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We study the motion of an elastic object driven in a disordered environment in presence of both
dissipation and inertia. We consider random forces with the statistics of random walks and reduce
the problem to a single degree of freedom. It is the extension of the mean field ABBM model
in presence of an inertial mass m. While the ABBM model can be solved exactly, its extension
to inertia exhibits complicated history dependence due to oscillations and backward motion. The
characteristic scales for avalanche motion are studied from numerics and qualitative arguments. To
make analytical progress we consider two variants which coincide with the original model whenever
the particle moves only forward. Using a combination of analytical and numerical methods together
with simulations, we characterize the distributions of instantaneous acceleration and velocity, and
compare them in these three models. We show that for large driving velocity, all three models share
the same large-deviation function for positive velocities, which is obtained analytically for small and
large m, as well as for m = 6/25. The effect of small additional thermal and quantum fluctuations

can be treated within an approximate method.

I. INTRODUCTION

The dynamics of a large class of classical and quan-
tum systems can be modeled within the description of
an elastic manifold driven by an applied external force
through a disordered medium ﬂﬁ] Some examples are
domain walls in magnetic systems in the presence of time-
dependent magnetic fields @], flux-line lattices in type-
IT superconductors driven by an applied transport cur-
rent ﬂa], charge-density waves in solids in an electric field
6, [7], pinned or driven Wigner crystals [8[11], disloca-
tions in metals , interface between two fluids in a
porous medium [13], earthquakes ﬂ], and crack fronts
in brittle materials M] In all these systems, the com-
petition between elastic forces, quenched disorder and
external driving shapes the dynamics. As a result, the
response is usually complicated.

If the driving force is sufficiently small, the system is
trapped due to disorder in a metastable state. When in-
creasing the external driving, some weakly pinned parts
will start moving. They will be stopped by elastic forces
that describe interactions between weakly and strongly
pinned regions of the manifold. Further increase of the
driving usually results in jumps of a segment of the sys-
tem, and avalanche motion.

One example occurs in soft magnets. When smoothly
increasing the magnetic field (H), the magnetization (M)
changes in an irregular way. This process can be ex-
plained by considering the motion of domain walls sepa-
rating regions of opposite magnetization. The derivative
of the magnetization with respect to the magnetic field,
OM/OH, is known as Barkhausen noise and can be re-
lated to avalanche motion ﬂﬁ, ] An important step to-
wards modeling the dynamics in these systems was made
by Alessandro, Beatrice, Bertotti and Montorsi (ABBM).
On a phenomenological basis they introduced [17, @] a
Langevin equation for the velocity of a single degree of
freedom, i.e. a particle, which represents the center of

mass of the domain wall. It is simple enough to allow for
an exact solution. Their approach is known as ABBM
model. It was successful in explaining the distribution of
sizes and the duration of pulses in the Barkhausen signal,
both for an extremely small and for a finite increase-rate
of the external field |4, 19-21]. In the ABBM model, the
probability of the instantaneous domain-wall velocity is
found to be P(i) ~ 4~ %exp(—i/up), where o = 1 — v.
Here v is proportional to the rate of increase of the field
and g is some characteristic cutoff. The avalanche sizes
S are distributed according to P(S) ~ S~7 up to some
large-scale cutoff, with 7 = (3 — v)/2. For vanishing
rate v — 07, different samples of different materials were
found to be characterized by universal exponents « and
7, regardless of the specific microscopic details about the
sample structure.

In their phenomenological theory, ABBM assumed
that the random-force landscape seen by the particle has
the long-range correlations of a Brownian motion, while
the original disorder seen by the domain wall is of short-
ranged nature. This approximation, made in order to
explain experiments, turns out to be justified in some
cases. First, in the limit of an interface with infinite-
ranged interactions (i.e. a fully connected lattice model)
it was shown that the ABBM model becomes exact, i.e.
it describes exactly the center-of-mass motion @] It
is believed to provide a mean-field model, which should
be valid in particular to describe domain walls in situa-
tions where the long-ranged dipolar forces generate long-
ranged elasticity and puts the system at its upper critical
dimension [22].

Recently, two of us have developed a field theoretic
approach to describe and compute avalanche-size distri-
butions and velocity distributions for elastic interfaces of
internal dimension d in short-ranged disorder m—lﬁ] It
was shown that in the quasi-static limit v — 0T the veloc-
ity of the center of mass is indeed described by the ABBM
model at and above the critical dimension d., with cor-
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rections subdominant in the spring constant (parameter
1 below). Deviations become important for d < d,., and
were computed in a d = d. — € expansion, where d. = 4
for short-range elasticity, and d. = 2 in case of dipolar
forces. The theory also allows to predict the spatial de-
pendence of avalanches ﬂﬂ, ] which cannot be obtained
from the ABBM model. It also provides an independent
exact solution of the ABBM model at any driving velocity
[26] based on the Martin-Siggia-Rose (MSR) formalism
via the solution to a non-linear saddle point equation,
called the instanton equation.

The ABBM model, and the subsequent field theoretical
approach, provides a good descriptions of avalanche mo-
tion in classical systems evolving with the simplest over-
damped dynamics. One would like to extend these the-
ories to describe elastic systems with a more general dy-
namics, including inertial and retardation effects, and to
describe avalanche dynamics in quantum systems. Stud-
ies of classical models with stress overshoots m, @] has
shown that although the depinning transition may be
not too much affected in the thermodynamic limit, the
avalanche-size distributions can be quite different.

Retardation effects are important for instance in mag-
nets. Apart from universal power laws discussed above
(characterized by the exponents a and 7), pulses of dif-
ferent durations in Barkhausen noise are expected to col-
lapse on the same curve after proper rescaling @] How-
ever, in some experiments on ferromagnetic alloys the
pulse shape is found to be asymmetric m—lﬂ] This
asymmetry was explained to be a transient effect of eddy
currents ,@] Namely, the domain wall motion gener-
ates eddy currents. The response is not immediate, but
instead finite-time delays exist after the corresponding
wall displacement is made. These effects of retardation
can be taken into account by introduction of a negative
mass of the domain wall [32, [33].

Although the above-mentioned effects are important
in some samples, inertial effects are always present in the
domain wall dynamics. A domain wall is characterized by
the so-called Doring mass, which is due to gyromagnetic
effects @] However, inertial effects are often neglected
with respect to a larger damping present in the system,
and simplified models excluding the mass are studied. In
many other systems the dynamics is only weakly dissipa-
tive and inertial effects can be important. Some examples
are geological faults, motion of contact lines of a droplet
on a dirty rough surface and crack fronts in brittle ma-
terials. Domain walls with an internal degree of freedom
also exhibit a non-trivial dynamics reminiscent of inertial
effects [33].

The description of avalanches in quantum systems with
quenched disorder is also a challenge. There is great cur-
rent interest in non-equilibrium quantum systems and
their full counting statistics M] Higher moments
of the noise have been measured in avalanche processes
and exhibit some resemblance to their classical counter-
parts ] Out of equilibrium elastic quantum systems
in presence of disorder and a bath have been studied in

the thermal, and quantum-creep regimes m, @] where
the driving force is small and the dynamics is slow and
governed by the time scales set by by thermal or quan-
tum tunneling over barriers. For a fixed driving force
above the depinning threshold however, there are no bar-
riers. To study avalanches, it is convenient to drive the
system with an external spring at fixed but small ve-
locity v M] Then the effective driving force changes
in time, and the spring provides a restoring force that
keeps the system near the depinning transition. In the
stationary state the system is temporarily pinned, then
unpins and jumps to the next metastable state, and so
on. In that situation, while thermal or quantum fluctu-
ations may help trigger an avalanche (see e.g. p. 319 in
Refs. [4] or [44]) they should be less important during
the avalanche process itself, which usually involves much
faster time scales than that of barrier crossing. During
the avalanche the system is rolling down the potential
hill, with possible overshoots and oscillations due to in-
ertia. Thus a semi-classical equation of motion keeping
only inertia and damping into account should be a rea-
sonable starting point.

Given these motivations, in this paper we study the
ABBM model in presence of inertia. We consider the
motion of a particle representing the center-of-mass po-
sition of an interface, that is driven by a spring at velocity
v > 0 in a Brownian-correlated random-force landscape.
The feature which makes the ABBM model solvable is
that the motion is always forward. In presence of inertia
this property is lost. The disorder thus generates non-
trivial correlations in time when the particle visits the
same positions several times. To make progress we thus
consider two variants of the model.

One variant is a model “on a tree”, i.e. such that
when the particle changes the direction of motion, it ex-
periences a different Brownian disorder. Although it may
seem artificial, it could in fact be of relevance for inter-
faces since different parts of an interface are exposed to
different disorder potentials, and in presence of inertia
the backward motion of the center-of-mass does not have
to involve the same segments of the system as the forward
one. The advantage of this model is that it can again be
studied using a Fokker-Planck equation, which however
does not appear to be exactly solvable. We determine
the joint distribution of velocity u and acceleration a: (i)
in perturbation theory at small and large mass, (ii) for
large driving velocity v, and (iii) numerically. We then
compare with a numerical solution of the original model,
i.e. the ABBM model with inertia.

The second variant we call the v/4 model. It is the
model for which the method developed in M] naturally
extends. The non-linear instanton equation is now a dif-
ferential equation of second order in the time variable. It
is the saddle point equation of the MSR action for the
ABBM model with inertia under the assumption that
the particle moves in the direction of the drive only. We
are unable to solve it exactly for generic values of the
mass. We solve it: (i) in perturbation at small and large



mass, and (ii) for a magic value of the mass where ex-
act solutions exist, related to the Abel equation. It is
also easy to solve numerically and from it we obtain, for
that model, the Fourier-Laplace transform of the veloc-
ity distribution. Also, we calculate exactly the moments
characterizing the distribution function (a*u™) for arbi-
trary v and mass. The only unpleasant feature of this
model is that due to backward motion, complex veloci-
ties appear. As long as they have a small probability, e.g.
for large v or small mass, it gives the correct physics. In
fact, by comparing with numerics, we find that this model
provides quite interesting approximations to the ABBM
model even for not so small values of mass and velocities.

Although the three models, namely the original one,
the tree model and the v/7 model, do correspond to differ-
ent ways to treat the negative velocities, it appears that
they share the same large-deviation function at positive
instantaneous velocity. The latter describes the large v
limit (i.e. driving velocity) of the probability distribution
of the (instantaneous) velocity and acceleration. Hence
we conjecture that we have obtained in this paper the
exact large-deviation function for the ABBM model with
inertia in the positive-velocity domain. This conjecture
is explained and argued for in details, and supported by
numerics. We find that the large-deviation function is
determined by the nonlinear instanton equation and we
obtain its analytical form: (i) in perturbation for small
m and for large m; (ii) for the magic value of the mass.
In addition we discuss for all three models the probabil-
ity that the particle, starting with given acceleration and
velocity, reaches zero velocity before or at time ¢ . We
refer to the latter as the exit probability.

Although our calculation is performed at zero temper-
ature and £, the distribution of velocities and accelera-
tions in an avalanche is expected to be robust, and should
survive at low temperatures, as well as in the presence
of quantum fluctuations. More precisely, from the above
discussion, it should be valid as as long avalanche du-
rations remain small compared to barrier-crossing time-
scales, which is the regime studied in this paper. A more
complete theory however, yet to be worked out, would
need to incorporate several additional effects: (i) the
renormalization of disorder by fluctuations; (ii) in the
under-damped limit the total avalanche duration may be
notably increased as the system oscillates before settling
into the next metastable state; (iii) the scale dependence
of these effects. Although the present approach is only a
first step, it is expected to capture some of the effects of
inertia in classical and quantum avalanches. In particular
at the end of the paper we show how to incorporate some
of the thermal and quantum effects in the moving system
by studying the v/@ model in presence of an additional
thermal or quantum noise.

The paper is organized as follows. First, in Sec. [
we rederive the distribution of velocities for the ABBM
model and make the connection with the MSR formalism
employed in Ref. ﬂﬂ] Then we start analyzing inertial
effects. In Sec. [[IIl we introduce the ABBM model with

inertia and analyze the results of a numerical simulation.
Then, in Sec. [[V] we consider a particle on “the tree”.
The model is introduced in Sec. [V Al In Sec. [V B] we
solve the corresponding Fokker-Planck equation pertur-
batively in the inertia, and determine the corresponding
probability distribution. The large-v limit is discussed
in Sec. [V.Cl In Sec. we solve the Fokker-Planck
equation perturbatively in 1/m and give a solution for
the v/4-model in the same limit. In Sec. [VE we solve
the Fokker-Planck equation numerically, and finally com-
pare analytical and numerical results in Sec. [VFl Then,
in Sec. Al we consider the v/4-model. We start with
the definition and its basic properties in Sec. Then
we connect the instanton and Fokker-Planck approaches
in Sec. [V.C In Sec. VD] we calculate exactly the mo-
ments characterizing the distribution function. We solve
the instanton equation perturbatively in the mass and
from that we find a perturbative expansion of the distri-
bution function in Sec. [VE] while in Sec. [V Gl we solve
it exactly for the “magic” value of the mass. In Sec. [V I
we analyze in more detail one fixed value of the mass.
In Sec. [T we introduce and discuss the large-deviation
function. Its perturbative expansion in small and large
m is given in Sec. [VI(l and in Sec. [VID] respectively,
while in Sec. [VTE] we give its exact result for the magic
value of the mass. Supplementary material is relegated
to appendices [Al to[Il

II. ABBM MODEL

Before we start considering inertial and dissipative ef-
fects together, we first review the ABBM model ﬂﬂ, ]
that neglects inertia, rederive its velocity distribution,
and recall the connection to the saddle point (instanton
equation) approach of Ref. [24-126].

We study an elastic interface at zero temperature,
whose center-of-mass position is given by the equation
of motion

malt) = F(u(t)) + p* ot — u(t)], (1)

where @ = du/dt and F is the disorder force. It is Gaus-
sian distributed with correlations

[F(u) — F(u)]? = 20|u—|. (2)

In Eq. (@), n measures dissipation and v is the driving
velocity. For the specific realization in magnetic sam-
ples, the interface describes a domain wall and the term
~ p?u models the demagnetizing field generated by free
magnetic charges on the boundary of the sample ﬂﬁ] In
general, this term is a restoring force and u? the spring
constant by which the particle (representing the center-
of-mass) is driven.

For v > 0, the Middleton theorem @] states that the
particle always moves forward in the steady state (and
for all ¢ > 0 if its initial velocity at ¢ = 0 is positive).



The above equations can be solved via the Fokker-Planck
equation

OPD D i), Q)

Here j(1,t) is the probability current

(i t) = <% - %“) P(u,t) — % <Z—3P(a,t)> .(4)

The first term is the contribution from the drift and the
second one from the diffusion.

Before proceeding further let us recall the main scales
for the ABBM model, and introduce the appropriate di-
mensionless units to be used in this paper. Times will be
measured in units of the relaxation time of the quadratic
well,

Ty =—%5 . (5)

Displacements (i.e. the u direction) will be measured in
units of:

Su=o/ut (6)
where S, gives an estimate of the large-size cutoff for the
distribution of avalanche sizes, as defined in ] Veloci-
ties will be thus measured in terms of a velocity scale set
by the disorder,

o Sy

v, = — 2k
H nﬂ2 T ’ (7)
With these units of time and space the ABBM model
contains only one parameter, the driving velocity v :=
v/v, in dimensionless units. Below, we will mostly use
these units, keeping the freedom to restore dimensionfull

units when needed.

Let us now discuss the steady state of the ABBM
model. In that case 9;P = 0 and j(it) = const. How-
ever, from the condition that the particle always moves
forward follows that j(4) = 0. Solving Eq. @) with this
constraint, one obtains (in dimensionless units):

efuavfl

a0 5)

It is important to note the dramatically different behav-
ior of limy_,o P(%) for v < 1 and v > 1. In the former
it is divergent while in the latter it tends to zero. The
value v = 1 separates the regime of intermittent motion,
where the particle is most of the time at rest, from the
regime where it moves continuously.

Now we briefly discuss an alternative way of solving the
Fokker-Planck equation and make connection with the
approach introduced in Ref. ﬂﬂ] based on the instanton
equation, and further studied in HE] After performing
the Laplace transform we find

» 2 2
_or, ALEP) = EaonP + 2229, P + BT = 0.

ot n n n?

(9)

P(a) =

4

Here P()\) = Jo© P(i)erdu and the boundary terms
(BT) are

T2 Lap e |~

BT = — [j(i, t)e™] | — =5 .

0 Yl

(10)

We ignore for the moment the boundary terms and look
for a solution of the form

P\ t) = evZ0) (11)

with Z(0,t) = 0 since P(A = 0,t) = 1. After introducing
dimensionless quantities \' = Ao /nu?, and Z' = Zo /nu?
and omitting primes, we find [24]

0Z(\t) | 0Z(\1)
ot BN

(A= 2%) =\ (12)

This equation admits a time-independent solution
Z (A t) = Z(\) with Z(0) = 0:

Z(\) = —In(1 — \) (13)

Hence we recover the result of ﬂﬂ] for the steady state.
Doing the inverse Laplace transform of P(\) = (1—\)~"
we obtain Eq. ([8). Now, we can check that the boundary
terms indeed vanish for A < 1, i.e. in the domain in which
Z () is defined.

In addition one can make the connection to the instan-
ton equation as follows. The equation (I2)) can be solved
by the method of characteristics: Define a function (%)
which obeys the differential equation

dAat) 2
3 = A(t) — N2(¢) . (14)
Further define Z(t) := Z(A(t),t). Then the total deriva-

tive, using (I2) is

az(t) _
= =0, (15)

The equation (I4]) is nothing but the instanton equation
of Ref. [24], with here A(t) = @(t) there. It admits the

solution

A
)= —————— 1
A®) At (1— Net (16)
with boundary condition A\(—oo) = 0. In addition,
¢
2(t) = / ) (17)

where we have defined A(0) = A. Hence if we express
Z(\) = Z(t = 0) as a function of A\ = A(0) we obtain
precisely (I3). In Ref. [24,25] Eqs. () and ([T were ob-
tained not as the Laplace transform of the Fokker-Planck
equation, but by a completely different route using the
Martin-Siggia-Rose (MSR) dynamical action. This will
be explained in more details below in the case where in-
ertial terms are allowed.



Eq. (@2 is solved for any initial condition Z(\,t =

0) = Zo(\) as 23]
Z()\,t) = —1n(1—/\+)\6_t)+Z0 (ﬁ) . (18)

Hence,
]5()\,15) =(1-X+ /\e_t)_vpo (ﬁ) . (19)

Using 4" (t) = O3 P(\, t)|x=0, we obtain the decay to the
steady state after a change in the driving velocity, v =
vo + 0(t)(v — vp):

u(t) = v(l — e ") + e u(0) (20)
a(t)? = vl —e ) +2a(0)e (1 —e~f) + e (0)
where the symbol ¢ denotes connected correlation func-
tions. This is in agreement with the results of Ref. [26],
where it was obtained within the MSR approach. Note
that for any ¢ > 0 Eq. (@) behaves as P(A\t) ~
A(t)(—=\)" with A(t) = (1 — e ") "Py(—==7), hence
P(u,t) ~ A(t)4~!/T(v) and the current at the origin
vanishes, which justifies ignoring the boundary terms

above [46].

IIT. ABBM MODEL WITH INERTIA

A. Definition of the model

In this section, we consider the generalization of the
ABBM model to include the effect of inertia. The equa-
tions of motion in the laboratory frame are

di(t)
TR -
m30 _ 2o — i) ~na(t) + AF (), (22)

where F'(u) is a function of u, and as for the ABBM
model (2]

[F(u) — F(u)]? =20|u—|. (23)

In the limit m — 0 the model simplifies to the ABBM
model considered in the previous section.

For later use we note that if w(t) is monotonously
increasing, then the correlator of the random force

O F (u(t)) in eq. @) is
O F (u(t)) 0y F(ut')) = 20u(t)s(t —t')
=20u(t)|o(t —t) (24)
Note that if u(t) > 0, both versions with and without the

absolute value are equivalent. Under this assumption an
alternative way to model [23]) is to replace

OeF (u(t)) — \u(t) &(t)
= V]u()|£(t) (25)

with
(EBEE)) =200(t —t'). (26)

We will get back to these formulations shortly. First, let
us discuss the units. Keeping the same units for time
and velocity (and space) as given by (@) and (), the in-
ertial model depends on two dimensionless parameters,
the driving velocity v := v/v,, as before, and the dimen-
sionless mass

_omyp? Tm _ T_02 (27)
- 2 2
n Ty T

Indeed two new time scales can be defined:

Tm=m/n , To=\TmTu=Vm/p (28
where 7, is the damping time beyond which damping
overcomes inertia and 7y is the characteristic oscillation
time of the harmonic oscillator in the absence of damping.
These time scales are not independent, so there is really
only one new time scale. The units of acceleration are
S/ Ti =o/n.

Below we study the model as a function of these two
parameters m and v. Note that there are various limits
of interest. We will in particular study the limit of small
and large m, as well as the limit of large v. The large-m
limit can be rephrased as the limit where disorder ¢ and
damping 7 are both small. Note that the weak-disorder
limit is more general since it is such that only o is small.

Note a remarkable property of the ABBM model with-
out inertia: while the space unit (@) depends on disor-
der the characteristic relaxation time (Bl) remains inde-
pendent of the disorder. Although at small v there is a
broad distribution of time scales, the characteristic time
remains 7,. In the language of RG it means that the
friction 7 is not corrected by disorder ﬂﬂ, ]: it is a
consequence of the Brownian force landscape which can
be proved using the Middleton theorem. In presence of
inertia the oscillation and damping time scales 7y and
Tm given in (28]) are the bare ones (i.e. in the absence of
disorder) and it remains to be understood whether char-
acteristic oscillation and damping times are affected by
disorder.

B. Phenomenology of the inertia model

The model defined by Eqs. [2I)-(23]) is difficult to ana-
lyze analytically, since the particle may change its direc-
tion of motion. Let us therefore start with a numerical
simulation and some qualitative considerations. We first
describe how the typical trajectories change as m is in-
creased, and then we show some numerical results for the
distribution of instantaneous velocities.

1. Qualitative features of trajectories

Let us start with a numerical simulation of Eqs. (2I])-
@3). We show in Fig. [[l some examples of typical tra-
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FIG. 1. Each figure shows two trajectories in the same disorder realization and for the same driving velocity, but different

values of the mass, as denoted.

jectories wu(t), for different values of the mass and the
driving velocity in the same realization of disorder, such
that we can see how the trajectories are correlated with
the disorder. In the first set we choose a small driving
velocity v = 0.01 and in the second a larger one v = 0.1,
so we can see the evolution from the avalanche regime
(at small v) to the faster driven regime (at larger v).

For small v we see that upon increasing the mass (up

to moderate values): (i) time windows where the particle
is pinned in a metastable state at position u; (at zero or
almost zero velocity) still exist but are shorter since the
particle oscillates before coming to rest [47]. (ii) Hence
avalanches (from one metastable state to another one)
can still be defined. (iii) Due to inertia, the avalanche
starts more slowly, however the particle overshoots and
may not settle in the next metastable state (as for m = 0)



but in one farther away. These metastable states u; are a
subset of the metastable states for m = 0. As the mass in-
creases, more and more of the metastable states at m = 0
get eliminated. Thus as the mass increases the smaller
m = 0 avalanches (i.e. with smaller barriers to the next
metastable state) are “eaten up” or merge. The larger
m = 0 avalanches, with larger barriers, remain, although
the dynamics is quite different. One notes that the fre-
quency of oscillation increases as the particle settles to
the new metastable state under the action of damping.

For larger v as m increases the avalanche structure dis-
appears and one enters into a regime better described by
oscillations in the co-moving frame, see Fig. Il However
there remains some correlation with the m = 0 avalanche
structure, the larger m = 0 avalanches seem to induce the
largest oscillations (Fig. [I).

While for small mass the motion remains under-
damped and the time scale remains O(7,,), in the larger-
mass regime 7, > 7, (m > 1 in dimensionless units)
the motion occurs on larger time scales. Let us describe
qualitatively the avalanches in that regime. For that it
is useful to rewrite the equation of motion as:

d

P = pluti — ni? (29)
L2 1o

E= Fmi +V(u)+ U (30)

where F(u) = —V’(u) and the disorder-potential fluctua-
tions typically grow as V (u) -V (0) ~ v/ou?/?. Balancing
disorder with the quadratic well gives the avalanche cut-
off size u ~ S,,. Hence for u < S, the disorder term
dominates. Consider an avalanche starting at ¢ = 0.
For small v and 7, as the previous metastable state
u(t = 0) = u; becomes unstable, the particle will first
oscillate with amplitude Au between u; and the smallest
root of V(u)—V (u;)+ “72 (u?—u?), and the total energy F
can be considered constant during a period ] There is
clearly a distribution of amplitude Aw from the disorder,
but we can estimate the typical oscillation time 7Tosc as a
function of the amplitude Au as

Tose ~ mM2(Au)t/4 Jgt/t (31)

by balancing the kinetic energy with the disorder. The
quadratic well controls the scale of the largest ampli-
tudes Au ~ S, which correspond to a time scale .
The total energy E will decay on much larger time scale
Tm > Ty, and the particle will settle in one of the avail-
able metastable states within the range of the first oscil-
lation. From the above estimate (3II) one sees that the
frequency of oscillation will indeed increase as Au de-
creases to zero. This picture requires that the quadratic
well has moved by less than S, during the avalanche time
hence v < vy, := S,,/7, (in dimensionless units this is
v < 1/m). If v > vy, the particle has no time to converge
to a metastable state and the definition of an avalanche
becomes less clear. In the regime v, < v < vg =S,/
the motion still remains quite correlated to the disorder

and plateaus would still be visible by averaging over os-
cillations. Finally for v > vy (in dimensionless units this
is v > 1/4/m) multiple oscillations are not visible and
the trajectory becomes smoother.

Note that V(u) is a random acceleration process, since
V" (u) is a white noise. Hence in the large inertial mass
limit, Au can be seen as the first return to the origin of
a random acceleration process. This leads to P(Au) ~
Au~%* for small Au < Sy, the distribution being cutoff
around S,. Similar arguments, although for a slightly
different model, were made in @, ] using earlier results
50, 1.

It is also interesting to note that in any time window
[ti,tr] where u(t) > 0 one can parametrize trajectories

as function of the position u(t) = [ tt_ dt'u(t") and rewrite
either model as a stochastic equation for (u) as

s (3m) + o= (5-1) + 0 a2

In the limit of m — 0 one recovers the standard ABBM
stochastic equation [17, 18] and @(u) can be mapped to
the radial coordinate of a Brownian motion in dimension
d = 1+v/v, (see e.g. Section VI B in [52]) leading
to thf distribution of avalanches sizes P(S) ~ S~7 with

T = 5 — g for v <w,, for avalanches much smaller than
©

the cutoff, S <« S, for which the quadratic well does
not play a role. In presence of inertia the above equation
can be used between two zeroes of the velocity and for
small 7, u leads again to an exit time for the random
acceleration problem. Some considerations about exit
times are given in App. [Hl

2. Velocity distributions

Consider on figure 2 the histograms of the distribution
of the instantaneous velocity @. We see that for driv-
ing velocity v = 1, by increasing the mass m from 1/16
to 16, the distribution becomes more and more symmet-
ric, and peaked around v = 1. The same happens for
larger driving velocities, v = 5/2, see figure Bl Note that
all histograms have a non-vanishing tail for negative 1,
but that this tail gets smaller when decreasing the mass.
(Attention: the axis on the figures is shifted from @ = 0
to the left). By comparing Figs. 2 and Bl we see that
when increasing the driving velocity v for a fixed mass,
the probability for negative velocities decreases. This is
clearly seen on the plots of Fig. I8 page 23 for mass
m = 1/4, and v = 1/10, v = 1/2, and v = 5. The red
lines (solid on Figs. 2l Bl and dashed on Fig.[I])) represent
different approximations to be discussed later.

This negative tail renders the analytical analysis diffi-
cult, not per se due to the negative velocities, but since
the particle moves backwards through the same disor-
der, thus the disorder it sees becomes correlated in time,
and the system has memory. Since we possess currently
no powerful tool to tackle this situation, we will treat



FIG. 2. Probability density distribution of the instantaneous
velocity 4 for the ABBM model with inertia in the form of a
histogram for v = 1 and different masses. The red full line
denotes the probability density obtained in Sec. [V E] for the
tree model. Note that the axis is vertical axis is shifted from
u = 0 to the left.

two different local, memory-free variants as explained in
the introduction: (i) the particle on the tree model that
can be formulated by using for the random-force correla-
tor the second line of Eqgs. 24) or ([23); and (ii) the v
model given by the first line of Eqs. (24]) or (23)).

There is a strong motivation to consider these two vari-
ants. Let us look at Figs. 2 and[Bl The red full lines rep-
resent the numerical solution for a particle on the tree.
We see that when increasing v or decreasing m, the “par-
ticle on the tree” becomes a good approzimation of the
ABBM model with inertia. The same holds (not shown
here) for the V@ model. The physical reason is simple:
At higher and higher driving velocities or smaller and
smaller mass, the particle will less and less often move
backward, thus these events will lose their importance
for P(w).

We will indeed prove a much stronger statement. Con-
sider the large-deviation function, defined (supposing the
limit exists) by

F(x):=— lim M

v—00 v

(33)

We will show that F'(z) indeed exists for all three models,
and that for x > 0 all three large-deviation functions
coincide. We expect, but cannot prove, that for x < 0
these functions will differ.

In the next section [Vl we start with the particle on
the tree, which may be expected to be the most physical
one. We then continue with the v/@ model in section [V A]
for which we have the most analytical results.
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FIG. 3. Histogram of the probability density distribution
for the ABBM model with inertia for v = 5/2 and differ-
ent masses. in units The red full line denotes the probability
density obtained in Sec. [V El for the tree model. Note that
the axis is vertical axis is shifted from @ = 0 to the left.

IV. TREE MODEL

A. Definition of the model

In this section we examine the motion of a particle,
with finite mass m, in a Brownian-correlated disorder
force. Since the Middleton theorem does not hold, we
assume that when the particle changes direction, it expe-
riences a different disorder potential, uncorrelated with
that experienced previously. The model describes the
motion on a tree with constraint that the particle always
chooses a different branch when changing its direction of
motion. On each branch the disorder satisfies Eq. ().
As mentioned in the introduction, the model may be rel-
evant to describe systems which do not visit the same
microscopic configuration twice, while the center of mass
is oscillating back and forth, i.e. systems with large de-
viations from the Middleton theorem. Note that the tree
is not defined from the start, but is generated dynami-
cally, thus there is one tree associated to each trajectory
or history. This may however be captured by the limit
of a fixed tree with high branching rate.

The equation of motion in the laboratory frame is:

% =a, (34)
mSE = 2 o~ i(t)) o+ AFf],  (35)

where F' is a functional of u(t). Then, the effective dis-
order correlator becomes

atat/ (Ft[u] - Ft’ [’U,])2 = —40'|U(t)|6(t — t/) (36)
('“)tFt[u]at/Ft/ [u] = 2U|’U,(t)|6(t — t/). (37)
In the limit of m — 0, the model simplifies to the ABBM

model considered in the previous section. Note that this
tree model has the pecularity, that the system reaches



a stationary state without being pinned, even in the ab-
sence of driving. The reason is that every time it changes
the direction the disorder is renewed. Only if the system
starts at a = u = 0 or arrives there “by accident”, it
remains there for ever.

Now the probability distribution depends on two vari-
ables, velocity @ and acceleration a. The corresponding
Fokker-Planck equation is a parabolic differential equa-
tion and has the form

oP(u,a,t) 0P n 8_2 ol P(u,a,t)
o “0i " oa? m?
o) p? .o w? .
= 3a {(—Eu — Ea—i— po P(u,a,t)

(38)

In the following two sections we analyze this equation
both analytically and numerically. There are several lim-
its which can be studied analytically, namely small or
large m at fixed v, and large v at fixed m.

B. Perturbation expansion in small m

Equation (B8)) is complicated and an exact analytic so-
lution is not known. There are many systems M] where
the mass term is small and could be treated as pertur-
bation with respect to the other terms. Therefore, we
start with perturbation theory in m, i.e. mu?/n?> < 1 in
dimensionfull units.

In dimensionless units the Fokker-Planck equation sim-
plifies, and effectively depends only on the two parame-
ters, m and v:

oP(u,a,t) 8P n 8_2 || P(1,a,t)
ot T 7% T Ba2 m?2
0 u(t) a v )
~ 7 {(—7 o + E) P(u,a,t)}.
(39)
We are interested in the stationary situation
O P(u,a,t) = 0.

In the limit m — 07 the acceleration is divergent since
in the ABBM model the disorder generates a white noise
with no small-scale cutoff (see Section [V.C| below). An-
alyzing the structure of the Fourier-transformed Fokker-
Planck equation and the moments that follow from it
(similarly to Sec. [VD]), we conclude that one has to in-
troduce a reduced acceleration @ = y/ma in order to be
able to organize the perturbation theory in m. Then in
the region |a| 2 /m and @ 2 m > 0 (we will refer to it
as the region 1) we find:

The index (1) denotes that the expression is valid in re-
gion 1. Here F),, satisfies the recursion for n > 0 (and
F,1 == O)

a0a Fy, — w02 Fy, + 0% (v — )02 Fp 1 + a0, Fp 1

%(aﬁ — (4n — 1)au)F, -
We start solving Eq. [@Il) from the smallest n = 0. Then,
using the solution for Fj we solve the next equation for
n = 1 and find F;. The procedure develops further in the
same way. However, if we want to determine F; we have
to solve all the differential equations [{@Il) with n < i+ 2.
The reason is that we are interested in a distribution that
has all finite moments a*77, and therefore decays faster
than algebraically for large @ and a. This condition has
to be satisfied for any mass, hence for any order in the
expansion. Taking this into account when analyzing the
solution in (i+2)nd order allows to discard some solutions
to the equation appearing in the ith order, i.e. in F;. The
details of the calculation and some intermediate results
are given in App. [Al

For brevity we state her only the first three terms; the
further terms are lengthy, and given in App. [Al

+ L =0. (41)

Fy=1, (42)
1 ~3
Fl = 5 (du - %) +C3’(.l,2, (43)
a®  batt 1 1 1
Fy = % _ Z—Su — gateatl? — 2870 (i~ v) + Fécyi®
1
+ esut — Eu ? [244% — 480w In(w) — 24v° + 36v — 5] .

(44)

There still remain undetermined constants cs and cs.
They have to be fixed such that [ dadid P(4,a) =1 for
all m. This task can not be done now, since region 2 may
also contribute. It is further complicated by the fact that
also negative velocities may contribute, and our expan-
sion does not give a result for those. We discuss this issue
in the next section, see Eqs. (@) and ([@2)), when com-
paring the analytical results with the numerical solution
of Eq. (33).

Integrating out velocities from P (1, a) one obtains
the conditional probability distribution of acceleration
when 4@ > m. Leading two contributions in the region
1 are

v

ij)MV Py, (Valal)

1 _v
2

VTS oy
x (3\/5 @@+ c3(20 — 3)) K s

PY(a)da —da{

_3
la|""

. (V2lal)
~2fal - e Ky (V2Ial) )| (@)

Here K, (z) is the modified Bessel function of the second
kind. Similarly, by integrating out a from P™M (i, a) we



obtain the conditional probability distribution of veloci-
ties in region 1, for |a| > \/m, of which we state the first
terms. Higher order terms are discussed in App. [Al

P(l)(u) _e—uuv—l 63\/56—1%1;—1 me—uuv—2
 I'(v) I'(v) 4T (v)
x [(4es — 1)@ — 20* + 4dw In(i) + 2(v — 1)v] .

(46)

In the limit of m — 0 only the first term survives and we
recover the result given by Eq. (8). A note of caution con-
cerning the distributions (@8] and (6 is in order: They
have been obtained by integrating the joint distribution
[Hd) over all values of a, and over positive @, while (0]
is valid in a more restricted range. These distributions
may acquire some correction from other regions, which
should be small (and maybe even subdominant to the
correction given above but we cannot prove it). In any
case, it cannot affect the leading-order result, i.e. the first
line in ({@AH]), which is the (normalized) distribution of (re-
duced) acceleration @ in the presence of a small inertia,
and which is a novel exact result.
Next we discuss region 2, defined as |a] < /m and
0 < @ < m. If one naively assumes that the results
obtained in region 1 are valid in region 2, one finds non-
integrable divergences in P for small velocities . In order
to organize the perturbation theory in region 2, we have
to introduce @ = u/m and use a = a/+/m. Then,
o0
P (4,a) = f(m,v) Z (2 (a, 0)m™, (47)

n=0

where f is an undetermined function. Plugging this equa-
tion into the Fokker-Planck Eq. (BY]), we obtain the equa-

tions that determine P} ﬂﬁ] Unfortunately, these equa-
tions are as difficult to solve as the full Fokker-Planck
equation, and we did not succeeded in solving them
analytically. However, in ApplBl we demonstrate that
Eq. (@D has the correct form and that the perturbation
theory is properly organized. We show that P®) (v, a)
matches at the boundary between regions 1 and 2 the
distribution function found in region 1.

C. Large driving velocity v > v,

A naive argument is that in that limit the noise
V]ulé(t) can be replaced by /vE(t), hence becomes
Gaussian. One can then directly solve the Langevin equa-
tion (in dimensionless units) in frequency space,

V€, +2mvd(w)
C—mw? 1w
This leads to a Gaussian distribution for @ and a with
equal-time correlations in the steady state:

- - | : 2, )

1 —mw?)? + w?

- /w ( 2ome’ (50)

1 —mw?)? +w?

(48)

w

s}

®” =
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with a(t)a(t) =0 and [ = [ 22. We used &, = 0. Thus
we find

. 1 Lo 2
Pu»1(a,0) & 5—exp (—% [a* + (i —v) }) . (51)
Note that since the dynamics being the same for positive
u this large v result should hold for all three models.

Integrating over the acceleration, this can be identified
with a Boltzmann distribution

m 7’771(1‘1/711)2

2T, 2
2T ot c " (52)

Pysa (u) ~

in the moving frame for the Hamiltonian of a free particle
of mass m. The effective temperature (in dimensionfull
units) is

T. M = mu— (53)

o ! n?

Hence at large driving velocity the disorder, the quadratic
well, and the damping act together in the moving frame
as a thermal noise |54].

From the above result we could guess that the proba-
bility of a negative velocity decays as e~%/(2v«) at large
v. We will see below that this is not quite accurate. In-
deed, we will go beyond the above argument and show
that there is a large-deviation function which describes
the deviations from the Gaussian at large driving veloc-
ity. These deviations appear in the far tails at |4 —v| ~ v,
see Sec.

D. Large mass m > 1

At large mass the oscillation time 79 = v/m/p increases
but becomes much smaller than the damping time 7, =
m/n (necessary for damping to overcome inertia). Hence
the system is in the underdamped limit and the particle
oscillates many times before it comes to rest. It can be
seen by rewriting the Langevin equation in dimensionless
units:

du

da . VAL a
@_—u—l—v—l—mll/lg(t’)_ﬁ’ (55)

where we have used the reduced acceleration and defined
the reduced time as t = /mt’ in units of the oscillation
time. At large m we see that to leading order we have
a Hamiltonian system with p = @ and ¢ = u — v and
H(p,q) = %(p2 + ¢?), i.e. a harmonic oscillator, weakly
perturbed by (i) a noise, and (ii) the damping. Although
these terms are small they will select the steady state as
we show now.

For large m the Fokker-Planck equation has a well-
defined limit if one scales the probability as

P(t,a,t) = vVmP(i,a = ay/m,t' =t/v/m) . (56)



The scaling function P satisfies

(%P = [(u — ’U)aa — a@u]ﬁ +

ml/2

(1 + ads + D(u)d2]P,
(57)

where we have allowed for a general noise function D().
It is equal to D(u) = || for the tree model that we study

now, and D(%) = @ for the v/4 model studied below.
This equation is well suited to analyze the time regime
t ~ 79, i.e. ' = O(1), when the system oscillates. How-
ever at even larger times it will be damped and will reach
a steady state. For the latter we are interested in the limit
lim lim P(u,a,t') . (58)

m—o0 t/ —o0

We start by searching for the steady state as a time-
independent solution in the form

P(r,0) = Z m~"2P,(r,0) . (59)
n=0
It is convenient to use the action-angle variables of the

harmonic oscillator,

i =uv+rsinf (60)
a=rcosf . (61)

In these variables the Fokker-Planck equation becomes

-1 . .
0P = \/ﬁ[l +7rcosf0 4+ D(v + rsinf)O°|P  (62)
sin 6

O :=cos00, — ——y . (63)
r
This yields the recursion

DgPy =0 (64)
o Ppi1 = [L +7cos(0) O+ D(v+rsin0)O*|P,, n >0

Note that the operators O and D(v + rsinf) commute.
To leading order the general solution is

Po(r,0) = Fo(r) , (65)

where P, it to be normalized as
/ 2nrPy(r)dr =1 . (66)
0

The higher-order terms satisfy

oo 27
/ TdT/ do P,(r,0) =0, n>1. (67)
0 0

The function Py is selected by the next order equation,
as we now discuss:

O Py (r,0,t) = ¢(r,0) (68)

o(r,0) = Po(r) + a(r,0)Py(r) + b(r,0) P} (r) (69)
a(r,0) = rcos(0) + %D(’U + 7sin 0) sin®(6)
b(r,0) = cos*(0)D(v + rsinf) .
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The general solution of (G8]) is
0
Pin) = [ 40607+ Pir0)  (70)
0

Now, we observe that one can integrate (6], fo% df and

obtain a condition which must be satisfied, in order for
P, to be meaningful, i.e. a single-valued function in e,

Pu(r,27) — Po(r,0) = 0 = /0 "a6s(r0) . (71)

This leads to a condition which determines the steady
state Py(r) to leading order as

Py(r) +a(r)Py(r) + b(r)P)(r) =0 . (72)
We have defined

r 2m
a(r) = 3 + l/o d—eD(U +rsinf)sin?(9)  (73)

r 2

27 do
b(r) = / — D(v + rsin ) cos?(0) . (74)

o 27

The first-order correction reads
0
Pi(r6) = [ d0'(a(r0") ~ () Ph(r) (75)
0

6
+/ deé’ [b(r,0") — b(r)|Py (r) + Pi(r,0) ,
0

where Pj(r,0) is determined from the next-order equa-
tion using again that P, should be single valued and the
normalization condition. Let us now analyze this equa-
tion for the various models.

1. D(4) =4 model

Consider now the simpler choice D(i) = 4, which, an-
ticipating a bit, is the v/4 model defined below. In that
case

+— (76)
(77)

Solving the differential equation (72) we find two solu-
tions. One is the Gaussian

1 2

Py(r) = —e " /() 78
() = 5 (78)
The other one decays as 1/r? at large r and thus cannot
satisfy the normalization condition (G6]). Going back to
variables ,a, this identifies with the Gaussian distribu-

tion (BI)) also found in the large-velocity limit.
The analysis can be continued to higher orders. Writ-

ing
e/ (2v)

P, = 7@71(“ 9) ’ (79)

2mv



where the @Q),, are polynomials in r, cos 6, and sin #, which
satisfy the recursion

Qo=1 (80)

Qi1 = [1+7cos00 + (v +rsinh)0%Q, , n>0.
We have defined
R in 6
O = e /@) 0e="/(2) = ¢os0 (—Z + &«) — Dy
v
One finds
0 - rcos(f) (r? cos(20) + 12 —6v)  a® — 3av
e 602 B 3v2
(81)

The second order Q)2 is given in Appendix The mo-
ments w"a™ of the v/ model are computed below in
Sec. by another method and we have checked that
they agree with the ones obtained here from P to the
considered order (1/m).

2. Tree model D(u) = |4
For the tree model one finds
27
do
a(r) = g -|—/0 E’; + sin 6“ sin?() (82)
27y

b(r) = r /0 df)o +sin9} cos?(0) . (83)

Explicit calculations give

r lo /v 1 /02 v2
a(r) = E—I—EFarcsm (;) — g(ﬁ—él) l_r_Q’ >0

roow
a(r)—i—i—g, r<v (84)
b()*vac' (v)+r 2+v2 ) v2 -

r)=_ resin " 3 3 3 TV
b(r):g, r<uw (85)

We see that for large v one recovers the result of the v
model, namely the Gaussian. For v of order one, the solu-
tion Py of ([2) can be computed numerically (see Fig. [IT]).
For v = 0 one can obtain an analytical expression using
a(r) =r/2+4/(3n) and b(r) = 2r/(3n):

T _ax

Py(r) = Ee_TT . (86)

The other solution is excluded, since it decays as 1/r? at
large r. For the leading correction in m at v = 0 we find

Py(r,0) = P()(’I”)QIF (r,|0)sgn(d) , —-w<O<m (87)
QF (r,0) = 6i4 [4(7r —20)(3nr — 8) (88)

—2m cos(0) (12r sin(6) + (3wr + 4) cos(26) + 3mr — 20)}
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FIG. 4. Numerical simulation of the tree model for v = 0.1,
m =100, p = n = 1, and 5 x 107 data points. In order to
eliminate the small asymmetry coming from nonzero velocity,
we show symmetrized P in A, i.e. [P(A) + P(—)\)]/2. These
are the data shown (blue dots), together with a lo estimate
of their statistical errors (green, dashed) and the analytical
curve ([@0) (red/solid). Note that there is no adjustable pa-
rameter. For larger values of |A| (not shown) the statistical
errors grow and one observe small deviations whose origin
could be corrections from 1/m or small but finite v.

We can check that it has zero angular integral and van-
ishes at all # = nm/2. The moments are

= == 16

@ =i =+ 0(1/m) . (89)

whereas they would vanish in the limit of v = 0 for the
V4 model, where the Gaussian (T8) is valid at zeroth
order in 1/m.

The Laplace-transform of Eq. ([BG) gives, to leading
order in 1/m

o 27 oo )
P(\) =Mt / d9/ drrPy(r) e?rsin?
0 0
27m3

= 90
(972 — 16A2)*/? 20)

This function has a branch-cut singularity starting at
A= :t?% = £2.35619. It is interesting to note that
from ([2) and (B4) one can conclude directly that for

any v, Py(r) ~ e T at large 7 > v. Hence the tree
model has \F = +3% at m = oo independent of v. Sim-
ilar branch cut singularities for the V4 model will be
discussed in Sec.

In figure @ we show a numerical simulation of the
equation of motion given by Eqs. (34)), (35), and (B6)
for v = 0.1, m = 100, 4 = n = 1, and 5 x 107 data
points. The agreement of the simulations with the ana-
lytical result (@0) is excellent.
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FIG. 5. (color online) Velocity probability distribution for a
fixed driving velocity v = 5/2. Different curves correspond to
different masses, see the explanation in the main text.

E. Numerical solution of the Fokker-Planck
equation

In this section we solve Eq. ([B9) numerically using the
discretization scheme proposed by Scharfetter and Gum-
mel [55] and analyze the probability distribution for dif-
ferent values of the driving velocity v and mass m.

The probability distribution of velocities for different
masses and fixed driving velocity v = 5/2 is shown in
Fig. Bl For m = 0 there are no negative velocities @ and
the probability reaches its maximum at a higher value
than all other curves shown in Fig. The general ten-
dency is an increase of the probability for negative 4 when
increasing the mass as well as a decrease of the maximum
of the probability. At the same time the maximum gets
shifted towards higher velocities. We see that for m = 32
and m = 128 there is only a small difference in the prob-
ability distribution, and for large mass the probability
converges to a master curve at m = oo, whose behaviour
we discuss in more detail in the next section. Also note
that there are two remarkable points where all curves
intersect, a feature which remains to be understood.

Fig. [l shows P(u) for v = 1/2 and different masses.
We see that the divergence for m = 0 seems to disappear
in the presence of a small mass, and that at the same
time the probability for negative @ < 0 becomes finite.
A small mass changes the positive tail of the distribution
only slightly. Inertia has the tendency to decrease the
maximum of P(4) as was noticed in Fig: Bl where v > 1.
This is also manifest for v < 1.

Next we analyze the probability distribution of accel-
erations. Fig. [0 shows P(a) for v = 1/2 and different
masses. The larger the mass is, the more symmetric
the distribution becomes, in agreement with results from
Sec. Decreasing the mass the maximum of P(a)
gets lowered, while the distribution broadens and the av-
erage of a? increases. A similar behavior is observed for
v > 1.
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FIG. 6. (color online) Velocity probability distribution for a
fixed driving velocity v = 1/2. Different curves correspond to
different masses, see the explanation in the main text.

Apart from similarities between the ABBM model and
the tree model (discussed in Sec. [Tl there are also dif-
ferences. By looking at Figs. Bl and Bl we see that when
the probability for negative velocities becomes consider-
able, a difference between the tree model and the ABBM
model with inertia becomes visible. The probability dis-
tribution for the tree model is characterized by a smaller
peak and larger tails than the ABBM model with inertia.

F. Comparison of the numerical solution of the
Fokker-Planck equation with perturbation expansion
inm and 1/m

Here we compare numerical and analytical results from
the two previous sections focusing on the behaviour at
small and large m. We start with small m. We now
have to determine the currently undetermined constants
entering the distribution function, Eqs. ([@2)-(44). For

20/ [- m=1/16 ]
- m=1/4 A
- m=1/2
15; |- m=1 [ ]
g 10/ M=16

0.5

FIG. 7. (color online) Probability distribution of accelerations
for a fixed driving velocity v = 1/2. Different curves corre-
spond to different masses, see the explanation in the main
text.



sufficiently small m and sufficiently large v, negative ve-
locities appear with small probability. Then, we can ne-
glect their contribution to [dadd P = 1 as well as the
contribution from the narrow region 2, since the main
contribution comes form region 1. We find

c3 =0, (91)
s =1~ v(), (92)

where 1)(z) is the digamma function. In this region of pa-
rameters, in App. [A]l we state higher-order terms in P(u)
and additionally we calculate exactly moments charac-
terizing the distribution function and some other corre-

lations in Secs. VD] [V -Gl and App.
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FIG. 8. (color online) The full green line represents the nu-
merical solution for the joint probability distribution of ac-
celeration and velocity, integrated over positive velocities for
m = 1/8 and v = 5/2. The dashed red line is the result of
the second order perturbation theory (@3]), while the dotted
blue line is the first order of perturbation theory.

The numerical solution for the joint probability distri-
bution of acceleration and velocity, integrated over posi-
tive velocities for m = 1/8 and v = 5/2 is shown in Fig,.
by the full line. The dotted line is the first-order, and the
dashed line the second-order perturbation theory result
of Eq. [@H). We see good agreement between analytical
and numerical solutions. Also, the agreement increases
with increasing order of perturbation theory. The small
remaining difference may come from the approximation
made when fixing c¢3 and cs, i.e. due to neglecting the
contributions from negative velocities and from the re-
gion 2.

Let us now compare the distribution of velocities.
Fig. @ presents P(u) for m = 1/4 and v = 5/2. The full
line is the numerical solution, the dotted line is m = 0,
and the dashed line is the perturbation theory result of
Eq. (AQ). For P(4) in the region 1 there is very good
agreement between perturbation theory and numerical
solution.

Next we compare the perturbation expansion in 1/m
studied in Sec. with the numerical solution. The
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FIG. 9. (color online) The full green line represents numerical
solution for velocity distribution for m = 1/4 and v = 5/2.
Dashed red line is the result of perturbation theory, Eq. (A6).
Dotted blue line is m = 0 curve.

distribution function becomes rotationally invariant in
the @ — @ plane around the point (v,0) in the limit
m — oo, see Eq. ([63]). Therefore, in Fig. is shown
P(t+v,a = 0) for fixed mass m = 100 and different driv-
ing velocities. The definition of P is given by Eq. E8).
Numerical solutions are shown by full lines, while dotted
lines denote the zeroth order in the expansion given by
solutions of the differential Eq. (T2)) for the tree model.
We see good agreement, especially for larger v.
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FIG. 10. (color online) The full lines represent the numerical
solution for P(i + v,a = 0) for m = 100 and different values
of v. The dotted lines are the zeroth order of perturbation

theory, Eq. ({2)).

V. V4 MODEL
A. Strategy

In this section, we define a model which

(i) is equivalent to the ABBM model for all trajectories



such that the particle only moves forward;

(ii) is an exact saddle point of the MSR dynamical ac-
tion hence allows for some analytical results. In
particular the generating function of the one-time
velocity distribution is given by

P()) = eMilto) = V2N (93)
where Z()\) does not depend on v.

(iii) on the down-side & may become complex.

Although the MSR saddle point method for the ABBM
model is exact only for m = 0, its extension to m > 0
provides a natural approximation of the ABBM model in
presence of inertia. For instance let us define Papprox ()
as the inverse Laplace transform of P()\), on the real @
axis as:

P\ = / ~ ai Pappros () €M . (94)

— 00

since Z(A\)* = Z(\*), the function Py, .. (@) is real and
since Z(0) = 0 (see below) it integrates to unity. As ve-
locities can become complex, using this function as an ap-
proximation of a probability distribution (for the ABBM

model) makes senses if, and only if
(iv) the function Papprox(w) is positive.

Although not an obvious fact, we have strong numerical
evidence that this is indeed the case. Finally, we will
show in Section[VIlthat the approximation becomes exact
for large v.

B. Definition and basic properties

We define the model in the laboratory frame,

da(t) _
a0 o
d‘é(f) = p*fv = a(t)] = na(t) + i) €(t)  (96)

(ML) =200(t —t) (97)

As long as the velocity is positive, the noise /u(t) &(t)
is real, and the velocity remains real. However when u
becomes negative, complex velocities arise. This can be
seen on figure [[], for one given disorder realization, and
driving velocity v = 0.5 and m = 1/4. Increasing the
driving velocity, the trajectories at the bottom of figure
I get closer to the real axis, and less negative events
arise. In addition, one sees from (@5) that near the pos-
itive real velocity axis a small imaginary part imud = €
experiences a linear force —(u? — %)e which on aver-
age brings it back towards the real axis except for small
velocities.
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FIG. 11. Top: Real (blue) and imaginary (red) part of the
velocity for one realization of the disorder, and v = 0.5. Bot-
tom: phase portrait, i.e. trajectories in the complex plane
U = Uy + iUy. Note the different scale in real and imaginary
directions.

Therefore, this model is expected to be a reasonable
approximation to the ABBM model with inertia for large
v and small m, see section[VIl Moreover, in the same limit
of parameters this model works also well for the particle
on the tree studied in the previous section. It will be dis-
cussed below in section[VE 6lhow good an approximation
it can provide beyond this range of parameters.

While the velocities in this model can become com-
plex, as we will show now, the generating function for
the velocities is given by a single, v-independent function
Z(N)

eMi(to) = V24, (98)

The proof is based on the MSR formalism. Replacing
a(t) in the second line of the above Langevin equation
by ii(t), the expectation (@) can be written as [24-26]

xali) — / Dli] Dlt]e*(to) ~Slisl (99)



with the dynamical action

Slu,a] =

/t a(t)[moga(t) + noya(t) + p(u(t) — v)] — cu(t)a(t)>.
(100)

In the square-brackets, we recognize the equation of mo-
tion without disorder, enforced by the response field a(t).
The last term results from the average over the disorder,
using (@1).

Since the action is linear in 4, the saddle-point w.r.t.
this variable is exact, leading to the instanton equation

moFu(t) — ndea(t) + pa(t) — ou(t)? = Ao(t — to) (101)

This has to be supplemented with the boundary condi-
tions @(+o0) = 0. For the case m > 0 studied here it
turns out to be equivalent to requesting,

Gty =0 Vit>to, (102)

which implies 8;a(t) = 0 for all t > to. [56]. Supposing
that (I0T]) holds, the only term which survives in (@9) is
the term of order v in (I00]), which yields ([@8) with

Z(\) = p? /tﬂ(t). (103)

While analytical results for equations (I0I]) and (03]
are difficult to obtain, it is quite easy to solve the instan-
ton equation ([I0I]) numerically. We do this now in our
dimensionless units, i.e. setting n = pu?> = o = 1. On
figure [[2 we show Z(\) for different masses. For real A,
Z(A) diverges at two singularities, one at A = A} > 0,
the other at A = A, < 0. Their values, as a function
of m is plotted on figure [31 Examination of P,(\) for
complex A show that they are branch-cut singularities.
The branch-cut singularities determine the behavior of
the function P, (1) defined in ([@4)) at large 4, up to

approx
possible power-law pre-exponential factors as

Tt .
e~ for 4 — 400

Papprox(ﬁ) ~ {eiv\c (104)

for 4« — —oc0

It is important to note that this asymptotic behavior
holds at any driving velocity: Were Py . (i) to decay
faster (e.g. with a larger constant in front of, or a higher
power of @ in the exponential), then P()\.) = e?Z()
would be finite, which it is not. Similarly, if it would
decay slower, then P(\.) = e"?(*<) would not exist up
to A = A.. Note that (I0T) also implies that Z()) is real
for real A, at least as long as the solution (t) decays to
zero at large times, which is the case for \; < A < A\F
(see below).

As shown in Fig. 3] increasing the mass beyond the
special value m* = 3.95402, the value of A\, decreases
again, i.e. the tail for negative % becomes again shorter.
For m — oo both AT and A become infinitely large,
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FIG. 12. The generating function Z(\) for masses m = 0
(thin, solid, black), m = 1/4 (thick orange), m = 1 (blue,
dashed), m = 4 (green, dotted), m = 16 (red, dot-dashed,
thick), m = 64 (black, dotted, thick), m = 256 (green, dotted,
thick). All functions diverge at A = A\l and A = X, .

meaning that Z(\) becomes an analytic function for all A.
This in agrement with the result found in Sec. [V D] where
we demonstrate that in the limit m — oo the distribution
function becomes Gaussian (78]).

Beyond allowing to define the function Papprox (i),
Z () contains information on the probability distribution
P(ty,1,) of the process u(t) = g + it, in the complex
plane (see e.g. Fig. [[I]) through

P(,\):/ duz/ di, Mt P, q,) . (105)

It does not allow however to determine P(ts,,) since
we would need a more general generating function for
the moments of @* = %, — iu,. A question is what
information can be extracted, and how does it relate
t0 Papprox(@). For illustration we can consider a sim-
ple toy example such that the probability factorizes
P(tg,ty) = Py(ty)Py(t,) so that P(A\) can be writ-
ten as P(\) = P,(\)P,(i\) where P,(\) and P,()\) are
the Laplace-transforms of P,(u) and P,(u) respectively.
From our numerical studies we find that P(t,,t,) is nar-
rowly distributed in the y-direction, with a width which
decreases with increasing v. For large v, P(ig,,) will
converge against Papprox (Ug)d(ly), at least for a, > 0.
For finite v consider the simplest example, i.e. a Gaus-
sian for P,(t,) which leads to

A —ar?

Py(\) = Py(\)e 2

(106)

As discussed above, we found that P()\) has two branch-
cut singularities starting at a finite real AT and A_ . Since
the latter control the behavior at large u and 1., both
P.pprox(t) and P, (1) have the same behavior at large
(positive or negative) arguments for this toy example.
We will not pursue further here the study of P(t, 4y).



C. Connection between instanton approach and
Fokker-Planck approach

We saw in Section [l that the ABBM model without
inertia can be solved either using the Fokker-Planck equa-
tion, or the MSR method based on the non-linear saddle-
point equation (the instanton). We recalled their equiv-
alence based on the method of characteristics. The same
property holds for the v/4 model, with a small caveat.
The caveat is that the correspondence is simple only
between the instanton equation and the Fokker-Planck
equation in its Laplace transformed version Eq. ([I08) be-
low. In real space it corresponds formally to the FP equa-
tion (BY) where the replacement |4| — « is made in the
diffusion term. This would indeed be the FP equation as-
sociated to the Langevin process (@5), ([@0) if one forgets
that @ can become negative, and consequently complex.
Writing an adequate FP equation for such a process re-
quires an extension of P(#,a,t) with arguments in the
complex plane, a route which we do not follow here.

Instead, consider the evolution equation for the follow-

Ac

10F
- x L L L m
0.01 L SR T N 100 1000
B T O .
K r AN
0’ r .’h’
s —20f *

. r

’ L

- L

r L

i -30r

i L
J

: r

: r

: 40

: r

, r

: r

; r

: _sol

Ac
2 /
17
L L L m
0.01 0.1 | 10

-2

------
.....
-~
~

FIG. 13. Top: Location of the branch-cut singularity in Z(\),
as function of m. Lower curve (red, dotted) is A., upper
curve (blue) is Af. The maximum of A\, is at m = 3.9540,
A: = —3.5124, marked by a dot. Bottom: Blow-up of the
same curve.
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ing average over trajectories

P(\, K, t) = eNi()Fra(t) (107)
It is in principle an integral [ didae*®* % P(i, a,t) over
the complex @ and a plane. The average (I07) satisfies
the Laplace version of the FP equation,

> 2
_or (_£+H_) _ P,

- o (/\ B i) O\ m  m?2
(108)

ot ok

m

in dimensionless variables. As mentioned above it is for-
mally the Laplace transform (over the real axis) of the FP
equation with a @ diffusion term. Eq. (I08) is easily de-
rived from the Langevin equation (@5)), ([@6]) by consider-
ing the variation of the observable in an infinitesimal time
interval d¢. The only subtlety arises when expanding the

variation e# VAW — 1 4 $(£)20(t)dE(t)? +0(dt?) to

second order, with d¢(t)2 = 20dt, using stochastic calcu-

lus (Itd). This leads to the term (k2/m?2)dx P in [I0R).
We now show the connection to the MSR method and

the instanton equation. The solution of (I08) can be
written in the form

P\ k,t) = e?ZO0mt) (109)
where Z is independent of v and satisfies
0z 07 K 0z K K2 K
. Sy (R ) =20 a0
ot 0Ok ( m) O\ ( m+ m2) m (110)

To solve this equation we again apply the method of char-
acteristics, and reduce the partial differential equation to
a family of ordinary differential equations,

()

(t) = —A(1) + 52, (1)
At) = % - “7522, (112)
az(t) = "W (113)

m

We have defined Z(t) = Z(\(t), k(t),t), as well as £(t) =
dr(t)/dt and A(¢) = dA(t)/d¢.
Let us now introduce

u(t) = k(t)/m

Eliminating A(¢) in (ITI) and ([I12) we find that it satis-
fies

(114)

ma(t) — a(t) +a(t) — a*(t) = 0. (115)
If we impose @(t) = 0 and 4u(t) = 0 for t > to and as-
sume A(tg) = A and k(tg) = 0, this equation becomes
the instanton equation (01 in dimensionless units. To

obtain the stationary solution Z(\, ) of (II0) we can



solve (IIT) on the interval ¢ €] — oo, t*], with boundary
conditions at ¢t = t*:

e K
a() = = (16)
Q) = — 2 4 (117)
[
and @i(—oc) = 0, ii(—00) = 0. Then we compute
.
Z(t*) = / a(t)dt .= Z(\ k) , (118)

which is precisely Z(\, k) if expressed as a function of
the boundary condition. Since it does not depend on t*,
we have found the stationary solution.

Hence we have shown, via Eq. (I08), that the observ-
able ([I07) can be obtained from the solution of the in-
stanton equation, although with a slightly more general
boundary condition than in (I0I]). This is because we
now want the joint distribution of velocity and accelera-
tion (at a given time ¢*). We can rewrite the observable

(D) as

p()\, K, t) = of dtAS(t—t*)—rd’ (t—t*)]i(t) (119)

Performing the same manipulations using the dynamical
MSR action as in Refs. [2426] as sketched above in
Section [V Bl we arrive at the instanton equation with a
source on the right-hand-side \o(t—t*) —xd’ (t—t*) which
is equivalent to the boundary conditions (1)), .

To summarize, for the v/ model the equation (I0S)
describes the time evolution of the observable ([I07) un-
der the Langevin equation ([@8)—([@1), even though @ and
a take values in the complex plane. Solving it is equiv-
alent to solving the instanton equation as a function of
A and k that determine its boundary conditions (16
and ([II7). Neither equation admits solutions in closed
analytical form for generic values of m, but each has his
advantages for numerical or perturbative studies. For
instance, from Eq. (I08) we can easily obtain the mo-
ments for this model, as we now show. Also, note that
the Laplace transform of the Fokker-Planck equation for
the tree model can also be studied although it is more
involved, see App.

D. Moments of the distribution function

In the stationary case, taking the derivatives 0y 0;"
of Eq. (I0Y) where m and n are positive integers and
afterwards setting x and A to zero, one obtains a set of
linear equations for 09" P(X, k)|(,0). By solving them
and using 9397 P(\, k)|0,0) = @"a™ and P(0,0) = 1
one finds ﬂﬁ] the moments characterizing the distribution
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FIG. 14. Average value of 4* for the ABBM model with iner-
tia as a function of mass m is shown for two driving velocities
v =1/2 and v = 5/2. Dashed line represents the value v(v+1)
while the points are the numerical results.

function for the v/& model:

Wal = 0, (120)

— v

0,2 — 121

ifa? = — (121)

— 2

Wad = —— (122)
m(m +2)

—  3? 6(5m + 3)v

0t = =2 123

wa m?  m2(m+2)(4dm + 3) (123)

wla® = v, (124)

atal =0, (125)

v? 2v
Ta2 = = 126
wa m + m(m +2)’ (126)
202 6v

Lad — — - 127

wa m(m+2)  m(m+2)(4m +3)’ (127)

W?a® = v(v+1), (128)

W?al =0, (129)

— 1

2q2 — Am2o® - dm2v>

w?a m(m+2)(4m+3)(mv + 4m“v

+ 11mv® 4 27mo? + 10mo + 60 4 18v* 4 120), (130)
4

W0 = —— 43 4 3v?, (131)
+2

wal =0 (132)

For brevity we stated only the first few moments, but
the procedure can be easily extended to higher moments.
Some of them are given in App.

While these results are exact for the v model we can
compare them with the ABBM model with inertia and
for the particle on the tree model. In Fig. [[4] we show
(1?) as a function of mass for two different driving ve-
locities for the ABBM model with inertia. For v = 1/2
we see disagreement between the above obtained v(v+1)
value and the numerical result for m = 1, while for the
larger velocity the deviation appears at larger values of
the mass. Similar behavior is observed for the tree model.

In the App. [Dl the moments of the velocity are com-
puted using an iterative solution of the instanton equa-
tion instead of Fokker-Planck equation.



E. Perturbation at small m for P(u)

In this section we obtain the perturbative expansion in
small m of the generating function Z(\) = Z(\,x = 0)
for the steady state velocity distribution function of the
Vi model. To this aim we will solve perturbatively in m
the non linear instanton equation (I15) and use (II8) to
obtain Z(\) from the solution.

The solution u(t) of (IIH) at m = 0 is given in (IG]). It
is non-zero for ¢ < 0, zero for ¢t > 0 with a jump at ¢ = 0.
In presence of inertia m > 0 we are now looking for a
solution non-zero for ¢t < 0, zero for ¢ > 0, but which
vanishes at ¢ = 0, i.e. 4(0) = 0 since we have set k = 0,
and with %(0) = —\/m. For small m it is then clear that
there is a boundary layer for ¢t = O(m) < 0 where the
function varies rapidly from values of order 0 to values of
order A. In addition there is a bulk region ¢ = O(1) < 0.
We now study both regions and how they match.

As will become clear below, in the boundary layer re-
gion 0 < —t < m we can write

= t

S0 — np (L
0 =3 s (m>
with @(0) = 0 and 4(0) = —\/m. Inserting into the

instanton equation (II5) we then find the following re-
cursion:

fO(t) = )‘(1 - et)v

(133)

(134)
. . k
Frra(t) = fora(8) + () = > fe®) fr—e(t) = 0, (135)
£=0
for & > 0. Note that the term fy(¢) already exists in
absence of disorder and describes the rounding of the

disorder-free response function by the mass. We assume
fn(0) =0 and f,(0) =0 for n > 0. Then we find

0 :3{4— 2t(A—1) — 54 " %Qezt

+etA [2)\ 2 t(2) - 1)} . (136)
Higher-order terms can be found, but for brevity are not
state here. In the App. [El we give fo. In general f,
is a sum of exponentials and a polynomial, of the form
Falt) = S0y eMCE (1 2) + g ALY (W) (—)" further
discussed in App.

In the region —t = O(1) > m the solution can be
written as

a(t) =y m"yn(t) (137)
n=0

where y,, satisfy the following differential equations

— 0 +yo—yg =0, (138)

k
k-1 (t) = o () + uk(t) = > ye(B)yr—e(t) = 0.
=0

(139)
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The last line is for & > 0. The boundary condition is
Yn(—00) = 0. Eqgs. (I38) and ([I39) can be solved recur-
sively. This gives for each y,(¢) a first-order differential
equation, for which we need to fix y,(0) by the condi-
tion that solutions in different regions (I33I37) match
at —t small but —¢/m large. We discuss this in detail in
App. [El Here we state the solution

A
A+ (L= Ne
)
T 2(—e (=14 A+ N)
+5X—4(=1+X)In(e "+ X —e"N)].

Yo(1) (140)

s[—4—-2t(—1+ )
(141)

Additionally, in App. [E]l we give y2(t). Now we can de-
termine

Z(X,0) =Y m"Zn(\) (142)
given by Eq. (II8) with ¢* = 0. We find 7, =
f?oo dtyo(t) and Z, = f?oo dtd ektC£n71)(t,A) +
ffoo dty,(t). Hence there is a contribution from both

regions. The contribution of the A,(cn) terms is already
taken into account through the contribution of the yy, (t)
at small £. Calculating the integrals we obtain:

Zy=—In(1-)), (143)

Zl_—)\—%/\<1i)\+2m(i_/\)>, (144)
_ AMABAMA+2) —36) +24)

Zy = T +In(1-)).  (145)

Now P(),0) = eMt = ¢Z(M0) and from that follows the
perturbative expansion of the moments %* in agreement
with the results in Sec. Assuming that for small
mass we can ignore contribution in P coming from com-

plex velocities we perform the inverse Fourier transform
of P and find the distribution function

e—u,dv—l me—uav—2
Pupprox () = W‘Q(ﬁ) T Tarw)
x (—2avIn (4) + 200y (v) + 0> — v* +v) O(w),
+ O(m?) (146)

where 6(x) is the Heaviside theta function, and ¥(v) is
the digamma function. The result to this order is thus a
probability normalized to unity (to this order) for v > 1.
The correction O(m?) is given in appendix[Alby Eq. (AG))
and is a bona-fide distribution for v > 2. It also gives
nonzero contribution for @ > 0 only and it is normalized
to zero. Note that there is no a priori reason why at a
fixed m > 0 the inverse Laplace transform of Z(\) should
exist, and furthermore with support on @ > 0 since the
present model leads to complex velocities. However, it
appears that (i) for large enough driving velocity v > n



the perturbative result can be trusted up to order O(m™),
i.e. the negative velocity events are sufficiently rare not
to spoil the result to that order; (ii) the perturbative
result seems to be correct for any v provided @ 2 m.
These findings are consistent with the analysis for the
tree model, for which we found the same result @) in
the region @ 2 m although with unknown constants cs
and ¢5 while for the v/4 model they are fixed by Egs.

(ETH2).

F. Critical case m =1/4

Here we analyze the specific case of m = 1/4, and
work in our dimensionless units. For the system with-
out disorder this is the critical case which separates the
over-damped to under-damped regime where the particle
starts to oscillate. It is also the mass which brings the
particle back to the origin of the parabola in the shortest
time. In presence of disorder there is a priori nothing spe-
cial to this case. Since, however, perturbative formulas
simplify for m = 1/4 our aim in this Section is to obtain
to high numerical accuracy the behaviour of Z(\) and of
P.pprox(2). While the results are specific to m = 1/4,
they are representative of other masses.

Since neither Z(\) nor Papprox(t) can be obtained ex-
actly, we consider several schemes to compute them to
excellent precision (i) a perturbative expansion in A; (ii)
an analysis of Z close to the branch-cuts, and (iii) the be-
havior of Z for A — oo. Each of these schemes gives an
estimates of Papprox (@), (the latter two are are denoted
Ppc(t) and Pagymp (@) below) depending on which region
of the complex plane dominates in the Laplace inversion.
They are valid for different values of v and 4, as discussed
below. In addition we use numerical solution of the in-
stanton equation. At the end we compare our results to
the numerical simulations on the ABBM model.

1. Perturbative expansion for Z(\)

The response function is

2
R(t) = 4te" 20 (1) , (% + 1) R(t)=0(t) (147)
The instanton equation (I0I) becomes
aN .
1- 5 ) U= Ad(t) (148)

The boundary conditions are given by Eq. (I02). Eq.
([I48) can be solved iteratively in A, as shown in App.
Integrating over time yields a perturbative expansion of
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FIG. 15. Z()) in the critical case m = 1/4, together with its
Taylor expansion (I49).
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The branch cuts described in Section are at
AP = 110647, AT = —8.58563 . (150)

2. Perturbative expansion for the critical instanton and A}

The value of the branch cuts can either be obtained
from the numerical solution of the instanton equation,
or via the following observation: The critical instanton,
U (t) := tuy+(t) converges for ¢ — —oo rapidly against
1, see figure Thus while Z(A\) = oo, the solution of
the instanton equation is still defined at this point. This
allows for a series expansion, making the ansatz

Af(t+t7) =1—e 4+ byem . (151)
n=2
The parameters o > 0 and b, have to be determined,

such that ([I5I) satisfies the instanton equation (0TI,
and finally ¢* is chosen such that u} (¢t*) = 0. To find



J / o.zt

- - |
L= T -7

I S

P PO e SR BRI R RY t

T
-30 -25 -20 -15 -10 -5 0

FIG. 16. The function 4, is increasing with increasing A, as
seen by numerically integrating the instanton solution: A =
1/2 (green, dashed, smallest curve), A\ = 1 (blue, dashed),
A = 1.106 (black, dashed), A = A} (red/blue, thick). The
last curve shows superimposed the numerical solution of the
instanton equation, and of the expansion (I52]).

the parameters, expand (I5]]) inserted into the instanton
equation (I0I) in a series in y := e*. At first order
in y, the condition is 4 4+ 4a — &? = 0, leading to o =
2(1+ \/5) Then solve order by order in y, determining
the b,,. Finally, find t*, such that af(t = 0) = 0. (This
is necessary since the higher orders shift the origin.) The
result for the critical instanton is

af (t) = 1 — 1.08835y + 0.0935856y* — 0.00550998y>
+0.000284501y* — 0.000013693°
+6.30567 x 10~ 735 — 2.81909 x 10~ 8y"
+1.23335 x 107 %% — 5.30802 x 10~ 11y°
+2.25516 x 10~ 12y10 — 9.48217 x 101yt
+3.95296 x 10~ *%y'* + O(y*?) (152)

This determines A = 1.10647. Of course, all coefficients
could be given explicitly. Also note that already for n = 2
one gets A\ within an error of 0.01. Each further order
in n improves the accuracy of AT by about one order
of magnitude. Thus one could use this algorithm as an
efficient estimator for AT, as a function of m.

A similar solution could be constructed for A7 .

3. A good approzimation for Z(\) from the branch cuts
There is an astonishingly good approximation for Z(\),

which is dominated by the branch cuts:

A=A =A))
Ao A

Zpc(N) = —1.207111n ( ) (153)

It is obtained by starting from the massless case,
Zm—o(A) = —In(1—=X/A\}) with AT |,,—0 = 1, and adding
a similar term —In(1 — A/\;) for the negative tail. The
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prefactor was then determined by asking that the highest
known moment, in ([49) of order A'? be given exactly.
Then

Z(\) — Zpc(\) = 0.0496465)\ — 0.00117287\>
—0.0000986924\% — 2.769730882007382 x 10~ %\*
+2.48119 x 10785 — 5.57763 x 10~ \6

—2.96177 x 1079\ — 1.82040 x 1079\8

—1.04881 x 1079AY — 5.56368 x 10719710

—2.25950 x 107 '10AM 4+ O (A'?) (154)

What is remarkable about this approximation, besides its
accuracy in reproducing higher moments, is that both ex-
pected terms, In(1—A/AF) and In(1—A/\. ) appear with
the same amplitude. Performing the inverse-Laplace
transform for v > 0 one finds, defining v = 1.20711v:

e 2N (LA AP (,\j_ﬂ,\; )
J/0(@)
<%11[)\j _ ,\c]> O(1 > 0)

5—1
V=3

Ppc(u) =

x K-

o—

[

v—

=

e,%a(xgﬂi)(_)\*)\*)ﬁ( . )

e el \ae-ad

VAL (D)
xK;_ 1 <%u[/\c - ,\j]> 0(u < 0) .

K is the Bessel-K function. The function Ppc () decays
as e~ % for 1 to 0o, and as e~ © for & to —oco. When
compared to the numerical inverse-Laplace transform, we
find that this is a good approximation for all but small
.

In the limit of v = 0T, we know (see [24] for more
details) that one can expand P(\) = e*Z(N) = 140Z(\)+
O(v?), and that upon Laplace inversion one obtains

P(a) = (1 —vp')d(u) +vp' P(u) + O(v?) . (156)

The first term represents events when the particle is
pinned, and the second one yields the velocity distribu-
tion in an avalanche P(i) via Z(\) = vp' [ du(e*® —
1)P(u) where vp’ is the probability that ¢ = tg belongs
to an avalanche. From the form ([I53) for Zpc(\) we get

+

(155)

—axt —aA
e Ure e e
O(a >0 _

P’ Pac(n) = 1.20711 (i < 0)

(157)
Note that for @ > 0 it is very similar to the result for
the ABBM model with m = 0 [24] up to the different
value for AT. More interestingly, it also gives a non-trivial
prediction for the tail on the negative-velocity side in the
avalanche regime.

4. Large \-behavior

In order to obtain the small-@ behavior of Papprox (),
one has to analyze Z(\) for |A\| — oo. For real A this



is impossible since branch-cuts appear at A = A\F. As
we show in appendix [E] the behavior for A — +ico on
the imaginary azxis can be calculated analytically, and is
given by
1567 (2)
_ =
()
= —1.76006 (|]\|m)*/* .

Zasymp(N) = (|Alm)>"®

(158)

The contribution of expression (I58) to Pasymp(@) at fi-
nite driving velocity v is

< dA ,
Pasymp(’(.l,) = / - COS()\|’IZL|)€UZ(>\Z)
0

™
~ /OO Q COS()\M)6—1.76006,\2/3vm2/3
0 ™

2/3

2.3
m 0.403877m? )

v exp ( -
|a|7/3

4/3,,2
x [1.43193m2/3vAi (W)

|u|4/3
0.715967m*/ 3v?

+1.6923]|2/3 Ai’ (%) }
(159)

Ai is the Airy function, and the result (I59) a positive
function, peaked around zero, even for relatively large
driving velocities, see figure 7 Its value at @ = 0 is

~ 0.181215

Prsyup(0) = (160)

mu3/2
Note that while (I59) is relevant at finite v, it does not
contribute to the large-deviation function discussed be-
low. We will discuss below its domain of applicability.

5. From Z()\) to Papprox (u)

The instanton equation can be solved numerically for
any complex A away from the branch cuts on the real axis
at A > A\'or A < \_. This yields Z(\) for complex . We
have performed the numerical inverse Laplace transform
for Z(A\). A convenient choice of the contour is A =
a(l i), « >0for s >0and A = —a(l £4), a >0
for w < 0. This gives an excellent numerical accuracy,
except when @ and v are both very small (< 0.1).

We can now compare with the asymptotic estimates
of Papprox(1) discussed above (see Figure [[8). Why the
different approximations work or fail, can be traced to
an analysis of the inverse Laplace transform. Depending
on 4 and v, it is dominated by one of the three special
points: A = 0 for the perturbative approximation, valid
for v — 0o, A = AT for the tails, and A\ — =ioo, for small
1, as long as v is not large enough s.t. A = 0 dominates.
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FIG. 17. The contribution of the large-A behavior ([I58) to
Pasymp (0) at v =2, m = 1/4, as given in Eq. [I59)).

First the perturbative expansion in A works well for
large v. This will be quantified in section [VI where we
discuss the large-deviation function.

Second, the branch-cut approximation ([I5H) is a rea-
sonable approximation to Papprox () for all v and all «,
and becomes a good approximation in the tails. The lat-
ter can be expected since it uses the knowledge about the
branch-cut singularities at AT and A .

Third, the approximation Pasymp(t), given in (I5J).
It is a reasonable approximation at small @, as long as
v is small enough. For v = 1/2 e.g. it predicts, with
relative precision of 1073, the value of [Papprox(07) +
P.pprox(07)]/2, where we note that Papprox (%) jumps at 0,
from 1.68172 for u = 0~ to 2.42249 at @4 = 0. The worse
disagreement at v = 0.1 is probably due to problems in
the numerical inverse Laplace-transform (P()\) oscillates
strongly on the chosen contour). For v = 5, it does not
work.

6. The Vu-model as an approzimation for ABBM

On Figure[I8 we show the data obtained for the prob-
ability distribution P(%) from a numerical simulation of
the ABBM model at m = 1/4 (green shaded area), com-
pared to results obtained in this section. The driving ve-
locities are v = 1/10, v = 1/2 and v = 5 (from top to bot-
tom). First compare with the result for Papprox(w), ob-
tained by numerically inverse-Laplace transforming P()\)
(thick red dashed line). The agreement is excellent for
v = 5, and reasonable for v = 1/2 (it does not give well
the peak for u close to 0, but quite well the tails, even
on the negative side. For v = 0.1 only the tails are rea-
sonably well approximated. (We cannot however exclude
numerical problems in the inverse-Laplace transform for
< 0.01.)
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FIG. 18. Comparison of Papprox (@) obtained by numerically
inverse-Laplace transforming eZ*) (thick red dashed lines)
with a simulation of the ABBM model (green shaded his-
togram plot), the approximation ([I55]) (black dotted lines),
and Pasymp (1) given by . The mass is m = 1/4, and the driv-
ing velocities are from top to bottom: v = 1/10, v = 1/2, and
v = 5.

G. Exact results for m = 6/25

While Eq. (IT5) cannot be solved in closed form for
generic m, and one had to resort to expansions or nu-
merical solutions, there exists a magic value of the mass
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m = 6/25 for which there exist analytic solutions in
closed form. These are known in the context of the
Fisher-Kolmogorov equation and Abel equations, which
is intimately linked to our problem as we now explain.

1. Fisher-Kolmogorov equation

Eq. (IT3) is a second order differential equation and it
has many solutions that are characterized by different set
of values (kg, \g) define by Eqs. (ITQITT) where t* is an
arbitrary time. One solution for m = 6/25 reads as[58]:

1

a(t) = T Doy (161)

where D is an arbitrary parameter. Here we used that
traveling wave solutions of the Fisher-Kolmogorov equa-
tion satisfy Eq. (I15)), and that for a special value of the
speed of the propagating wave it has the analytic solution
Eq. (IGT)) that corresponds to the special value m = 6/25
in our case.

For D > 0 it follows that 0 < @ < 1 and using Eq. (II8)
we get

Z(\(K), k) = —g (ln (1 — \/25r/6) + \/25#;/6) . (162)

we determine below which values A takes as a function
of k. For D < 0 solution u(t) (given by Eq. (IGI)) takes
some value that is greater than 1 at two different times. If

one chooses t* = —61n ((1 + \/W)/(—D))ﬁ then

Z(\(K), k) = —g (ln(l +/25r/6) — \/25#;/6) . (163)

Here u takes all values greater than zero. If one takes

# = —6In ((1 - \/6/255) (—D))/5, then Z(A(k), k) =
oo because the integration in Eq. (IIJ) is over the di-
vergence that happens at t = 61n(|D])/5. Taking into
account these results one finds the following correlation
functions

eAr)utra — eUZ(A(“)7“)7 (164)

k) = 5k/2 +506%/2/6%/2 D >0and 0 < k < 6/25
| 5K/2 = 50K%/2/6%/2 D < 0and k > 0. '
(165)

In Eq. ([I&4), the first and the second line of Eq. (I6H)
correspond to Z(x) given by Eq. (I62) and ([I63]), respec-
tively. Hence the Laplace transform of the joint distri-
bution of velocities and acceleration is known exactly on
the curve A = A(k), which, upon expanding in k can be
translated into non-trivial relations between moments of
this distribution.



2. Abel differential equation of the second kind

Next, we find more general solution of Eq. (ITH) than
in the previous section. Then using it we obtain an exact
result for Z(\,0) for some range of A values. Addition-
ally, we obtain an analytic expression for A} that tell us
about behavior of the tails of P(4) for positive velocities,
see Eq. (I07).

Introducing A = \/m — x/m? and B = k/m, the set

of Eqs. (ITIIT2AIT3) can be rewritten as:
dA B*-B-A

B- A (166)
Z B (167)
dB =~ A’

Eq. (66 is the so-called Abel differential equation of the
second kind. Its parametric solution reads as @]

Be(s) = ZE2(S’ C)s, (168)

ofs) = —25—4E2(S,C)( 1+ s3E(s, C) +2s), (169)

E(s,C) = / dr(1+ 7372 ¢ ¢, (170)
0

where C' is an arbitrary constant. We see that Bo(0) =
0 while Ac(0) = —C35/24 can be arbitrary, meaning
that we have found the family of solutions determined
by parameter C. Then

Bc(S) dBc(S)

Z(Ac(8),ke(s)) = — SAC(S) 1o + const,
(171)
where the constant is to be determined by knowing that
Z(0,0) = 0.
For example, if we want to calculate
exp (—C314/20) = exp (vZ(—C?/20,0)), (172)
we need to find first
1 ?  Bo(s) dBo(s)
Z(-=C*0)=—[ d
( 207 ) /tco SAC(S) ds
37 gt E(s,C), (173)
= A S—F/—= S? )
10 tco V14 §3

where tcq is defined as E(tco, C) = 0. We find analytic
expression for

5 3

1 1
Z(——C3,0) =— (& 1) sFy ( =.1,1;=,2:¢2 1
( 20 a) 15(CO+ )3 2<65 ) 727 7CO+

3 7 4
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w7 (6)7 )
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X \[tdo+12Fy (§v§§§§t300+1)
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FIG. 19. Numerical result for Z (X, 0) is shown for m = 6/25.

Here 5 F is the hypergeometric function and 3F5 is gen-
eralized hypergeometric function. tc is implicitly given
by E(tco,C) = 0 that could be rewritten as

E(tco,0) = —C. (175)

We find that E(s,C) = C + soF (1/3,1/2;4/3; —s%).
The function E(s,0) becomes complex for s < —1. For
s > —1 it is increasing function of s, and satisfies:

PN _ g, PRI, (i

N

there exist a solution of Eq. (I75) and one can find ¢co.
Since at s = tco both A(s) and k(s) are zero, this con-
straint on A might mean that a solution of Eq. (IIH)
with boundary conditions k(t = 0) = 0 and £(t =0) = A
reaches (£(t), k(t)) = (0,0), i.e. it is convergent meaning
that at large times it goes to zero. By comnsidering nu-
merically this instanton solution of Eq. (IIH]) with given
boundary conditions, one indeed sees that it starts to
diverge for this value of A and A} = Apax. However,
for Amin the instanton solution is still convergent. The
numerics gives \; = —8.8219 < Apin = —0.1378. In
Fig. we show the numerical result for Z(X,0). We
conclude that the parametric solution (IGSITGATTA) does
not ”catch” whole k(t) dependence on time with given
boundary conditions x(t = 0) = 0 and £(t = 0) = A for
A < Amin-

Next, we solve E(tco, C') = 0 perturbatively in C' and



find
04 C7 ClO 3013
t = —O _— — [ —
co T8 T 12 T 1792 93184
37016 75019 2
_ 1
50873216 793182208 T C(C7).  (1T9)
A2 2503 12504
A — A+
(\,0) )\+2+ 2 + 616
37505 115625)\8 -
. 1
2518 1030584 O (180)

Now, expanding Eq. (I72) in A = —C?/20 one can find
the moments " in agreement with Sec.[VD|and App.

VI. LARGE-DEVIATION FUNCTION

A. Definitions and numerical determination

It is suggestive that we “do a good job for large driv-
ing velocities”, since when the particle does not move
backward, all three models considered here are indistin-
guishable. We actually show below that the so-called
large-deviation function coincides for all three models for
x > 0. The large-deviation function is defined as the
leading behaviour for large driving velocity v of the dis-
tribution of instantaneous velocity P(#) as follows:

Fy(z) == —m (181)
F(z) := lim F,(x). (182)
V—> 00
Analogously, one defines, if that limit exists,
In M
Zy(\) = nj (183)
Z(\) = 1Lm Zy(N) . (184)

If the limits exist, then for large v the Laplace-transform
e)\_u _ e’UZu()\) _ ’U/d.’II e—'qu(m)e)\wv (185)

can be approximated by its saddle point, and Z(\) and
F(z) are related via a Legendre transform:

Z(A\) + F(z) = \x (186)
d
— () = A (187)
d
nYANEES (188)

It is assumed that F”(x) > 0. Note that Z(\) is easier
to measure numerically than F'(x), since the former does
not need binning.

Let us now review our numerical results and how they
are consistent with the following scenario:

(i) Z,(A\) becomes v-independant at large v for each
model in some range of \.
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(ii) the asymptotic curves coincide for A > A\*,

Z(N) =Z 5(N) = ZaeM(\) = Ziree(N) ,  (189)

where
Z'(\) =0 (190)
i.e. the minimum of Z(\) is at A*. This corresponds to

the point of zero velocity since Eq. (I88) implies z(\*) =
0. Another way to state Eq. (I89) is to say that for > 0

F(x) = F /() = FapM(7) = Firee(T) - (191)

We assumed that Z’(\) > 0 for A > \*. A simple argu-
ment, which shows that (IS9) and ([I3I)) holds, is given
below. For A < A* the Z(\) for each model is dominated
by negative velocities. Since the models differ for these
velocities, there is no reason why their Z(\) should be
the same, and consequently F'(z) for x < 0 is expected
to be different for the different models.

Our numerical data for Z,(\) are presented on the left
of Fig. for m = 1/4. First of all, we have checked
through large-scale simulations (5 x 107 data points) that
for the v/i-model Z,(\) = Z()\) is velocity-independent,
and given by the numerical solution of the instanton
equation (I0I), using ([I03) (thick orange line). Only
data for v = 0.1 are presented on the plot (dark grey-
blue line, with error bars given by the dashed lines of the
same color). Relative errors are < 10% for —4.2 < A < 1.

We have then checked that Z,()\) for the tree-model
converges, for v — oo, towards the numerical solution
of the instanton equation (03] from above, while the
ABBM model converges from below. (This fact is con-
sistent with Figs. 2 and Bl where one observes that the
probability distribution for the tree model has larger tails
than for the ABBM model with inertia.) On Fig.20 data
for v = 0.5 and v = 2 are shown for the tree model, and
for v = 5 for the ABBM model. Simulations for other
velocities (not shown) confirm this picture. Note, how-
ever, that we have found convergence of the simulations
of Z,(\) for both ABBM and the tree model to Z(\) of
the va-model only in some domain A > \* and certainly
not for A < A*, corresponding to negative velocity, con-
sistent with the above scenario. For m = 1/4 we find
A= —4.26953.

Once the Z(X) curves have been measured for each
model, one can obtain the corresponding large-deviation
functions via a numerical Legendre transform. On fig-
ure we have plotted the large-deviation function,
Legendre-transform of Z(\) for the v/@ model. Its min-
imum is at z = 1, and for large positive x it grows like
F(x) = A}z + const, with A} given by equation (I50).
For large negative z, the growth is F'(z) ~ A\, x + const
with A also given by equation (I50). These slopes are
indicated by the dashed curves in figure 20 (right).

B. Convergence of the large-deviation functions

We now show the main result of this section, namely
that the three models have the same large-deviation func-
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FIG. 20. Left: Different curves for Z(\), m = 1/4: The numerical solution of the instanton equation (I0T) is used to obtain Z
(see (I03) denoted as /4 inst and shown by a thick orange line. Numerical simulation of this v/i-model for driving velocity
v = 0.1 (grey-blue line), with an estimate of the numerical error bars, (one-o error, dashed curves of the same color). Within
error-bars, the simulation has converged to the orange curve v/4 inst; errors are small for —4 < A < 1 . The simulations for
the tree model at v = 2 (dark green) and v = 0.5 (bright green), both with error bars (dashed) show clear deviations from
instanton solution at small v, but get closer to the latter for larger v. The last curve is a simulation of the ABBM model at
v =75 (red). It has also converged to the orange curve within error bars. This is not the case for smaller driving velocities (not

shown). All simulations are for 5 x 107 data points, apart from the one for ABBM, which has 93.000 data points. Due to the
small number, the error bars in that case are underestimated.

Right: The large-deviation function F(x), obtained by performing a numerical Legendre transform of Z(\) given by the

numerical solution of the instanton equation (I0I]), and (I03). We note F(0) = F'(3.47268) = 1.30459. The thick red part is the
domain for which F(z) < F(0), which can be obtained with arbitrary precision from a simulation with negligible probability of

negative velocity as explained in the text, hence must coincide for the three models. The dashed curves show the asymptotic
behavior A¥z + const.

tion in the region 0 < x < x4: for trajectories with positive velocities, this shows the

above property ([[92), provided at least for one of the
F(z) = F () = Firee(z) = Fappm() models the large-deviation function ezists. However the

forall 0 <z < x4, (192)  latter is true for the v/u-model, since there Z(\) is v-
F(zy) = F(0) (193) independent, which completes the argument.
The argument is based on considerations of under-
The argument is simple and in fact much more general: sampling of rare events, and is reminiscent of similar con-

Two models, which have the exact same dynamics for siderations used for the multi-fractal spectrum of wave-
positive velocities, have the same large-deviation function functions, e.g. when comparing the size-dependence-
in that interval. The idea is the following. Consider a exponents of participation ratios for a typical sample or
simulation with a set of N, = e data points. If d > disorder-averaged ones @, @] Here, the additional in-
F(0) there will be negative velocities in a typical such put is the identification of the dynamics for positive ve-
set (with probability one at large v). But if d < F(0) locities. Note the restriction that o < x, which means
there will be none, again with probability one at large  that rare events with positive velocities but as rare as
v. Consider any z such that F'(z) < F(0). We can then  the negative velocity can not be controlled neither. In
measure the value of F(z) with arbitrary accuracy (as v the present case we do not see a reason why the various
becomes large) if we use e?* data points with F(z) < d < functions F(x) would not coincide for > x4. The re-
F(0) (in fact d = F(z)* is sufficient). As stated above,  striction comes from the generality of the argument: One
this set almost surely does not contain negative velocities. could for instance imagine a dynamics such that the par-
Since the dynamics for the three models exactly coincides ticle jumps discontinuously from large positive velocities



to negative ones. The above estimates are made more
precise in appendix [l

C. Large deviation function in perturbation theory
for small m

1. Expression obtained from previous results

In this section we compute the large-deviation function
for the v/4 model in a perturbative expansion at small
m. For x > 0, as argued above, it gives the result for all
three models. A further discussion of this equivalence is
given in App.

We slightly generalize the discussion of the previous
Section by considering the large-deviation function for
both velocity and acceleration defined as
In [P(av, yv)]

— lim —2
v—00 v

F(ey) = (194)
where x = 4/v and y = a/v. The connection to the
generating function introduced in (I07 [09) is through
a Legendre transform in both variables, namely

Z(\ k) =max{—F(z,y) + Az + ky} . (195)
T,y
To compute F(z,y) from Z(\, k), one looks for (xg,yo)

that satisty 0, F|s.40 = A and 0y F|yg.40 = K, t0 get
F(xo,y0) = —Z(A k) + Azo + Ky, (196)

These formula assume somehow the convexity of F(z,y)
and Z(\, k) which we did not attempt to prove but seems
to hold.

Now let us use our results from Sec[VB] to obtain
F(z,y) perturbatively in m. To this aim we use Eq. (I94)
with P(1,a) given by Eqs. {@0) and [@2)-{4) where c3
and ¢ are determined by Eqs. (@) and (@2), and u is
restricted to positive values. We find

~2 =3
F(x,y) = (y— +z —1In(z) — 1) + \/677_;3

2z
~4 ~2 ~2
y y ] x 1
. AT AT |
m <48x3 12 " 4:10 *3 n( )>

2x
~5
32 Y .
m (240:1:4 3623 18352)

(197)

where § = /my.

Similarly we obtain the large-deviation function for the
velocity only, defined in Eq. (I82). Legendre transform-
ing the results of Sec. VE] for Z(\) for small m, using

(I=G) , we get
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We note that F(z) = F(x
holds to all orders.

One can check that convexity F”(x) > 0 holds for = >
m/(1+ m) for the two first orders in m. This indicates
that the expansion is valid at small m only for z > O(m).
We will see below, on the example of m = 1/4, that
indeed the small-m expansion is accurate for large enough
2 and breaks down for small z, see figure 211

,y = 0), which presumably

2. Equation from Fokker-Planck

From the Fokker-Planck equation it is possible to ob-
tain a differential equation for the large-deviation func-
tion. Inserting the form P(i,a) = e~ "™ @=%¥=%) in the
Fokker-Planck equation [89) we find that F(x,y) satis-
fies, to dominant order at large v,

m?*y0, F —m(z +y — 1)0,F + D(x)(0,F)?> =0 . (199)
Here D(z) = «x for the V4 model and D(z) = |z| for the
tree model. If we study this equation for x > 0, the two
equations are the same. While the equation for the tree
model can be studied for all x, the meaning of the one
for the v/4 model for z < 0 requires further analysis due
to possible complex velocities.

We now use equation ([99), and the emerging struc-
ture of the above perturbative results (I97)) and ([I98)), to
construct the expansion in m to higher orders. One way
to analyze ([99) is to perform a Taylor expansion around
y =0,

Flz,y) = Fo(z) + ) Fala)y (200)
n>2
where we assume F(z) = F(x,y = 0). Then the

F,(z) obey the recursion relations Fj(x) = 0, Fy(z) =
Fj(z)/[2(z — 1)], and for k > 2

Frae) = s | = KL (0) + VR 40
k—1
+2 ) (p+1)(k = p+ 1) Fpp1 () Fropir ()]

(201)

If we assume that the structure of (I91) holds to higher
orders, in particular that there are no poles in 1/(x — 1),
we find that the conditions for their cancelations order
by order in m give enough conditions to determine Fy(z)
entirely. The form which we find by inspection is

00 p=n+k—1 CLk
k—2
x) = g m"t g % (202)
X
n=0 p=k—1

for k > 0. One checks that the previous result (I97)



satisfies equation ([[99)). One finally obtains
F(z) = Fo(z) = (. —In(z) — 1)

+ %m (x L 21n(17)>

X

503 — 9z +1 1

2 -_—— =
+m (ln(ac) 1522 4)

5 [ (1072° — 2400 +22) +5 53
+m < e 2In(z) + =
ot (669 — 2(x(1480923 — 38610 + 2090) + 2905)

" 86402
3895 .
+51n(z) — T%) o(m?) . (203)

We have fixed the integration constant by requiring that
F(1) = 0, a consequence of @ = v. Note that the above
result satisfies F/(1) = 0 and F”(1) = 1, which is consis-
tent with our analysis in Section [V (], namely that the
bulk of the distribution is the Gaussian (&) in the scaling
region [i—wv| ~ y/v. The first corrections to the Gaussian
arise from F""(1) = —4/(2+m) and may already be visi-
ble in the tail |i—wv| ~ v?/3. This can be compared to the
perturbative expansion of F(z) around z = 1, given in
Eq. 207) below. The complete large-deviation function
describes the far tails [ — v| ~ v. Another interesting
feature is that one obtains an expansion for AT (m) as

F
Mm) = Tim 1@ (204)
xr—r00 €T
m  5m?  107Tm?  14809m?*
14 Z 5).
R TR VY sea0 T O™

Finally note that for large z,y the large deviation func-
tion takes the form:

F(x,y) =~ zg(y/z)

and that an ordinary differential equation can be written

from ([IA9) for g(z).

(205)

D. Large deviation function for large m and
matching of small and large m

In App. C it is explained how to calculate the pertur-
bative solution of Z(\) in powers of A\. Examining the
results in powers of A\ keeping the complete m depen-
dence of the coefficients shows that it actually turns into
a large-m expansion. Indeed one finds

2?2 2)\3 M(5m + 6
ZN =2 5+ 50 16m2(+44m-i)-24
2X5(103m? + 198m + 72)
5(m+2)(m+6)(4m + 3)(9Im + 4)
A6(695m™* + 4396m? + 7666m? + 4284m + 720)
3(m +2)2(m+6)(4m + 3)(9Im + 4)(16m + 5)

+0(\), (206)
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and each two orders more in A come with an additional
factor of 1/m at large m. We have obtained two more
orders, which are not displayed here due to their length.
Legendre transforming yields

2(x —1)3
3m +6
(12 + 16m — 5m?)(z — 1)*
4(m +2)2(4m + 3)
A(61m* + 420m3 — 338m?2 — 540m — 144)(z — 1)
5(m+ 2)3(m + 6)(4m + 3)(9m + 4)
(2~ 1)°

T 0m + 2)%(m + 6)(dm 1 3)2(9m + 4)(16m + 5) |

x | (17280 + 143136m + 386448m? + 239312m>

F(x) = %(:17—1)2—

— 488936m* — 556346m° — 3195m° + 5240m")
+ Oz —1)7 (207)

which is actually an expansion in x—1 at fixed m, in other
words deviations from the Gaussian solution of Sec. [V.C|
at large velocity. Again, we have obtained two more or-
ders, which are not displayed here due to their length.
Since it yields the derivatives F(")(1) for any m, one can
check that at small m they match the result obtained
from (203]) above.

From the above expansion one can now obtain a good
approximation for F'(0), which gives an estimate of the
probability

—vF(0)

p~e (208)

for negative velocities at large v, and improves on the
estimate of Sec. [V.Cl

As a test, we can compare the small-m expansion (203))
and the large-m expansion ([207) with the numerical so-
lution of the instanton equation, followed by a Legendre
transform (in the form of a parametric representation).
The result for m = 1/4 is shown on figure 211 One sees
that the small-m expansion works well for large z, but
breaks down for  — 0, while the large-m expansion con-
verges for = 0, but may have a finite radius of conver-
gence in x — 1. Taking both expansions together, we have
an analytical approximation for the range 0 < =z < =
drawn in red in Fig. in its right part of Sec. VI Al
where the large-deviation functions for the three models
have been argued to coincide.

E. Large-deviation function for m = 6/25

Here we determine exactly, in a parametric form, the
large-deviation function for the special value of the mass
m = 6/25 and for a certain range of values for z, using
the results obtained in Sec.

One finds F(z > 0), using Eq. ([I86), where Z (A

—(C3/20) is determined by Eq. (IT). In Eq. (I37),



FIG. 21. F(x) for m = 1/4 as obtained by the numerical
solution of the instanton equation (dashed line). Large-m
expansion ([07) to order 1/m?, thus two more orders in (1—zx)
as given in Eq. (207) (blue solid line); this approximation
substantially deviates for > 2. Small m expansion (203),
which works well at large x, but breaks down at about = 1/4
(red solid line).

takes the values

OB 1 5 3
v(~55) =5 Wik + 1ika2F (1555180 +1)
125
— 6Ctg, + 3ty 2 Fr (57 373 —tgco)
BT ) ()
NZ3

where tcg is given by Eq. (I70). This expression is real
as long as tco > —1.

(209)

VII. THERMAL AND QUANTUM

FLUCTUATIONS

As long as we neglect backward trajectories, it is pos-
sible to include thermal and quantum fluctuations. Here
we obtain some new results within that approximation.
We then discuss its expected range of validity.

A. Classical systems: Thermal fluctuations

For a classical system in presence of a thermal noise, we
can generalize the equation of motion in the laboratory

frame (2I0), [22)) as

mii(t) +nu(t) = p?lv—a(t)] + 0 F (u(t)) +&r(t) . (210)

To remain slightly more general, and cover the case of a
colored noise, we define the correlations of the noise as

(Er®&r(t)) =Bt —t) . (211)
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The standard thermal white noise is

B(t) = Br(t) = 2nTH(t) . (212)
Hence when we can neglect the backward motion, and for
F(u) a Brownian landscape, the problem reduces again
to a Langevin equation for the velocity,

ma(t) +nii(t) = pPlo — a(t)] + Vag(t) +Er(t)  (213)
in presence of both a thermal noise and a noise generated
by the quenched disorder. It still describes the equation
of motion for the center-of-mass velocity of an elastic
manifold moving in a Brownian force landscape in pres-
ence of a thermal noise, under the same (but more strin-
gent) approximation of neglecting any backward move-
ment of the interface (i.e. even of a piece of it). Indeed
for forward motion, the general argument given in Refs.
[24, 25] and [26] (section TV.A) still applies.

Also note that the Langevin equation (ZI3) defines a
noisy version of the v4 model, as a legitimate model
provided one accepts complex velocities which arise from
backward trajectories.

It turns out that [2I3)) can be solved exactly for an
arbitrary noise correlator B(t). This is remarkable, since
except when £(t) is a white noise itself (see below) no
simple Fokker-Planck version seems to exist. However,
within the MSR formalism the problem is much simpler.
The Laplace transform of the velocity distribution can
be written as in Eq. ([@9), where the dynamical action
S|, u) contains the additional term

_% /w (t)a(¢)0,0 B(t —t') (214)
_ _% 0vi(1) Dy () B(t — t') | (215)

tt’

The derivation follows the same steps as in Section [V Bl
The action is still linear in %, hence the instanton equa-
tion (I0T]) is unchanged and inserting this equation in the
action gives
<ef ,\u(to)> _ evz(,\)+% Sy Ovt(t)0, a(t')B(t—t) (216)
using that @(t) vanishes at ¢ = Zoo, with the same
Z(A) = p? [,a(t) as in (I03). For a thermal noise it
gives
(el Malto)y = vZN)HnT [ o) (217)
Note that a double average is performed over thermal
fluctuations and disorder realizations @] Note also that
these results can be obtained from the general expression
given in Ref. [26] (see Eq. (6) there), valid for an arbitrary
forward driving and a forward motion w(t), by substitut-
ing w(t) — vt + &r(t)/pu? and performing the Gaussian
average over 1 |63].
The calculation of the contribution of the noise requires
a small-time cutoff. For standard thermal white noise
with no intrinsic cutoff, (ZI7)) can be evaluated only for



a non-zero inertial mass, which provides the small-time
cutoff. Its evaluation turns out to be remarkably sim-
ple, as we now show: Multiplying the instanton equation
(I0I) by O:a, it can be rewritten, for ¢t < g, as

—0r | 5 (@ri(0)? + W(a)| = —nldsa]?* (218)
- s -2 0.3
W(a) = - - 3 (219)

This can be interpreted as a classical particle of position
variable @(t), undergoing (backward in time) a damped
motion in a potential W (@). Integrating over time we

find
to 0
- m - -
0 [ a@a) =[G @a)? + W)
/\2
= 220
uny (220)
using that a(tp) = 0 and @'(tg) = A/m, as well as that
u(t) decays to zero at t = —oo. In other words, the
total dissipated energy is the total initial energy since
the fictitious particle settles to rest at ¢ = —oo. Hence,

we find the exact result for any m and v,

(e ilto)y = 2N+ zEA* (221)
The new term corresponds to the thermal broadening
(i.e. @ — @ + du) of the T' = 0 velocity distribution by a
Gaussian of variance (§4%)¢ = 5L-. It can be interpreted
as the system reaching kinetic-energy equipartition, as
in the system without disorder. Keeping only the terms
of O(A\) and O(\?) in ZZ])) leads to the large-v Gaus-
sian distribution ({6) with Tog — Ter + 7', and indicates
that at large v negative velocities are negligible when
T + T.g < mwv?. More precisely, a new large-deviation
function at large v can be defined if one scales T' ~ v,
i.e in the high-temperature, high-driving-velocity limit.
The Legendre transform of Z(\) +6\?/2 yields to Fp ().
Defining 6 = T'/(mvv;,) we have

(222)

P(u) ~ e Fo(==9)
' (223)

F'(z) = Fy(z + 0F'(x)).

For the case m = 0 (ABBM model without inertia) we
find using Fp(1) =0

Fy(x) = ( — 1) [1 v

—9
2+x+9+\/46‘+(x—6‘)2]
“In <%(I—9+\/49+(x—9)2)> L (224)

The second solution that follows from [@223]) is not ap-
plicable since it does not give Gaussian distribution ex-
pected at large v, Sec. [N.Cl This formula should, fol-
lowing the general argument given in Section [V also
hold in the positive velocity region > 0 for the orig-
inal ABBM model (without inertia) and with tempera-
ture, even though it cannot be solved exactly because of
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possible backward motion due to thermal fluctuations.
Extension of [224]) in presence of inertia can be studied
using the array of methods introduced in this paper, but
we refrain from doing so here.

The result ([2ZI)) is remarkable since the effect of ther-
mal fluctuations is exactly Gaussian, despite the presence
of quenched randomness which is highly non-linear. This
property can be generalized and traced to the fact that
the noise-dissipation satisfies the fluctuation dissipation
relation (FDR), i.e. for an equilibrium thermal bath. To
see that consider a slightly more general bath and re-
sponse function, in frequency space,

R Yw) = —mw? + 1 + n(w)iw | (225)

where 7n(w) is an even function in w. The classical FDR
reads

2Tn(w) = B(w) . (226)

Since the response function is changed, the instanton
equation becomes different. It involves the transpose of
the inverse response and reads

(M} + )i — ou® + / e“in(wyiwia(w) =0.  (227)

Again, multiplying with d;u(t) and integrating over time
yields

2
;—m = /wn(w)w2ﬂ(w)ﬂ(—w) : (228)
Hence
3 | aawocae)se - =2 @29)

if the FDR holds. Eq. (2I6) again implies Eq. ([21I7).

Formula (2I0]) also allows to compute e***%¢ and the
joint distribution of velocity and acceleration, replacing
Z(\) by Z(\ k) and @(t) by the solution of the instan-
ton equation with boundary conditions ([TGJIT7). The
formula (2I7) however cannot be used, as it contains a
divergent integral since @(t) has a jump of xk/m at t.
This is because the distribution of acceleration is not well
defined, unless we add an intrinsic small-time cutoff to
the thermal bath, i.e. the mass is not sufficient to act
as a cutoff. It can be seen within the large-v analysis of
Section [V since (a?) is defined by the same integral
with an additional w? in the numerator.

A non-Gaussian contribution to the velocity distri-
bution can arise from a Gaussian noise if it is a non-
equilibrium one, such as, for instance colored noise with a
frequency-independent constant-friction dissipation term
7. We mention here one simple example, when () is a
white noise, (£(£)E(t)) = 2D3(t —t'), i.e. £(t) is a Brow-
nian. Then it is easy to see that for m = 0 one recovers
the result for the ABBM model without inertia (&) for
P(4) with the replacement

PU,D(’I:L) = AP’U-{-D,D:O(’[I/ + D)

(230)



This is the only case which is amenable to a Fokker-
Planck equation (with @ — @+ D in the diffusion term).
Not of course, that negative velocities are simply ne-
glected, hence the normalization factor A.

B. Quantum system

The extension to the quantum system in presence of
a bath is straightforward. It can be done by generaliz-
ing the MSR methods of Ref. [24, 26] to the Keldysh
path integral. Let us write the Keldysh action for a
quantum particle in a Brownian-force landscape. The
Keldysh path-integral over the fields w(t), @ (t) between
an initial and a final time involves e~% with Keldysh
action Sk = SY% + S} and

S?(:/tt, /t ia(t)Gy t(t — ' )u(t’)
I

-3 /w ia(t)B(t —t')ia(t") (231)

Sh = %/tgl eV (u(t) + e=a(t)) (232)
si-2 | 3 lult) + it w05
= [ite ) = wie) (234)

The path integral can be expressed alternatively in terms

of the upper and lower Keldysh fields u®(t) = u(t) +

Ba(t). The form of the functions Gy '(t) and B(t) de-

pends on the details of the bath. One convenient choice

is

S% + S% = / it (MO} + 0y — p*)uy (235)
t

1
—5/ ZﬁtB(t — t/)i’&t/ + /iﬁt;fwt
tt’

t
with

B(w) = nhweoth(Bhw/2) , (236)

which for n > 0 represents an Ohmic bath. A realistic
bath has a large-frequency cutoff w..

After averaging over disorder the system is described
by the same Keldysh action with Sk replaced by

Sk = # /tt, E ;ﬂ ee’R(ut — Uy + g(eﬂt — e’ﬁt/)) )
(237)
This is because the Keldysh path integral is normalized
to unity.
In the classical limit & — 0, one recovers the classical
MSR functional with the thermal white noise B(w) =
2nT and the usual disorder part

) 1
Si:lassmal _ _5/ iﬁtiat/A(Umt — Umt/) . (238)
tt’
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A(u) = —R"(u) is the correlator of the pinning force.
Note that iu is sometimes denoted by @ in the MSR for-
malism.

Now we can treat the case of a Brownian force land-
scape choosing

2

u u 3
R(u) = R(0) = A(0) 5 + e

6

This corresponds to A(u) = A(0)—ou. Inserting this into
Eq. (237), we obtain a complicated expression. However,
if we make the replacement

(239)

sgn(uc(t) — u (t')) — sgn(t — t) (240)

for all four couples (e,€’) = (+1,+1), then it simplifies
into

gLt / ity [A(0) ~ oy — v )sign(t )]
2 ).,

The observable we are computing is the following average
over the Keldysh action

P = (efX)s, (241)

The study of more general observable is left for the future.
To recover the velocity theory we define

iy = —Byity (242)

and consider u; vanishing at ¢ = +o00. It is very similar
to what is done in [26], and to which we refer for details.
It yields, after integration by parts

Sk =—0 / Ty Ty g (243)
tt’
Sh o+ S5 = [ m} + 00 - )i (244)
t
1
—= 8t11tB(t - t’)@t/at/ - /’Lﬁtwt .
2 tt’ t

Integration over 4, leads to the instanton equation (I0T]),
and inserting its solution into the action, we find again
for w(t) = vt the same result ([2I6). Note however that
for any non zero h the bath cutoff time is needed to get
a finite result - the mass only cutoff leads to a logarith-
mic divergence when inserting into (2ZI€). Since they re-
quire the corresponding dissipation related by FRD, we
leave explicit calculations to future studies. To summa-
rize however, one can say that everything works as if the
quantum system is described by a semi-classical equation
of motion with the noise correlator ([236]).

Of course, there are two crucial ingredients here:
(i) the Brownian disorder-force landscape; (ii) the ap-
proximation (240). For ¢ = € it amounts to neglecting
any trajectory with backward motion. We see however
that for ¢ = —e the approximation cannot be correct at
short time differences t — t/, even for forward-only tra-
jectories. This should be valid if this time scale is much
smaller than the other ones considered here. A more de-
tailed discussion of the validity of this approach is left for
the future.



VIII. CONCLUSIONS AND DISCUSSION

In this paper we studied an extension of the ABBM
model including inertia, i.e. the motion of a particle of
inertial mass m driven at externally imposed average ve-
locity v > 0 in a 1D Brownian random-force landscape in
presence of damping. Its main interest, besides modeling
a particle, is that in some cases it describes the center-of-
mass dynamics of an interface in a Brownian correlated
disorder. When all the segments of the interface move
forward it is certainly true, and in more general situa-
tions it remains to be understood. For any m this model
can also be derived for the center of mass of a manifold
with inertia in a short-range disorder potential, in the
limit of a fully connected model (infinite-ranged interac-
tions). In that sense it is a mean-field approximation.
Whether that property also extends to finite range in-
teractions in high enough internal space dimension d, as
is the case for m = 0 for d > d., remains to be under-
stood. Our aim here was to calculate exactly, or using
approximate methods, the distribution of the instanta-
neous velocity, and of the acceleration for this particle
model.

We started by recalling the m = 0 limit which is ex-
actly solvable (standard ABBM model). It is charac-
terized by a relaxation time scale 7, a spatial scale S,
and a velocity scale v, = S,/7,, see Sec. [Il For v < v,
the motion proceeds via avalanches, while for v > v,
the motion becomes smoother. In presence of inertia
m > 0, the ABBM model cannot easily be solved be-
cause backward motion occurs and induces memory ef-
fects. Numerical simulations and qualitative arguments
showed new characteristic time scales for oscillations 7,
and damping 7,,,, and new velocity scales vg = S, /7o and
Um, = Su/Tm (Sec. [II)). An avalanche regime survives for
v < min(vy,,v,) similar to the one for m = 0 except that
the smallest avalanches have merged into bigger ones. As
the mass increases, overshoots and oscillations become
more pronounced before the damping allows relaxation
into a metastable state. As v increases further the mo-
tion becomes smoother, but oscillations persist. As a
general rule the inertia tends to make the motion less
jerky and to smoothen the abrupt jumps of a center-of-
mass position in time. At the same time, the distribution
of velocities evolves from being strictly positive but with
a divergent limit P(2 = 0%) = oo for m = 0 and v < 1,
corresponding to intermittent motion where the particle
is part of the time at rest, to developing a finite weight for
negative velocities and a finite P(4 = 0), corresponding
to oscillatory motion.

To make quantitative progress we introduced two vari-
ants of the model which share the exact same dynamics
with the ABBM model for all forward trajectories, and
are analytically more tractable. The analysis of the first,
the tree model, is based on a Fokker-Planck equation.
The study of the second one, the v model, is based
on a saddle-point equation of the dynamical action. For
both of them we calculated the joint distribution of ac-
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celeration and velocity perturbatively in small and large
mass. The /4 model could also be solved exactly for
a magic value of the mass in terms of hypergeometric
functions, and was studied with very high precision for
other values of the mass. From these variant models we
obtained two sets of results for the ABBM model:

(i) at large driving velocity: Since by increasing v the
probability distribution for negative velocities decreases,
all the considered models become more and more similar.
The bulk of the velocity distribution, i.e. for velocities
|t — v] = O(v), then tends to the same Gaussian. To
characterize more accurately the tails we defined for each
model the large-deviation function which describes the
rare events when the instantaneous velocity u deviates
from the average v. We proved that these large-deviation
functions become identical for positive @ at large v for
the three models, and obtained analytical expressions at
small and large m and for the magic value of the mass.

(ii) at any driving velocity: We compared the three
models and discuss differences and similarities. Although
agreement is not exact anymore, some features of the
ABBM model are, in some cases, quite well reproduced.

Finally we showed how thermal and quantum fluctua-
tions can also be treated within the approximation of ne-
glecting backward trajectories. For thermal fluctuations
it is expected to be a reasonable approximation at fixed
v only for small T" or for any T at large v. For quantum
fluctuations, the discussion is more subtle but basically
it should hold within a semi-classical approximation.

In conclusion this paper proposes a first step to the de-
scription of classical and quantum avalanches of pinned
elastic systems in presence of inertia, and the effect of
driving. A more elaborate theory should incorporate bar-
rier crossing by thermal and quantum fluctuations, and
a treatment of memory and oscillation effects. However
we believe that we have introduced a useful framework.
For instance a key observable is Z(A) = 1Ine** which
in the v4 model is independent of v, and is well charac-
terized by branch-cut singularities describing the tails of
the velocity distribution. At the same time, as v — 07 it
describes the avalanche dynamics. Hence, numerical or
experimental determination of this quantity in realistic
systems could help developing further understanding.

It would be interesting to extend the current analysis
to different time-dependent and space-dependent driv-
ing, as well as to analyze the spatial correlations of the
probability distribution taking into account the spatial
extension of the interface and not just its center-of-mass
position. Additionally, due to retardation effects appear-
ing in soft magnets ﬁ] there is a need to generalize the
current approaches and to use a more general equation of
motion, with a more general response function. Finally
in quantum systems where velocity translates into cur-
rent, developing a more general connection with the full
counting-statistics problem would be very interesting.
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Appendix A: Perturbation theory at small m for
P(u) for the tree model

In this appendix we give details on the perturbation
theory discussed in the Sec. [VBl We start with the dif-
ferential equation ([@I]) with n = 0. It has the solution

Fola,u) = \/gx/acl (@)erfi (ﬁ) Fealn), (A1)

where erfi denotes the imaginary error function erfi(z) =
erf(iz)/i. In order to have properly defined moments
a1t the distribution function has to decay exponentially
fast at large a and 4. This implies that ¢; (@) = 0. Next,

Fl (CL, U) = C4(’l.1,)

+ % |:—%a302(1'1,) + atica (1) — 2a1c), (u)] ,
(A2)

Fy(a, ) = %a%?’ [—vch (i) + tch (i) — uch (1))

3 _a®
Fo | 1,1;=,2; —
X 2 2(7’27’2’(.1,)

+ Tl ca(u) + ¢ 0 [8tcy (1) — Hea (1))
L 3

~ 5 cq (1)

1
+ Za%‘ﬂ [202c] (1) + vea (i) — tiea ()]

I a

+ ) =Vies(w)erfi [ ——=
(o ()

1
- §au [2ac) (1) — Bea(t)] + co(1), (A3)
where oF5(a;b; z) is a generalized hypergeometric func-
tion. The first line of Eq. (A3)) has to vanish due to its
large-a behavior, which gives us a differential equation
for co(4). Solving it, we obtain

co(t) = c3(—1)"T(1 — v, —u) + ¢4 . (A4)

Analyzing it, we conclude that ¢ = 0. Then, finally we
obtain that Fy(a,) = c¢4. Since the distribution has to
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be normalized by [dadu P(u,a) = 1 for every m, we
conclude that Fy(a,d) = 1.

Also, ¢5(1) appearing in Fy, has to be zero. We proceed
further in a similar way. In order to find c4(%) entering
Fi(a,v), we have to solve Eq. () for n = 3, and the
procedure continues for higher-order terms in m. To be

able to find F; we have to solve the differential equations
D) for all n < i+ 2.

Apart from the already stated Eqs. {@3) and @) we
give the final expressions for

1
Fs(a,0) = gu% In(a) (—a® + 3aw + 6csu?)
N —10a° + 135a"0 + 180a8czu>

12960
27a°02(20u — 20v — 3) — 1350a"c3u®
* 12960
45020 (—4 (12¢5 + 5) 0 + 2402 — 240% + 80v — 17)
* 12960
3240a%czu* (i — v)
- 12960
135ai* (=8 (6¢5 — 5) @ + 2442 — 24v% + 200 + 9)
- 12960
_2700° (e5 (240 — 24v* + 360 — 5) — 48c7u) (A5)
12960 '

Higher orders can be calculated in the same manner.

As an approximation for the tree model that seems
justified for small enough mass, and large enough driv-

ing velocity, one can write 1 = [ da [%_duP ~

S da [;° duP™. From this condition follow Egs. (@),

o0

[@2), and we find

efua'ufl mefua'u72

T(v) 2T (v)
X (—2av In () + 200 © (v) + @2 — v* + u)

P, approx (“) =

m2e—auv—3
24T (v)

X (— 1240 (i) (—iw In (i) + 1 (i + 2) — 0 + )

+ 120 (w(u)

x (—=2aw1n (1) 4w (v) + 10 (4 + 2) — v* 4 v)

— avyp™ (v)

— 602 (v — 4)v + 6u(5 — 3v)v + 30t + 1043

+(v=2)(v—1)v(3v + 5)))

+

(A6)

A similar analysis can be done for the v/ model, and
there Eq. (AG) is obtained for small mass after neglecting
complex velocities, as shown using the instanton solution

in Sec. VEl



Appendix B: Matching of & ~ m and @ > m at small
mass

Next we discuss some remaining details of the pertur-
bation theory presented in Sec. Although we could
not solve analytically the equations that determine the
solution in region 2, in this appendix we demonstrate that
we properly organized the perturbation theory in region
2. We will prove the matching between the distribution
function in regions 1 and 2, without explicitly solving the
equations in region 2.

The matching condition at the boundary reads
PM(4,a) ~ PP (4,a). From that follows

P (i,a) =m?~! Z P2 (a,q)m"
n=0

+1In (m)m*~ 1Z’P2)au
(B1)

where ... denotes that there are other terms ~ (Inm)®
where i > 1, as well as ~ m¥~ /2. Note that In (m) terms
come from the In(u) dependence in P, while ~ m?~1/2

comes from terms like ~ ¢z in P(). Note, that PS> satis-
fies the same equations as P,§2), but with different bound-
ary conditions, i.e. it contains only some terms from P(2)
(see below). The same holds for the omitted terms which

can be analyzed in the same manner.
For large enough a, @

2 X Fuv—5-2n

P@)(a,ﬁ) ~e 2 R
0 7;3 T(v)V2m

= ol Fn ) l
Fo(a,a) = hmmﬁow, (B3)

m2

Fo(a, 1), (B2)

where F), are determined by Eq. [@I]). Analyzing expres-
sions for F,,, we find

) [3n/2)
Fula, i) = Y a® > d@'c} (B4)
i=0

where [z] rounds x to an integer such that [z] < x and ¢}
are numbers. Strictly speaking Eq. (B4)) holds for n < 7
and for n > 7 there might be some additional (Inw)®
terms, but in that case the discussion would be similar.
By plugging Eq. (BI)) into Fokker-Planck Eq. (39) one

finds

apY 9 sy 0% (=502
a 5 +%{(—a+v)P0 }— P02 (uPO ) =0.
(B5)
In order that both Egs. (B2)) and (BE) hold,
cr(Bn —2i) — ' 1(3n—2i+2)(3n —2i + 1)
1 1
+ C?:f(—g —2n+1)+ 50?71
+ M Ju(Bn—2i+1)=0, (B6)
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where ¢! = 0 for i < 0 as well as for ¢ > [3n/2]. Indeed,
our results satisfy this structure.

Note that for i = 0 we obtain ¢3n + ¢~ '/2 = 0. To
conclude, using Eq. (BE) and knowing ¢ = 1 we can
find all others coefficients ¢}'. Then the distribution of
velocities has for large enough velocities the form

oovk13k

Po(z)(ﬁ) _Z T ]\/_2231@ i+1/2 2kr(3k i+1/2).
(B7)

Now we consider the next term in the expansion ]51(2).
Knowing P("), from the matching condition follows that

~ - 2 il u’U—f—Qn ~
128 (a,u) e 22 Qn(a, ), (B8)
| nzowr
[3n/2]
Qnla,u) = (a,0) +u Z a3
[3n/2]
+uln Z R VA (B9)

for large enough velocities. On the other hand, the equa-
tion for P(2)(a ) reads

LR 9 -(2)
R (GOl
9 502\ 0 52
From Egs. (B8) and (BI0) one obtains
pr(3n—2i) —pl' 1(3n—2i+2)(3n —2i+1)

(B10)

1 1
+p;‘:11(§—2n+i)+§p;‘ Vpnto(3n — 20+ 1)

— )} Bn—2i+1)+d ] =0, (B11)

di(3n —2i) —d? ;(3n —2i+2)(3n — 2i + 1)

1 1
i (5 = 2 i)+ gd T d (3 - 20 +1) =0,
(B12)

where pI" =0fori < 2ori > [3n/2],and d =0 fori < 3
or i > [3n/2]. Note that knowing d3 = v we can find all
other coefficients. By examining the expressions for Qn
that follow from F),, we found that both Eqgs. (BI1]) and
(BI2) hold. Ome can repeat the procedure for higher-
order terms in the same way.

Similarly, we find that in region 1

P =0, (B13)

5 1711”7 1 _9n [3n/2]
a

(2)—67 a
P v &

The analysis presented in this appendix confirms that
perturbation theory in region 2 is properly organized and
matching between the distributions in regions 1 and 2
holds.

3n2zzn

(B14)



Appendix C: Large-deviation function

Here we comment shortly on the Laplace transformed
Fokker-Planck equation for the tree model and then
present a calculation of its large deviation function. It
allows to show that the equivalence of the large-deviation
function for the tree and v/ model for positive velocities
holds self-consistently. It may allow to obtain a complete
proof of the equivalence if one subcase (see below) could
be ruled out, but we have not succeeded at this stage in
doing so.

The Laplace-transformed Fokker-Planck equation
reads

%_%(A_ﬁ)_%(_i fﬁ)

ot Ok m o\ m  m?
K A
= EUP-F + (k) (C1)
@_@(A_ﬁ)_@ N
ot Ok m O\ m  m?
K~
= EUP, — d(k), (C2)
where
@()—ﬂ/md “pa—0,a)  (C3)
R) = 5- . ae w=0,a

Here we kept only the one boundary term at @ = 0,
assummg that other terms at “infinity” vanish. Here
Pr(\ k) = [;7da [7 dae*TrP(i,a). We define P
similarly, with the difference that the integration is over
negative velocities.

Eq. ([CI) (which describes the contribution coming
from positive velocities) can be compared with the cor-
responding equation for the v/i model (I0F). One sees
that the main difference is the additional boundary term
® (k). When this boundary term vanishes, the two mod-
els become equivalent.

In the stationary case, introducing the time parame-
terization as in Eqs. (ITI]) and (II2) we obtain

(C4)
The solution of this equation is
Py (Xo, ko) =P (0,0)e"#o-r0)

t
n / €12 00.50)=Z(N) R B 1o(s) ) dis,
. (C5)

where Z is given by Eq. (II8)) with x(t) = ko and A(t) =
Ao-

Introducing F(z,y) as in Eq. (I24), we find ®(x) =
ape?lG ()= fo] where P+(0 0) = e—vfo — g—vming y F(z,y)
Here

G(r) = fo = —min, {F(0,y) — sy}, (C6)

35

and ag is the corresponding value of the acceleration
when the minimum is reached. If we assume that the
first term in Eq. (CH) gives the main contribution in the
limit v — oo, we obtain

—fo+ Z(\ k) =

Then indeed the second term is smaller than the first one
in Eq. (CH), since it reads

—min, ,{F(z,y) — ky — Ax}. (C7)

t
e—'ufo evZ()\,n) / e—v[Z(k(s),ﬁ(s))—G(ﬁ(s))]dS _

¢~ 0F0 v ZOR) =0 i, ) (ZO) (N -GN (Og)
and using (C6) and (C7) it follows that ¢(\o, ko) =
Minge(—oo,){Z(A(5), K(s)) — G(k(s))} > 0.

However, if we assume that the second term gives the
main contribution, then (C8) implies that

- fO + Z(/\v'%) - (b(/\v'%)
= —minz_’y{F(I, y) — Ky — )\x} (Cg)

From this equation and Eq. (C8)) follows that ¢(Ag, ko) <
Z (Mo, ko) —G (ko). This statement is not in contradiction
with the assumption, but on the other hand it does not
follow from (C3) that ¢(No, ko) < 0, as it should be if
the second term is the dominant one. It would be nice
to show that this possibility is ruled out, which would
provide a proof of the equivalence of large deviation func-
tions, independent of the one given in the main text.
Note, that fo is expected to be zero and then (C7)) is

equivalent to Eq. (I93).

Appendix D: Moments of the distribution function
for \/7 model

Using the equations derived in Sec. [V.Cl we find the
moments characterizing the distribution function of the
Vi model discussed in Sec. [ .Cl Choosing t* = 0 with
a constraint @(t > 0) = 0 and @(0) = —\/m, we can
rewrite Eq. (IT0) as

(md? — 0y + 1) — % = \3(t). (D1)
Then Z(0,\) = [°_ a(t)dt.
One can write @ =" U, \", where
(md} — 0, + 1)a z": lp—e(t) = 6p10(1).
- (D2)
A solution of this set of equations is
o =0, (D3)
(1) = R(t), (D4)
Un(t) = /dTR(t —7) i’a@(T)ﬂn_g(T) for n > 1,
- (D5)



36

with
(m@f — (9t + 1)Rt—t’ = 6( — /) (DG)
_200) ot/ (2m) gin (L \/Im m>1/4
Ry = 249%)1 ot/ (2m) ¢ mt /7) / .
ﬁ Slnh (—m ) m < 1/4
(D7)

The case m = 1/4 was treated in equation (I47). Using
that P(\, k) = e"Z(A%) and 9y P(\, k)| (0,0) = w"a™,
we obtain the first few moments exactly:

=, (D8)
W2 = (o +v) (D9)
— 402
u3_v< 7 —|—3av+v), (D10)
m' + 2
— 603(5m’ + 6) o?(3m’ + 22)v
1= 60v* + v° D11
“ U((m’+2)(4m’+3) m’ + 2 +oovt ) (D11)
— 48 103m’ + 198) + 72 1003(31m’ + 30 502(3m’ + 14)v?
= ot (m’(103m’ + 198) + 72) o3(31m’ +30)v  50%(3m’ + 14)v 10008+ 0t),  (D12)
(m! +2)(m' 4+ 6)(dm’ +3)(Im' +4)  (m/ + 2)(4m’ + 3) m/ + 2
(m! (m’ (695m/ + 4396) + T666) + 4284) + 720)

ﬁ:v(2400’ ( !

(m/ +2)2(m' +6)(4m’ + 3)(Im/ + 4)(16m’ + 5)

204 (m/ (m’
L 204

(9m/(225m’ + 4138) + 130916) + 137592) + 39456)v

(m! +2)2(m! + 6)(4m’ + 3)(9m’ + 4)

1503 (m/(4m’ 4 105) + 90)v?

502(9m’ + 34)v3

(m! +2)(4m’ + 3) m’ + 2

o7

+ 1500t + v5), (D13)

(22015m/ + 190244) 4 521534) + 594996) + 277920) + 43200)

= ( 28800 (m/ (m/ (m/ (m/

(m + 2)2(m’ + 6)(m/ + 12)(4m’ + 3)(9m’ + 4)(9m/ + 10)(16m/ + b)

(20438m/ + 114479) + 179748) + 93924) + 15120)v

168 5 ! / /
4 1680 (m/(m/(m

(m! +2)2(m’ + 6)(4m’ + 3)(9m/ + 4)(16m’ 4+ 5)

N 140% (m' (m'

(3105m/2 4 39756m’ 4 125468) + 122256) + 33408) v

1050° (m/ (4m’ + 53) + 42)0
(m/ 4+ 2)(4m’ + 3)

3502 (3m’ + 10)v?
m’ + 2

NI
where m' = mu?/n? o = ‘(n(uz))"

dimension-full quantities. These results are in agreement
with the results from Section [V DI

Here we used

Appendix E: Perturbation theory for the instanton
solution

Here we give more details on the derivation of the per-
turbative solution of Eq. (ITH) considered in Sec.[VEl We
analyze the matching of the expansions in the different
regions (I33)) and ([I37) at ¢t ~ —m, in order to find y,

appearing in (I37).

+ 2100 + ’U6) ,

(m' + 2)2(m/ + 6)(dm’ + 3)(9m/ + 4)
3

(D14)

After determining f, (see Sec. [V E]) we notice that for
n > 0 it has the structure

n+1 n
Falx) = Dm0 (@, ) + DA () (—2)k. (E1)
k=1 k=0

From Eq. (I35)), and by comparing the coefficient in front
of 2 we obtain

(k+1)A8D + AF ZA(k 040 =

£=0

(E2)



We find that

Sk(ﬂ)
AP0 = 2 (E3)
Sk(z) = Z z"nk (E4)
n=0
This comes from
S g s £ ()
=0 ’ =0 a=0 b=0

(oo} oo

= > (a+b) 2" =Y "tFal(t+1) = Sepa(z) + Sk(2)
a,b= t=0
b=0 (E5)

By multiplying Eq. (E5) with 1/k!, we obtain Eq. (E2),
if A,(ck)()\) = Si(z)/k!. Using the “boundary condition”
So(xz) =1/(1—x) = Ago) =\, we find Eq. (EJ).

It follows that the matching condition holds in zeroth
order in m if

w(@) = 35, (%) Sl

n=0

COAF (1= Ne

In order to have a smooth function a(t) at t ~ —m in
each order n > 0 in m, it should hold

Yo (@) =3 AT (V) (—a)*. (ET)

k=0

Then, y,>0(0) = Aén) and we find Eq. (I40). Higher-
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order terms y, can be found easily. We state here:

fa(t) = —%63t)\3

1

+ 157 A (39N — 1200 — 54N* 4 2400%) +

1

Eet/\( — 72 4 36t — 612 + 192X — 144X + 122
12602 + 132602 — 12t2/\2)

+ 1—12)\(72 + 36t + 612 — 231\ — 1144\ — 1812\ + 1822

+ 84tA% 4 12620?), (ES)
et

12(e~t(=14X) — )3

x (A(= 96+ 6t2(~1+ ) + 1412 — 2522

— 6t(—8+9)))

+ e T2 4+ 6% (=1 + \)? — 135\ + 417% + 253

—6t(4 — 9N +52%))

—12(e (=1 4+ X) + A\)(=6 = 2t(=1+ \) + 7\)

xInfe7" 4+ XA —e A +24(=1+ \)x

x (e7H(=14 M) + A Infet + A — eﬂ]z). (E9)

Y2 (t) = —

Appendix F: The behavior of Z(\) for A — +ico in
the vu-model

In this appendix, we derive the large-A behavior of
Z(\) for the vi-model.

In order to facilitate our thinking, we denote 7 := —t,
such that the time 7 of the instanton goes from zero to co.
The behavior for A\ — oo is complicated. Analyzing Z(\)
for real A, one finds that there is a branch-cut singular-
ity. On the diagonal in the complex plane, A ~ 1+, the
instanton solution of (I0TI) looks rather chaotic. For com-
plex A with vanishing real part, the behavior is slightly
simpler: In the complex plane, i(7), its derivative u(7),
and the energy

()

E(1):= 3

5 (F1)

2
ora(n)* + Sa(r)? — o

are behaving as indicated on Fig. (blue solid lines).
The energy is dissipated as

d

—E(r) = —nlosi(r)] . (F2)

We are interested in the case when A is equal to the imag-
inary unit times a large positive number. We start by ne-
glecting dissipation and the term ~ p? . One can check
later on the trajectories we find that this approximation
is justified.
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FIG. 22. (Color online) Evolution in the complex plane of @(7) (top left), @(7) (top right), Eiin(7) (bottom right), and
fot dsa(s)ds (bottom left), for A = 500007, m = 1/4. The movement of @(7) starts at 0, moving in counterclockwise circles
inwards. The kinetic energy evolves from left to right, and fOT dsa(t)ds from zero to the left. The dashed lines are the solution

for p=mn =0, given in (E6) and (E7).

We will be working in dimensionless units 0 =n =y =
1. We have to solve
(F3)
(F4)
=0. (F5)

The solution for ;4 = @ can be parameterized by ¢,

u(p) = (26" — 1) % . (F6)

While this is of course always possible, we claim and
check in Eq. (E]) below, that ¢ is real, and thus has the
natural interpretation of an angle. Using energy conser-

vation, F(0) = %, and E(r) = %[8711(7)]2 - @ , this
yields
(F7)

_ 2 . )
() = { e H YT
m

This allows to obtain the “angular velocity” (attention:
the prime indicates the derivative w.r.t. the argument ¢)

. i 39 A iGr/2-0 i
¢(¢):a/((i)):\/§m_26( (=) ()

Note that for ¢ € [0, 2], expression (Eg) is real, thus the
curves are indeed parameterized by a real angle ¢.

Noting the differential dt,

_ 4o

(0) ()

)

this allows to calculate the period as
ro [T Ly ZITHTE) find
o ¢(¢) v A

im2
= 5.56022 {/ — .
A

Next we switch on dissipation. It leads to a change in
energy, for a time 7T or the equivalent phase ®,

(F10)

2 49

T, ) e,
:—/0 u(T) dTZ—/O u((b) ¢(¢)7 (F11)



In principle, the exact trajectory has to be put. Using
the dissipation-less one, we find for one period

P(=)TEF) A\
2V2V/3y/my/m (Zx/ﬁ)
3.33613 / A \*/?
T Um (W) '

If we call n the number of periods, then

E@2r) - E(0) ~ —

(F12)

—E(0) = ——
(0) 2m>0

_r(ErE)
XN
—3.3361 5/6

_ —3.33613 [_ 2E(2ﬂ-n):|

vm

where we have re-expressed A by the energy itself, in

order to allow for an iteration. Defining Aeg by

Aett (2772
2m

(F13)

[ 2E(27m)} e

(F14)

E(2mn) =: , (F15)

we get
d Ae(2mn) _ d

T : =4 —2mE(2mn)

(=T (3) 1/
S ST/ | )
_I=)r@) {/\cﬁ'@ﬁn)]2/3
2V293ym | ivm
Aett (2772)
v

The integral over one period of fOT dta(t), which con-
tributes to Z(\) is

/ Cari(t) = / " %a(@

= w (/\—,m>1/3

2/3
= —3.33613 [ ] (F16)

SEN
1/3
= —3.91452 <A;”> (F17)
Therefore, using that Z(\) = [;° a(r)dr we have the
following relations:
40 = VBT(=$)T(3) (dm\'? (F18)
dn 22/3,/7 i
This yields
0 e
YO W =- ERYE
2VByar (1) ( A )‘1/3
= 1
T(=3)T (3)
y o\ -3
— 1 17337< = ) (F19)
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where the additional minus sign has been introduced due
to the fact that we now integrate in the opposite direc-
tion. Integrating over A, and using that Z(0) = 0, we
find the asymptotic behavior

1596/ T(2) [ am\*?
Zasymp(A) = ————5—= | —
'(3) !
A\ 2/3
— —1.76006 < Z”) (F20)
As an example, for A = 107, m = 1/4, our formula
give Zasymp(107i) = —150483.0 whereas numerics gives

Z(107i) = —150483.6 + 330.444i. The subleading imagi-
nary part is consistent with

2/3 1/3
Zgness(\) = —1.76006 (ATm) 1130 <A7m> .

(F21)
On the negative imaginary axis, the result is the same,
i.e. on the whole imaginary axis

15ffr(g)

(IAlm)*"® .
(L)

Zasymp(A) = (F22)

Appendix G: Large m expansion to second order

Here we state the second order of large m expansion
of the distribution function for v/& model, see Sec. [V DI

(r° cos(60) + 48r*v* sin(36) (G1)

@2 = 56,0
+432rv? sin(0) (r? — 4v)

+15r7 cos(260) (r® — 12v) (r* — 4v)

+10 (r° = 72r%0% + 960%) + 61" cos(40) (r* — 10v) ).

It can be rewritten as:
@2 = Tip

+3v(150* — 2803y — 602v(v + 20) + 1200 (3v + 8)
v*((24 — 17v)v + 80))). (G2)

(8a° — 75a"v + 18a*v(u — v)(5u + 3v)

Integrating out a, we find the distribution for the veloc-
ity:
1 ~(i=u)? 1
P(u) = 1
(U) \/271'116 ( T 48mu3
—602v(v + 15) + 1200*(3v + 7) + v*((6 — 17v)v + 45))

+0 (%) ).

Appendix H: Exit probability

= (150" — 28’y (G3)

In this section we calculate the probability E(a,,t)
that a particle starting at ¢ = 0 with acceleration a and



velocity @ > 0 had a negative velocity at some moment
before or at time ¢. We call it the exit probability. The
calculation is valid for all the models studied in the pre-
vious sections.

The equation for the exit probability reads as:

0E  9E _ u 9*E 1

. ok
o Tn  mE e T Ty (D
with the boundary conditions:
E(a<0,0,t) =1, (H2)
E(a,4>0,0)=0. (H3)

We assume that the particle starts with a finite accel-
eration and velocity. Then, introducing E(k,\,t) =
[ da [;° diE(a, i, t) exp (ka + Aii), we obtain

@—@ i2+£ +@(_)\+£)
ot ox \m?2 m Ok m
E 1

+ E(l—vn)+§+f(n), (H4)
for we used that x > 0. The last term 1/ + f(k) comes
from the boundary term at @ = 0 obtained by performing
the Laplace transform with respect to 4. Here f(k) =
— J5" daaexp (ka)E(a, i = 0,t).

Using the method of characteristics we find:

A= s (H5)
A= \— %, (H6)
dE  E(t) 1 _

- 7(1 —vk(t)) — 20 f(k(t)) =0, (HT)

where we used £(t) > 0. Then, we obtain:

Blwo > 0.00,10 > 0) = | " as i+ (el

<o (£ [ - ontsas).

(H8)
where k(t) satisfies the following equation
O P (H9)
K _ _— _—=
m  m?2 m

with conditions k(tg) = ko and &(tg) = Ao — ko/m. If we
introduce u(s) = —k(—s)/m, then u(s) satisfies Eq. (I1H)
where in Eqs. (ITOIT7) it has to be made a change ko— >
—ko and \g— > —Ag. The equation should be solved self-
consistently, since f(x) is determined by E(a > 0,0,t).
Increasing the driving velocity v and decreasing the mass,
the boundary term f(x) decreases. It is expected that
the approximation f(x) = 0 becomes reasonable good
for sufficiently large driving velocity and small mass.
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Appendix I: Sketch of a proof for convergence of
large-deviation function

Suppose that we have a numerical simulation of one of
the models discussed in this work, at driving velocity v,
which gives N data points. This allows to estimate F, (z)
in a certain domain z_ < z < x4, with F(z_) = F(z4).

Let us first estimate the probability p that there are
data points left of x_:

T— —vF, (x_
p < N/ drve V(@) ~ Nei() ~ Ne vFe(z-)
T ) F'(z_)
(I1)

This means that the simulation has to be done at veloc-
ities large or equal to v, in order to satisfy ([Il), with
_, In(N/p)

Ve =~ F(JI_) 9 (12)
where we have replaced F,(z) by the limiting function
F(z). (For N = 10%°, and p = 10~*, this would give
ve & 21.5, using for F,(0) the function for the v/i-model.)

Let us now estimate which domain of the function
F,(xz) we can estimate with relative statistical error
smaller than €, at this velocity v.. The number n of
events in the bin around x of size J is

n~e v F@sN > lz , (13)
€

and must as written be larger than 1/¢2. Solving for F'(x)
yields

Fe) < 20— p(an) p)
n 62
~ F(z_) [1 + ll(nijf]p)] ) (14)

where in the last line we have supposed that N is large.
This is probably a rather crude estimate, but shows that
for N — oo one can estimate F(x) for all x for which
F(z) < F(z_).

Let us now consider the v/4-model, for which Z,(\)
does not depend on v, and for which F,(z) converges
against the large-deviation function F(x). The above
shows that there exists a simulation, which can estimate,
with any given precision, F'(z) for all x with F'(z) < F(0)
(see plot 20). For further reference set x_ = 0, and
x4 = 3.47268 the other root for which F(z;) = F(0).

We remind that with probability 1 — p ~ 1, the sim-
ulation has never encountered a negative velocity. Now
repeat the simulation with the same parameters, with one
of the other models. With the same probability 1 — p,
these simulations have no negative velocities, and since
then the particle will only move forward, give the same
trajectory, and thus the same large-deviation function,
within the (small) error-bars estimated above. We have
thus proven Eq. (I92) of the main text.

The only circumstances where the above argument
might go wrong, is if there are strong correlations in the



tails. If e.g. rare events are correlated such that when-
ever one gets one rare event (of negative velocity) then

41

one gets with higher probability another one (clustering
of rare events). In this case even the existence of a large-
deviation function may be questionable.
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