zg,vo,0)
1 07
+ éwP(:c,v,ﬂxo,vo,O). (6.1)

Here k£ denotes the spring constant. Due to the lack of detailed balance, it is very
difficult to find a solution for the joint stationary distribution P(z,v), which satisfies
all the necessary boundary and matching conditions. In the absence of the dry
friction and the constant force, we obtain the classic textbook example [17], where

analytical solutions for the propagator and the stationary joint distribution are
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6. Conclusion and outlook

available. Therefore, an approach in terms of a perturbation theory could help here
to find analytical estimates to the problem. The idea is to treat the part responsible
for the stick-slip dynamics vo(v) + F as a perturbation. Therefore, we introduce
the perturbation parameter

0 0 102

—Vv— —I——(vv—kkx) + 5@

0
oz " v P(z,v) + e (vo(v) = F)P(z,v) = 0. (6.2)

ov

We expand the stationary distribution in terms of the perturbation parameter
P(z,v) = Py(x,v) + ePy(z,v) + 2 Py(x,0) . .. (6.3)

In the lowest order (¢ = 0), we arrive at the known problem

1 02
y— 4 | p = 4
Ve + 7 (vv + kx) + 5 502 (xz,v) =0, (6.4)
and the solution is JE
k
Py(x,v) = ’y7r exp (—kyaz® — yv?). (6.5)

For the next order in €, we have to solve the following equation

0
(yv + kx) +

0? 0
+ 5 502 Pi(z,v) + —(vo(v) — F)Py(z,v) =0. (6.6)

0 1
oz 2 BB
A solution for P;(z,v) could be found via a double Fourier transform and solving
the equation in Fourier space or by using an expansion into Hermite polynomials,
i.e. the eigenfunctions of the unperturbed problem (Eq. (6.4)). As such a result
would probably only be valid for small values of the dry friction and the constant
force, the question is whether, for example, stick-slip transitions can be observed or

whether the impact of the dry friction is too small.

Nonlinear friction models

In this thesis we have set the static friction pg and the kinetic friction pe equal.
To describe the situation that the static friction is larger than the kinetic friction

ls > pc, which is more likely to happen in real world, the dynamical equation for
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6. Conclusion and outlook

the velocity has to change towards

” 0 if |F' 4+ Frana(t)] < ps and v = 0,
"= —yu(t) — peoo(v(t)) + F + Frana(t) otherwise.
(6.7)
Frang denotes a stochastic force, which could be for example a Gaussian white noise
or an Ornstein-Uhlenbeck noise. The force F' 4+ Frunq(t) applied to our system
still has to overcome the static friction pg, but, for v # 0 a smaller contribution
tcoo(v(t)) now enters the dynamical equation. Such a system can exhibit friction
characteristics like hysteresis. Another aspect to consider is that in a scenario de-

scribed above, the dry friction is modelled by
Frlv) = peoo(v(t)) (6.8)

which means we have a jump in the dry friction contribution if we go from v = 0 to

v # 0. To ensure a smooth transition, this could be modelled by, for example,

Hs — Ho

Fpi(v) = pe <1 + —g(v)) oo(v) (6.9)
Hc

where ¢g(v) is nonlinear function describing the transition from the static friction at

v = 0 and the kinetic friction at v # 0. A candidate for such a nonlinear function

could be an exponential function, for example. More details on such an approach

to model the dry friction can be found in [100].

Coupled stochastic systems with dry friction

While this thesis and large parts of existing research have considered only a sin-
gle particle subjected to dry friction and stochastic perturbations, it might be very
interesting to investigate coupled piecewise-smooth stochastic systems. Recently,
coupled deterministic models have been studied, e.g. the dynamics of two cou-
pled dry friction oscillators [77,78] or a network of dry friction oscillators towards
synchronisation properties using the master stability function concept [70]. In addi-
tion, chains of solid blocks connectd via springs and subjected to dry friction have
been used in investigations and modelling of earthquakes [13,14]. Thus, it could

be interesting to investigate the robustness of phenomena discovered for determin-
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istic systems against noisy perturbations or the additional noise could lead to new

phenomena, which are not visible for deterministic systems.

Experiments

Finally, it would be desirable to compare the theoretically obtained results for the
system subjected to coloured noise with experimental data. For example, different
probability distributions for different noise correlation times could be measured to
compare whether or not a similar transition from sliding to sticking appears. In
addition, experiments could answer the question on whether the idealisation of equal
static and kinetic friction is appropriate or whether more complex friction models
are needed to describe the underlying dynamics. Appropriate experimental setups
could be the ones used for the water droplets on the vibrating substrate, e.g. [42,43].
The coloured noise could be realised by a noise generator to change the vibrations

of the solid plate, on which the solid object is placed.
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Appendix A

Euler-Maruyama scheme

Here we want to show the derivation of an numerical algorithm for stochastic dif-
ferential equations [60], which is used in this thesis. We consider the following

stochastic differential equation
o(t) = —a(v(t)) + VDE(L) (A1)

on a time interval [0,7]. a(v(t)) represents a drift function and we only consider

additive noise here. Integration of Eq. (A.1) yields

o(T) = v(0) — /0 a(v(t))dt + /O VDE(t)dt. (A.2)

To construct the numerical integration scheme, we divide the time interval into N
subintervals of size At = T'//N and we evaluate v(t) at each point t,, = nAt. In such

a subinterval, we have

W(tr) = v(tn) — /t " ()t + /t " Detyr. (A3)

As £(t) is Gaussian (Eq. (1.3)), f;"“ £(t)dt is also Gaussian, as we have

< /tt+ £(t)dt> - /t:"H(g(t»dt 0 (A4)
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A. Euler-Maruyama scheme

and
tnt1 2 tnt1 tn+1
<( / g@dt)> S A T
tn
tna1 tnt1
= / / t—t dtdt
= tn+1 Ly
— At (A.5)

If At is small enough, for a subinterval [t,, t,+1] we have

/t " a(t)dt ~ a(v(ty)) At (A.6)

and
tn+1

VDE(t)dt = VDdW,, (A.7)

ln

where dW,, denotes the increment of the Wiener process
de = th+1 - th ~ N(O, thrl - tn) (AS)

N(0, t,,; 1 —t,) represents the normal distribution with mean 0 and variance t,,, 1 —t,.

Thus, dW,, can be generated from a standard normal distribution

AW, ~ VAIN(0,1) (A.9)
with At = t,.1 —t,,. Note that we have used the relation 4 7 = ¢(t) in Eq. (A.7),

which only applies in a distributional sense as the Wiener process is nowhere differ-
entiable.

Finally, denoting n+1 = t¢,,,1, we have the numerical algorithm to solve Eq. (A.1)

Upy1 = v, — alv,) At + VDAIN (0, 1). (A.10)
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Appendix B

Rescaling of variables

Here we demonstrate how the variables in the Langevin equation and the Fokker-
Planck equation are rescaled to consider the problem in non-dimensional units, or
in other words, how the number of contributing system parameters can be reduced.
In this section, we perform the rescaling for the Fokker-Planck equation; it can be
done in the same way for the Langevin equation.

Considering a one-dimensional problem in x, we have the Fokker-Planck equation
for the propagator p(x,t|xg,0)

2

B 9 X 0

with the function h(x), which represents the drift, and the diffusion (which does not
depend on ) is represented by x. We apply the transformation

u=czx, z=csl (B.2)

and we obtain the propagator for the new variables q(u, z|ug, 0) via

x,t|zg, 0
oo, 2o, 0) = P70, (B.3)
1

The contributions in the Fokker-Planck equation (Eq. (B.1)) change due to the
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B. Rescaling of variables

transformation

9 (x,t| 0)—cc2 (u, z|ug, 0) (B.4a)
8tp ) 0, — 1 3an u, z|Ug, y .

0 0 U

—h t =c—h|— B.4b

895 (Zﬂ)p(x, |ZZ’0,0) Clau (Cl> q<U,Z|U0,0), ( )
2 2

@p(l’ft'xﬁ?o) = C?wq<u72|u070)' (B4C)

Thus, the full Fokker-Planck equation for the new variables reads

0 ¢, 0 u iy 0?
§Q(U,Z|Uo,0) = —a%h (a) q(u, z|uo, 0) + C—3§wQ(U7Z|Uo,O)- (B.5)

For a two-dimensional system (z,y), the Fokker-Planck equation is

0 0
ap(xa Y, t|$07 Yo, 0) = _8_xg(x’ y)p(x, Y, t|x07 Yo, O)

0
_a_yh<x7 y)p(xa Y, t‘x07 Yo, 0)
% 2
+§8_y2p(Iayvt|x07y070)v <B6)

where we have the drift functions g(z,y) and h(z,y) and the diffusion constant y.

Here we use the transformation
u=cx, w=cyy, z=csl, (B.7)

and the new propagator is

t 0
q(u,w,z|u0,w0,0) = p<m’y’ |I07y0’ ) <B8)
C1C2

Similarly to Egs. (B.4a) - (B.4c), the contributions of the Fokker-Planck equation
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change
0
5% (z,y,t|To,yo,0) = 010203aq(u,w,z|u0,w0,0), (B.9a)
0 0
Seoe e tleo i 0) = el (22 ) alw v s, un,0), (B9
0 byl g, ta0,0.0) = erdooh (20 gluw, 2fug,wn, 0), (B9
—h(x x x =cic;—h | —,— ) qlu,w, zlug, w 9c
ay y Y)PAT, Y, 05 Yo, 1 2(9?1) Cl’ Co qlu, w, 0, Wo,Y),
2 82
a_y2p(x7y7t|$07y07 0) = 0103WQ<U77U>Z’U07U1070)' (Bgd)

Finally, from Egs. (B.9a) - (B.9d) we get

0 c1 0 U w
—q(u,w,z|u0,w0,0) = __1_9 (_a _) q(u,w,z|u0,wg,0)

0z
0
_%_h’ (27 ﬂ) Q(anvz‘uo,wmo)
+—==——q(u, w, z|ug, wo, 0). (B.10)
3 w

In the following sections (B.1 - B.8), we will apply these results to the different

Fokker-Planck equations, that are investigated in this thesis.

B.1 Ornstein-Uhlenbeck process with white noise

The Fokker-Planck equation reads

0 0 D 9?
ap(v,t\vo, 0)= %”yvp(v,t]vo, 0) + Ewp(v,t]vo, 0). (B.11)

Thus, we have h(v) = —yv and x = D. Using Eq. (B.5), we get

d v 0 D 02

—q(u, z|ug, 0) = ——uq(u, z|ug, 0) + ——=—=q(u, z|ug, 0). B.12

St 2fua,0) = L ug(u, 2fua,0) + 5 (a2 fua, ) (B.12)
Although it is possible to rescale the variables in order to change to an equation
without any system parameter left (with ¢; = \/2v/D, ¢3 = ), we choose ¢3 = 1,
¢ = D72 and keep v to facilitate the demonstration of several concepts and

methods (see Sec. 2.1). The rescaled Fokker-Planck equation can be found in
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Eq. (2.2).

B.2 Ornstein-Uhlenbeck process driven by

coloured noise

The Fokker-Planck equation for this system reads

0 0 0
ap(vﬂ’/u t|U077]07 0) - %(7” - U)P(Ua 777t|U0,770a 0) + _gp(vv 777t|v0’7707 O)

on
D 2
22 Pl Hvo 0, 0). (B.13)
As this problem is two-dimensional, we use Eq. (B.10). With g(v,n) = —yv +

n, h(v,n) = —n/7, x = D/7* we have

0 0
a—q(u,w,zlu@,wo,o) = (lu - iw) q(u, w, zug, wo, 0)
z
0

w
+ 2~ —q(u, w, z[ug, wo, 0)
3T

s D 0°

gﬁwq(%waz\uoawmo)- (B-14)

—-1/2
)

Here we choose ¢ = ¢ = D cs = 1 to keep the parameters v and 7. The

rescaled Fokker-Planck equation corresponds to the dynamical equations Egs. (2.12)

and (2.14).

B.3 Pure dry friction and white noise

Here we have the Fokker-Planck equation

2

0 0 D o
ap(v, tlvo, 0) = %VO'(U)]?(U, t|vg, 0) + Ewp(v, t|vg, 0). (B.15)

With h(v) = —vo(v) and x = D, we get

9] d c 2D o2
5540 2luo, 0) = 5o Svawla(u, 2luo, 0) + 5 osa(u, 2fuo, 0. (B.16)
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B. Rescaling of variables

We rescale all variables to non-dimensional units by choosing
—v=1 ——==1 (B.17)

and obtain ¢; = %, c3 = %. The rescaled Fokker-Planck equation can be seen in

Eq. (1.7).

B.4 Dry friction, viscous friction and white noise

Here the Fokker-Planck equation is

O 0, 0) = 2 [yt v ()] (o, e, 0) + 2 o, 0), (B
which gives us h(v) = —yv — vo(v) and x = D. Thus, we consider
9] d [ 1 2D 92
&q(u,z|u0,0) =5 {gu + C—gya(u)} q(u, z|ug, 0) + C—Sgwq(u, z|up, 0). (B.19)
We choose . 2D
ik Bl (B.20)

and obtain ¢; = 1/%7, c3 = 7. Therefore, the rescaled coefficient for the dry friction

isp=,/ %V. The rescaled Fokker-Planck equation corresponds to the drift function

in Eq. (2.60).

B.5 Dry friction, viscous friction, constant bias
and white noise

The Fokker-Planck equation reads

2

0 0 D o
ap(u,t\vo, 0) = 5 [yv 4+ vo(v) — F] p(v, t|vg, 0) + Ewp(v,t]vo, 0). (B.21)
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We have h(v) = —yv — vo(v) + F and x = D. Therefore, we get

0 0 c c

(20, 0) = = [}3% vo(u) = 2 F | (u, 2Jup,0)
2 2
c;D 0

We make the same choice as in Eq. (B.20) and obtain the two rescaled parameters
=y /%1/ and b =, /%F . The rescaled system corresponds to the drift function in
Eq. (2.72).

B.6 Pure dry friction and coloured noise

The Fokker-Planck equation is

0 0 19)
§p<vvn7t’1}0777070) = %(VO-()(,U) - 77)1’(%%“”0777070) + a_ngp(vﬂ%ﬂv()’n@?o)

2

2—7_28—772]7(%777““0,77070)- (B.23)

Here we have g(v,n) = —vog(v) +n, h(v,n) = —n/7, x = D/7? and we obtain

0 0

@Q(ijj z|u0,w0,0) = % (%UO(U) - ;—2310) Q(U,WZ’UO,"LUO,O)
0
a—wcg—TQ(anjz‘uo,wmo)
2 D 02

aﬁwq(uawaﬂuoawo,o)- (B.24)

As we want to study the impact of the correlation time 7, we choose ¢; = ﬁ,
Co = U, 3 = #. We obtain a rescaled correlation time 7.5y = 55 and arrive at

the corresponding Egs. (3.1) and (3.2). Note that we have dropped the label .s¢

Chapter 3 for convenience.
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B.7 Dry friction, viscous friction, constant bias

and coloured noise

The underlying Fokker-Planck equation reads

0
ap(vv 7, t’Uo, o, O) [’}/U + VUO(U> —F— W]P(Ua 7, t’“O? Mo, O)

o
d n
—— t 0
+ anTp(U7n7 |,0077707 )

2

+ 2_7_28_772p<vﬂ777t|v07770a0)- (B25)

Here we have g(v,n) = —yv — vog(v) + F +n, h(v,n) = —n/7, x = D/7* and this

leads to
0 0 F
aq(u,w, z|ug, wp,0) = e Clgu + %ag(u) — 62—3 — %;w q(u, w, z|ug, wp, 0)
1 0w
+ a%;Q(%%ZmeoaO)
2 D 82
+2= 2 (u, w, z|ug, w, 0). (B.26)

c3 272 6w2q

We choose again ¢; = ﬁ, Co =V, C3 = ﬁ. Thus, the correlation time is scaled as

previously T.;; = 5.5, the effective viscous friction is 7yepy = vDv? and the constant
force is scaled with the dry friction coefficient b = % The corresponding dynamical
equations are Eqs. (4.1) and (4.3). Note that we have dropped the label . in

Chapter 4 for convenience.
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B.8 Dry friction model with displacement and ve-
locity

Here the underlying Fokker-Planck equation is
—p(x, v, t|zg,v0,0) = —ﬁv (x,v,t|zo,v0,0)
8tp 5 Uy 0, Y0, - 81’ P\, v, 0, Y0,

0
+ %['yv + vo(v) — Flp(x,v, t|xg, vg, 0)
e
2 8v2p

2
(z,v,t|zo, vo, 0). (B.27)

This gives us g(z,v) = v, h(z,v) = —yv — vog(v) + F, x = D and we obtain

0 0
$Q(anaz|uoawo70) = —iw%qw,%ﬂumwoao)
0 F
g [out oot = T gl 2fug, w, 0)
2 2
;D 0
“=— . B.2
cs 2 anC](U,w,Z|U0,UJ0,0) ( 8)
We choose > )
A T (B.29)
CaC3 C3 C3 2
and obtain ¢; = \/¥, Cy = %’Y, cg3 = . As in Sec. B.5, we have a rescaled
dry friction coefficient p = Dly and a rescaled constant force b = DLF . The
\/ Dy B!

corresponding equations of motion are Egs. (5.1a) and (5.1b).
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Appendix C

Properties of special functions

In this section we want to give a short introduction to some special functions, which
are used in this thesis. First, we will introduce the parabolic cylinder functions and
afterwards we will discuss aspects of the confluent hypergeometric function of the
first kind. This section is mainly based on [2,12,29,66].

C.1 Parabolic cylinder functions

The parabolic cylinder functions, also named Weber functions, are special functions,

which satisfy the following differential equation:

2 2
%Dk(z) - (ZZ - %) Di(z) = 0. (C.1)
This equation is also known as the Weber equation. Dy(z), Dx(—z), D_»_1(iz)
and D_,_1(—iz) are the solutions of Eq. (C.1) for non-integer values of A, which
are connected by linear relations. As there are different notations for the parabolic
cylinder functions in the literature (see Eq. (C.7)), we denote them in this thesis as
D) (z) (which is the so-called Whittaker notation). The parabolic cylinder functions

can be expressed by the following integral representation

—22/4 00
;( )\) / A e 2y for Re(\) < 0,
Dy(2) = ) (C.2)

\/_ 2cos(Am/2 — zt)dt  for Re(\) > —1,
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C. Properties of special functions

where I'(—\) is the Gamma function. The two expressions in Eq. (C.2) coincide for
—1 < Re(A) < 0.

We have the following recurrence relation for the parabolic cylinder functions
Dyi1(2) = 2D\(2) — ADx_1(2) (C.3)

and the differential relations

£ D\(2) = Da(2) ~ Dan(2), (C.da)
£ D\(2) = 2 Da(2) + ADy(2) (C.4b)

From these expressions, we can derive the following useful formulas

% exp (—2°/4) D\(z) = —exp (—2%/4) Dyj1(2), (C.5a)
diz exp (2°/4) Da(z) = Xexp (2°/4) Dy_1(z). (C.5b)

Furthermore, we have the product identity

V2r
T(—A)

Dx(2)Dai1(=2) + DA(=2)Drya(2) = (C.6)

In order to study the asymptotic behaviour of Dy(z) and D,(—z) for large values
z — 00, we need to make a short excursion through the literature and thus, we
introduce a different notation for the parabolic cylinder functions, which is often
used in references e.g. [29]. We remark for the interested reader that the notation in
the following short paragraph is after Miller [74]. By applying the transformation
A — —X — 1, the Weber equation (Eqg. (C.1)) changes to

2

%U(A, 2) — (ZZ + )\> U z) =0 (C.7)

and can be solved by the functions U(\, z) and V (A, z), which are called parabolic

cylinder function as well. U(),z) is also known as the Whittaker function. They
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C. Properties of special functions

are connected to the previously used functions Dy (z) through

and
S Gt Sin(rA)D_, (2 + Dy

Furthermore, we have the relation

(e

U\, —2) = —sin(z\)U(N, 2) + NEESY]

V(X 2). (C.10)

For a fixed A\, we have for the asymptotic behaviour z — oo

2’2

U\ z) ~ 22 exp <_Z) . Jarg(2)| < Zﬂ' (C.11)

and

2 A—1L 22 1
V(A 2) ~ —zexp (), |arg(z)|<zl7r. (C.12)

Using these results and going back to the previously used notation, we investigate
the asymptotic behaviour of the functions D, (z). Considering the limit z — oo now,

we have

Dy(z) = U <—>\ — % z) ~ 2" exp (—%2) (C.13)

thus, it decays at infinity. On the other hand, for D_,(—z) we have (using Eq. (C.10))

1

b = u(-an ko)

— —sin (w (—A— %)) U (—A— %z) + F(S)V (—A— %z)
< e Z) s ren(Z) i

which means it diverges at infinity.

In Chapter 5 we have to check the asymptotic behaviour for large velocities
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C. Properties of special functions

v — %00 in the expressions (see Egs. (5.33), (5.52) and (5.53))
Dr(v+pu—0+2if), Dr(—(v+p—>b+2if)). (C.15)

As the argument of the parabolic cylinder function is a complex number
(z = v+ u—0b+ 2if), we need to take the above conditions for the argument of
D)(z) into account (see Egs. (C.11) and (C.12)). We have

. 28
arg(v + p — b+ 2i3) = arctan (m) : (C.16)

For a fixed  and v — oo this expression approaches zero. Thus, the above asymp-
totic expressions (Egs. (C.11) - (C.14)) can be used and we find that

Dr(v+ p—b+2iB) (C.17)
satisfies the boundary conditions at v — oo, whereas
Dr(—(v+ p— b+ 2if3)) (C.18)

decays for v — —oc.

C.2 Confluent hypergeometric function

In this thesis, we use Kummer’s confluent hypergeometric function of the first kind
also known as Kummer’s function, which is denoted as 1 Fj (a;b; z)). Other symbols
used in the literature for this hypergeometric function are M (a,b, z) or ® (a;b; z).
The confluent hypergeometric function is a solution of the confluent hypergeometric

differential equation (also called Kummer’s equation)

2

0
z@ 1Fy(a;b;2) + (b— z)a 1Fi(a;b;2) —aqFy (a;0,2) =0 (C.19)

and can be represented as the following power series

i CL
VFy (a;b; 2) :kzzo T (C.20)
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C. Properties of special functions

Here we have the Pochhammer symbols (a); and (b); with

['(a+n)

(a), = I(a) =ala+1)---(a+n—1). (C.21)

The confluent hypergeometric function can be expressed by the following integral
representation

1Fy(a; b 2) = F<b)r(a) /01 N1 — 1) gt (C.22)

I'(b—a)

if the real parts of a and b are larger than zero.

The confluent hypergeometric function can be related to many other functions,

e.g.
1Fi (a;a;2) = €. (C.23)

In Chapter 3, we use the connection to the parabolic cylinder functions [2]

2 +
= U\ z2)+ U —2)
I (3—3)cos[m(;+3)] 2 A1l 22
— \/7_1-2%_% exp <_Z) 1F1 (5 + 17 5, 3) s (0.24)

where U(\, z) denotes Whittaker’s function (see Eqgs. (C.7) and (C.8)). Therefore,
we apply Eq. (C.24) to Eq. (3.31)

D—ST( V 27—770
D_o (V21

(
(

")l ey (— ) L (5 biir)
(=)

NCS i
i) odlel)] o,
ﬁ2771

sT. 1.
_ A o)

17 (%;%KXQT)

ol
W
=

which is the result in Eq. (3.32).
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C. Properties of special functions

Furthermore, in Chapter 3 we have to compute the following integral (see Eq. (3.33))

sT. 1.
fs) =1 / i (?’? 737) dio- (C.26)

The denominator in Eq. (C.26) does not depend on 7 and as the argument in the

numerator is quadratic in 79, we only need to consider

1 [t st 1 1 st 1
— F d F d C.27
2/_1 1 (2 2,770 ) Mo = /0 1 (2 2,770 ) Mo- ( )

We apply the substitution 72 = z (and dny = |dz/2+/z|) and obtain

| st 1
0

Thus, we can use the following expression to solve the integral [102]

« F . b 1.
/zal 1Fy (a;bycz) dz = 2ok (a,05b ot 15c2) (C.29)
Q@
where - i
oFy (a1, az; b1, b9; 2) = ZM (C.30)

k=0 (b1>k(b2)k/€!

is the generalized hypergeometric function o Fy. From Eq. (C.28) (or Eq. (3.33)) we
see that the integrand in Eq. (C.29) has the parameters a = 3,b=5,c =7, a = %
Thus, « and b cancel out in Eq. (C.29) (represented by as and b1 in Eq. (C.30)),

and we obtain )
st 1 sT 3
F dng = 1F1 | —: =; C.31
/01 (2 27770)770 11<2,2,7') ( )

Finally, we have

(C.32)
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Appendix D

Exit time problem for an

Ornstein-Uhlenbeck process

Here we want to sketch the derivation of the exit time distribution (or first passage
time distribution) for an Ornstein-Uhlenbeck process with two absorbing boundaries
at oy and ag. The interested reader may consult [25,87] as historic accounts and
[38] for more detailed and general aspects of exit time problems. We base our
computations on a more approachable representation [76]. Our equation of motion
is the Ornstein-Uhlenbeck process, which generates the coloured noise (e.g. see

Eq. (2.14))
i) = — L2 4 22 (D.1)

The corresponding Fokker-Planck equation for the propagator P(n,t|no,0) reads

QP( t|no, 0) = QQP( 16, 0) + —8—213( |10, 0) (D.2)
375 mn, 1Mo, - 87']7' n, 1Mo, 27_2 87]2 n, Mo, . .
We have the absorbing boundaries
P(OéL,t‘T](), 0) = 07 P(OZR, t|7707 0) = 0 (DB)
and the initial condition
P(n,0|n0,0) = d(n — o). (D.4)
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D. Exit time problem for an Ornstein-Uhlenbeck process

The exit time distribution is related to the propagator of a stochastic process for

n(t) via

R

f(Ta 770) = _8_T

P(n,T|no,0)dn. (D.5)

There are two different approaches to calculate f(7',79). The first is based on
solving Eq. (D.2) and finding an expression for the propagator P(n,t|no,0) e.g. via
its spectral representation. The second way is to derive an equation for the exit
time distribution f(7',17y). Here we will follow the latter method. The propagator

P(n,t|no,0) satisfies the corresponding backward Kolmogorow equation

0 Mo 0 2
—P(n,tn9,0) = ———P(n,t|no,0) + — == P(n, t|ny, 0). D.6
5 (111110, 0) o (1, tlno, )+2728n8 (1, t|no, 0) (D.6)
The boundary conditions are
P(n,tlar,0) =0, P(n,tlag,0)=0 (D.7)

and the initial condition is the same as in Eq. (D.4). From the Egs. (D.5) and (D.6)

we can derive an equation for f(7', 1)

Sl Tm) == () + 5 () D3
with an initial condition
f(0,m0) =0, ar <mn <ag (D.9)
and the following boundary conditions
f(Tyar) =6(T), f(T,ar) =o(T). (D.10)

In order to solve Eq. (D.8), we take the Laplace transform with respect to T

f@mﬂzéwﬂﬂmk*WT (D.11)
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D. Exit time problem for an Ornstein-Uhlenbeck process

and we obtain

1 0% m 0 ~ -
sz’ (5 0) = 7 g0 f(5m) = 5f(s,m0) =0 (D.12)

The boundary conditions (Eq. (D.10)) translate to

f(s,aL) =1, f(s,ozR) = 1. (D.13)

Thus, Eq. (D.12) has become an ordinary differential equation in Laplace space.

Next, we introduce the scaled variable

and we get
9% - 0 =~ ~
0_m(2)f(s’ mo) — moa—mof(s,mo) — s7f(s,mp) = 0. (D.15)

Furthermore, we use the following ansatz

f(s,mg) = em%/4§l($,mo) (D.16)
and we get rid of the term with the first derivative % f(s,mp)
02 mé 1
——9(s,mo) — (— + 57 — —) g(s,mg) =0 (D.17)
om3 4 2

Equation (D.17) is called the Weber equation (see Eq. C.1 as well). Its general
solution is
§<S,m0) = AlD_ST(mo) + AQD_ST(—TTL()) <D18)

where D_.(mg) and D_, (—my) are parabolic cylinder functions and represent the
two independent solutions of Eq. (D.17). To find the expressions for the coefficients
Ay and Ay, we have to take into account the absorbing boundaries (Eq. (D.13)). We

have

e1/G(s,ar) = 1, (D.19a)
e“R/4G(s,ap) = 1. (D.19h)
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D. Exit time problem for an Ornstein-Uhlenbeck process

Inserting the expression from Eq. (D.18), we get

LA D_ (o) + AyD_yr(—a)] = 1, (D.20a)
WA D_yr(ag) + AsD_yr(—ag)] = 1. (D.20D)

Solving for A; and A, yields

Al = — (D21a)

[D ar(—ap)e R/t — D—ST(—ozR)e_a%/4]
_ST(CVL)D_ST( 7) — D_y(ap)D_sr(—ar)
e s

A2 = D_y(ap)D_g(—agr) — D_g(ar)D_sr(—ayp)’ (D.21b)

Thus, we finally obtain for g(s,mg)

|D_sr(a)ek/ = D_(ap)e b/| D_or(=mo)
D—ST(aL)D—ST(_aR) - D—ST(OZR)D—ST(—CYL)

g(S, mO)

T D e D (—an) = DonlamDos(—an) " D22

Going backwards with all transformations (see Egs. (D.14) and (D.16)), we arrive

at the following expression for the exit time distribution in Laplace space

Ffsm) = |(D-w(W2ra)e ¥k — D (Varap)e L) Doy (—v2rm)
— (Dfsf(—@om)e’gaé — DfST(—\/ZOzR)e’%“ZL) D_(V2710)

exp (5710)
D*ST(\/ZOZL)DfsT<_\/2_TC¥R) - D*8T<\/;OCR)D*ST(_\/ZOCL> ‘
(D.23)

X
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D. Exit time problem for an Ornstein-Uhlenbeck process

For the case of a symmetric exit interval around ny = 0, i.e. ag = a, ap = —a,
Eq. (D.22) simplifies to

[D,ST(—a)e_o‘z/‘l - D,ST(a)e_O“Q/ﬂ Dy (—mo)
D_ ST(—oc)D ST(—a) — D_sr (@) Do ()
[D_srl@)e @/t = D_r(=a)e /| D_or(mo)

D_s(—a)D_sr(=a) = D_sr(a) D_sr(t)

—o2/4 D—sr(—mg) + D_s(myg)

= D ) f Do) (D24

f](&mo) =

and therefore we obtain for the exit time distribution

D_o(— \/5770) + D—ST(\/ZUO) exXp (T (772 - aQ)) .

fsm) = D_.(—V27a) + D_s; (V27100)

(D.25)

This result is used in Sec. 3.3.2 (Eq. (3.31)).
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