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Slowly driven elastic interfaces, such as domain walls in dirty magnets, contact lines wetting anonhomogeneous
substrate, or cracks in brittle disordered material proceed via intermittent motion, called avalanches. Here we
develop a field-theoretic treatment to calculate, from first principles, the space-time statistics of instantaneous
velocities within an avalanche. For elastic interfaces at (or above) their (internal) upper critical dimensiond > d,.
(dyc = 2, 4 respectively for long-ranged and short-ranged elasticity) we show that the field theory for the center
of mass reduces to the motion of a point particle in a random-force landscape, which is itself a random walk
[Alessandro, Beatrice, Bertotti, and Montorsi (ABBM) model]. Furthermore, the full spatial dependence of the
velocity correlations is described by the Brownian-force model (BFM) where each point of the interface sees
an independent Brownian-force landscape. Both ABBM and BFM can be solved exactly in any dimension d
(for monotonous driving) by summing tree graphs, equivalent to solving a (nonlinear) instanton equation. We
focus on the limit of slow uniform driving. This tree approximation is the mean-field theory (MFT) for realistic
interfaces in short-ranged disorder, up to the renormalization of two parameters at d = d,,.. We calculate a number
of observables of direct experimental interest: Both for the center of mass, and for a given Fourier mode ¢, we
obtain various correlations and probability distribution functions (PDF’s) of the velocity inside an avalanche, as
well as the avalanche shape and its fluctuations (second shape). Within MFT we find that velocity correlations at
nonzero ¢ are asymmetric under time reversal. Next we calculate, beyond MFT, i.e., including loop corrections,
the one-time PDF of the center-of-mass velocity u# for dimension d < d,.. The singularity at small velocity
P(it) ~ 1/u? is substantially reduced froma = 1 (MFT)toa =1 — %(4 —d) + ... (short-ranged elasticity) and
a=1- 3(2 —d) + ... (long-ranged elasticity). We show how the dynamical theory recovers the avalanche-size

distribution, and how the instanton relates to the response to an infinitesimal step in the force.
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I. INTRODUCTION

Elastic interfaces driven through a disordered medium
have been proposed as efficient mesoscopic models for a
number of different physical systems and situations, such
as the motion of domain walls in soft magnets [1-8], fluid
contact lines on a rough surface [9-11], or strike-slip faults
in geophysics [12—15]. Their response to external driving is
not smooth, but exhibits discontinuous and collective jumps
called avalanches which extend over a broad range of space
and time scales. Physically, these are detected e.g. as pulses
of Barkhausen noise in magnets [1,4,16—18], slip instabilities
leading to earthquakes on geological faults [5,12,19-22], or in
fracture experiments [23-33]. While the microscopic details of
the dynamics are specific to each system, an important question
is whether the large-scale features are universal [34]. The
most prominent example are the exponents of the power-law
distribution of avalanche sizes P(S) ~ S™7 (for earthquakes,
the well-known Gutenberg-Richter distribution [35-37]) and
durations, which are believed to be universal. Beyond scaling
exponents, the question of whether the shape of an avalanche
is universal is of great current interest [38]. Understanding
whether and how universality arises, and obtaining quantitative
predictions for avalanche statistics beyond phenomenological
models, are some of the main challenges in the field.

Historically, the elastic interface model has allowed for
analytical progress thanks to a powerful method, the functional
renormalization group (FRG). This method was first developed
to calculate either the static (equilibrium) deformations of an
interface pinned by a random potential (e.g. the roughness
exponent) [39-42], or the critical dynamics at the depinning
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transition which occurs when applying an external force
f > f.[41,43-50]. These results are obtained in an expansion
in the internal spatial dimension d of the interface, around the
upper critical dimension dy, in a loop expansion. Despite
these successes the study of avalanches in elastic systems
has remained centered on toy models [2,3,13] or on scaling
arguments and numerics [6,45,51-56]. Several other important
models have been used to describe avalanches, such as the
random-field Ising model [57-59] and discrete automata
known as sandpile models, for which analytical results exist
[60—67]. However, exact results on the avalanche statistics are
notably hard to obtain.

One simplifying feature of the interface model in its basic
version, i.e., with overdamped dynamics, is that it satisfies
the no-crossing rule, or Middleton theorem, which guarantees
only forward motion after a finite time, and uniqueness of the
sliding state [68—70]. This allows to define unambiguously, at
fixed driving velocity v, a quasistatic limit v = 0" which we
have studied with high precision both from numerics and using
the FRG, testing the agreement up to two-loop accuracy [71].
Recently, we have developed FRG methods [72-76] to calcu-
late the statistics of avalanches for elastic interfaces, both in a
static and quasistatic framework, obtaining e.g. the distribution
P(S) of their size, i.e., the total area swept during an avalanche.
Initially our calculation focused on static avalanches, i.e.,
switches in the ground state. However, thanks to Middleton’s
theorem, it can be extended to quasistatic driving: Since the
system visits a unique sequence of metastable states, we define
quasistatic avalanches in a stationary regime (for v = 0™) as
jumps from one metastable state to the next. The avalanche
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size S depends only on the initial and final configuration, and
is a property of the quasistatic limit. We found [73,77] that to
one-loop accuracy P(S) is the same as for depinning as for the
statics, although we expect them to differ at two-loop order.

In this paper we extend our study to the dynamics inside
an avalanche; we calculate the probability distribution of the
instantaneous velocity during an avalanche. Although we focus
on the small-driving-velocity limit, it is a truly dynamical
calculation. To properly define the avalanche statistics, we
found it important to separate two very different velocity
scales: (i) the small driving velocity v, which allows to separate
different avalanches and to define a stationary regime; (ii) the
motion inside an avalanche, which is much faster than the
driving velocity v, and independent of it for small v. It is this
fast motion that we study here.

To this aim, we consider the following overdamped equa-
tion of motion, which reads as, in its simplest form (for
short-ranged elasticity of the interface),

nou(x,t) = cVzu(x,t) + F(u(x,t),x) + mz[w(t) —u(x,1)].
(1)

Here and below, we denote indifferently by u(x,#) or d,u(x,t)
the local interface velocity. The time-dependent scalar function
u(x,t), x € R? describes the displacement of a d-dimensional
interface in a d + 1-dimensional system. The quenched ran-
dom force F(u,x) can be taken as a Gaussian random variable,
short-ranged in the x direction, but with arbitrary correlations
in the u direction,

Fu,x\)F(u',x") = 8(x — x)Ao(u — u'). )

In most applications, the disorder Ag(u#) is a short-ranged
function. The interface is driven and confined by a parabolic
well of curvature m?, which advances according to

w(t) = vt. 3

This model, and this type of driving, is of experimental
relevance for the systems mentioned above. In some cases, it
requires an extension of the elastic kernel to nonlocal elasticity,
which amounts to replacing in Eq. (1), in Fourier space,

cqg* +m* — e(g) = g(q)". 4)

The combination e(q)luq|2 is the energy associated to the
mode ¢, which includes the elastic energy plus the coupling
to the quadratic well. We have defined its inverse g(q),
i.e., the (static) propagator, which we use extensively below.
One example is €(g) = c(g> + u?)”/?, or more complicated
kernels, and we always denote g(g = 0) = 1/m? and e(q) ~
q” at large g. For a contact line, m is related to the inverse
capillary length w (usually called «), set by surface tension
and gravity [78] and y = 1. For a magnet, m is set by
the so-called demagnetizing field [4,6,7] and y = 1 in some
situations dominated by dipolar forces, while y = 2 in others.
In fracture experiments, e.g., when breaking apart two plates
which have been sintered together [23-27], m? is proportional
to the inverse thickness of the plates, and usually y = 1.

A toy model to describe the avalanche dynamics which
results from Eq. (1) has been proposed by Alessandro,
Beatrice, Bertotti, and Montorsi (ABBM) [2,3], and further
developed in [5,38,79-81]. It approximates the motion of the
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domain wall, i.e., a system with many degrees of freedom,
by the motion of a point, at position u(#), which satisfies the
equation of motion

ni(t) = F(u(t)) — m*[u(t) — w(t)]. (&)

In [2], the random pinning force F(u) acting on this point was
postulated to be a Gaussian with the correlations of a random
walk,

[F(u) — Fu)]* = 20 luy — usl, (©6)

where o > 0 characterizes the disorder strength. One of
the motivations for this assumption was that the model
becomes solvable. Although a crude description, it was used
extensively to compare with Barkhausen-noise experiments
on magnets, with success in some cases (systems with long-
ranged elasticity) and failures in others [5-7,12,22]. The most
natural interpretation is that u(¢) may represent the average
height of the interface, u(t) = % fddx u(x,t), and that the
ABBM model gives a mean-field description of the elastic
interface. The random force F(u) is then interpreted as an
effective random force, sum of the local pinning forces in some
correlation volume. This is in agreement with the remark [5,6]
that for infinite-range interactions the effective disorder is
indeed correlated as in (6). Thus this view has been taken
for granted for a while. However, until now, there was no
derivation from first principles starting from the realistic
microscopic model of an elastic interface.

In this article, we go beyond this simple toy-model
description of avalanches, and consider the motion of an
elastic interface given by Eq. (1). We use the dynamical
field theory and methods from the functional renormalization
group (FRG). Let us recall that the upper critical dimension is
dy. = 2y in general, hence d,. = 4 for short-ranged elasticity,
and d,. = 2 for the most common long-ranged elasticity, i.e.,
magnetic systems with dipolar forces, the contact line or
fracture. In this article, we will show the following:

(i) In the small-driving-velocity limit, all correlation func-
tions (in time and space) of the instantaneous velocity #(x,?)
can be computed (to lowest order in v) in a dimensional
expansion around d,.. This is done by computing averages
of exponentials of the velocities (generating functions), whose
O(v) contribution allows to extract the full probability distri-
bution of the velocity field u(x,¢) during an avalanche.

(i) At the upper critical dimension d = d,, and in the
small-m limit, the velocity field in an avalanche has the same
space-time statistics as the Brownian-force model (BFM) with
renormalized parameters n — 1, and 0 — o,,. The BFM is
a model for an interface described by (1) where F(u,x) are
Brownian motions in u, of variance o, uncorrelated in x. It
is a generalization of the ABBM model to a set of elastically
coupled ABBM models. For the BFM the generating functions
of the velocity are obtained exactly in any dimension d by
summing only tree graphs. Furthermore one can consider that
the “tree theory” is the correct mean-field theory and describes
the system for d > d,., with full universality at d = d,. and
small m.

(iii) The ABBM model (5) with the force-force correlator (6)
correctly describes the avalanche motion of the center of mass
of the interface for d > d,. in the limit v = 0. Universality
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arises for d = dy. and small m, with a dependence of the
effective parameters n — n,, and o — o, that we computed.

(iv) Even for d = d,. the original ABBM model is not
sufficient to describe the velocity correlations of different
points on the interface, or the statistics of Fourier modes
q # 0. The latter can however be obtained from the tree theory
(i.e., the BFM) which we show to be equivalent to solving a
nonlinear instanton equation. From this we obtain e.g. the
avalanche shape at finite g at d = d.

(v) Finally, for d < d, the velocity field in an avalanche
has universal statistics not given by the BFM, nor, for the
center of mass, by the ABBM model. It can be obtained within
an € = d,,. — d expansion. We show that the one-time center-
of-mass velocity distribution diverges at small velocity not as
P(ut) ~ 1/u, but with a modified exponent

) 1
P(i) ~ —. )
u
For short-ranged elasticity the exponent is (with € =4 — d)
a=1- %e + 0(€?) nonperiodic, RF, (8)
a=1-— %e + O(e?) periodic. 9)

For long-ranged elasticity (y = 1), the exponent is (with € =
2—d)

a=1—3e+ O(e*) nonperiodic, RF, (10)

a=1-32e+ 0(? periodic. (11)

A short report of some of our results has already appeared
as a Letter [82]. The present study is the starting point of
a calculation of the avalanche shape and duration to order
O(e) [83].

Since the methods used here [based on the dynamical
Martin-Siggia-Rose (MSR) path integral] are quite different
from the usual Fokker-Planck approach to solve the ABBM
model [2,3], our study also provides a new way to solve
the ABBM model. In particular, we find that generating
functions can be obtained from the solution of the nonlinear
instanton equation. This new connection has been exploited
and extended in [84] to derive new results for the ABBM model
(and elastically coupled ABBM models) for finite v > 0 and
for a nonstationary avalanche dynamics.

One should emphasize that the methods introduced in
the present work strongly rely on the Middleton theorem.
Although specific results are obtained for an overdamped
dynamics, the present methods can be extended to any dynam-
ics which satisfies the Middleton theorem. As an example,
we have recently studied the ABBM model in presence of
retardation [83]. A much greater challenge for the future would
be to extend these methods to models where the no-passing rule
does not apply, such as models with inertia or relaxation which
have been proposed, e.g., to study earthquake dynamics [85].
There the very existence of a quasistatic limit is much less
clear, and may depend on details of the dynamics. Some
steps in that direction have been taken in [86]. Finally, let
us also mention related studies of static avalanches in spin
glasses using replica symmetry breaking [87,88], and in the
random-field Ising model [89].

PHYSICAL REVIEW E 88, 022106 (2013)

The outline of this article is as follows:

In Sec. I we introduce the interface model, define important
observables, and explain our strategy for their calculation. We
also review the expected scaling relations for the avalanche
statistics.

In Sec. III, we construct the theory at tree level. We start
with calculating the moments of the instantaneous velocity in
Sec.III A, before introducing in Sec. III B a nonlinear equation,
which we call the instanton equation, to efficiently resum them.
In Sec. I C we calculate the joint probability distribution for
the center-of-mass velocity at one and several times. From
that we extract various velocity probability distributions, and
calculate the average shape of an avalanche, as well as its
variance which we call the second shape. In Sec. II1 D we show
that the solution of the instanton equation encodes the response
to a small step in the applied force. In Sec. III F we recover the
quasistatic avalanche-size distribution. In Sec. III G we discuss
the relation between the tree theory and the mean-field theory:
We show that the tree theory is equivalent to (i.e. is exact
for) the Brownian-force model, and, for the center of mass
only, to the ABBM model. We also show that the so-called
improved tree theory, i.e., the tree theory with renormalized
values for the disorder and the friction parameters, is the
correct mean-field limit (for d = d,) of the underlying field
theory to be discussed in the following section IV. Our
approach is based on the Langevin equation and on the MSR
dynamical action; alternatively one can use a Fokker-Planck
description, as is explained in Sec. III G4. It is this latter
description which was introduced by ABBM [2,3] for a
particle, but whose use seems to be restricted to the latter.
In Sec. IIlIH we obtain a number of results beyond the
center-of-mass motion, such as the local averaged shape
following a local step in the force, as well as the spatial and
time dependence of the second shape.

In Sec. IV, we study the loop corrections, for d < d,.. We
explain the general framework in Sec. IV A, before introducing
a simplified theory in Sec. IV B, containing all the needed
ingredients for the one-loop calculation. The latter is solved
perturbatively in Sec. IV C. We then discuss in detail the
one-loop, i.e., O(¢), corrections to the velocity distribution in
Sec. IV D. We derive the necessary counter-terms in Sec. IV F.
The extension to long-ranged elasticity is detailed in Sec. IV G.

The above theory was developed in terms of the velocity
i as the dynamical variable. In Sec. V we discuss how to
perform the same calculations using the more standard theory
in terms of the position u. While this is more involved, it
avoids certain technical problems which may be present in the
velocity theory, and confirms the validity of the latter. Several
technical issues are presented in Appendixes A to P.

II. MODEL, OBSERVABLES, AND PROGRAM
A. The bare model

We consider an elastic interface of internal dimension
d, with no overhangs, parametrized by a time-dependent
real valued displacement (or height) field u(x,t) = u,, € R,
with x € R4, It evolves in presence of a random pinning
force F(u,x) according to the simplest possible overdamped
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equation of motion,
HoButize = / (8 Dew yr — ttyr) + Flatgg).  (12)
v

Here 1o is the bare friction coefficient and (g~ '), is the
elastic matrix, with propagator g,, = gy—x and g(g) = g, =
fx €'%% g in Fourier space and we define the (squared) mass
m? = g L. Everywhere we denote equivalently [, := [ d’x
and [ := [ dr. The interface is driven by an external quadratic
potential centered at position w,;. The total external force
acting on the interface is noted

fxt = //(g_l)xx’wx/t. (13)

with f, = m?w;, for spatially uniform driving. Equivalently, for
inhomogeneous driving, w,, denotes the reference interface
position in the absence of disorder and in the limit of very
slow driving (hence this notation is useful in the statics and
the quasistatics). We focus on the case of local or short-range
elasticity gq’1 := ¢” + m?, with an elastic constant set to unity
by choice of units. We will however also give the results
for more general nonlocal elasticity [see the discussion after
Eq. (4)]. We focus on a uniform driving at fixed velocity v,
wy, = w, = vt. This leads to Eq. (1) in the Introduction.

The pinning force is chosen as indicated in Eq. (2), where
Ap(u) is the microscopic (bare) disorder correlator and —
denotes disorder averages. For realistic disorder the bare
disorder correlator is smooth. Note that for the bare model, we
always assume (unless stated otherwise) a small-scale cutoff
in x, either a lattice spacing a, or that Ag(u) decays on a
finite correlation length r¢. This ensures the existence of a
Larkin scale L. [90], which produces a small-scale cutoff for
avalanches. We denote S, the small-scale cutoff on their size.

The above model exhibits two important properties: Due
to statistical translational invariance of the disorder and its
§-correlations in internal space, the model possesses the so-
called statistical tilt symmetry (STS) which guarantees that the
elasticity g, is uncorrected by fluctuations (loop corrections)
(see e.g. [73] for notations and some definitions in this section).
The second important property of the model is the Middleton
theorem': If the driving force m>wy is an increasing function of
time, w; > 0 (positive driving), and if velocities are all positive
at t =0, ity ,—0 > 0, then they remain so at all times [68].
In particular, for a finite interface (of size L), submitted to
positive driving, all velocities become positive after a finite
driving distance, and the memory of the initial condition is
erased.

B. Quasistatic observables

In this paper we focus on the stationary state of the model
with fixed driving velocity w, = vt, hence i, = v. We focus
on the small-velocity limit v = 0, i.e., on the vicinity of the
quasistatic depinning transition. At a qualitative level, it is
expected that because of disorder, at scales larger than the

'For a model discrete in x, this is the case if (¢7!), < 0forx # x’.
Then u,, > 0if f,, > 0 and u,, > 0 at some initial time ;.
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FIG. 1. (Color online) Schematic plot of the instantaneous ve-
locity as a function of vt for different v. The area under the curve
is the avalanche size hence is constant as v — 0T. The quasistatic
avalanche positions w; are indicated.

Larkin length L., the interface is rough at all times, i.e., self-
affine (i,; — uy;)? ~ |x — x’|%, with the roughness exponent
¢ = Lqep of the depinning transition [91-93]. Because of the
mass term, the interface flattens for scales |x — x'| > L,,,
(Ut — Uyt )? ~ L,z,f with L,, ~ 1/m for local elasticity. We
are interested in the universality which arises in the small-m
limit, i.e., for L,, > L..

Itis also expected that on scales larger than the Larkin scale,
the motion is not smooth but proceeds by avalanches, i.e., the
system jumps from one rough metastable state to the next
one. Thanks to the Middleton theorem there is a well-defined
quasistatic limit, i.e., a function u,(w) such that for v = 0"
one has u,, = u,(w;) where w, = vt is the position of the
center of the quadratic well. The sequence of visited states is
unique. The quasistatic process u, (w) was defined in [94] and
studied numerically in [71,75] (see also [9] for an experimental
realization). Note that the process u,(w) is different from
u$™(w) defined in the statics [73] which describes shocks,
i.e., switches in the ground state.2 However, there are close
analogies, hence similarities in notations in this section and in
Ref. [73]. The quasistatic process jumps at a set of discrete
locations wy;, i.e.,

u(w) =Y Sib(w — wy). (14)

We also consider the motion of the center of mass of the
interface, denoted

U = L_d/uxt. (15)

For v = 0% (see Fig. 1), it converges to the quasistatic process
u; = u(w;,) for the center of mass, denoted

u(w) =L f up(w) =L Z S:0(w —w;).  (16)

2u8%(w) is the minimum-energy configuration for a given w. In
contrast, for a particle u(w) is the smallest root of the equation m?w =
F(u) — m®u and, similarly, for an interface u,(w) is the metastable
state with the smallest u, (w) for all x.
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Here S; is the size of the ith avalanche. In the statics, the
statistics of these shocks was studied in Ref. [73]. Here one
can also define their size density (per unit w) as

p(S) = poP(S) = ) 8(S = Sps(w —wy).  (17)

The probability distribution P(S) of the size is normalized to
unity. Since one can show that [81,94]

m*Tw — u(w)] = f.(m), (18)

the critical force at fixed m, it implies m ~ w, hence the
process follows the center of the well, although with a delay.
This shows that the total density py per unit w is related to the
average size as

19)

where here and below (f(S)) = de P(S)f(S) denotes the
(normalized) average of f(S). Note that the existence of a
short-scale cutoff (and a Larkin scale) guarantees that pg is
finite, although it may diverge if these cutoff scales go to zero.

As shown in [73] there is an exact relation between the
second moment of the avalanche-size distribution and the cusp
in the renormalized disorder correlator:

87 _ —a0n

2(8)  m* (20)

It defines the avalanche-size scale S,,, which behaves as S, ~
m~@+9 at small m. The definition of the renormalized disorder
correlator A(u) is recalled below and its salient property is
that it is nonanalytic, even if the bare disorder is smooth. This
relation holds in any dimension, for statics and quasistatics,
i.e., depinning [with, accordingly different values for A’(0)
and the roughness exponents]. The only assumption is that all
motion takes place in shocks or avalanches, as in (14), which
usually holds for small enough m [see [87] for a case where
the contribution from the smooth part of u(w) is calculated

explicitly].
The convergence to the quasistatics in the small-v limit
occurs on time scales t,, := dw/v where w ~ w;+; — w; is

the typical avalanche separation. t,, is called the waiting time
(until the next avalanche). On the other hand, the motion inside
an avalanche occurs on the so-called duration time scale

T~ L & Sw)/v, @21)

where z is the dynamical exponent at depinning. In this
paper we always assume v small enough so that the order
of scales is as given by Eq. (21), i.e., the avalanche duration
is much smaller than the waiting time between avalanches,
so that successive avalanches are well separated. In practice,
when L > L,, and at least for short-range (SR) elasticity, it
may be sufficient to ask that successive avalanches occurring
in the same region of space be well separated, i.e., that
(21) holds when dw is the typical separation of avalanches
in the same region of space. The condition (21) is equivalent
to the condition L,, < &,, where &, is the correlation length
near the depinning transition [43—45].
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C. Dynamical observables

Our aim is to obtain information about the dynamics in an
avalanche. For simplicity we will first consider the n-times
(instantaneous) velocity cumulants u,, ...u, for the center
of mass, and discuss space dependence later. The important
property about avalanches, and nonsmooth motion in general,
is that in the limit v — 0%

Uy -ty = Vf(t1, .. h) + O(?), (22)
Uy, -y, = Vf(t1,....t,) + O(?). (23)

This means that cumulants and moments are O(v), and have
the same leading time dependence. This is very different
from a smooth motion, for which they would be O(v"). Here
we are considering times much shorter that the waiting-time
scale dw/v, hence a single avalanche. The result (22) can
be understood as follows: The above cumulants are non-
negligible only when all times are inside the same avalanche.
When that occurs, the velocities are O(v°), with a magnitude
studied below. Let us suppose that the separation of the times
t; is of the order of T'. The above cumulants are thus dominated
by the probability that exactly one avalanche occurs in a time
interval of duration 7 (with T < Aw/v). This probability is
in terms of the total avalanche density pg:

Prob (one avalanche in [T /2,T/2]) = povT K 1. (24)

More precisely, one can establish the sum rule

L”d/ dty ...dtyu, ..., = povT(S") + O(v?),
[=T/2,T/2]
(25)

which is valid as long as povT < 1. It comes from the fact
that the total displacement L? [ dt i, during the avalanche i
is equal to its size,

S; = L4 / dt i, (26)

It is clear from the above that the difference between moments
and cumulants is at most of O(v?). The sum rule (24) thus
connects dynamical quantities to quasistatic ones. It provides
a valuable consistency check for our dynamical calculations.

D. Strategy

Let us now summarize our strategy. We will calculate the
velocity cumulants from perturbation theory in an expansion
in the disorder. Naively this expansion is in the bare disorder
Ao(ut). To lowest order the n-times cumulant (22) is O(Agfl)
and, as we will see below, is obtained from tree graphs
in the graphical representation of perturbation theory. For
each n, one-loop graphs only occur at the next order, i.e.,
O(Ajp), and so on for higher-loop graphs. Hence we start by
examining the perturbation theory at tree level in the next
section. We compute explicitly the lowest moments, and then
show that there exists a much more powerful method, based
on a simplified field theory, which allows to sum all tree
diagrams and compute directly the Laplace transform of the
joint probability distribution P (i, ...,u,) of the velocities
at n times.
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In practice it is in fact more accurate to work with
the renormalized disorder. We recall that the renormalized
disorder correlator A(u) is defined in the quasistatic theory
from the center-of-mass fluctuations as

m*lu(w) — wiu(w) — w'] = L™ Aw —w). 27)

The function A(u) depends on m, with A(u) = Ag(u) form —
oo. At small m it takes the universal scaling form

A(w) = ime—zf Amtw), (28)
L= / ; (29)
g @+ 17
It is given here for SR elasticity. The rescaled correlator A(w)

- m—0
converges to a (nonanalytic) fixed-point form A(w) ——

A*(w) = O(€). Here ¢ is the roughness exponent at depinning.
The rescaled correlator A(w) obeys, as a function of m, a FRG
flow equation which was obtained at the depinning transition,
together with its fixed points, to two loops in [41,48] and
checked in [71] where A(u) was measured from numerics.

Since it is the renormalized disorder, which is small, we
then reexpress the perturbative expressions of the velocity
cumulants in terms of A(w) directly. Thus we generate an
expansion in powers of € for these quantities. The leading
order is determined solely by tree graphs in the renormalized
disorder A (each cumulant being of order A”~!) and is valid
for d = d,. (to some extent it is also valid for d > d,., see
the discussion below). This leads to the tree-level result for
the velocity probabilities. Corrections to the tree-level result
are obtained in the next section by adding the contribution of
one-loop diagrams, i.e., the next order in A* = 0(e).

In the remainder of the paper we will switch to the comoving
frame, unless explicitly indicated. Hence we define for w = vt

Uy = VI + ﬁxta (30)
where ii,, satisfies the equation of motion
NOyityy = Viity + FI + iiy,x) — mity —nv. (31)

Below we will denote #i by u for simplicity.

E. Expected scaling forms for avalanche statistics
1. Size distribution

The size distribution is by now the best known one. Let us
first recall our previous results [72,73] for the avalanche-size
distribution in the small-m limit, i.e., S,, > Sy, where Sy is the
microscopic cutoff, and S, the scale of the large avalanches,
given by Eq. (20). For S > Sy, the size distribution P(S) takes
the form

(S)

- p(S/S)- (32)

Pge(S) = P(S) = S_

Depending on the dimension d, p(s) takes different forms: (i)
for d = dy,

s—3/2e—s/4; (33)

__ .tree _
p(s)=p (S)_zﬁ

PHYSICAL REVIEW E 88, 022106 (2013)

@ii) for d < d,
ps) = zj;sr exp<c¢§ - gs‘s) (34)

to first order in O(¢ = dy. —d), where A —1,B—1,C =
O(e) are given in [73]. The exponent 6§ = 1 + 11—2(6 -2+
O(€?) and the avalanche exponent

r=1-le—0)+ 0@ (35)

agree to first order in € with the Narayan-Fisher (NF)
conjecture [6,45], which relates the avalanche-size exponent
and the roughness exponent via

r=2- Y (36)

Here y =2 for SR elasticity, y =1 for long-range (LR)
elasticity,> and d,. = 2y. This conjecture agrees well with
numerics for d = 1,2,3 [72,75], both for the statics and
quasistatics (with the respective values for ¢), but it is not
known if it is exact (see the discussion in Sec. VIII-A of [73]).
It was proposed by NF for depinning only, but recently we
have found a general argument for the statics as well, based
on droplet considerations [87,88].

Here we will recover the above results, within a dynamical
calculation, to tree level in d = d,, and to one loop, O(¢), for
d < dyc.

2. Duration distribution

Assuming one can define unambiguously the duration 7
of an avalanche (see the discussion below in Sec. III G3) the
duration exponent « is defined through the small-7" behavior
of the duration distribution®:

1
Pduralion(T) = Ff(T/ TO)’ (37)

where T is a large-time cutoff, and f(0) a constant. This form
has been conjectured in various articles (see e.g. [6]). A simple
scaling argument relates « to T and z, the dynamical exponent.
One writes S ~ L9t and T ~ L%, hence S ~ T@+%/z Then

ds
Pduration(T) ~ Psize(S ~ T(d+{)/z)d_T ~T7* (38)

with
a=1+ w (39)
If we use in addition the NF conjecture (36) one obtains
=142 7 (40)

Z

arelation which was conjectured previously (see e.g. [6]). Itis
not known at present whether these conjectures are exact. The
methods of the present paper allow to determine Pgyration(7)-
Here we obtain it to tree level, and in [83] to one loop.

3The exponent y is often called y in the literature (see e.g. [7]).
“In Sec. IV the notation « is used for a different quantity [see
Eq. (299)].
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3. Velocity distribution

Here we obtain the distribution of velocities in an avalanche
in the form

1
Pu) ~ T 41

We will obtain @ = 1 at the mean-field level (tree theory), as
in the ABBM model, and a < 1 for d < d,. It turns out that
our result for the exponent a is not straightforward to derive
from scaling arguments. Hence it may be a new independent
exponent.

III. TREE-LEVEL THEORY

In this section we implement the program explained above
to lowest order, i.e., at tree level. Hence we construct the proper
mean-field theory for the interface. We will use systematically
the notation A for the disorder vertices and 7 for the friction.
Hence, if one substitutes Ay and 79 one gets the naive
perturbation result, i.e., genuine tree graphs. If one considers
A and 7 as the renormalized disorder correlator and friction,
one obtains the result using the so-called “improved action,”
i.e., the limit for d = d,. of the effective action (see Refs.
[73,74] for more details on these definitions). This amounts
to summing tree graphs plus those loop diagrams which
renormalize friction or disorder at d = d,.. Sometimes we will
denote A — A,, and n — 7, to remind that these quantities
are m dependent. In simple terms, the results expressed in
terms of A,, and 7, are numerically accurate at d = d,., with
the correct, and universal, dependence on m for small m.

It is useful to recall here the result of [73] for the generating
function and avalanche-size distribution at tree level,

(e —1)

Zs()\‘) = T, (42)

1
Zgree()\) — K(l — m) 43)

We have added the subscript S to distinguish from the notation
for the dynamical generating functions introduced below; let us
also note that we use indistinguishably the three suffixes “tree,”
“ME” and “0” to indicate tree, i.e., mean-field quantities.
Equation (43) holds both for the statics and quasistatics, and
will be recovered below in the dynamical approach.

A. Calculation of moments

The equation of motion (31) in the comoving frame can
also be written as

s = / Ruve [FOot + tynx) —qvl,  (44)
x't

where

— -1
Ry xv = Ry p—v = (nat&t’ + gxxl/&ﬂ)

xt,xt’

(45)

is the bare response function with R,; = fq €'%* R, In Fourier
space it reads as

1 .
Ry = ;e(t)e—@”m o, (46)

PHYSICAL REVIEW E 88, 022106 (2013)

1. First moment

We start with the first moment, which defines the critical
force f. = f.(m,v). Taking the disorder average of (44) we
have

m*iy = fo =1, (47)
fe:=FQt +uy,x). (48)
This yields the exact equation
=T = [ Rl ') = £, 49)
iy

from which we now compute the cumulants to leading order
in perturbation theory.

2. Second moment

To lowest order in A one finds from Eq. (49) that
uX]tl ulezc = / Rxl—x’,tl—t’sz—x’.tz—t”A(U(t/ - t”))' (50)
e

From this we obtain the cumulant of the center-of-mass
velocity

O —C
U Uy,

- 1
=L ”la,,atzF

"12 1712
PN P
X / e T TR A (y(sy — 57))
51 <t1,52<ty

2
v _m? ,
- _Lid_/ e T OTRN (u(ty — 1 — 7 + ).
71>0,7,>0

772
(51

Let us now consider the limit of v — 0T, and assume that
A(u) has a cusp, i.e.,

A"(u) = 2A(0M)8(u) + A”(0) + O(Jul). (52)
Then we find that
l;izll;ttzc — —2L_dA/(O+)%/ e—%(Zrl—tl-Hz)
n 71>0

Uz m2
— L™= A"(0) e~ T 4 0.
n

71>0,7>0
(53)
Hence we obtain
I)l2
ﬂtlutz = —LidA/(OJr)%e*T\fz*tl\
m=n
)
- lidA”(O)—4 + 0@?). (54)
m

Note that the cusp is crucial to get nonsmooth, avalanche
motion: Since i = v, the term of order v in the above equation
is possible only since the manifold moves with velocity i of
order one (i.e., independent of v) for a time of order 1/v. In
the absence of a cusp, # ~ v, and the second cumulant of the
velocity is O(v?) indicating a smooth motion. To this order,
the typical time scale t,, of an avalanche is read off from the
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exponential in the first line of Eq. (54) as

n
Ty = —- (55)
m
In the improved action, n will be renormalized to n = n,,, as
is discussed below.
Using that the size of an avalanche is S = L4 ft i;, We can

now integrate over the time difference to obtain

[ee) 10+
pov(S?) = L2d/ A0 ).

4
S m

dtigu;” = —2vL4 (56)
Using Eq. (19), i.e., pg = L4/ (S), this exact relation agrees
with the general sum rule for n = 2, provided Eq. (20) holds.
This is indeed an exact relation obtained both in the statics
and in the quasistatic limit in [73,82]; it relates the cusp to the
second moment of the avalanche-size distribution.

In order to simplify the notations for the calculation of
higher cumulants, we now switch to dimensionless units. They
amount to replacing

x—>x/m, L—L/m, t—tt,, v—>v/T, 67

and A'(0") = m*~4A’(0"). In effect this is equivalent to
setting n = m? = 1.

We now reproduce the above result, introducing a graphical
representation which will be useful for the calculation of the
higher cumulants. Let us consider Eq. (50) integrated over
space and rewrite it graphically as

t1 to
LYt ug,C = T T .

Sil 52 (58)
Here the dashed line represents the disorder vertex A which
is bilocal in time and the full lines are response functions
(46), here taken at zero momentum g = 0. (For details on this
standard graphical representation see e.g. [48].) The second
velocity cumulant thus reads as

t1 to
L, = O, O T j L (59)

1

Hence the time derivatives act on the external legs. We now
use the fact that the response function depends only on the
time difference, i.e.,

afl R(Istl_sl = _851 Rq,ll—sw (60)

where here and below we denote R; := R,—o; = 6(t)e”’
in our dimensionless units. Hence, by partial integration,
we can move both time derivatives to act on the disorder
vertex as dy,d5, which produces the term —vA”(v(s; — $2))
as in Eq. (53). To lowest order in v this can be replaced
by —2vA’(0%)8(s; — 52), hence the two internal times are
identified. This can be represented as

- 1
L%y g, = —20A' (0

t, Uty ( ) \1/
= —21}A/(0+)/

s1<min(t1,t2)
= —vA/(0F) e~ tal

2

e—(251 —t1—t2)

(61)

recovering the above result (54) to lowest order in v.
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3. Third moment

We are now ready to compute the third cumulant. Here and
below we label external times by #; and internal times by s;
(black dots). To lowest order in the disorder, one finds from
Eq. (49)

I 2 3
L2 gy, = Oy, 04,y O, [6 Sym ﬁ % 777777777 h ]7
I S 2

where Sym denotes symmetrization w.r.t. the external times ;.
Hence one has

1 2 3
L, iy, = 6 Sym 0y, 0,0, T % 777777777 b
l@--------

The first thing one could do is to perform the 9;, derivative,
using partial integrations

/ al‘3 Rl3—S4A/(s3 - S4)

sy

=—/%&mmm—m=/&ﬂAAM—w

54 S4

— 2A(0) / Ris_s,8(s3 — 54). (64)

Note that we have safely replaced A’(v(s3 — s4)) by A'(s3 —
s4) since we anticipate that to lowest order we will need
only A’(u) = A'(0M)sgn(u) + O(u). Note that there is no
boundary term if time integrals are performed from [—00,00]
and the theta function is included in R. By this procedure, the
term A(s3 — s4) will have exactly two derivatives. However,
to be able to proceed further, it is better to consider 9,,9;,
simultaneously, while symmetrizing at the same time leading
instead to (passing always one external derivative onto each
disorder vertex-end)

2 3 2 3
%&2@3 [ 3% 777777777 L O %3 ]

=~ (0") [ (BBt — ) R(ts — 55 — 52
+ R(tz — 54)01, R(ts — 53)6(s3 — s4)]

= —A'(07) (0w, + Or,) [R(t2 — s3)R(ts — 53)]

= A'(07)ds, [R(t2 — s3)R(ts — s3)]. (65)

Integration by part w.r.t. s3 is then possible, and together with
taking 9, on the left branch and using time translational
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invariance of Ry,_;, and R, _, respectively leads to two
derivatives on the lower vertex A(s; — s7).

In summary, we find that the surplus external derivatives
can always be passed down in the tree, so that at the end each
vertex receives exactly two derivatives. This means that we
can rewrite (63) as

1 2 3
L%y g, i1y, = 60A’'(07)? Sym / / \>2/
S1 S2 1

(66)

where the points are intermediate times and the arrows
standard response functions. We now have to compute this
new diagram, with the huge simplification that vertices are
now local in time and which apart from the vertices contains
only response functions. We also note that the single v factor
comes from the lower vertex: This can be interpreted as the
point in space and time, where an avalanche is triggered with
rate v.

Let us now complete the integration over internal times. To
this aim, let us fix the smallest internal time s, and integrate
over s3:

/ W *Rtlf‘sl th SthB, 32R32 S1

_Rtl—sl[ [max(ta,ts)—s1] —e —(ta—s1)—(tz— 51)]

xO(s1 < min(ts,t3)) . (67)
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Integrating once more gives

[ =

2 min(t1,ta,t3)—t1 —max(t2,t3)

_ 163 min(ty,to,ts)—t1—ta—ts
3
(68)
Finally, after symmetrization it simplifies into

6 Sym / \>/
51,82 (69)

mln tl ta, t3 —max tl ta, tg

Hence, assuming that the external times are ordered as
1| < 1, < t3 we obtain our final result for the third velocity
cumulant as

LG iy, = 20A'(0F)%e ™5
— 2UA’(0+)2€*(IM*I2I+I11*I3I+Ilrtsl)/2_ (70)
Note that the final expression is simple, while the starting one

was quite nontrivial.
We can now check that the sum rule (25) is satisfied. Indeed

()

v——

S de/ / g it = 120A/(0%)? el
0=t <h<t3
= 12vA (0+) 71)

recovering the result of [73], and which can be obtained by
expanding (43) for the third moment of the avalanche-size
distribution.

4. Fourth moment

The higher moments can be computed using the same method, as the same simplifying features can be generalized. The result
for the fourth cumulant is, supposing the times are ordered as t; < t, < t3 < f4,

L3 gy g, g, )
= —240A'(0")? Sym

(73)

= ’U|A,(O+)| [46t1 2 + 9et1tt2—ts— t4]

The sum rule gives
<S4> __73d —_— L3
v s) =1L U Uptntty, = 1200 A"(07)]7, (74)
1,13,14

which coincides with the result for the fourth moment of Eq. (43).

022106-9



PIERRE LE DOUSSAL AND KAY JORG WIESE

PHYSICAL REVIEW E 88, 022106 (2013)

5. Fifth moment

Finally, we give the fifth moment

Ad——— 7
L Uty Uty Ut Uty Uty

= vA'(07)*5! Sym |8

_ ’UA/(O+)4[86tl_t4 + 46t1+t2—t3—t5 4 86t1+t2—t4—t5 + 4€t1+t3—t4—t5]. (75)
[
We check that For completeness we wrote it for arbitrary driving f,; = (m? —
(5% V2)w,,, however, we will mostly specialize to uniform driving,
4d o —— | e\ L . , 2 . : :
UE =L U Uttty = 5! X 140A°(07) i.e., Wy = v, fy; = m?v, in which case the last term is zero.
1,13,14,15

(76)

coincides with the result for the fifth moment of (43).

The above results suggest that there is an underlying
simplification at the level of tree diagrams of the original field
theory, which is nonlocal in time, into a field theory which is
local in time. We now show how the latter arises.

B. Generating function and instanton equation: Simplified
(tree) field theory

Since here we want to study the temporal and spatial
statistics of the instantaneous velocity field, we define the
following generating functional of a (possibly space- and
time-dependent) source field A,,:

G[M] := el Pavtitan) 7

We remind that we are working in the comoving frame,
i.e., v 4 u,, is the velocity of the manifold in the laboratory
frame. The functional G[A] encodes all possible information.
In particular, all moments can be recovered by differentiation
w.r.t. the source. In this article we focus on the small-driving-
velocity limit. In view of the results of the previous sections,
it will be sufficient to compute the generating function

Z[A] == L™3,G[A]]y=o-, (78)

which contains the leading O(v) dependence of all moments
in the limit of small velocity v = 0.

It turns out that, within the tree-level theory, it is possible to
compute these generating functions and obtain all cumulants
at once, as well as the velocity distribution. We now show how
this simplification occurs.

We start not from the equation of motion (1), but from its
time derivative in the comoving frame’

(na, — Vf + mz)b'tx, = 8 F(vt + 1y, %) + frr —m>v.
(79)

SBelow, when indicated, we will alternatively use this equation in
the laboratory frame, which amounts to setting v = 0 in Eq. (79).

We denote indifferently time derivatives by # or d,u, and for
now we use the original (microscopic) units. Again, one has
to setn — no, A — Ay for a derivation starting from the bare
model, or the renormalized parameters if one deals with the
improved action.

We now average over disorder (and initial conditions) using
the MSR dynamical action S associated to the equation of
motion (79):

S = 8 + Sais, (80)
S = f bt (08 — V2 + m)iyg, (81)
xt
1
Sais = ——/ ﬁxtﬁxﬂatat’A(v([_t/) + g —uyy). (82)
xtt’

Note that this is the dynamical action associated to the velocity
theory, i.e., in terms of i, and u,, to be distinguished from
the one usually considered, associated to the position theory,
in terms of i, and u,,, to be discussed below.

The generating function (77) can then be written as

G[A] = f D[u)Dli)e”*, (83)

S =8— / har (0 + i), (84)
xt

with G[0] =1 and Z[0] = 0, since the dynamical partition
function is normalized to unity. We can rewrite for the time
derivatives appearing in Eq. (82)

00y At — 1) 4y — uyy)
=@+ uxt)at’A/(U(t - f/) + Uy — Uyyr)
=+ ﬂx,)A/(0+)8,rSgn(t —t)+.... (85)

Here we have used that sgn(v(t — t') + u,; — ) = sgn(t —
t'), i.e., the motion for v > 0 is monotonously forward, as
guaranteed by the Middleton theorem [68]. The neglected
terms in Eq. (85) are higher derivatives of A(u)|,—o+. As we
discuss below at length, they contribute only to O (e = 4 — d)
to Z[A], hence they can be neglected at tree level. This is
consistent with our findings in the previous section that only
A(0") appears at tree level. Hence we can rewrite the disorder
part Sy;s of the dynamical action, which is a priori nonlocal in
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time, as Sgis = Sge. + . . ., where
S = A0 / fixplL (0 + 1) (86)
Xt

is an action local in time. Furthermore we recognize the cubic
vertex which generates the simple graphs obtained in the
previous sections by a systematic perturbation expansion. The
action

St = Sy + Stpee (87)

is the so-called tree-level, or mean-field, action. Note that if we
use the improved action, it then includes the loop corrections to
n and A, and yields the correct result for d = d,. = 4, making
the dependence in m explicit as n — n,, and A — A,, (see
the discussion below and in Ref. [73]). Note that due to the
STS symmetry mentioned above, m?, the elastic coefficient in
front of V2u,,, and v are not corrected.
We can now study algebraically the tree approximation

Z"°[A] = L™9,G"*[A]]y=o+, (88)

G"¢[A] = / Dli]Dlile 5", (89)

Syree = 8" — / (0 + ). (90)
t

Note that the highly nonlinear action (81), (82) has been
reduced to a much simpler cubic theory. Cubic theories among
others describe branching processes, such as the Reggeon
field theory [95] for directed percolation. The present theory
however is simpler, and can be reduced to a nonlinear equation
as we now explain.

Remarkably, considering (88), one notices that u,, appears
in S} only linearly, i.e., in the form [ i, Oy, [ii,A]. It can
thus be integrated out, leading to a §-function constraint®
sz 8(Oy,[i,A]). Hence in the tree-level theory the field i,, is
not fluctuating, but given by the nonlinear equation

(nd + VI —m?)iiy, — NNl + Ay =0. (91

This equation is the saddle-point equation w.r.t. & of S;"*° in
presence of a source, and is satisfied exactly. We also call it the
instanton equation. We denote ii*, the solution of this equation
for a given source field A,, with #*=% = 0. After integration
over u,;, we thus obtain from Eqgs. (87) to (90)

G[A] = VL2, 92)

200 = 17 [ [ - 807

= —L‘d/ (nd, + Vi —m?)itk, = mzL_d/ ii,.
xt xt
(93)

Here we have used the saddle-point equation (91) and, in the
last equality, assumed that i#*, (resp. V,ii*) vanishes at large ¢
(resp. x). This is ensured if the source vanishes at infinity which

®Equivalently one can view i, as a response field associated to the
equation O,,[i,A] = 0.
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we assume in the following. Note that since Z[A] is indepen-
dent of the velocity, Eq. (92) gives the full dependence at finite
v, a fact which is exploited and studied in detail in Ref. [84].

In summary we find that the calculation of Z[A], i.e., of
all cumulants of the velocity field, is equivalent to solving the
nonlinear equation (91). The solution i*, can be constructed
perturbatively in an expansion in powers of the source A,,. To
lowest order

ﬁ;’z’ = / Ayt Rerxv + 0(12), 94)
X1

where R, is the usual bare response function (45).
Integrating Eq. (99) or (94), one finds

Zoh)=L" / Aer + O(A2), (95)

which is consistent with iz, = 0 (v is uncorrected). Pursuing to
O(A?) and higher orders, one recovers the velocity cumulants
obtained in the previous sections, and in addition obtains their
full spatial dependence. Instead of working perturbatively, we
obtain and analyze in the next subsection the (joint) probability
distributions of the velocity at one (and several) times, focusing
on the simplest observable, the center-of-mass velocity ;.

Let us note that the simplified (tree) theory defined above
does not contain all tree graphs. There are other tree graphs
involving A”(0) and higher derivatives, as e.g. the following
configurations of order v?:

While they are similar to those in Eq. (58), different classes of
trees appear starting at the fourth moment, as e.g.

1 2 3 4
T ,,,,,,,,,,,,,,,,,,,,,,,,, T : 97)

These diagrams are characterized by the fact that they have
two (or more) roots (lowest vertices), and are of order v> (or
higher). The full tree theory is studied in Sec. V and can
be reduced to two nonlinear saddle-point equations. However
since these additional tree graphs lead to contributions which
are of higher order in v, to study a single avalanche in the
small-v limit, they are not needed.

Finally, itis important to stress that the above simplified tree
theory corresponds to the problem of an elastic manifold in a
random-force landscape made out of uncorrelated Brownian
motions, for which it is exact for monotonous driving. This is
the BFM, discussed in Sec. III G.

C. Joint probability distributions for the center-of-mass velocity

To analyze the results, it is convenient to use dimensionless
equations, hence replacing x — x/m and t — t,,¢t. In mean
field 7,, = n/m>, A — AT /Sm, lixy — Gy /(m2S,,), and v —
VU, where v,, = S,,m¢/t,,, L — L/m. We start by using
these units and, whenever indicated, switch back to dimension-
full units in discussing the final results. We also keep the factor
of L¢ in the beginning, but later on we find it convenient
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to suppress it. That amounts to a further change of units as
v — v, with 7,, = (mL)™?v,, whenever indicated below.

1. One-time center-of-mass velocity distribution

The center-of-mass velocity distribution is obtained by
choosing a uniform Ay, = A,. The one-time probability is
obtained from the inverse Laplace transform of Z(A), choosing
A = AS(1):

Z(A) = L9 eL vt .. (98)

Here 1 = i,_¢, and the tilde on Z(}) reminds us that we use
dimensionless units. The saddle-point equation (91) admits a
spatially uniform solution i, = i,, thus we need to solve

(8 — Vi, + ii? = —18(1). (99)

The boundary condition is i, — 0 at t = 00, leading to
i, = ———————6(—1). 100
i = i e (100)

This gives the generating function

Z0) = /,z, = —In(1 —1). (101)
t

We now want to infer from this the one-time velocity
distribution in an avalanche. Before doing so, let us restore
dimension-full units. We assume that in the limit v = 07 there
are times when the velocity is exactly zero, i.e., v+ u =
0 (since we use the co-moving frame) and times (when
an avalanche is proceeding) when the velocity is nonzero.
This picture is confirmed by results below.” Hence the one-
time velocity probability (at say time ¢t = () must take the
form

P@) = (1— pa)d(v+u)+ p,Pu). (102)

Here p, is the probability that r = 0 belongs to an avalanche,
and P(u) is the conditional probability of velocity, given that
t = 0 belongs to an avalanche. Both P and P are normalized
to unity. One notes the two (always) exact relations (u)p = 0
and p, (v 4+ u)p = v. It is easy to see that

Pa = pov(T). (103)

The mean duration of an avalanche is (7) = NL >, T where
N, is the total number of avalanches and 7; the duration of the
ith avalanche.® Now from Eq. (102) one has

LAt — | 4 pa/du PG 0 — 1), (104)

"This gives the universal regime for 1 >> vy. For velocities smaller
than the cutoff vy, one expects a dependence on the details of the
dynamics.

8Note that we are implicitly working to lowest order in v, at small
v. Hence the fact that p, increases linearly with v, while () remains
constant, does not conflict with the requirement that p, < 1 since we
study here the regime of small p,. At larger v, avalanches will merge,
and formula (103) ceases to be valid.
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Taking a derivative w.r.t. v, one obtains to leading order in
v=0%

Z() = Zm 4,0

m—4vy,,
= L_dpo(t)/du PGy ™ —1).  (105)
The identity

- CdX
Z(k):—ln(l—k):/ ~e e =1 (106)
0

allows to perform the inverse Laplace transform® of Eq. (101).
We thus obtain, in the slow-driving limit, the distribution of
the instantaneous velocity of the center of mass for vy < u
(where vy is a small-velocity cutoff) as

Pu) ! “ ) Lo (107)
uw=——->pl—1», =-e .
)00<T>ﬁy2n P U P X
We have defined 9,, = (mL) %v,, = L™9S,,/7,,. This agrees
with the above exact relation which becomes po(t){u)p = 1
in the limit of v = 0. One notes that the distribution of small
velocities diverges with a nonintegrable 1/u weight. Since
P(u) should be normalized to unity, the ensuing logarithmic
divergence requires a small-velocity cutoff vy. This leads to
the additional relation

U
10()<T>ﬁm ~ In <_> .

Vo

(108)

Hence we already anticipate that the average avalanche
duration will exhibit a logarithmic dependence on the small-
scale cutoff, as confirmed below. Let us note that the rescaled
function p(x) is not a bona-fide probability, rather it is
normalized such that f dxX p(X) = 1. Finally let us comment
on the typical scale of the center-of-mass velocity ¥,,. Since
it; = L™ [ i1y, we find that the scaling variable X entering
p(X) is the ratio of the instantaneous increase in the total area
swept by the interface, fx iy, divided by its typical value
Sy /T (hence it does not contain the factor of L~9).

Let us indicate here for completeness the one-time instanton
solution in dimension-full units, as well as the generating
function:

i = mz—&na;’im‘W(z/rm,xsm/rm), (109)

GO = VLY [dtii, _ ev;’T"’L"Z()LSm/r,,,).

(110)

We recall that (107), and all formulas concerning the center-of-
mass velocity distribution, assume that the driving velocity v is
small enough at fixed L so that only a single avalanche occurs,
Pa < 1; hence v scales as ~ L4 If L goes to infinity first, at
fixed small v, multiple avalanches occur along the interface.
For small enough v they occur at far away locations (distances
> 1/m) and are statistically independent. In that case the
center-of-mass velocity distribution can be computed from
convolutions of the distribution (107). It tends to a Gaussian

In practice one performs the Laplace inversion on Z’(1) which
yields #P(u), thus has no singularity at # = 0.
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FIG. 2. (Color online) Solution i, of the instanton equation (99)
as a function of ¢ for a source A(t) = A18(t — 1) + A8(¢t — 1r),
with £, =0, and t, = —1 < #;. The function ii, has the following
properties: (i) It has the form ii(r) = fl on any interval where the
source A(t) vanishes. (ii) It is zero for for ¢ > #; by causality. (ii) It
jumps by Ay (here —0.5) at t = #; and by X, (here —0.155) att = t,.

distribution for large L and fixed v. The present results thus
describe mesoscopic fluctuations.

2. Exact result for the p-time generating function

We now obtain the generating function for the p-time

distribution of the center-of-mass velocity,
Zp(M, .o hy) = L7909t Rmklorin)| o (111)

by solving Eq. (99) in presence of the source A, =

f;l Aj6(t —tj). In this subsection we order the times
as t,1 ] = —00 <1, <...<tI, although in the following
subsections we will choose the opposite order.

The solution reads as (see Fig. 2)

P Oty <t < tj)ul
Z (112)
(1- iy )e'i Tt + i,
J=1 j
with,) = —00 < 1), <... <t il = Aj + i, and i =
0. Integration of (112) leads to Z,, := Z, (A1, ... ,k,) with
5 p
Zp== In(l = zjs1i,). (113)
j=1
We used the definition
zij=zij=1—e il (114)

hence in this section z;; = 1 — ¢"~% with i > j. To generate
Z, one can construct a recursion relation for the argument of
the logarithm. From the above, one finds

M = AT + BT, (115)
Zj42,j
Aj =20 i i, (116)
Zj+1,j
B, =1— 2] (117)
Zj+l,j
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with ITp = 1 and IT; = 1 — z5; A4, so that

Zy=—InI,[ (118)
here t, is set to —oo. This leads to
—In(l — A1 — A2 4+ A122221), (119)

Z3=—1I1(1—)»1—)\.2—)\.3

+ Z Aikjzij — A )»2)L3Z32221> . (120)

i>j
By inspection of the higher-order results, we arrive at the
following conjecture forz, < ... < f;:

Z,,:—ln 1—Xp:)»,+2p: Z

i=1 q=2 1<ij<iz<...<ig<p

(=2i;)Ziriy Zigiy - - - Tigig (121)

—-

1

J

Note that this expression corrects a misprint in an earlier
version of the result Eq. (17) in [82]. This can also be
written as

p—1
Z,=—In (1 —~ Z(—l)ktr(NMk))
k=0
=—In(1—u(N1+ M), (122)
Mij = A;z;j0@ > ), (123)
Nij =4 (124)

The functions Z p» Possess an interesting factorization property,
which we demonstrate on the simplest example Z3: Suppose
that we cho.ose )Lz. = —m, then one finds
that i, = O in the interval 13 < t < f,. This leads to

Z (R S| Y
T (=ADetT 24

— 4 =
)

= Z(A3)Z(11,A2), (125)

which we have checked explicitly. It implies that the observ-
able e*2n M1t for this particular relation between A, and A, is
strictly statistically independent from the velocity at any time
in its past. It would be interesting to investigate further the
consequences of this property.

3. Two-time probability

Here we consider the joint velocity distributions at two
times, and choose #; < f, (from now one we choose the
notations of times in the more natural order #; < #;1;). We
expect that in the limit v — 0% the two-time probability takes
the form (with u; := u,,)

P(iy,uz) = (1 —q1 — q2 — q12)8(v + u1)d(v + uz)
+ @28V + 1) Pa(ut2) + 2Py, u2)

+q18(v + )P (). (126)
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@)

(ii)

(iii) (iv)

FIG. 3. (Color online) The four cases in Eq. (126): both times outside the avalanche (i), only 7, inside the avalanche (ii), both times inside

the avalanche (iii), only #, inside the avalanche (iv).

The four terms, in the order of their appearance, are plotted on
Fig. 3. The expression ¢, = vgq, is the probability that both
t; and £, belong to an avalanche [case (iii) of Fig. 3]. In the
small-v limit we are studying here, it must then be the same
avalanche, and gj, must be proportional to v. The quantity
P(uy,u,) is the normalized velocity distribution, conditioned
to that event. g; = vq; (resp. ¢ = vg;) are the probabilities
that #; (resp. #;) belongs to an avalanche but not #, (resp.
t1), and Pi(it) [resp. Pa(u;)] the distribution conditioned
to that event [cases (ii) and (iv) of Fig. 3]. The first term
in the decomposition (126) ensures that the probability is
correctly normalized. Integrating over u,, one recovers the
single-time distribution; hence comparing with Eq. (102) we
have

Pa =q1 +q12 = q2 + q12, (127)

PPy = i Piin) + i / diyPlinin),  (128)

and similarly for u;. Hence, g; = ¢». From the definition (111)
of Z, = Z>(A1,A2) and Eq. (126) we now have

Zy = dperrvtintialvtin) 1|, o

= q| fduml(mxw”l -1
+ ¢, f diyPy(iin) (™™ — 1)

""112/d"'tléﬁlzp(b'tl,L.tz)(ek”“ﬂzi‘2 —-1). (129

We remind that here and below (until stated otherwise) we
have suppressed all factors of L¢. The latter are restored below,
when going to the result in dimension-full units.'® Note that
the symmetry of Z(A,A;) in its arguments further implies
that P;(u) = P,(u) and that P(i,115) is also a symmetric
function of its arguments. Hence there is no way to tell the
arrow of time from the velocity distribution of the center of
mass at the mean-field level. Below we will however show that
an asymmetry in time arises for finite Fourier modes, or local
velocities, already at the mean-field level. As a consequence,
it will also arise for the center of mass at one-loop order [83],
i.e., ford < dy.

Taking now one derivative w.r.t. A; of (129), one obtains
from the formula (119) for Z, via Laplace inversion the

10Units of the center-of-mass velocity are then ©,, which does contain
the factor L~ (see the remark at the beginning of Sec. III C).

combination

i [qyPi(1)8(i2) + g1, Py, 1i2)]
=LT, L, 9, Zo(h1,42) 3>,
_ 1+ 822
SITM] 451 4 5y + 51502

_ig(+sp)

=LT.' e " .

Sp—> 1y

(130)

We denote 7 :=z;p = 1 — e~ 2711l We now use the general
result

LT 75 = eds(u) + ﬁll(Z«/au)ed_b” (131)
u

with d = —ity/z, a =1u,(1 —z)/z%, b=1/z, and I, the
Bessel-/ function. This yields the smooth part, in dimension-
less units, as g1, P(1,u2) = p(iy,i) with

iy it 1— 1 —
Pl iig) = e Y2 11<2¢u1u2‘ Z). (132)
/U1y Z

In dimension-full units

o 1 i i
4P ii2) = = p2 (v—lv—2> : (133)
z=1—¢ l2m0l/tn, (134)

Since P(u1,u,) is normalized to unity, integrating Eq. (133)
over both variables, one obtains the probability that both #; and
1, belong to an avalanche,
v
qi2 = vqj, = — In(1/2). (135)
Um
For consistency we can check that the combination which

involves only ¢, P(it1,1>) leads to a relation (in dimensionless
units)

8U(el|(v+lll) _ 1)(EA2(U+I,'42) _ 1)‘
v=0"

= ZZ()\'IV)\'Z) — Z]()L]) - Zl()"Z)
_ (1 — —/\2+Z/\1)»2)
- (I =211 = 2p)

= /dulduzp(ul,uz)(ewl — DM = 1),  (136)

which is indeed satisfied by the function (132).
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The §-function piece in (131) allows to obtain ¢5P,(1t2) in
(130) (in dimension-full units) as

. 1, (u 1 _
g\ Pi(iy) = ﬁ—zpl(ﬁ—>, pi(x) = < X/z

m m

(137)

Normalization leads to ¢; = (v/0,,) In(z¥,,/vo), in agreement
with the results (135), (103), (108), and the sum rule (127).
Note that (137) can be obtained directly from Laplace inversion
(in dimensionless units) of limy,, E)MZQ =z/(1 —z\y)
since that limit selects!! the 8(ii») piece in (130); equivalently,
the first terms in (129) are

q;/duml(ul)(ewl —1)=—1In(1—zA). (138)

Finally (128) follows from the trivial identity Z,(A;,0) =
Zy(A1).

4. Avalanche duration

The distribution of avalanche durations can be obtained by
several methods. Let us recall that avalanche durations are well
defined as time intervals where the velocity is strictly positive.
Consider then the probability that there exists an avalanche
starting in [#1,#; + dt,] and ending in [#,,#; 4+ dt;]. On the one
hand, this is equal to

t t
P(t1,12)dt) dty = pov Pagration(T = 1z — 11)dT d( ‘ ; 2) ,
(139)

where Pgyration(T) 18 the probability distribution of avalanche
durations. On the other hand it also equals

—dt; dt; 9;,0,,q12, (140)

where g1, computed above is the probability that #; and #,
belong to the same avalanche. From Eqgs. (135) and (114) we
obtain the distribution of durations as

d-2

pduralion(f) = B s
Z

(141)

where we recall z = z5; = 1 — e 12711 and in dimension-full
units

1 e~/
Pauration(T) = ,Ooﬁmfy%, a1- e—f/rm)z
1 1

= . 142
PoUnT2 4sinh* (52) (142)
This probability distribution has a power-law divergence for
small durations T < T,
1

Pduration(f) i =
POVm T

(143)

Recall that the Laplace transform f(A)= LT, _,_, f@) =
[diie f(i) satisfies (i) f(h) =1 for f(i)=8Gb), (i) f(A)—
f(0)=—In(1 —2) for f@@)= <", and (i) f(1)= = <‘;;L>, for
f@) = u%e~", o > —1.Second, the behavior of f (i) atu near zero is
related to the behavior at A — —o0 of f (A): if the limit of A — —o0
in f(k) exists, and is nonvanishing, it picks out the term ~ &(it). The
term f(0") is extracted, in the same limit, from the term ~ 1/(—2)
in a large-\ expansion.
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i.e., there are many short avalanches. We assume a microscopic
cutoff time 7. The mean duration exhibits a divergence, i.e.,

1 ( T )
— In ,
LoVm To

as a function of 7. However, higher moments are well defined
(i.e., independent of short scales). The expression (144) is
in good agreement with our previous result (108) if one
assumes ln(%(’;) R ln(’r—’g).

There are several other ways to obtain the duration
distribution. First one notes that performing the limit
lim,,, _~ 0;, constrains the avalanche to end at #,, and
similarly —1lim;,_,_, d;, constrains it to start at #;. Hence,
in dimensionless units one recovers

lim  —d,0,7Z,

A Ap—>—00

(r) = (144)

= Pduration(f2 — 11). (145)

It also yields another method to obtain ¢{, from (140), writing

qi2 = / dsl/ dsZpdurdtlon(S2 - Sl)
lim  [Zo(A1,A2,11 — 1) — Z2(A1,42,00)]

)»1 Az—) o0

= —In(2), (146)

inserting Eq. (145) (second line) and Z, from Eq. (119), in
agreement with Eq. (135) in dimensionless units.

Another way to obtain the duration is as follows: We note
that when the avalanche starts and ends, the velocity must
vanish. Hence the duration distribution can be recovered from
P(0",0™) which should be proportional to the probability that
an avalanche starts at #; and ends at ,. We can indeed check
on our result (132), (133) that

‘ZIZP(OJr 0+) ﬁzm Pduratlon(f =10 — tl) (147)

m
hence this is true, up to a normalization. We note that this
term can also be obtained as the coefficient of 1/(A;1,) in an
expansion of Z, at large (negative) A;.

To study the temporal avalanche statistics, it turns out to
be more efficient to use two properties simultaneously: (i)
i; = 0 outside the avalanche, an event whose probability can
be selected by taking the limit A; — —o0; (ii) taking a 0,
on the generating function multiplies by #,,, hence is nonzero
only if #; belongs to the avalanche. Using these properties
we will now show how to generate the p-times distribution
of velocities inside an avalanche conditioned to start and end
at some given times. In particular, we recover the duration
distribution, from the normalization, and we compute shape
functions, which are of high interest in view of experiments.

5. One-time velocity distribution at fixed duration and mean
avalanche shape

We start with the information contained in the joint three-
time distribution, which can be obtained from Z3 in (119).
Choosing again t; < t; < t3, and generalizing the form (126),
we expect that the joint distribution contains a piece

V132 P13.2(2)8(1i1)8(i3),

where vq; , is the probability that #; and 73 do not belong
to an avalanche while #, does, and P;3,(it2) is the velocity

(148)
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distribution conditioned to this event. From the above remarks,
to obtain this piece we need to inverse-Laplace transform

~ 1
li 0,723 = 14
oom ,23 = 3 o (149)
731 1 1
b= =—+—-1L (150)
221232 221 232
Hence we find in dimensionless units
. |
d132P132(i) = ——e b, (151)
2

Integration over u,, in presence of a small-velocity cutoff vy,
leads to

q13, = — Inbuy. (152)

Taking two time derivatives we recover the duration distribu-
tion

b2
using that 9, d,,b = 0. We also find the distribution of the

velocity at #, conditioned s.t. the avalanche starts at #; and
ends at 73,

_8t| 8[3‘]{372 = - = Pduration(f =18 — tl)a (153)

— 01, 01,[q13 ,P13.2(112)]
Pauration(T =13 — 11)
_ —000,1q13,P132(2)]
N —0y, 8t_&]i3,2 .

Pit]13) =

(154)

This leads to
P(ii2]13) = ipb?e ™. (155)

From this one obtains the shape function
(u2)13 1= / dusiiy P(uz|13) =

_ 4sinh (i) sinh (E(l — f))
- sinh (=)

TSN

(156)

for a fixed avalanche duration t =3 —¢;, denoting ¢ =
t» — t;. We have restored all units in the last line. This form
interpolates from a parabola for small 7 < 7, to a flat shape
for the longest avalanches (see Fig. 4). The result holds for
an interface at or above its upper critical dimension, which
previously was used [38] on the basis of the ABBM model.

‘ ‘ -
0.2 0.4 0.6 0.8 10T

FIG. 4. (Color online) “Pulse shape”: The normalized velocity at
time ¢ in an avalanche of duration 7 for T < t,, (lower curve) to
T > 1, (upper curve).
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An alternative approach is to obtain p3(07",it5,0") from
Z3(M1,%2,13). As discussed above, one needs to extract the
coefficient of 1/(A1A3) in the large A;,A; expansion of Zs.
Hence we first need to calculate

Zoi3(h) == _li Aad li ’\%dZ(x A2,A3)
3(ha)i= ) m o i, BGhaks
_ Mzt @n— 1) —z3) —z3 + 1

(z31 — A2z21232) 2

B 1 b T
| 2sinh (B2) b -2y |

b is defined in Eq. (150). The inverse Laplace transform (LT)
(in dimensionless units) gives

(157)

LT2}, . Zopa(ho) = x P(uz|13)

1
4sinh® (15%)
= P(l'.t2|13)Pduration(tl - t3)a

where P(u;|13)is given in Eq. (155) and Pyyrasion in Eq. (142).

6. Two-time velocity distribution at fixed duration and
fluctuations of the shape of an avalanche: The “second shape”

We now derive the two-time velocity distribution at
fixed avalanche duration. For that we consider the term
S(uq )5(1/14)6114’237)1423 (tt2,13)1in thejoint four-time distribution
(with #; < t, < 3 < t4) which can be obtained from Z,. We
recall that

— 01, 01,114,253 P14.23(th2,143)]

/
—01,01,914,23

P(iz,us3]14) = (158)

is the two-time velocity distribution at fixed avalanche
duration t =1t4 —t;. We expect, and will check below,
that —9y, 0,914 o3 = Pauration(t = t4 — 1), i.€., comparing with
(153), the number of intermediate points does not matter.

The simplest quantity to obtain is the two-time shape
function. Indeed multiplying (158) by u,u3 and integrating,
one finds

—0y, 0y, [1imy,, 5, —o0 91,05 Z4l3,=0,2,=0]

11 = 159
(Uausz)14 P =1 —1)) (159)
It is easy to calculate from (121)
o 9524l 05,00
221243
= ———— (232241 — 231242)
4
sinh?(L(t; — 1)) sinh?(3(ty — ¢
_4 (3(t2 — 1)) (3t 3)). (160)

sinhz(%(u — ))

Taking two derivatives in (159) one finds a complicated
expression for (i,u3) 14 which however simplifies greatly if one
forms the cumulant combination and uses the above result for
the shape. Then both results can be summarized, introducing
the function A (¢) := 4 sinh(¢/2), as (in dimensionless units)
_ h(ty — )h(ta — 1)

(2)14 = s — 1) ,

(161)

022106-16



AVALANCHE DYNAMICS OF ELASTIC INTERFACES

C
0.5

04
03"
0.2

0.1

L - T - L

0.1 0.2 03 04 05 T

FIG. 5. (Color online) The velocity correlation C(t,7) of
Eq. (164) for T = 1.

(a13) (4 = (tiath3) 14 — (102)14(t3) 14

_ 1 (hly = )h(t — 1) \?
_5( h(ty — 1) )'

(162)

Hence the fluctuation of the shape has a simple expression,
and it would be nice to measure it in experiments. We call
this the “second shape” since it gives more information about
the avalanche statistics than the usual shape, the average of
the velocity. The second shape tells about the variability, i.e.,
fluctuations of the avalanche shape. For 7, = t3 one recovers
the relation (#?)° = 1 (u)? between second cumulant and mean
of the single time velocity distribution (155). Note that the
second cumulant always starts quadratically in time near the
edges. It is quite remarkable that the dimensionless ratio

(i) 3
)3, 2 (163

is independent of t|,t,,t4. This is an important signature of the
mean-field theory which should be studied in experiments. On
Fig. 5, we have plotted

(u(@®u(=10)*

ct.T)=—T——"- .
I = GOV G0 |y 1prss

(164)

It measures the correlations between the left and right parts of
the avalanche.

One can go further and obtain the full two-time distribution.
For this one notes that the function g 4,23 P1.23 1s obtained (in
dimensionless units) by Laplace inversion as (i = 2,3)

/ . . . .
q14.23M2U3P14.23 (12, 13)

— 1! ( lim

Si—> U
! "\ A, Ag—>—00

0,01, Z4>

Aj—> =i

; 221243(231242 — 232241)

ST za1 + 53231203 + 52221 (242 + $3230243)12
(165)
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We have used the result (121). The normalization is obtained
by integrating'? the above [, ds, [, ds3 leading to
v 242231

’
q14,23 = VG403 = — In
Um 241232

(166)

This is the probability that there is an avalanche starting in the
interval [#1,#,] and ending in the interval [#3,74]. Indeed one can
check for consistency that integrating the duration distribution
(142) we obtain

%) Iy
v 242231
UPO/ dt/f dt Pauration(t — ') = — In .
f f Um 241232

(167)

Laplace inversion of (165) w.r.t s, yields an expression equal
to minus the derivative —d;, of (131), with other values for
a = uya’,b,d = —u,d'. Finally we find

/ o a [ —d'iiy—biiz
G14.23 P1a23(un,u3) = ﬁll(z\/a latiz)e™ b (168)
\ tioiis

with
O - I (169)
221232 732243
4 Z3IZ42;Z32Z41 S 21 . (170)
22125,243 4sinh* (552)
This leads to the final expression
q14.23P1a,23 (2, 113)
_ 1 1( N )
~ 2sinh (552) it \ sinh (552)
x ¢ Farn tEm i T EE (171

The two-time velocity distribution at fixed avalanche duration
T =ty — 1 1S then obtained as

— 01, 01,[q14.23P12.23 (12, 113)]

P(ip,u3]14) = brad.
—0149 1423

(172)

This leads to the result

P(iip,u3]14) =

U3 < IR )

2sinh (552) '\ sinh (552)
sinh” (15%)

" Asinh? (452) sinh® (25%)

1 1 1 1 .
Gaatmn i~ g s s X

xe
(173)

One can check its normalization using the useful formula
a

oo o0
—bx—cy __
/0 dx/o dy/xy I,(2a\/xy)e V= m,

while derivatives w.r.t. b and ¢ allow to recover shape
cumulants such as (162). For instance one finds the third

2There seems to be a noncommutation of limits, hence we need to
take first the large-X limit.
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cumulant of the shape as

(i3us)" = (i3us) — (03)(s) — 2(i2) (thatis) + 2{ik2)? (ii3)
i — 1) ,
= 1) —————h(ty — t)h(tz — t4)". (174)

This procedure can be pursued to obtain higher p-time
distributions at fixed avalanche duration. We will stop here,
and just point out that one can check explicitly that (121)
satisfies

lim 3,\2 814 Z4 = O
Al,Az3—00

(175)

consistent with the fact that there is only a single avalanche
to this order since a nonzero value would require that #, and
t4 are in two separate avalanches, since the limit A3 — —o0
selects 13 = 0.

D. Interpretation of the instanton solution: Response to a small
step in the force

Here we examine the question of what is the physical
meaning of the instanton solution ii”, ? We show that it encodes
the (linear) response to a small (1nﬁn1te31mal) step in the
applied force at x,t, equivalently a small kick in the driving
velocity. The inverse Laplace transform of #”, is then related
to the change in the probability distribution of # due to this
kick.

First note that the action in presence of the source A, noted
S in (90), is such that ii,, does not fluctuate. This means
that all cumulants of # and # involving at least two response
fields vanish. In other words in any expectation value the field
ii;; can be replaced by i u ;- Hence from Eq. (89)

1
G[A]
1 Selurutin

G Sfur

Se‘frr}"“(v+“’”)
_G[x]/ S T Sy

By definition of the response field, since i/, couples to fx’t/ =
fx,, g;}(,, wyr [see Egs. (12) and (79)], it is the response to a
change in the driving from w,, = vt — vt 4+ dw,,, and more
precisely to an infinitesimal kick Sw,, = dw 8(x — x")8(¢t —
t") in the velocity at position x” and time ¢’. Note that (176) is
independent of v, a fact which comes from the form (92) and
is a peculiarity of the tree theory (at fixed n and o).

Taking a derivative w.rt. A at A =0, and comparing
with (94) yields the property that for the tree theory the
exact response function R, . (in the velocity theory) is
uncorrected by disorder,

ﬁi\‘,[, = (ﬁX'[’)S!Aree = (ﬁx’t’ef'“ )»xr(U-Hlxr))

Slree

(176)

(177)

as clearly the cubic vertex (86) can not lead to corrections of the
response. This is in agreement with the fact that the effective
action I' = & for this theory as discussed in detail in [84]. Note
that Eq. (177) is a nontrivial property for v = 0™, since then,
in most realizations of the disorder, the particle is not moving
and under a kick it will experience only a small avalanche (of
the order of the cutoff).

th,x’t’ = (’/‘lx’l’l;t)ct)&'"ee = th,x’t’ = (ﬁx’t’uxt)&)»
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Let us now use Eq. (176) in the limit of v — .O+, i.e., order
0 in v, but to lowest order in the perturbation § f,
T == [ sfit 04D a9
x't

We used that G[A] =1 for v = 0*. The instanton solution
thus gives the statistics of the motion induced by the kick. For
instance, let us apply Eq. (178) to calculate the center-of-mass
velocity u; = u,, at time t;, choosing A,; = A8(t — #1), given
that there was an infinitesimal uniform kick §w,, = dwd(t —
fo) at some time #y < 7y, on top of the v = OV stationary state.
The instanton solution is uniform u}, = u} and precisely

encodes that information

Lty — | = m>LSwu) + O(6w?).

e (179)

Note that Eq. (179) can be generahzed to any source A(?),
hence the instanton solution ﬁﬁ] gives the first order in Sw of
the generating function of velocities at any later times;
not depend on the sources at times smaller than 7.

Performing the inverse Laplace transform of the instanton
solution w.r.t. s := —AL¢ gives

i’ does
0

(180)

s>ty to

8
LT Li'm*i* = — P(uy).
Sw

This is the linear change of the velocity distribution at time #;
as response to an infinitesimal kick at time 7y < #;. Using the
explicit form for the instanton solution (100) and performing
its Laplace inversion we find from (179) (restoring all units)

dw 1
ﬁm‘[m eti—t)/tm —

[T R
Sw e ™ i-clo—r)/m

2 7,, 4 sinh? (t' ’0)

P(iy) = 8(ur) (1 -

+ 0(sw?),

(181)

which is interpreted as follows: For v = 0T, at a given time ty
almost surely the particle has zero velocity. The infinitesimal
kick at time 7y produces an avalanche (it gives a velocity i+ =
Sdw/t,,) which most of the times dies out well before time #; (in
atime ~ 7y, the microscopic cutoff time). Exceptionally rarely,
however, and with probability O(§w), this kick produces a
larger avalanche, i.e., lasting a time of order t,,. Hence the
result that the response function is unchanged by disorder is
not trivial at all: For most realizations t,,u,, /6w is very small;
however for some realizations 6u, = O(1) hence du,, /Sw ~
1/8w. After averaging over disorder these rare events lead to
the bare response function, which is O(1).

Let us now comment on stationary versus nonstationary
avalanches. In previous sections, and most of the paper, we
study avalanches in the steady state, obtained by time-uniform
driving w,, = vt (with small v). These can thus be called
stationary avalanches. Adding a kick at time #y leads to
nonstationary driving. Indeed the avalanche generated by
the kick appears nonstationary, i.e., P(i;) in (181) is quite
different from the one-time distribution found in Egs. (102)
and (107). It is time (i.e., #;) dependent, and for instance
the average velocity decays exponentially i, = iw —(ti—to)
One can ask whether such nonstationary avalanches are
qualitatively different from the stationary ones.

For an infinitesimal kick, this is not the case. Indeed, if one
considers as in Sec. III C to lowest order in v the steady state,
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i.e., the distribution of probability of #; = u(t,),conditioned
to an avalanche having started at 7y, one obtains exactly P(u),
as given in Eq. (181): As usual, this conditional probability is
obtained as —d,,q;P1 (1) using formula (137) (#,,1, there are
to,t; here, respectively). This, in fact, is more generally true:
Namely an infinitesimal uniform kick at time ty produces the
same velocity statistics for t > ty as conditioning an avalanche
in the steady state to start at time fy. It can be shown at the
mean-field level from the identity

+o0
lim (—d,,) dtil =i",,
A—>—00 oo Ty

At) = A8t — ty) + ().

(182)
(183)

Here p(t) = 0 for ¢ < tp, but () is arbitrary for t > #y. The
right-hand side of (182) is related (via Laplace inversion) to the
effect of the infinitesimal kick at time #; on the joint distribution
of the velocities at all later times, while the left-hand side is
related to the velocity distribution conditioned to the avalanche
starting at 7o (the conditioning results from the operation
—1lim,_, _ 9;, as we learned in Sec. III C). The proof of this
result, which is easy to obtain from the instanton equation, and
more details on these properties will be given in [83].

E. Finite step in the force and arbitrary monotonous driving

For completeness, let us discuss the case of a finite kick,
studied in [84]. First one notes that one can generalize
our method to arbitrary monotonous driving. Starting from
Eq. (79) in the laboratory frame (i.e., setting v = 0), but
with arbitrary driving f,; > 0, we follow the same steps as
in Sec. III B to obtain for the generating function of velocities

3'/;” Dl — \/\D[M]D[ﬁ]ej/‘[ A,vluxt_ﬁxt(nal_V3+m2)"ixz

x @ Tt Jut Ot (184)
Here o = —A’(0"). The Middleton theorem allows to
restrict the path integral to positive velocities u,, > 0. Again,
integrating over u,, enforces the instanton equation to be
satisfied. Inserting its solution thus eliminates all terms
proportional to u«, such that we are left with [84]

elututne = glaita. (185)
As written, on an unbounded time domain, this formula
holds if and only if all trajectories are forward for all times.
It can thus be applied for v = 0" and an infinitesimal kick
frt = 0fx = 0, recovering (178) and (179) by expanding to
lowest order in §f (and to order O in v). It also holds for
any finite kick, and allows to study arbitrary nonstationary
monotonous driving as done in detail in [84]. For instance, one
can prepare the system at ¢ = # in the quasistatic Middleton
state u,(w): In the distant past one first drives monotonously
with f,, > 0 to erase the memory of the initial condition, then
stops driving. The above formula implies

efx.z>10 Axtlls — efx,r>to ﬁi\n St (1 86)
with initial condition
If.txzn = O, Uty = ux(wtn)' (187)
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This can be used to study nonstationary avalanches obtained
from the Middleton state at t = t;, generated by applying a fi-
nite kick 8f = m?8w at time 1,. Interestingly, these avalanches
can also be shown, within mean field, to be equivalent to those
of the steady state, under conditioning of the velocity at #y to be
equal to u,,+ = Sw as will be discussed in [83]. Note however
that these formulas do not say anything about nonmonotonous
driving as in the hysteresis loop, which remains to be investi-
gated. They only pertain to avalanches in the Middleton state.

Consider now an application to a spatially nonuniform kick
at time 7y, of arbitrary finite strength f,, = 8/ 8(t — fp). It is
interesting to note that any observable involving the centor
of mass at later times depends only on fx 8fy, since the
associated source A,; = A; is spatially uniform; hence the
instanton solution is also spatially uniform #*, = i#*. One
consequence is that the probability that the avalanche which
started at fy has terminated before ¢,

A/ =A8(t—t _ Sy 8fx

P(T < tl) = }Lgmooef Sfciy S(t—11) — ¢ F0
./;( Sfx 2
=l-—= 0(8£7)

(in dimensionless units), also depends only on fx 8fy. This is
because, although an avalanche has ended if and only if all
iy, = 0, thanks to Middleton’s theorem this is equivalent to
the center-of-mass velocity being zero. Hence we can use the
uniform source A, = A§(t — 1), leading to the above explicit
expression, which we use below.

As alast application, to be discussed again below, consider
an arbitrary driving f'm > Ofort > ty with the initial condition
(187). Let us define a kick of finite duration # —# as a
driving such that f,; >0 for to <t <t and f,, =0 for
t > tr. Consider a source A, = 27:1 Ajo(t —t;) with 1o <
t| < ... < t,. The solution of the instanton equation with such
a source was studied in Sec. IITC."3 One can check that in the
limitofall A; — —oo the instanton solution takes a very simple
form (in dimensionless units), namely,

Z@(z, | <1t <tj)

— eti—t

(188)

Hence we obtain the joint probability

PrOb(url = 0,1,'112 =0,... Uy, = 0)

h dtf fxt n dtf fxt
= — —r = 189
exp < A eh—t — 1 [1 eln—t — ) ( )

n

We can learn a lot from this formula: First, for n = 1, we see
that u,, can vanish (strictly) only either when the dr1v1ng has
stopped strictly before 11, e.g., fx, =O0forallty <ty <t <1,
orif it stops at #, e.g., fx, ~ (t — t;)* with a > 0 such that the
integral remains finite. Hence a kick of finite duration produces
only a single avalanche which lasts longer than # — #), more

13The time ordering there was opposite.
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precisely, taking a derivative w.r.t. f1,

i dt [ £,
P(T:m:/ et fzf e
©n 4sinh (‘T)

Then, for n > 1, formula (189) allows to analyze the case of
a succession of several kicks of finite duration. Because the
joint probability takes the form of a product on each interval
[#,¢;+1], it shows that for a given fxt the events u(t;) are
statistically independent.'*

To conclude, let us note that the formula (185) being more
general, it also allows to study the properties of stationary
avalanches in the steady state with constant driving w,, = v
(see e.g. [84]). However formulas such as (189) and (190)
do not readily apply (they would lead to divergent integrals).
This is because one must perform the limit of infinite Laplace
parameters A; after integration over time, the physics of the
single avalanche being restored for v = 0% as explained in
details in Sec. III C.

i dr' [y fyr
10 J1-1"_ .

(190)

F. Recovering the quasistatic avalanche-size distribution

Here we show how to recover the quasistatic avalanche-size
distribution, first within the stationary state at a constant small
driving velocity v, by measuring for a finite time, and second
in a non-stationary setting, by driving the system over a finite
distance. The results for the avalanche-size distribution in a
finite time window are new and of experimental interest. Some
results at the end about a finite driving are also new.

1. Steady state: Limit of infinite time window

Consider the center of mass, i.e., the total size S of an
avalanche. In the limit of small v, in the comoving frame,

the latter is S = L4 _Tﬁz dt(v +u;), where T is a time
much larger than the typical single-avalanche duration, but
much shorter than the waiting time between two consecutive
avalanches. We want to compute

oL S+ _ ol (191)
One would like to take T — oo, and consider a static source
A: := XA. The instanton equation then admits static solutions

i, =i, —m’i+oi>=—x. (192)
The one of interest is
2 m* =4
i, =) = L —v" c (193)

20

The other root is not continuously related to # = 0 at A = 0,
and for this reason we reject it. The solution (193) has to be
injected into Eq. (93). Due to the time integral in the latter, this
leads to an infinite Z()). Hence to recover the avalanche-size
distribution from the dynamics in the setting of a constant
driving w(t) = vt, one must be more careful and consider T

!4There is no contradiction with the fact that for a single kick #,, = 0
implies u,,-,, = 0: Indeed, the probability of the second event is one
if the driving vanishes on the interval #,,t,.
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large, but not infinite. For instance, we may consider a square
source

A = A0(tr — )0 — 1) (194)

with t{y = —-T/2 and t, = T/2. If T is large enough, the
solution is expected to look like

i, =0, t>1n (195)
i, =0), h<t<Lh (196)
i, =0, t<Kt. (197)

One then finds, expanding (92) in small v,

LA =y LT m2a) + 0(T%)] + 0(w?).
(198)

We work here in the limit 7 > t,,, but pgvT < 1. On the
other hand, we know that quasistatic avalanches obey [73]

L) O — | = / dSp(S)(e*S — Hhw + O(w?)

= LiZs)w + o(w?). (199)
Here we denoted [instead of Z()) as in Ref. [73]]
Zs\) =L — 1), = &((e”) —1)  (200)

the generating function for quasistatic avalanche sizes. {...),
denotes the un-normalized average'> w.r.t. p and we have
used (19) to transform it into a normalized average over P(S).
Identifying w = vT and the total displacement u(w) — u(0) =
Urp — u_r/2, We obtain

Zs(L) = m2i(h). (201)

Hence we recover the tree result for the size distribution [73]

1 — JT—445,
25, '

It leads, upon inverse Laplace transformation, to P(S) given
by Egs. (32) and (33). Note that the same procedure can be
performed to recover the /ocal avalanche-size distribution by
considering a time independent but space dependent solution
of the instanton equation. One then recovers, for instance, the
results obtained in Sec. IX of [73].

7)) = (202)

2. Steady state: Distribution of avalanche sizes during a finite
time window

To be complete, we now show that the solution of the
instanton equation indeed has the form (195) at large 7, i.e.,
that the static fixed point is attractive. This also provides a
novel physical observable for measurements restricted to a
finite time window. The effect of finite space windows has
been studied before in the avalanche context in [80], while a

5Note however that the expression with p also holds for a continuum
avalanche process with no cutoff. From (19) it is normalized to the
volume (S), = L (see [73]).
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general study of windows in scale invariant Gaussian signals
can be found in [96].
We solve the instanton equation in dimensionless units for
a square source A, 1= A0(t, — 1)0(t — 1;):
(8 — Dii; + ii? = —20(t, — )0t — 1y). (203)

Its solution is

i, =0, t>n
. 1 t—1t
i =5 |1+ VT= 4 (——VT=4-C) |
h<t<t
1
z) = tanh(z), C; = arctanh| —— |, 1 <0
$(@) = anh(2), G (m)
1
z) = coth(z), C, =arcoth|l ——1), A >0
$:(2) = coth(2), G (m>
1
iy = t<t. (204)

t )
1+ <—1 - 1> en~t
llt]+

The two branches depending on the sign of A are actually
identical (by analytic continuation) since tanh(z + i7/2) =
coth z. We see on these solutions that the above fixed-point
form (195) indeed holds at large 7.

We now study the probability distribution of the fotal
displacement during a time-window size T, i.e., of the

observable
T/2
U= / dt(v +u,).
—-T)2

(205)

This quantity is clearly of experimental interest. (For simplicity
we have suppressed all factors of L?, which can be restored
at the end). It should interpolate between the distribution of
the instantaneous velocity at short times, and the distribution
of sizes of quasistatic avalanches at large times. To check this,
we compute Z(n) = ft ii; using Eq. (204), which leads to

T +1n(1 — 43)
2

—In <(1 — 2)) sinh <§\/1 — 4A>

Z(\) =

++/1 =4 cosh <§M))

A2T?

1
=T + + gxz(zx — DT> 4+ O(T".  (206)

In the last line we have indicated the behavior at small 7.
The series expansion in A, which gives the moments, is also
instructive:

ZOW) =AT + 2T +e T -1
+2[T =2+ T2+ DA + 00Y. (207)

It shows that U = vT exactly, as expected, and that at large T

all moments grow linearly as
UP =v[c,T +d, + O(Te )], (208)

i.e., up to exponentially decaying terms, and with possible
power-law prefactors.
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As in the preceding section, in the small-v limit the
probability distribution of U is expected to take the form

PU) = —povT)8(U)+ povTP(U). (209)

Here povT is the probability that an avalanche has started
inside the time window 7. Note that if U is nonzero, the
avalanche can have started anytime during the time window
and may, or may not, have finished during that time. U thus
contains information about the signal measured in a time
window without the necessity to determine when the avalanche
starts or ends.

Since U = povT (U) = vT from the above [where and
below (...) denotes moments w.r.t. the distribution P(U)],
using Eq. (19) we obtain the remarkable property that the first
moment of the distribution P(U),

(U) =(S) = lim (U),
T—o0
is independent of 7. The distribution P(U) can then be
obtained via Laplace inversion

(210)

1
—UPU
) )

=T}

s—U

1
RZ(h ‘ 1l
2O, s=UT2s + 1)

4s (sT — 1)
* [M((zs + 1)tanh (33/4s + 1T) + V45 + 1)
4s(T+ 1)+ T
(45 +1) ]

For s = 0, this yields Eq. (210). The Laplace inversion is
performed in Appendix A. Here we give some general features
and limiting behaviors. First note that for any finite 7 the
apparent singularity at s = —1/4 is fictitious since the LT is
analytic there. The closest singularity is at s;(T) < —1/4, and
the leading exponential decay at large U is proportional to
e"MY where §(T) = —1/T at small T, and s; = —1/4 at
large T.

Examining Eq. (211) at large s > max(1,1/T?) shows that
the small-U behavior at fixed T is independent of T, and given
for U « min(1,7?) by

@211)

(S)
2T

The persistence of this strong divergence at small U, which
requires a short-scale cutoff Uy ~ Sy, is consistent with the
property (210), since demanding normalization to unity of
P(U)leads to (U) ~ /Uy, i.e., (U) ~ /UyS,, in dimension-
full units.

At large T one can set the tanh in Eq. (211) to unity and
obtain

PU) ~ (212)

—U/4

PWU) = (S){W

1 NIAN

The neglected terms ... give the subdominant exponentially
decaying part in Eq. (208), while the linear and constant parts
(i.e., ¢, and d) are reproduced by this formula. It thus gives
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the leading correction to a measurement of the avalanche-size
distribution if the time window is not large enough. Restoring
units we find that these corrections are decaying quite slowly
as O(t,/T). They do exhibit a divergence ~ 1 /(27 U ) at small
U, but which is too weak to correct the tail U " witht = 3/2
which agrees with the distribution (32), (33).

We note that the above formulas (in Laplace) are rem-
iniscent, but different, from the ones leading to the joint
distribution of avalanche durations and sizes given in [84].

3. Avalanche-size distribution in nonstationary driving

In the first part of this section, we have considered what
happens when measuring the avalanche-size distribution in
the steady state obtained by constant driving w, = vt, during
a finite time. On the other hand, one may also consider what
happens when the system is driven only over a finite distance
dw, i.e., in a nonstationary setting. For this we recall the
discussion of arbitrary monotonous driving in Sec. IIIE and
use formula (186). We work in the laboratory frame and
focus on the case where the system is prepared at rest in
the Middleton state, as described there and in Ref. [84], i.e.,
w; = wy, fort; <t < fpand ; — —oo. The driving is turned
back on at fy. Hence at t = #y one has u,,, = u,(w,,), zero
velocity iu,;, = 0, and formula (186) holds for ¢ > fy. Since
the particle has been at rest for a while for r < 79 we define the
total avalanche size as

(o9}
S = L"/ dtii, = L (us00 — ty).

to

(214)

To compute its distribution we can choose a source A, = A,
for t > 1y, independent of space and time. The advantage of
this setting is that the instanton solution is then simply the
constant solution i,, = i(A) for t > #, given by Eq. (193).
Hence one has, denoting wy = wy,,

< m? Wik, m?LYii()) w m?LYi(A)Sw
eAS =¢ xt>1 M — e .[r>r0 (R ,

(215)

=e¢

oo
Sw :=/ Wy dt = Wee — Wy.

fo

(216)

Note that at this stage we consider an arbitrary driving w, > 0
for t > ty, i.e., we only assume that §w < co. We have not
assumed it to be slow or small. To fix ideas, two extreme
examples are

(i) akick wy, = Swd(t — tp),

(ii) a constant driving during a finite window, w, = v for
to <t < t; and w; = 0 for ¢t > ¢#, such that Sw = v(t; — 1p).

Now we know, from Middleton’s theorem, that

Uioo = lim u;, = u(wy + Sw). 217)
=00
Hence we have found that
L taw)—u(wo)l — LA _ L ELSE S o gy

with S,, = o/m*, for arbitrary Sw. In the limit of small Sw,
from the definition (199) of Z,(A) we recover again Z,(A) =
m?ii(1). But we find more. By Laplace inversion one obtains
the distribution of S,

Lisw s o Lhsw _ wdsw?
Psp(S) = ——————¢ T T T assa

(219)
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This is Eq. (33) of Ref. [84] where it was obtained for the kick
and for a particle (d = 0), but as we see here, it is independent
of the precise form of the driving, depending only on §w. What
is remarkable is that the probability (219) is two things in one:
(i) It is the distribution of size § = ft:o dt u, of the avalanche,
produced by an arbitrary driving resulting in a total shift of
the quadratic well of sw = ft;’o w;. Since the driving velocity
can be arbitrarily large this is a priori a nontrivial dynamical
observable. Note that for the kick one is guaranteed that there
is a single avalanche, but if w, has a more complicated form
then S may encompass several avalanches, separated by time
regions where u = 0, e.g., for a succession of several finite
duration kicks, as discussed in Sec. IIIE. (ii) It is also the
distribution of

S = Lu(wo + dw) — u(wo)] = f”x(w() + dw) — ux(wo),

X

(220)

a quasistatic observable, which for finite §w may also encom-
pass several quasistatic avalanches, since e.g. (S) = LY8w.
In the limit of small L?8w < S,, one recovers the form (32)
of P(S) for a a single avalanche for S > Ss,, where Ss,, =
(LY5w)?/S,, acts as a small-scale cutoff. The true single-
avalanche limit however is reached only16 when Ss,, ~ Sj.

The fact that (i) and (ii) are the same is a simple, but
remarkable, consequence of Middleton’s theorem. The fact
that the form for P(S) is given by (219), and the property
(218), are a consequence of the simplified tree theory.!” As
discussed below, its use is justified for d > dy., and a priori
only in the limit of slow driving w < v,,. The property (218) is
consistent with u(w) being a Levy process, i.e., a jump process
made of statistically independent avalanches, each distributed
with the single-avalanche distribution P(S) from (32). The
property recovered here is also present in the statics, i.e., for
the process u**(w), in mean field, in the BFM, and in the
Burgers equation. It has the same P(S), as is discussed in
detail in [74].

Finally, a similar analysis can be performed for the
probability distribution of the local observable

¢ = / alu(wo + 8w) — ux(wo)]. (221)

One must then solve the space-dependent instanton equation
with a source A,; = ¢(x), which is a hard problem. In the case
¢(x) = 8(x1), i.e., a hyperplane in a d-dimensional space, the
time-independent instanton solution is known (see Sec. IX
of [73]):

LA u(wo+sw)—u(wo)l — eL"$Z(SmA)8w’

(222)

~ | .
MZ) = 7—2Z(Z —6)(Z — 12). (223)
The Laplace inversion is involved, but is a simple generaliza-
tion of Eq. (220) in [73]. The same trick yields the (normalized)

161n the limit where the microscopic cutoff S, — 0 there are infinitely
many small avalanches.

17The full tree theory with an arbitrary A(u) does not satisfy property
(218).
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probability distribution of §? = S,

1 S
Pgw(S) = S_ P@ <S_> )

2 x 313 373
Puls) = ——5—e™wAi [—] [s +2w] ). (225)
s4/3 s

Here (S?) = wL? and for LYSw <« S, ie., w < 1, one
recovers p,(s) = wp(s) with p(s) = ZK%(E/—%)/(JTS), the
(rescaled) single-avalanche size distribution obtained in [73].
These results are exact for the BFM (discussed below), an
application being a single-site avalanche for a string (d = 1).

(224)

G. Mean-field theory for avalanches: The Brownian-force
model and its ABMM limit

We are now ready to discuss the correct mean-field theory
for the avalanche motion of elastic interfaces in the limit v —
07", and to identify its universal properties in the limit of small
m. In a nutshell, the mean-field theory is the tree theory, with
however a renormalization of two parameters of the model.
Hence we first discuss these parameters and their universality.
In a second stage, the tree theory is identified with the BFM
and the ABBM model is recovered.

We recall that the upper critical dimension is dy. = 2y for
an arbitrary elastic kernel behaving as €(g) >~ g7, i.e., dyc =
4 for usual SR elasticity (y = 2) and d,. = 2 for the most
common LR elasticity (y = 1).

1. Improved tree theory and the parameters of the model

We have shown above that to lowest order in perturbation
theory in the bare disorder, all generating functions of the
velocity, to first order in v, are given by the sum of tree graphs.
Equivalently, they can be computed from the simplified tree
action S defined in Eq. (87). At the bare level, this action
only contains three parameters 19, m, and oy = —A{)(O+).
These bare parameters are corrected by disorder, and acquire
a dependence on m, as we now discuss.

Let us now use well-established results from the FRG
approach to the statics and dynamics of elastic interfaces. First,
m is uncorrected to any order in perturbation theory thanks to
the STS symmetry, hence we can use everywhere the bare
mass m. Second, perturbation theory converges for d > dy
(in a sense recalled in Appendix B). Third, atd = d,, there are
only two operators which become marginally relevant. The first
one is the local part of the renormalized disorder A(u), which
actually is a function of u; so in principle there is an infinity
of marginally relevant directions. However, as far as single
avalanches are concerned, we only need A’(0%): It is shown
in Sec. IV that the higher derivatives lead to loop corrections,
i.e., are important only for d < dy.. The second parameter is
the renormalized friction 1. Both parameters A’(0") and 5
receive logarithmically divergent corrections in d = d,. from
one-loop diagrams. These are cut off by the mass m and can
be resummed using the FRG flow equation to one-loop order.

Let us now determine the renormalized parameters at the
upper critical dimension d = d,,.. Define £ := In(A /m), where
A is a small-scale UV cutoff; at d = d,,, for SR elasticity, set

A(u) = 87° A(u) = 8T? Ae™)e~ 1+ (226)
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Then the FRG flow equation for Au) is (B.14) in [73]. As
m — 0, the rescaled correlator tends to a fixed point A(u) —
A*(u), which is the same one obtained to first order in a €
expansion, i.e., A*(u) = lime_, o A*(u) /€. Similarly (see e.g.
[48]), one obtains

dlnn=—A"0")=—-A"0")e". (227)

Hence, the two parameters of the model acquire a universal
dependence on m, in the limit of m — 0's:

0 — 0y, = —AL(0") = 87| AY(0M)|[In(A/m)] 4,

n = N = nolln(A/m)J*". (228)

Both z; and ¢; are defined by the one-loop result for the
dynamic and roughness exponents,

2=2—A"(0") =2+ z1€ + O(eD), (229)

¢ =te+ 0@ (230)
with ¢ =1/3 and z; = (¢ — 1)/3 = —2/9 for nonperiodic
SR disorder.

The above formulas extend to LR elasticity by changing
everywhere above m — p, defined below in (442), and
the factor 872 — Cy—g,, (see its definition and detailed
discussion in Sec. X of [73]) with C»,; = 27, the fixed point
A*(u) being unchanged.

We can now make a precise statement, based on the effective
action I' of the theory. For its definition see [97], and in
the context of FRG, e.g., [73,74,98] (statics) and [94,99]
(dynamics), summarized in [81], Appendix A. It is a general
property of I' that all connected correlations of the theory (here
of the velocity field) are tree diagrams in I': The vertices of the
trees are vertices not of the original action S, but vertices of T,
i.e., renormalized vertices, which contain all loop diagrams.

When d — d,. and in the limit of m — 0, the effective
action I' becomes simpler and its limit is the so-called
improved action. This is discussed in Appendix B, where
we show how the irrelevant operators become negligible for
d ~ d,., when properly scaled. For instance, the higher time
derivatives in the equation of motion, or higher disorder
cumulants, become negligible, and one can focus on 1 and
A(u) only. .

If in addition one considers positive driving only, fy; > 0,
then for d = d, the effective action of the velocity theory is
I' = Sireeln,ar0+), 1.€., the tree action with the renormalized
parameters ¢ — o, and n — n,,. It sums tree graphs except
for the renormalization of o and 5, which contain loop
corrections. This remains true for d > d,., where o and n flow
to nonuniversal limits as m — 0, as discussed in Appendix B.
Note that the statement we make here is only for v = 0%: Since
we have not analyzed the FRG flow at nonzero v, we focus on
the limit of small driving. This also means a small step in the
force, i.e., a small kick, in the nonstationary setting discussed
in Sec. IITE.

For d < d,. the behavior is universal but different from
mean-field, and is analyzed in Sec. IV.

18Since S,, = 0,,/m*, this corrects a misprint in Eq. (108) of [73].
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2. Brownian-force model (BFM) or elastically coupled ABBM
models and universality

The mean-field tree-level theory has a very simple in-
terpretation. It is clear from Sec. III B that what has been
done is to replace the original equation of motion (79) in a
disorder described by the Gaussian force correlator Ag(u) by
a disorder described by a (renormalized) correlator A(u) =
A(0) + A’(0)|u|, since we have neglected all higher-order
derivatives A™(0%); the latter become important only upon
considering loop corrections to the velocity distributions. This
means that this (simplified) tree theory describes exactly an
elastic manifold in a Brownian-force landscape F(x,u) with
Gaussian correlations,

Flx,)F(x'u') =8'(x —x)[AQ) —olu—u'l], (231)
where 0 = —A’(0"). Such a landscape is constructed in a

spatially discretized version, by considering that for each x,
F(x,u) performs a Brownian motion (BM) as a function of
u, and that these BMs are mutually independent for different
x. Furthermore, they are stationary Brownian motions, hence
they are constructed by considering e.g. a much larger periodic
system in the u direction. An elastic manifold of internal
dimension d in such a landscape is called the Brownian-force
model (BFM) [74]. The statics of this model was studied
in [74]. As we discuss below, a nonstationary BM version
can also be considered.

Hence, from the previous paragraph we conclude that the
full statistics of the velocity field in an avalanche for an
interface at d > d,. identifies in the small-m, small-v limit
with that of the BFM, with parameters o — o0y, 1 — 1.
This BFM can also be described as a set of ABBM models for
each u,, with an elastic coupling g} between them.

A crucial property of the BFM is that the dynamics of
the center of mass of the elastic manifold is described by
the ABBM model [2,3], i.e., by Egs. (5) and (6). Intuitively
it is easy to understand why: To compute center-of-mass
observables in perturbation theory we need to consider all
graphs with external momenta set to zero, g = 0. However,
since we have summed only tree graphs, it implies that all
propagators are evaluated at ¢ = 0. Hence, apart from the
(nontrivial) renormalization of the parameters of the model,
in effect, the avalanche dynamics of the center of mass u,
for v = 0% is described by the ABBM model, i.e., a single
pointdriven in along-range correlated random-force landscape
F(u), with Brownian statistics. It amounts to suppressing the
space dependence in Eq. (79), hence corresponds in our general
model to the special case d = 0 and Ag(0) — Ag(u) = o'|ul.

Let us now connect our previous results, obtained directly
for the center of mass of the interface, to the standard analysis
of the ABBM model. Then we will revisit the BFM, and finally
calculate observables beyond the center of mass, requiring the
full power of the BFM.

3. Center-of-mass observables and ABBM model

Let us recall the original solution [2,3] of the ABBM model,
based on a Fokker-Planck approach (see more details in [81]).
The equation of motion (79) for the instantaneous velocity
in the laboratory frame vV = u, of a particle in a Brownian
landscape (suppressing internal degrees of freedom x) can be

PHYSICAL REVIEW E 88, 022106 (2013)

written as a stochastic equation

ndv = m*(v — v)dt + dF, (232)

where d F2 = 20vdt . The associated Fokker-Planck equation
for the probability distribution Q = Q(V,#|v;,0) of the velocity
at time 7, given velocity v; at time ¢ = 0, is
o

no, Q = dy |:;8V(VQ) +m*(v — U)Q} : (233)
It satisfies Q(V,,0"|v;,0) = 8(v, — vy). It is normalized to
unity at all times upon integration over the final velocity v,
thus it is the propagator of the system. For v > 0, it evolves at

large times to the stationary (zero current) distribution Qg :=
lim,_, o, Q with

1/ v\ eV
Qo(v) = ;(E> —F(UL)

Here v, = S, /T, Sy = o/m*, and t,, = n/m?*. Note that
here we study a point particle, hence the velocity scale is v,,;
if we study the center of mass of an interface, it is to be replaced
by 7, as discussed in Sec. III G1.

One notes that taking v — 0T and forgetting the normal-
ization, Qq converges to the single-time velocity distribution
obtained above in Eq. (107) by a completely different method.
There, the normalization was fixed from considerations of a
small-scale cutoff. Similarly, in the limit v — O, one finds
that the propagator takes the form

ﬁ,o) ,
Um

1w
O(vp,t|v1,0) = vie” |:P2(v1»vz) + o€ e 5(U2)]~ (236)
1

(234)

1 /v t
OVv,t|vy,0) = v_Q <—,—

vm Tm

(235)

with

The term p»(vy,v2), given by Eq. (132), is indeed a solution
of (233) with Q(v,,07|v(,0) = §(v, — V). We note that the
piece ~ §(v;), which corresponds to avalanches which have
already terminated at time ¢, is necessary for Q to conserve
probability, i.e., such that [i* dv, Q(va,|v,0) = 1 for all ¢.
Since Q is a conditional probability, we can also consider the
Jjoint distribution of velocities,

Oz, 1]v1,0)p1(v1) = Q(vz,t|v1,0)vll€7”1~ (237)
We find that it reproduces the two-time probabilities given
in Eqgs. (133) and (137). More details about the ABBM
propagator and how it behaves in the v — 0 limit can be
found in Appendix D.

By using the dynamical field theory of interfaces, we have in
this paper obtained a completely independent way to solve the
ABBM model. Indeed, our method is even more powerful since
it allows to treat interfaces and spatial degrees of freedom, and
it can be extended beyond the tree level, as will be discussed
in the following sections. Already its consequences for the
ABBM model itself are quite interesting: By allowing to
compute directly Laplace transforms through the instanton
equation (99), it provides a useful complementary method to
the Fokker-Planck approach. For avalanche observables it is
quite efficient, as was shown in the previous sections and
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Ref. [84]. For other observables (such as U = [ T2

-T/2 dt ut )’
nonlocality in time makes it very hard to obtain the result via
the Fokker-Planck method. On the other hand, one advantage
of the Fokker-Planck approach is that since v(t) is a Markov
process, the n-time velocity probability can be written in a

factorized form as
1 ] n—1
q;mn'P(l;tl, colly) = —e l_[ Q(L'tj_»,_ltj_,_] |I;{jtj), (238)
ui i
where g; , is the probability that all n times belong to an
avalanche. Curiously, it is not easy to recover that property im-
mediately from our general expression for Z,. In Appendix E
we check it explicitly for n = 3.

Let us note that since the ABBM model is the zero-
dimensional limit of the equation of motion (79) of an
interface, the dynamical-action method can be applied. Hence
we just found that, for the ABBM model at v = 0%, the tree
approximation is exact. In the field theory for the velocity it
means that the effective action I' equals the bare action S,
and there are no loop corrections. Hence A'(y) = Aj(u) =
—o sgn(u) is an exact FRG fixed point with scaling exponent
¢ =4 —d, as already noted in the statics in [73]. Crucial
for this remarkable property is that the force landscape is a
Brownian, and even in d = 0, this is not valid for any other,
e.g., shorter-ranged, force landscape. These properties and a
direct solution of the ABBM model at any v are discussed
in [84].

A word of caution should be said about the notion of the
duration of an avalanche. In the present tree-level mean-field
theory (and similarly in the ABBM model) avalanche durations
can be defined unambiguously for a continuum version where
the small-scale cutoff Sp — 0, and accordingly the avalanche
density py — 00, as the velocity u exactly vanishes at some
time for v = 0*. In that version there is an infinite number
of infinitely small avalanches and the quasistatic process is
infinitely divisible (a Levy process) as discussed at the end
of Sec. Il F3. On the other hand, if one studies the original
interface model (1) with smooth and short-ranged disorder, in
the limit v = 0" or in the limit of a small step in the force
dw, an avalanche has, strictly, an infinite duration (diverging
with some power of 1 /v or 1 /§w). Indeed the starting point is a
metastable state (zero force state) with one marginally unstable
direction and the final state is generically a stable zero force
state. Near both points the motion is very slow, so the duration
is very large, but the associated displacement is negligible.
One must thus focus on the part of the avalanche motion such
that & >> v, or such that the interface has significantly moved
by more than Sp. This part of the motion is universal and
described by the ABBM model. It would be interesting to
make this statement mathematically precise.

4. ABBM model: Connection between the instanton equation
and the Fokker-Planck equation

The Fokker-Planck equation can be Laplace-transformed in
A, or equivalently one can write the evolution equation (in the
laboratory frame) for

P o0
G\, 1) := etis :/ dve P(v,1).
0

(239)
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Without specifying the initial conditions, the evolution equa-
tion is

G 090G
— 4+ —( -1 =2G. 240
at + oA ( ) (240)
The solution can be found in the form
G(ht) = e"20-0), (241)

with Z(0,1) = 0 since G(A = 0,¢) = 1. Then Z satisfies the
equation

VA

o7 (242)

+ az(x W) =a

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

Z() = —In(1 — ). (243)
Hence we recover the result (101) obtained via the MSR
dynamical-action method.

The connection to the instanton equation can be made
as follows. Equation (240) can be solved by the method
of characteristics: Define a function A(z) which obeys the
following differential equation,

dxr)

— = A1) — A30).

o (244)

Further define Z(¢) := Z(A(t),t). Then, using Eq. (242), the
total derivative is

dZ (@)
dt

= A1) (245)

Equation (244) is exactly the instanton equation (99), if one
identifies A(z) = @i(¢). For t < 0, it admits the solution

Ao

MO = T e

(246)

with boundary conditions A(—00) =0, and A(0) = A¢. In
addition

Z() = / A dr'.

o0

(247)

Hence if we express Z(A¢) := Z(t = 0) as a function of Ay =
A(0) we obtain precisely (243).

Equation (242) is solved for any initial condition Z(A,t =
0) = Zp(A) as

) N A
200 = =100 <5426+ 205 )

(248)

Note that the argument of Z; is A(—1)]3,—1. Hence from
Eq. (239) we get
A
GA)=0-r+2r )Gy | ————— ], 249
Gt = (1= A+ he™) O(H(l_k)e,) (249)

Go(h) = evo®), (250)

022106-25



PIERRE LE DOUSSAL AND KAY JORG WIESE

This gives the decay to the steady state as

u(t) = v(l —e™") 4 e "i(0), (251)
102 = v(l — e 4 20(0e (1 — e™") + e 2 u(0)2 .
(252)

It is in agreement with the results of [84] for a quench in
the driving velocity. Note that for any ¢ > 0 (249) behaves
as G(A,t) ~ A@t)(—1)¥ with A(r) = (1 — e*’)’”Go(—ﬁ),
hence P(ii,t) ~ A(t)u’~'/T'(v) and the current at the origin
vanishes.

5. Back to the Brownian-force model

Having recalled the properties of the ABBM model, which
contains the information about the center of mass, we now
reexamine the BFM which contains all spatial information.

The Langevin equation (232) for the ABBM model can be
rewritten as

ot = /i E(0) + m* (i, — ity),

with £(1)&(t') = 208(t — t’) a Gaussian white noise. It de-
scribes the original model (5) only if w; > 0. Similarly, the
BFM can be defined focusing on the evolution of the velocity,
by the following Langevin equation in the laboratory frame:

natl/.lxt = \/T)HS(X’I) + fxt + (Vf — mz)l:tx,,

with&(x,0)E(x’,1") = 208(t — 1')8(x — x’) uncorrelated Gaus-
sian white noises, with obvious generalization to an arbitrary
elastic kernel g;xl,. It does describe the motion in a stationary
Brownian random-force landscape if (and only if) driving
is monotonous fy; > 0 for all times. However, from the
discussion in Sec. IIIE and in [84], if one complements it
with an initial condition

(253)

(254)

Ur=0 =0, (255)

it does also describe the motion in the nonstationary Brownian
random-force landscape

F(x,u)F(x',u") =20 min(u,u’)d(x — x’) (256)

for u,u’ > 0 with initial condition u,,—¢ = 0. This setting has
advantages since the landscape is defined by uncorrelated BMs
which all start as F(0,x) = 0. This avoids the construction of
stationary BMs in a large box, as a limiting process. The catch
is that in position theory it does not satisfy STS; this is seen
on observables such as fot ds ., whose averages are time
dependent. If one adds a large box, then these converge to the
stationary BFM observables.

If one focuses only on velocity observables, and forgets
about the position theory, the BFM is uniquely defined by
Eq. (254). If one drives for some time, the memory of the
initial joint distribution of velocities P[{uy;—0}] is lost. In the
case of a steady drive f,, = v, the system evolves towards
a time-translationally invariant steady state, e.g., for the one-
time distribution,

Pl{ux},t] — Psleady[{ux}],

which generalizes (234) and is more complicated to calculate
(it requires solving the instanton equation with a space-

(257)
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dependent source). This steady-state measure for the full
velocity field identifies with the one of the elastic manifold
in dimension d > d,, and for small v and m, as discussed in
the previous sections.

In addition, the BFM is an interesting model to study by
itself. It can be solved in arbitrary space dimension d, and for
arbitrary driving, from the general formula

e.f,n )‘Xlu«" = e./.vr 'Z.)VL/ f).t s

(258)

which assumes (monotonous) driving from the far past, or
formula (186) for the initial condition (255). More details can
be found in [84], including a formula for an arbitrary initial
velocity distribution.

H. Spatial fluctuations

We can now use the full power of the tree theory, i.e.,
the BFM, and calculate space-dependent observables within
mean-field theory. The space-dependent instanton equation
allows to go beyond the ABBM model, which describes only
the center of mass, and to compute spatial fluctuations.

In addition, the results below are exact for the BFM in
any space dimension d. Most results concern the BFM in the
steady state, i.e., they are time-translational invariant, as dis-
cussed in the previous section. Time-dependent nonstationary
generalizations are left for the future.

1. General considerations

Let us write for completeness the instanton equation for an
arbitrary elastic kernel g;xl,

/ (773:5xx' - g;xl/)ax’t + Uﬁi; + }\xt = O, (259)

with 0 = —A’(0"). Below, we first perform our calculations
using the local elasticity

8w = (=V 4+ m*)sy. (260)

At the end we indicate how the formulas generalize to an
arbitrary elastic kernel.

Time-independent but space-dependent solutions of the in-
stanton equation with a §-function source in space were studied
in Refs. [73,78,86], and allowed to obtain the distribution of
local avalanche sizes. Finding solutions which are both time
and space dependent is notably more difficult'® and must be
left for future research. Here we analyze solutions which are
“almost” space independent, i.e., we choose

Ay = A + Mxt, (261)

where the spatially dependent part p,, is small. The solution
of (259) can then be obtained in an expansion in powers of .
We write here the two lowest orders:

iy =ad +al, + a2, + 0, (262)

3, — ma? + o (i%)° = —1, (263)

Note the resemblance of the instanton equation with the Kol-
mogorov, Petrovskii, Piscounov (KPP)-Fisher equation for front
propagation.
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(03 + Vi —m® + 201 iiy, = —ptr, (264)

(nd, + V2 —m* +20a")a%, + o (i',)> =0.  (265)

The solutions of Eq. (263) have been discussed in Sec. III C.
Since no general solution for all A, exists, let us proceed with
a solution of Egs. (264) and (265), supposing we know #:

1
Uy, = / Mxt Rx’t’,xtz
x/,t
~2 ~1 2
u, = U/ (Mx/l/) Rx’t’,xt .
ot
We have introduced the dressed response kernel R, ,,, which

will be a fundamental object in the remainder of this article. It
is solution of the equation

(266)

(267)

[<19 — VI +m? = 2000 | Ry = 8(x — x)8(t — ).
(268)

Note that since the instanton equation has the time derivative
reversed, we have reversed the order of the arguments in R, so
that, as defined, it has the usual causal structure of a response
function. Thus as noted in Egs. (266) and (267) it “acts from
the right,” in contrast to the usual convention.

It is easy to express R in Fourier space, i.e., Ry, =
fk Ry ¥' =) with

1 _igeam®yg— o 2 gy
Rk,tz,tl — ¢ y (2 m?)(t—11)+27 f” dsii? 0(ty — 11). (269)

First, this allows us to obtain the avalanche statistics in the
small-velocity stationary state, working, as in Sec. IIIC, to
first order in v. Integrating Eq. (262) over space and time, we
find

Z[h + p] = m*L™¢ / iiy=2"+2"'+2* (270)
Xt
VAR mZ/ﬁ?, (271)
t

A mzLid/‘ Rq:(),t’,t/ M (272)

1t x’
72 = m2o L™ / R0 f @) @13

t,t x’

To this order in u we thus obtain averages of the velocity
field containing two space-dependent velocities. Indeed, to
first order in v, in the small-velocity limit, one can write?”

2
Ldfdl)»,it, — U(S Z[)\'t + /'th]Ld
SMX]tl(slu/X:Z‘z

2
= 2vm U/ Rxlll,x’l/szfz,x/t’Rq:O,t’,t~
x'tt’

(274)

Uy Uxy1,€

20Here and below we drop the factor v in the term v + 1, in the
exponential since it is subdominant at small v.
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[The factor of 2 comes from the fact that @2, = O(u?).] This
is easier’! expressed in Fourier space?”

y y La [ dtXst
Ug,ty U—q,t,€ I i

2
= 2vm U/ Ry.t1,/ Ry 15,00 Rg=0,17 1
£/

3 )

(275)

= 2om’c

t

Note that we have introduced a graphical notation that will be
useful later, when calculating loop corrections.

A nice feature is that the source, which couples to the center
of mass, is still quite general. For A = 0, R reduces to the
usual response function and we recover after integration over ¢
and ¢/

- 1 i 1 torgin-nl
qg-+m-nq
This is a finite-momentum generalization of Eq. (54); a factor
of 2m? has canceled.
Next, using the results of Sec. IIID we also obtain
information about avalanches following a small local step in
the applied force at time g, i.€., 8f; = 8f.0(t — to):

(276)

UgnU—qn, =V

el 1 = / i "8f + 0Gf7, @717

X
where §f, = [, g;xl,(wa/, where we also work for v — 07,
but due to the step the leading result is nonvanishing, though
of order zero in v.

2. Dressed response function, and space-dependent shape
Jollowing a local force step

Let us now apply our formulas to the case A; = A8(t — 13),
and pursue in dimensionless units. We recall the instanton
solution

A

=———— 06(tz — t).
AEd et

(278)

i
It leads to the dressed response function for a single-time
8-function source
2
]R% — e—(k +1)(lb_ta)9(tb — ta)

kytp,tq
14 a(e? — 1Ot — 1)
I+ e« — 1)0(t3 — t,)

2
] . @279)

2Note that the first-order derivative does not yield any new
information: It confirms u,, +v = v for A = 0.
22We use, for an arbitrary function A, the shorthand notation

Ugy g, A = Qm)8d(q + q g, U_q, A for translationally invariant

correlations. Hence iy, thyn A = [, €1 ugqu_y, A and, inte-

grating over x;,x;, one obtains the center of mass u,u,A =
L"’uq“u_q,zmq:o, hence recovering Eq. (54). Everywhere fq =

d
f (‘2171‘)1“ .
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FIG. 6. (Color online) Disorder-averaged unfolding of an
avalanche following a local step in the force at xo = 4 and of duration
T =1, according to formula (281). Mean intermediate positions
u(x t=0)+ fot 1y, Yor are shown at  multiples of 7'/10. The velocity

iy, > 0, so the motion is towards the top of the plot. For the sake of
illustration we chose a random but fixed initial condition u(x,t = 0).

Using Eq. (277) to first order in ¢, and Eq. (266), we obtain
the (linear) response to a local step of the driving force at time
1o:

i L, / R% o wfoe (280)

Taking A — —oo we obtain the average /ocal avalanche shape
(i.e., the average velocity conditioned s.t. the avalanche starts
at fy and ends at 1,) as

. t
8[2 hm}\,—>—00 fx Rxltl xot()(sfxo

<Mx111 )02 - Pguration(tr — t())fx 8fx
[, e sy,
e (1 —1o X
J 0
) .8l
(47 (1) — 10)19% [ 8f+ ik GED
) 4sinh (25) sinh (452
(1)o2 = t5) Lo -

sinh (25%)

(111) ¢y 1s the center-of-mass shape given in Eq. (156). Thus the
avalanche velocity spreads on average diffusively (ford = d)
from the seed, i.e., the point where the kick was applied. It
looks even simpler in Fourier space®’

<u r) — qutl_tl)afk
71102 Rq:O,tlfzo(quzo
— e—fiz(ll—lo) qu
6fq=()

On Fig. 6 we have drawn the mean advance of an avalanche
following a local step in the force.

L™ (it1) 2

(t1)op - (283)

3. Three-time, two-space point correlation

Let us now compute the three-time correlation, in the steady
state to lowest order in v, using the single-time source at t3

23The center-of-mass velocity i, and the velocity of the zero mode
(g = 0) 11, are in our conventions related via L%, = ii,.
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and Eq. (279). The ¢ integral in Eq. (275) is easily performed,
assuming that 3 > ¢/,

14 A(e =6l — 1)
/ RZ 0,1t — 1—x :
t<t’

(284)

For t; < t, < t3, the second integral over ¢’ leads to
. . ALy
UgnU—gpre" ™5

[A(en =" — —D+12

l| 13 N
— ) o@Dt

1) + 112 [A(e"
(A — D*g*+ 1)

X2F1<3 2q* + 1);:2¢* +3

By analogy with the procedure used in Sec. III C6, taking
now the limit A — —oo allows to select the contribution
vq§’128(1}t3)7712,3(u1,q,uz,,q) in the three-times joint distribu-
tion P(it1,4,U2,—4,%3). The normalization vg; , should be
the same as for zero momentum g = 0 since if a piece
of the manifold is moving, the center of mass is also
moving. It is equal to the probability that the avalanche starts
before #; and ends at #3. As in Sec. III C6, we determine it
as g} 1o = [o o dsy JyS dsalimy, s oo 03,05, 23—y =, =
In(z31/z21), and we check that 9,q3 , =1/(e"™" —1)=
fr3 T AT Payraion(T) can be obtained also from the duration
distribution. We can thus take 9;, lim,_,_~, of Eq. (285) to
obtain the conditional average

(l;tqfll"t—qlz>3
= (afsqg,u)_l 813 AEEHOO ".tqn”.‘fqtze)”u’z
(el — e'3)ed =@ +Dn—d1s
q*+1
x (g7 + De¥ (e — ™) + (¢" — ")
X g 20+ + qz 413 (6]2 _ 1)e"+f2 _
X 2Fl(3,2(61 + 1);2q2 +3; 178,

It is conditioned, s.t. the avalanche started before #; and ended
at 13. For ¢ = 0 it reduces to {ios,thor,)3 = 2(1 — e273)(1 —
e"™5). We can obtain the large-q asymptotics using the
formula

(q* + De*]
(286)

2 Fi(a,b+ x,c+x,2)

=(1-z7 [1 + @Z% + 0(x2)1| . (287)

1
This yields
(ef3 _ elz)eqz(fl—fz)—fz—fs

q*(e's —eM)

X (26t2+t3 _ et|+tz _ et|+t3)_

(uqtl ’/.tfqtz >3 :q%oo

(288)

Fixing #; and 73, the function (286) decays monotonically to
zero for t, — t3. Depending on the value of ¢, it is either
concave (small g) or convex (large q).

4. Four-time, two-space point velocity correlations
and asymmetry ratio

To compute the average at a given ¢, conditioned to both a
starting time fy and a final time #; for the avalanche, we need
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the more general observable, for ) < t; < f, < t3,

roLding, 4 ALl
erE oY U g, @351,

(289)

The calculation is more complicated and done in Appendix F
by considering a source A; = Ao8(t — ) + A38(t — t3) and
its associated dressed response function. The full result for
(289) is displayed in Eq. (F8). An interesting observation
is that at g # 0 it is not invariant under time reversal, i.e.,
the simultaneous changes ty — —t3, t| — —h, h — —1,
t3 - —ty, and Ag <> A3. This invariance is recovered only
at g = 0. Hence at the level of the tree theory there is no
way to tell the arrow of time by watching the center-of-mass
velocity, but there is an arrow of time for modes with nonzero g.
This can already be seen on the four-time velocity correlation
function obtained from the expression (289) by applying
L=249;,03,|50=1,—0. The general result (F9) is bulky, so let
us display it here for #; = #:

L* 0"ty g i /2
2(2¢> + 3)e”T
=
(1+¢>(1 +24¢%)
2g2e= 2 T~ 4T [8(q2 +2)elts — 69% — 3]
(14 ¢H2 +g»H(1 +2¢>)(3 + 29?)

= v|:6e_T + q2<13—6€_"_32T —e 2T l4e_T)

+v

+ O(q“)], (290)
which is clearly not symmetric under t; — —1;, although it is
for ¢ = 0. Note that here we do not know when the avalanche
starts and ends, we only know that the duration is larger than
T. We define the asymmetry ratio of the four-time velocity
correlation as

U_r/pllgnU—g o UT)2
A(t])ZZ /2%q,1 q,h / .

(291)

U_t2ig 0U—g 0lT/2

It is plotted on Fig. 7. Since the asymmetry ratio is larger at
large g at the beginning of the avalanche, it implies that the
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FIG. 7. (Color online) Plot of the asymmetry ratio A defined
in Eq. (291). The different curves are for g> = 0 (solid gray line),
g* = 0.2 (dotted red line), g> = 1.703 (dashed blue line), and g> =
10 (dotted-dashed green line). The maximum of A att;, = —T7/2 is
attained for g> = 1.703 (dashed blue line). The plot is for 7 = 1.
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local velocities in an avalanche are higher in the beginning of
an avalanche than at the end. Stated differently, the avalanches
are more compact at the beginning and the parts which move,
move more quickly. This is consistent with our physical
intuition that an avalanche starts at some seed Xgeed, Srows
quickly around that point, while at the end it is spatially
extended, but stops more uniformly.

5. “Second” shape of an avalanche at nonzero momentum

We now obtain (i, 1—_41,)0,3, 1.€., the shape fluctuation, or
second shape, at nonzero wave vector for an avalanche which
started at #y and ended at r3. The times are chosen ordered
as ty < ) <ty < t3. We compute it both for an avalanche (i)
generated by a uniform small force step at time ¢ = £, i.e.,
8fu = 8f0(t — ty) with 8f = m?8w; (ii) for an avalanche in
the stationary state to first order in v. The two protocols give
the same result, as was explained in Sec. III D; it is based on
the identity (182). We present the calculation of (i) in the main
text; (ii) is more involved and is presented in Appendix F.

Let us consider the following velocity average following a
uniform force step at time #y:

T 82ii

. . L, _ Xolo

Uiy Uxynn € b= / S S 5f
X0 /"LX] 5] l’l‘lez

= 28wm20[ R® R®
x'tt!

q=0,[,,[0'

R®

X1t X't T xatp, X't

We have worked to linear order, i.e., up to terms or order
O(8f?,v). In Fourier space, and dimensionless units, the latter
reads as

R"

q:O,f/,fo'

R"

q.t,t

- .- h
blqtlbl,q,ze”)»u@ = 28w/ dt' R (292)

q.t,t’
ty

The function R is given in Eq. (279), and as written, we can
drop the 6 functions. Taking the limit A — —oo enforces the
center-of-mass velocity at the final time to be #,, = 0, leading
to24

uqtlu*quslh

2(eh =t — 1)2 (el — 1)26(q2+1)(t07117tz+t3)
Sw

ed* =1 (glo—13 — 1)2

_ 2
|:e(lo 5)(2q +')2F1(1,2;2 —2¢% Hﬁ)
X

(en=m = 2(1 = 2¢7)

=12+, By (1,2;2 = 2¢% =)

This is a joint expectation value conditioned to the event that
the avalanche ends before #3.

As in Sec. III C we obtain the conditional average s.t. the
avalanche ends exactly at #3 by taking a derivative 9;, of the
above average (292), and dividing by the total probability
Pauration (3 — #0)3f for the avalanche starting at 7y and to end at

24Here we use the Kronecker symbol §; =1 or 0 according to
whether # = 0 or not, i.e., the characteristic function for the event
u = 0, which is dimensionless.
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FIG. 8. (Color online) Plot of the conditional average (i, g, )
given in Eq. (294) for an avalanche starting at time —7'/2, and ending
at time 7'/2, in our dimensionless units. The different curves are for
g*> = 0 (solid gray line), g> = 0.5 (dotted red line), g> = 2 (dashed
blue line), and g% = 9 (dotted-dashed green line). The plot is for
T=1.

13, leading to

(uqllu—q’2>0,3
= 28w(e" "
) [[F (12:2 - 2% =)

_ 1)2(612—f3 _ 1)2e(q2+1)(213—11—l2)

(2¢% — D)(en— — 12

- e1=1)2q*+1) > F (172; 2 — 242 ﬁ)
2% — (e — 1)?

2 2 Hh—1
2
X |:2q + rppr=— + e coth( 5 )]

Q2 o=ty Hotts G207 (i —t3) i+ }

(eto _ e’3) 2 (etl _ e[g) 2 (294)
The resulting function for #t, =# and T =1 is plotted on
Fig. 8. One sees again that higher wave vectors ¢ are (slightly)
skewed towards earlier times.

It is interesting to perform the same calculation in real
space. One can either Fourier transform the above result (which
is not easy) or go back to Eq. (292) and directly work in real
space. Because of divergences indicated below, we need to
compute the more general observable, smoothed on a small
region of space (i.e., for close-by points x;, x,):

) e*(xlfxz)z/(4a2)
/ (uxltluxztz) =
x2

2a./w p

Integrating over momentum directly in d = 4 we obtain
. . _ 2
/ <uqqt1u*qyfz> e @g)
q
Sw (to — t3>a sinh? (452 ) sinh® (25%2)
2 )"

)
= ——sinh
2 : 2 (13—t
8 sinh (—2 )

(tig.nti—g.) e @0, (295)

n 1
X dt’ .
/to sinh? (255)(a% — 2t/ + 1) + 1)?

]. (296)
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FIG. 9. (Color online) Plot of the (normalized) second shape
5,(t1), i.e., the ratio of conditional second moments of the local
velocity sy(t1) i= (f, e ity yu_y.)/{[, € iigou_g0) for an
avalanche starting at time —7/2, and ending at 7'/2, normalized
s.t. 55(0) = 1. The different curves are for a — oo (solid gray line,
equivalent to the same-colored curve on Fig. 7), a = 1 (blue dashed
line), a = 0.1 (green dotted-dashed line), and @ — 0 (dotted red
line), which approaches a parabola. Both limiting curves for a — 0
and a — oo are symmetric, while for generic values of a they are not.
The reason why for a — 0 the curve becomes symmetric is due to a
diverging symmetric contribution to ( fq e‘q2“2uq,,l U_g ), not due to
a vanishing of the asymmetric part.

Fort, < t, we canseta = 0and obtain a finite result. However,
for equal times #; = t,, there is an ultraviolet divergence and
the integral diverges like 1/a as a — 0, hence we must keep
a > 0. This allows to define a (normalized) second shape at
time #; as the ratio

S litgntig. ) e
fq <u4vfmu—q,zm> e—(ag?’

This is the second shape normalized to unity for #; = #,,, the
mid-time of the avalanche. The result is plotted on Fig. 9 where
the integral over ¢’ in Eq. (296) was performed numerically.
Note that upon normalization the limit a — 0 exists (even if
both numerator and denominator diverge) and is a parabola.
Another possibility to regularize the function is to chose #; <
t>; the role of the parameter a? is then replaced by the difference
Hh—1.

For the Brownian-force model, the tree theory remains
exact below dy,. = 4, hence we can use the formula in any
d. Upon integration over momentum in d < 4, the factor
(@* —2t' 4+ t; + t,)7% is replaced by (a® — 2t' + t; + t,)~%/%.
In dimensions d < 2, the limit a — 0 can be taken. In
smaller dimensions, the asymmetry is less pronounced. This
is expected, since for d — 0 we must recover the result for the
particle, where %> = 2. The same holds true for LR elasticity.

. h+ 1
m =

s(n) = . (297)

6. Arbitrary elastic kernel and nonlocal elasticity
Finally we can now give the result for an arbitrary elastic
kernel gq‘l. Since we often use dimensionless units, we
must first define g, := g,—0g,' = g,/m?*. Thus one has to

substitute ¢> — g;l — 1 in all above equations containing g
explicitly, e.g., Eqs (285), (286), (293), and (294).
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The equations where g has been integrated over, such as
(296), have to be recalculated. There the changes to be made
can be condensed to a change of the integration measure over
momentum. For the simplest form of a long-range elastic
kernel this is explained in Sec. IV G.

IV. LOOP CORRECTIONS

Until now we found that the mean-field theory involves only
the cusp parameter o = —A’(0%). As was the case for static
avalanches [73], the small dimensionless parameter which
controls the importance of the loop corrections (and thus the
deviations from mean field) is the second derivative of the
(renormalized dimensionless) disorder correlator, i.e., using
the same notations as in [73]

A =—mi* A0, (298)

o = —elbm A0 = —A" (M), (299)
N a4 1

b 4 (300)

RGO NEOS
The parameter « is of order O(e = dy. — d). Below we study
first the one-loop corrections using a simplified theory, which
retains only o and A”(0%). This simplified theory streamlines
the calculations, and allows to derive, at least heuristically, the
result, which we then analyze. Finally we present a detailed
derivation from first principles. Note that the presentation here
focusses on standard short-range elasticity, i.e., dy. = 4. The
generalization to LR elasticity is straightforward, so we only
detail the main features in Sec. IV G, and give more explict
formulas in Appendix I.

A. General framework

In order to compute the generating functions (77) and (78)
beyond mean field, let us start again with the dynamical action
(81) of the velocity theory, which we recall has the form S =
So + Sais>» So given in Eq. (81) and

1
&m=—§/ finsfia 00y A — 1)+ ). (301)
xtt’

We now rewrite this term with no approximations as

. 1
Sdis = —0 / uxtuxt(v + uxl) + E UxtUyp
xtt’ xtt’

X (U + )V + ) Afeg(V(t — 1) + ux). (302)
‘We have defined
A(u) = —olu| + Areg(u)’ (303)

such that A;’eg(u) is the second derivative of A(u) without the
§-function part; hence A;’eg(O) = A"(0%), and Ag(u) has a
regular Taylor expansion in |u| around zero starting at order
|u|?>. Below we loosely denote A”(0) = A”(0%) since the right

and left second derivatives coincide.

B. Simplified model

The decomposition (302) is exact. Now we make a simplifi-
cation. We neglect the higher derivatives A®™(0") withn > 3.
We will see below that this is sufficient to give the one-loop
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result for the generating function almost completely, up to
some subtleties that we discuss below. With this assumption,
we have Sgis = Syie " + . .., with

simp ~2 .
Sagis = _U/ e (U A+ 1)
xt

Ul ey (U + )V + ti). (304)

1 "
+54"(0)

2 xtt’
We now work with this “simplified” model, and discuss later
on the effects of the neglected terms.

The nice feature of this simplified model is that the new
term can be written as an average over a fictitious (centered)

Gaussian disorder 1, with correlations

(nxne)y = m* A8 (x — x), (305)

where A is dimensionless, and we will choose later A =
—m?=*A”(0). With these definitions one can write®’

G[A] = (Gy[Al)y (306)

with

G,[A] = / D] Dlii]e ™St hu bt (307)

&fa%—o/a;w+m»—fnmﬂw+m& (308)
Xt Xt

For each realization of n,, the theory has the same features as
the mean-field theory (87) of Sec. III B. In particular, the total
action (including the sources) is linear in the velocity field.
Integrating over the latter, as in Sec. III B one finds

G\ = eV )»,n+6(liir”)2+mﬁ§:’. (309)
The quantity fl;? is now solution of the (modified) instanton
equation

~AN ~AN

(nd; + V2 —m?) il + o (@)’ = —he — meiyl,  (310)

which has an additional “random-mass” term. Using this
equation, Eq. (309) can be written as

Gl = "7, 311
Z, A = —L‘d/ (nd, + V2 — m?)iiy!
xt
= L—dm2/ il (312)
xt
To lowest order in v we thus find
—dg L[ At m? A0
Z[)\,] =L 3ve xt |v=0+ = ﬁ . <I/txl )'7. (313)

As we discuss later, we will need to take A < O at the fixed
point, hence the sign of the random term (305) is not consistent
with an additional real disorder. Since all we want to do here is
perturbation theory in A”(0), more precisely in the parameter
o = 0(¢) defined in Eq. (299), this is immaterial. It should be
considered as a trick to simplify the perturbative calculations.

% Note that the noise 7, is unrelated to the friction n despite the
coincidence in notations.
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C. Perturbative solution
1. General equations and formal solution for arbitrary A,

For simplicity we switch from now on to dimensionless
units, which amounts to setting n = m = o = 1. We want to
solve perturbatively in 7, the equation

[0, + V2 — 1] @) = —hy — (@) = nodill.

We expand the solution in powers of 7, denoting by i, the
term of order O(n"),

(314)

iy =il 4+ al, a4 (315)
One must thus solve a hierarchy of equations
[0 + V2 = 1]@% = —hy — (@%)° (316)
[0 + Vi — 14239, ]al, = —n.il,, (317)
[8f + Vf -1+ 25‘21] ”7)2:: = _(ﬁylrz)z - nxﬁ)]rz (318)

The first line, for order zero, is the usual (mean-field) instanton
equation (91). This perturbation problem is distinct, but
similar, to the one studied in Sec. III H. We introduce again the
dressed response kernel (268), now in dimensionless variables

[0, — Vi + 1 =202, | Ry o = 8%(x — x)8(t — 1).
(319)
It has the usual causal structure of a response function, and

obeys a backward evolution equation. It allows to rewrite the
solution of the system of equations (316) to (318) as

~0
= // Nx ux/[’]RX,l/,le
xSt >t
_ ~1 \2 il IR
= [(@y,)" + iy, Ry .
x' Jt'>t

Consider now the average (313) over 7, using (305), i.e., in our
(dimensionless) units (1,n,), = A8 (x — y). Since (12)'”),, =
0, the lowest-order correction is given by the average of i,

(320)

(321)

Z[M = Zyee[A] + L7 / (ﬁﬁ,)n +0(A%. (322

Inserting Eq. (320) into Eq. (321), and performing the average
over 1, one finds

~2 _ ~0 ~0
(uxt>,7 = Af / ux’zzux’thX'lzv’ClllRx'f,%,xlflRXlll,Xl
t<ty<ty,tr3 Jx;x’

+A/ / Xl‘zxtl xtl,xl- (323)
t<ti<ty Jx'
It admits the following graphical representation:
b
(U3)n = (324)

The symbols are as follows: (i) a wiggly line represents uxt,
the mean field-solution; (ii) a double solid line is a dressed
response function R, advancing in time following the arrow
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(upwards), thus times are ordered from bottom to top. Note
that for the choice A, = A8(¢), one has %, = 4% = O fort > 0,
hence the integrals only involve negative times.

We now define the combination

q)(-x/v-x»t) = / ﬂg’[’Rx’t’,xtv (325)
t'>t

in terms of which one can rewrite
~(2) _ 7, IN2 /A
(@), = / [ / D(y,x',1') + (x ,x,r>] Ryp . (326)
v Ly

In Sec. IV F2 we shall show that there is an additional term.

2. Space-independent source A, = A,

We now pursue the calculation in the case of a spatially
uniform source A,, = A, i.e., we study the center-of-mass
velocity. Since then 0, = @ is also uniform, we can express
the solution of Eq. (319), as in Eq. (269), in momentum space

—2 _ 0 g0
Ry, L=e (k*+1)(12 ll)+2f,l drure(t2 1) (327)

The same is possible for Egs. (325) and (326) by defining
O, x,1) = [, @k, 1)e’* ™) and

O(k,1)) = / 1) Ric iy, (328)
(@%,), = (@), = A / Ji(k), (329)
k
Jik) = / [k, 11)* + Dk, 1) Rizg,.s- (330)
From Eq. (313) we find that Z[A] is then given by
tree ddk
Z[) = 753 +A/ iy (ORI CED
J k) = / Ji(k). (332)

As discussed below, some counter-terms are missing, and the
correct formula is obtained by J (k) — J (k) + Jet(k).

We now consider the space dimension to be d & 4 since
we want to perform an € = 4 — d expansion. Since A ~ ¢,
it is sufficient to calculate fk J (k) in d = 4. In that case, we
note that for any isotropic integral one can write [recalling
A = —m?*A"(0), and Eq. (299)]

Ak _ s, / K= dk = / KRd(?) + - -
Q) ~ €l 2
(333)
We used that
i2 1 0 5 (k2)175/2 1
2 awy 4. 334
- 2f0 ) g = =+ (334)

where ... denotes higher-order terms in € and S; the unit-
sphere area divided by (2).

D. One-point velocity distribution
1. Generating function Z(\) and moments

We now specify to A(x,#) = A5(¢) to obtain the one-point
velocity distribution. Let us recall the solution of the instanton
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equation
t
0 -0 €K _ 1
Uy =U;, = oir — 10(—l) = W@(—l) (335)
We found it useful to define
—X
k=T 1—-—x)d—-2)=1, (336)

which we often use below as it simplifies the calculations. The
relevant interval A € ]—oo,1[ maps onto k € ]—o0,1[ (with
reversed boundaries).

From the previous section we have

Z0) = Zo() + %52(,\), 337)

SZ(\) = f K2d(k>) [T (ki) + Tulkoic)],  (338)
0

where we denote Z"° =: Z; and J(k) in (332), (330) by
J(k,x) to make the k dependence explicit. The calculation
of 6Z(A) then proceeds as follows. We need the dressed
response only for#, < 0 (since ii° vanishes at positive times). It

O(k,t 2Ry = —
/0 et Kot = yag2 — 1y
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reads as
e~ D=1 (o2 — 1)2

(ek — 1)2

Riny = O(t, — ). (339)

This yields for #; < 0

e [kPice + ek (K1 —r)— 1)+ 1 — k2]
(k2 — De'x — 1)2

P(k,11) =

(340)
with ®(k,t;) =0 for#; > 0,

/ D(k,t)Ri—o .1
t<t;<0

K= D+ 1k Bk + 1,00 + k2« + In(1 — &)

K22 = 1)
(341)
|
22k + DKk — 1) + 172 B, 2k* + 1,0)
—6(k2 + DKk — 1)+ 1™ B (k* +1,0)
+ 2k [2k*(k — 1) + k — 4] — 2(k* +2)In(1 — )}. (342)

We have introduced the incomplete beta function B,(a,b),
defined as

B(a,b) :=/ 71— P! (343)
0
and related to the hypergeometric function , F} via
a F l . 1

a

which can equivalently be used. Note that while B, (a,0) has
a branch cut for negative «, it is a spurious one since in our
results only the combination « ~“ B, (a,0) appears, which is
perfectly regular on the negative k axis.

The final result for 7 (k,«) is

2k* +1
2k2(k2 — 1)2
x [ =4[k — 1)+ 1] B.(k* + 1,0)
+[K2(k — 2)k —21In(1 — k)]
+ 20k — 1) + 122 B 2k* + 1,0)} .
(345)

J (k) =

The special cases we need are of the form

x t\* 1
k" B(1 4+ x,0) =f dt (—) —
0 K 1—1¢

(346)

Taylor expanding the denominator 1/(1 — t), and then inte-
grating leads to a very useful series representation

B 00 Kn+]
kK *Bo(1 +x,0) = Z:; — k®@e,1,x +1). (347)

® is known by Mathematica as the Hurwitz-Lerch-® function.
Using the above series expansion, one can easily obtain the
small- and large-k behaviors:

(348)

Tk,k) = —Kk + %ﬁ + 0(K%),
Thie) = KK +2In(1 — k)

1
[ o +0 (ﬁ> . (349)

Hence 7 (k,k) is integrable with the measure k*d(k?) at small
k, but contains a quadratic and a logarithmic divergence at
large k. These will have to be canceled by the counter-terms,
leading to a finite result. We will show in Sec. IV F that the
exact expression for the counter-term is

B+ k»r +21In(1 — k)

(1 +k?)? '
Using the series expansion (347), the integration over k can
be performed, keeping a large-k cutoff in the intermediate

expressions. The final result is after simplifications, and
inclusion of the counter-terms:

8Z(\) = / K2 d(kK*) [T (ki) + Ttk i0)]
0

\Z:t(k’K) =

(350)

= K21 —Ind)+ > au",
n=3

(351)
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(n —3)n —2)%In(n —2)

n —

2n?
| 61 — 2001 + 1)(n() ~ 1)
n¥(n+1)
(n—1)n((n—-6m+2)+6)In(n —1)
B n2(n + 1)
(n* —8n+3) ln(n)' (352)
2(n+1)

Note that lim, ., a, = 1 — 21n2, i.e., the first term a, follows
the same relation, if the coefficients are properly interpreted.
For later convenience we set a; = 0.

It is also possible to calculate the cumulants of the velocity
directly in a perturbative expansion in the full disorder to
one-loop accuracy. This is performed in Appendix M | up to
the third cumulant. We have checked that this indeed agrees
with our explicit series expansion up to order A>. As the reader
will see, the calculation of the appendix increases formidably
in difficulty with each new order, while the present method
allows to sum these diagrams much more efficiently.

It is interesting to give the lowest moments. In dimension-
less units they read as, expanding (351) in powers of A using
(352) and (336),

2 = v, (353)

02 = o[l +a(l — Ind)] + 0w, (354)

= o 2
W= [2+ S(8+9In3 - 13ln4)] +OW?), (355)

— 9
it = [6 + %g(zo —132In2+691n 3)} + 0(?). (356)

We recall the mean-field result E = (p — 1)! which follows
from Z(A) = —In(1 — A). The general formula for the mo-
ments p > 2 is easily obtained as

P
T i — o _eEnt
i’ =v(p —1)! [1 + 2p!n2:;an(p_n)!(n_ 1)!] (357)

Let us recall that the small parameter « is related to the second
derivative at the fixed point and equals [see (B12) of [73]]

o« = —A"0") = —% +0()

=—1_3§16+0(62)

(358)

(359)

with ¢; = 1/3 for the RF class, and ¢; = 0 for the periodic
class, i.e.,

o= —56 (RF = nonperiodic disorder) (360)
o= —%e (periodic disorder). (361)
Hence for nonperiodic depinning
u_% = v(1 + 0.0858432¢), (362)
L't_? = v(2 4 0.014924¢), (363)
i% = v(6 — 0.861764¢). (364)
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FIG. 10. (Color online) Plot of §Z(1) defined in Eq. (351).
For real A the function §Z(}) is defined for A €] — o0, 1[, with
a singularity at A = 1. The Taylor series in k has convergence
radius 1, which translates into convergence for A from —oo to 1/2.
This is plotted with an upper bound on the series 1, = 2, for
i =1,2,...,10, starting with the dotted curve for i = 1, dashed
for i = 2, the remaining ones solid, and finally i = 10 (fat). This
establishes convergence in that interval. The last six curves are
indistinguishable, except at A — 1/2. See Fig. 13 for the resulting
function. Note that §Z(A) can be obtained numerically from the
alternative formula (H6) with excellent agreement.

More ambitiously, we will now determine the correction to the
velocity distribution in an avalanche.

2. From Z()\) to P(&): Distribution of velocities in an avalanche

The series for §Z(}), defined in Eq. (351), as a series in
k, has convergence radius 1, since a,/a,+; — 1 at large n,
equivalent to Re(}) < % This is demonstrated on Fig. 10.
The physical singularity however is outside of this interval, at
A=1.

We now obtain the avalanche-size distribution. As ex-
plained in Sec. III C1, we have

P@) = (1 — p'v)s@) + vp'P@) + O(w?*)  (365)

with

Zn)=p [ ooam(e“* — DP(). (366)
0

We have obtained the expansion of Z(A) to order O(«) in the
form (337), hence
, . 1 i o .
pPu) = ;e + ESP(M), (367)

§Z(\) = / ” di(e™ — 1) §P@). (368)
0

In the case where §Z(A) admits an inverse Laplace transform
we can also write

P(i) = Pyp(ii) + %5P(u). (369)
For u > 0 the inversion reads as
—I10Q0 d}\ .
SP@i) = / ——8Z(A)e M, (370)
ico 27Tl
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the contour being closed to the right. Note that

3ZL=0)=0 <% /dzl SPu) =0 (371)

Z=0=0 < /du udPw)=0. (372)
To construct the probability distribution we first note the
inverse Laplace transform

LT-' " = 8@) — ni Fi(1 +n,2, — it)

—A—)u
= 8(tt) + e 0, L, (it) (373)

in terms of the hypergeometric function | F or, equivalently,
the Laguerre-polynomial L,. For # > 0 it can be found by
rewriting the contour integral (which with our conventions
must be closed to the right)

/—im dx ( 2\
— | —) e
/ da/ﬂw di o Hi—a(l- A)“
v ()
(E)u) I"(n)

leading to (373). Thus we can now write the formal series

o0
- Zane*”auLn(u).
n=2

Unfortunately, this series is divergent.

This problem can be cured as follows: We will subtract
from the series (351) terms which can be summed analytically,
resulting in polylogarithmic functions, and their derivatives,
and inverting the latter via a cut integral. These terms are
chosen to render the remaining sum (quasi)convergent. To this
aim, we note

P () (374)

SZ()L) = ster(k) + azcut()\)~

We start by Taylor-expanding a,, around n = oo,

(375)

1 —4In(2 2 6In@)—32 5-_6InQ2
o lmAmen 2 6 - 5 6Mne)
2n n? n3 n*
6ln(2) o 1
e s
2Inn = b;
=— +) 2 376
. Zm (376)
j=1
with b = % —21In2, by = 2, and an explicit formula for b; for
Jj = 3 1is given in Appendix N. We recall thata, =1 —21n2

and that we set a; = 0.2°
Performing the summation, we obtain (if the series con-

verges) the alternative representation
8Z(\) = 23,Li,-(;<)|j:1

+ Y bjLij(k). (377)
j=1

26 Although this may appear to impose an artificial constraint
Z;O:l b; =0 it will be immaterial in what follows since we will
use only a finite sum and add and subtract the same terms.
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Li;(x) is the polylogarithm function, which is analytic on the
complex plane with a cut on the real axis for x € [1,00[,
which maps on the same interval for A € [1,00[ with reversed
boundaries. It is along this cut that we have to integrate. The
discontinuity there is given by

(Ink)/~!
lim Lij(c +i€) — Lij(c —ie)= | 200 iy > <> 1
e—0t 7 0, Kk<1.
(378)

Note that this also holds true for the derivative w.r.t. j, and for
j =1,ie., Lij(k) = —In(1 — «).
Thus, the inverse Laplace transform (370) becomes a
compact and simple cut integral
()

/°° di
| ekv
(379)

However, this series also diverges. Therefore we choose jiax
as a cutoff, by defining

bi(Ink)i~!

SP() = 295 + 2In(lnk) + Z

8P (i) = 8Pser(tt) + 8 Peur(u), (380)
© 4 2 b (Ink)/~!
8Pt =—/ — | 2vg+2In(lnk)+ Y L—"
(i) | o | 2re+ 2Indne) ; 0
(381)

The coefficients @, are what remains of a, after subtracting
their asymptotic behavior

Jmax

- Inn bj
a, = ay +27 _12_1:”_/

(382)

Especially note that @; becomes nonzero, even though a; = 0;
in fact, this coefficient grows rather quickly with j.x, While
the other coefficients decay:

> e 9Ly (1)
n=1

Both expressions §Pu(t#) and §Pg(#) can be obtained
numerically with good precision, and seem to decay rapidly at
large . One then checks that the sum of the two, for any # in
the bulk of the distribution, converges extremely well versus
the result at j = jnax, €.2., for # = 1 excellent precision is
already obtained for jp,x—3. Of course, for a fixed jn,x the
sum over n in (383) should be stopped at n not too large since
it is an asymptotic series, which is ultimately divergent, but
in practice the range of convergence (with respect to nyax) 1S
rather broad.

Practical values are jn.x = 15, and (383) can also be
stopped at n = 15. With this choice, we find that the precision
is excellent and that all moments f 1?8 P(it)du between the
4th and 36th are at least given with a relative precision of 1077,
most even of 10710, Jmax Should not be taken too large since
otherwise this shifts too much weight into the moment d,
leading to numerical problems (cancelation of large terms.)
As an example, for jn.x = 15, one has a; = —51.97, a, =
0.002976, é; = 1.359 x 107°, ..., dyo = 2.373 x 1015, There
are no convergence problems at small or large u.

Slpser(’;l) = (383)
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OP(ir) it
5

FIG. 11. (Color online) uéP (i) as given by Eq. (380) or,
equivalently, by Eq. (H7).
The final result for P(«) is
PG = Poli) + %57?(:,;) + 0() (384)

) SP(u
= Po(ut) exp <% 770((:))

) + 0(?),  (385)

where we remind the value of the small parameter o from
(358). Note that the second formula (385), while being
equivalent to order €, has the property to resum the logarithmic
behavior at small v into the correct power-law behavior. This
is why we have chosen it in Fig. 12.

3. Small-velocity behavior, the critical exponent a

Let us now obtain the small-velocity asymptotics of P(u)
and extract the a priori new critical exponent a. It is controlled
by the asymptotics of §Z(X) at large negative A, i.e., A —
—oo. This corresponds to the behavior for k — 17 of the
series (351). It is determined by the leading behavior of a, at
large n, i.e., from the leading term a, = —2In(n)/n of (376).

P i

1.5
1.0

0.5

0.0
0

1 2 3 4
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Resumming with this term alone, we obtain

5200 =Y " ~ -2 In() o _ 29,Li,(c)],_,

n
n=2 n=2
= —In*(1 =)+ O(In(l — k) + - -~
=—In(1—A)+.... (386)

This yields for A — —oo
Z0) = Zo(h) + %azu)
— _In(l —)\)[1 + %ln(l —x)+...]. (387)

It is easy to see that this is consistent with a modified critical
behavior at small velocities

P@) ~ict =z, a=l+a+t 0(e?). (388)
To show this, we start from the trial probability
P Puia(it) = e (389)

nl+x
for which the associated Z(A) can be computed exactly via a
Laplace transform, using (366). Expanding the result in small
x yields

o 1 . .
Ziial(A) = / du Tox eiu(e)‘u -1
0 u
= —1In(1 — 1)

+ [—yE +In(1 — 1) — %1112(1 — x)] x

+0(x?),

the first term is Z"™°(1) and the second one the correction.
Comparing the behavior at large negative A of Eqgs. (387) and
(390), we can thus identify x = «, consistent with Eq. (388).
Note that multiplying (389) by a prefactor C, = 1 4+ O(x)
or changing the exponential to e~*1+9@WI produces only ~
x In(%) terms, subdominant w.r.t. the In?(1 — 1) at A — —o0.

Let us now discuss our results for the small-velocity
exponent. Using (388), together with (360) and (361),

(390)

P(ir)

100;7::-___
...... ] ="~"-'B.-.,,
0.01
10-4;
10_6?
_ a
0.01 0.05 0.10 0.50 1.00 5001000 "

FIG. 12. (Color online) Left: P(u)u* as a function of #* for RF disorder; ¢ = 0, i.e., MF (black dashed line), ¢ = 1 (blue dotted line),
€ = 2 (green dashed-dotted line), and € = 3 (red solid line). Right: log-log plot of P(u) as a function of u, for the same values of €. For
both plots resummation formula (385) was used. We note that since only « appears as a parameter, at this order ¢ = 3 RF and ¢ = 2 RP are

indistinguishable [see Egs. (360) and (361)].
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we find

2
a=1- 5+ O(¢?) nonperiodic, (391)

a=1- %e + O(€?) periodic. (392)
Our predictions for the change of a are thus quite large,
and tend to reduce the exponent. A naive extrapolation to
d =1, € =3 (depinning of a line) would suggest a ~ 1/3
significantly reduced from the mean-field value ayp = 1.
Preliminary numerical results indicate that the exponent a may
even be negative in d = 1 [100]. A two-loop calculation (or
higher) would settle the question from an analytical point of
view.

We can compare the above formula to the one for the
dynamical exponent to one loop

z2=24a+ 0(e). (393)
Hence we could also write
a=z—14 0(), (394)

which holds for both periodic and nonperiodic systems. Again
it would be interesting to obtain the higher-loop corrections
since we did not find any general argument why they would
be absent.

Finally the small-u behavior can be studied more system-
atically. This is done in Appendix O where we obtain the
amplitude at small & > 0,

Py~ S, C=1- Ly + by, (395)
u 2
where b = % — 21n2 as defined above. This yields C =1 —
0.711284« in good agreement with our numerical Laplace-
inversion. In principle this amplitude is universal and can be
measured.

4. The behavior of §Z(L) for A — 1, and tail of P(&t) at large u

The behavior of Z(}) in the limit of A — 1, which controls
the tail of P(u) for u — o0, is obtained in Appendix G. The
final result is

Z0) = —1In(1 — A) + %‘BZ(A), (396)

1 1
3Z(\) = 8 (1 =2l — P 4+
To obtain the tail of P(it), one needs to inverse Laplace
tranform Z(A). Before doing so, let us point out that this
form is incompatible with the naive expectation of a stretched
exponential at large velocity,

(397)

. C' _pw
P@) ~is1 —e 7", (398)
u
with C' = B =a’ =8 =1 in mean field (¢ = 0). While it
would be hard to extract B, C’, and a’, we could extract § as
follows. Expanding near § = 1, we find

%8P(ﬂ) =@ —De"Inu+ 0 —1». (399

This is equivalent to
In(1 — A) + ygA

2
T + O((§ — 1)9).

%szo\) —6-1 (400)
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Clearly, this is not of the form (397). Noting s := 1 — A, we
claim that Eq. (397) is equivalent to
1 .
SP(i) ~ ge—“uz fa) (401)

at large u, where f(u) has a Laplace transform f(s):=
fooo du f(u)e—*" which behaves at small s as

A A 1
fls)=fO)+ e (402)
ns
Indeed that would imply
- 1,4 1 1
LT, e8P = 232 f(s) >~ = 5—— 403
0P = GOTO) = g s @403)

for small s, which is exactly the result (397). It is then easy to
guess that
f) ! o1
H—=——--=-——
u(lnu)? oulnu

atlarge u, for u > uy. Indeed, the contribution for ## > u reads

as
o 0 1
—/ du(1 —e*")——
g

(404)

£ — f(s)

oulnu
:/ duse_‘”‘—_z/. dwe ™ ——
o Inu lios Inw —1Ins
1
= (405)

In the partial integration from the first to the second line we
have dropped a term (1 — e~*%)/ In 11y, which is of order s. In
the last step, we have used that for s — O, firstInw — Ins =
—Ins, and second ugs — 0.

For the velocity distribution at large u, we thus finally obtain

—i %)
1-1 . e o u
P 0P = - [1+

o 2
161n2(u):| + O(a)

_ (“ i ) 1 0@?).  (406)
=~ "P\lema '
We remind that o < 0, which has motivated us to write the
result in an exponentiated form. Other forms are however
possible, such as corrections to the pre-exponential only. The
form (406) renders the tail stronger decaying; it is plotted on
Fig. 14. In all cases, given the smallness of the correction,
this tail will be hard to see in numerical simulations. With the
help of Eq. (380), we have been able to evaluate §P(u) up to
1 ~ 100, while the alternative representation (H7) works up
to i ~ 10. For these values of «, the tail behavior (406) is not
yet reached.

5. Alternative approach: Integrating over momentum first

Our result for 6 Z(A) given in Eq. (351) was a compact series
expansion from which one first had to extract the asymptotic
behavior at large A, before being able to perform the inverse
Laplace transform. A complementary approach, performed in
detail in Appendix H, is to start from Eq. (330), calculate
®(k,t) as given in Eq. (340), and first integrate over ¢ and k,
the final result for § Z(}), given in (H6), is now an integral over
t;. [Recall that above in Eqs. (341) and (342) we integrated first
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1.0/
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FIG. 13. (Color online) §Z()), as obtained by (351) (thick red
line), a reexpansion in A (dashed thick green line), and numerical
integration of Eq. (368), using Eq. (380) (thin black line). All
functions agree in their respective area of convergence.

over ¢, and f; leaving the k integral for the end.] We did not
succeed in performing the final integral over #; analytically,
although it is easy to compute numerically. It confirms the
above results for §Z()). The advantage of this method is that
the inverse-Laplace transform can be done explicitly, yielding
a (relatively complicated) integral representation (as integral
over t1) of §P(u) given in (H7). It confirms all statements
made above, including the asymptotic behavior for small and
large u.

Note that in Eqs. (341) and (342) one can interpret ¢ as
the time of a kick (infinitesimal step in the force), or starting
time of the avalanche, while time zero is the measurement
time. The time #; < 0 is an intermediate time, which must be
integrated over the duration of the avalanche. Hence, if we
instead integrate over k and then #; € [¢,0] at fixed # we obtain
the joint probability that #(0) = # and the avalanche started at
t. Although it is a straightforward generalization we will not
give this result here.

E. Recovering the avalanche-size distribution to one loop

As discussed in Sec. III'F, to recover the avalanche-size
distribution, one can use a source constant in time A,; = A

In(it P(it))
_—

100 200 300 400 500 600

1072 R

10—106 L ~
]07160 N,
1072]4 L ~

10—268 L ~

10—322 S,

FIG. 14. (Color online) The exponentiated version (406) of the
function P, (i) fora = —2 (e.g. RF disorderind = 1) (red dashed

u—00

line), compared to the mean- -field result (i.e., € = 0, blue solid line).
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during a large time window T'. The avalanche-size generating
function, noted here Zg()), is obtained from the dynamic
generating function studied here via Z[A] =TZg(A). In
practice it amounts to suppressing the final time integral in
the expression for Z[A].

For a source constant in time, the solution of the unperturbed
instanton equation (n, = 0) is

i’ =23=250 =11~ VT=4%. (407)
The dressed response kernel then becomes
Ri = e EH2R0E00(, — 1), (408)

which is simply the bare response up to the replacement m? —
m?* — 2Z3(1). The formula (328) then gives

ZO
ok,t;) = Z° R =—5 (409
(k,t1) 5/[l<l2 T 220 (409)

Following the steps in Sec. IV C2, this leads to
Zs =20+ Z4 4+ -, (410)
zh=(al) = fj,(k) (411)

n el
k < 412
Ji(k) = 1_220‘7() (412)
The coefficient A = %, and we have defined

A g A
“(k) = + , (413
T o <k2+1—2zg> K2+1-2Z3 @13

which is time independent. Graphically Eq. (412) can be
written as in (324),

0

¢ o (414)

replacing the external wiggly lines of Eq. (324) by the factors
Z(S). Note that we have recovered Eq. (152) of [74] for the
statics, up to the two counter-terms discussed below. For
pedagogical purposes, we want to make further contact with
the self-consistent equation obtained in [73]. To this aim we
rewrite Eq. (412) as

— / Tk = Zg(1 —223)
=(Zs— 2%+ )1 -2 —Zs+--)
= Zs—(Zs)’ — 23— (Z9)]
=Zs— (Zs)* — (415)

Note that by going from the first to the second line, we have
added in each parentheses a subdominant term. From the
second to the third line, we have regrouped the terms, and
finally from the third to the fourth line we used the exact
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relation Zg — (Zg)2 = A. Equation (415) can thus be written
as

«
ZS :)\+(ZS)2+—~
ely Ji

= A+ (Z5)* + & (Z3)? \/ +Z
6[2

where we recall the graphical interpretation of each term. [The
amputated lower response gave the factor of 1/(1 — zzg).]
Comparison with formula (151) in [73] shows that one recovers
the result of the static calculation, provided (i) one replaces in
J (k) the tree generating function Z‘S) by Zg, which does not
make a difference at this order; (ii) one adds to Eq. (416) two
counter-terms, discussed below,

T (k)

(416)

o
Zs = A+ (Zs) + — / ERCENAG] M)
el Ji

TR+ D K41
In the statics these counter-terms appeared naturally by using
everywhere the improved action. The first one comes from the
renormalization of A(u), thus all parameters which appear are
renormalized ones. The second also appeared naturally in the
statics from the definitions used there, while here it comes
as a correction from using the (over)simplified model, as is

explained below.

(418)

F. Counter-terms and corrections to the simplified theory
1. Counter-terms from renormalization

In [73] the static avalanche-size distribution was computed
using the improved action, i.e., in terms of the renormalized
disorder A(u), which automatically includes the counter-terms
for the renormalization of the disorder. In the dynamics, there
is an additional operator which is marginal at d = d,. and
corresponds to the friction term in the dynamical action.
Computing from the start in terms of the renormalized friction
n is possible, but less convenient, hence here we perform the
calculation first in terms of the bare disorder Ay(u) and the
bare friction ng, and then reexpress at the end the result in
terms of the renormalized disorder and friction. This yields an
explicit derivation of the counter-terms.

We start from the bare action given in Egs. (81) ff.:

S = / ax,(noa, - sz + mz)ux,
xt

+A)0h) f gl (0 + i)
Xt

N - . .
+§A6(O+) uxtuxt’(v + Mxt)(v + uxt’)-
xtt’

Here the subscript zero denotes bare quantities.

PHYSICAL REVIEW E 88, 022106 (2013)

The effective action to one loop, I' = S + &S, reads as

ﬁxt (v + ’/.txt’)<ﬁxt’uxt>
xtt’

88 = AJ0Y)
—20,0)ALO)

X |: / ﬁxltl ﬁxt”xt’ (ﬁxm ﬁxt’uxtuxltl )
xityxtt’

+ / UxtUxp Uyt (uxlz] ”xltluxt’uxz> +... ]a
Xt xtx't’
419)

where here averages (. ..) are w.r.t. Sp. Corrections to A”(0")
were omitted since they do not matter to this order. From I"
we can now identify the renormalized parameters. The second
term leads to A'(0") = A{(0%) + §A’(07), with

1
SA'(0T) = =3AL(0MHAJ O /—
This is the correct FRG equation for A’(0") [73]. The first
term gives

1
55 = vAJ(O* /—/
v 0( )kk2+m2 Xtut
. 1 o
+A6(0+)ﬁ—k2+m2 -/Xt Ui Uy

1
1”7+ - .
—Ap(0 )Uo[{m/ﬂ By Oty + - - -

The last term gives, in agreement with [73], the renormalized
n =1+ én,

81 = —Aj(0 )0 / S —

’ b (2 4 m2)?

Reexpressing Z()) instead in bare parameters as a function of
renormalized ones, defines the counter-terms as

Z(hsm0,M0) = Z(Asm, A) + Z9 (s, A).

(420)

21)

(422)

(423)
Using that

o
Z(As1,A) = Zyee(Asn,8) + ESZ(k), (424)
where o ~ A”(0), and given by Eq. (299), we only need
to expand Z. to first order in the differences §A and §n.
Equation (105) allows to restore units

nm? - ( —AA(0F)

Ziee(A;,A) = — 2 ) . (425)

Here Zyee(A) = —In(1 — 1) and we remember that A’(0") <
0. To compute the right-hand side of Eq. (423) we substitute
n—no=n—98nA— Ajg= A —35A, expand to linear or-
der in the differences, and in the final result we replace, to this
order, bare parameters by renormalized ones. This gives

SA'(0Y)  8n nm?
A'0Y)  n ) A0
X [Ztree(/‘L) - /LZ{ree(u)]luz et . (426)

nm

Z%nsn,A) = <

We now switch back to dimensionless units, setting n — 1,
m— 1, and —A'(0") — 1. Using (1 —A)(1 —«) =1, we
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then find

1
Z%(x; ,A:—2A”O+/—l 1— .
(h1.A) O | Gy =+l
427)
Comparing Eq. (423) with Egs. (337), (299), and (333), we
finally obtain

TRG (ki) = 2[K + In(1 — k)] (428)

1
(1 + k22
Note that to derive this counter-term we have used that m =
my, i.e.,that the mass is not corrected, a property that we now
discuss in detail.

2. Corrections to the simplified theory

Let us examine more closely the effective action derived
from the simplified theory, i.e., the first two terms in Eq. (421).
We see that there appears an apparent correction to m2,

obtained from the second line of Eq. (421),

1
k2 +m?

Ssimpm> = AJ(0™) / (429)
k

However we know from the STS symmetry that the mass can

not be corrected. The reason for this artifact is subtle. Let us go

back to the exact theory (302). When computing the effective

action, there is an additional term

t
55 — / i / Aty Ryye o (itns + 0) iy + v)
t'<t t

X AUt — 1)+t — ), (430)

not present in the approximation Ay, (1) = A”(0). Although it
contains a third derivative (which to this order is not supposed
to matter), it gives a correction. To see this, we recognize that

(i + V)@ + V)AL = 1) + Uy — Uyyr)

= —a,at/A;eg(v(t — )+ Uy — uyy). (431)
Inserting this relation into Eq. (430), we obtain
t—t’
§S = — / 12“/ dtR(t,x =0)
t'<t 0
X 0; Op A;eg(v(t — )t Uy —uy).  (432)

We now integrate by part w.r.t. ¢': there is no boundary term
at t' =1t (since the t integral then is zero); and there is
no boundary term at ¢/ = —oo since then B,A;eg(v(t —t)+
Uy, — uypy) = 0. Thus only the upper bound of the t integral
contributes, and gives

uxt’)-

(433)

58S = —/ iuRt —t x = O)B,A;eg(v(t — )t uy —
t'<t

Thus we arrive at

88 = — /ﬂxt(v + uxt)
t

o0
x // dre_f(kz“)A”(vt—}-ux,—ux,zfr). (434)
x Jo
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In the limit of small v, the term A;’eg(v(t — ) Uy — Uyy)
can be approximated by A”(0"), thus

1
8S = —A"(0" /~X +u, /— 435
O [ +in | g @39

Thus there is an additional term

1
2 __ 1"+
dagam”™ = —Ay(0 )/km

This term cancels the spurious mass correction. Note that in
another derivation, given in Sec. V, both terms (429) and (436)
appear.

Two observations are in order: First of all, one can rewrite
the two terms graphically as

(436)

~ . 2 2
/uu [5Simpm + daqam ] =

(437)

While the first one naturally arose in the velocity theory, itis the
second one which we derived above. Their crucial difference
is where the field u is sitting in time, as i, at the same time ¢ as
the response field ii,, or as 1, at the earlier time ¢'. Thus there
is no correction to m? due to this cancellation, also known as
the mounting property (and frequently used, see e.g. [42,101]).
Second, we have used that A”(u) decays to 0 foru — oo, i.e.,
short-range disorder.

Finally, the additional loop correction (436) must be added
to our calculation based until now only on the simplified theory.
It can be interpreted as an additional “counter-term” to subtract
(429). To calculate it let us consider how this additional term
(436) contributes to Z()). Indeed, it changes Eq. (268) to

~ ~ ~ 2 ~ ~
[af + V}% -1+ 2“21]“§r = _(u)lcz) - nxu)lcz + ‘Saddmz’/‘?ct‘

(438)
This is equivalent to an addition to Z(}), equal to
/8ﬁ§c2t) = _3addm2/ ﬁ(t)l szo,r,,z
1 t<t;<0
=—A"(0") / _ (439)
- k k2 + m2 ’
In terms of 7 (k,«) it reads as
1
T (ki) = k ———— (440)

k2 +m?

Both counter-terms together give, as already used in Eq. (350),
Tk, 1) = T e,ic) + TEC e )
G+ )i +21n(l — k)

(1 + k2)? 41

3. First-principles calculation in u theory

We note that the two terms in Eq. (437) naturally appear
together in calculations based on the position field u(x,?),
instead of the velocity u(x,?) [see e.g. Eq. (3.22) and Fig. 9
on page 13 of [48]]. The question thus arises as to whether
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one could construct the field theory directly for the position
field instead of the velocity field, and whether this would give
directly the combination (437). As we show in Appendix V,
both answers are “yes.”

G. Distribution of velocities for long-ranged elasticity

Although some systems with long-range elasticity are
studied at their upper critical dimension (usually interfaces
with d,. = 2), some require an € expansion around d,.. This
is the case for instance for the contact line or fracture fronts
d=1,u=1,d, =2),ie., € = 1. We now indicate how the
one-loop calculations of the previous sections can be extended
to these cases.

It turns out that the details of the velocity distribution
depend on the precise form of the elasticity kernel at large
scales. This was already the case for the statics, and in [73] we
established a general formula for the avalanche size to one loop
as a function of the elastic kernel. This formula was applied
in [78] in the case of the contact line.

Although we sketch below the calculation for an arbitrary
kernel, for simplicity we will concentrate on a kernel of the

form
c@)=g;' =cl@+uV? mP=cu’;  (442)

we set ¢ = 1 by a choice of units. The upper critical dimension
dyc = 2y is identified by the large-g divergence of

|
L= fg§ = Cayp .
q €

Here € = dy. —d > 0, and C,;,, = eI, where I, = fq(q2 +
1)?/2. The rescaled disorder parameter is defined by

(443)

a:=—A"0)=¢ / g, A"(0). (444)
q

At the fixed point, it reaches, in the limit of small m (small w),

the same value as before, independent of y,

a=—A"(0)=—5(— )+ O(e?). (445)

Note that the avalanche size becomes
Sw=m A OF) = u 7 AOF) = (L) A O )
(446)

and we refer to [73] for more details. We now use dimen-
sionless units meaning that we express x in units of 1/u,
time in units of t,, = 1, /m?2, and all velocities in units of
U = m?S,, /Ty (or ¥, = L™%S,,/7,,). In these dimensionless
units the result for the center-of-mass velocity does not change
at the tree level, i.e., for mean field. We will write the one-loop
result for Z()), or P(u), in the form

Z(\) = Zyp(A) + ot;(SZ()»), (447)

1 . 2
Pli) = ¢+ a=6P@), (448)
u d

inserting the factor of 2/d for later convenience. For SR elas-

ticity d = dy. = 4, and one recovers the previous definition.
The calculation of Sec. IV is easily extended to an arbitrary

kernel g;. All we have to do is to replace (k* + 1) by g,:l. Let
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FIG. 15. (Color online) §Z(1) for LR elasticity (y = 1,d. = 2).

us define, from formulas (345) and (350),

fO) = [Tkx)+ J“(k,K)]kz%y,l- (449)
Then the result for §Z(}) is
8Z(\) = édﬁ oOdk2 k42 £(1/gp). (450)
el 0

For the choice g; ' = (k? + 1)/? on which we focus from now
on, the calculation can be brought in a form very similar to the
case y = 1 as follows:

5200 = =854 [T j g2 p (2 4 1y
) = e_sz A f(( +1) )
1 dS, [™ . )
= —~_d dy yz/]/ l(yZ/V _ 1)d/2 lf(y)
eh 2y Ji

451)

Taking the integral to the critical dimensiond = dy, and using
that dy. = 2y and that lim._,¢ €/, = S, for any y, we arrive
at

8Z()L)|d:duc = /oo dy y4/d71 (y4/d _ l)d/zflf(y). (452)
1

The two cases of most interest are short-ranged elasticity
(y =2,d. = 4), and long-ranged elasticity of the contact line
or fracture front (y = 1, d. = 2). For these cases, Eq. (452)
reduces (after a shift from y to x + 1) to

SR o
SZ(A)L ) =/ dxx f(x+ 1D+ 0(),  (453)
= 0

52@)‘22 = fo dx(x + Dfx + 1)+ 0e). (454)

Hence the two calculations are very similar. For short-ranged
elasticity, the results were given above. For long-ranged
elasticity (y =1, d. =2), we have plotted the resulting
functions for §Z(}) and §P(u) on Figs. 15 and 16. More
details about the calculation and the results are presented in
Appendix I. In particular we find that the exponent of the
small-velocity behavior changes to

a=1+420+0()=1-3(—¢)+ 0(?). (455
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it 6P(ir)
5 L

FIG. 16. (Color online) 6P (u) for LR elasticity (y = 1/2,d, =
2). The form of the curve is slightly different from the SR case, e.g.,
it crosses zero for # slightly larger.

V. FIRST-PRINCIPLES CALCULATION OF GENERATING
FUNCTIONS TO ONE LOOP IN THE POSITION
THEORY

A. General framework

Let us now go back to the more conventional formulation
of pinned elastic systems formulated in the “position theory,”
i.e., uy, rather than in the velocity variable u,,. Let us go back
to the original equation of motion in the laboratory frame

f Rx_t}x’t’ux’f/ = / gx_xl'wx’t + Fuy,x), (456)
x/',t x’

R =8 (8exmde — g1))- (457)
We want to compute an arbitrary generating function in the
position theory

Glu,w] = elu s, (458)

It can be written as an expectation value with respect to the
dynamical action S[u,#]:

Wikl — (ol

G['u w] =e llxr“,n"rf”/, ﬁng;l/wx’/>
9

— /'D[M]D[ﬁ]e_s[”'ﬁHfﬂ g bWy, Hoxiizt

S

(459)

This dynamical path integral is normalized to unity
[ Dlu]Dlia]eS"# = 1. The dynamical action, now for the
displacement u, and a different response field # instead of i is

S = S+ Sus, (460)
S() =/ ﬁxtRx_tlx/t’ux'l/’ (461)
xx'tt! ’
i
Sy = —— / Bty Al — tx). (462)
xtt’

Note that here we have chosen to consider w as a source
and not included it in S, although this is a matter of choice.
(Disorder-independent) initial conditions are easily specified
considering the path integral with fixed end points and con-
volving with the normalized initial distribution P[{uy ;—,}].
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Nonzero temperature leads to an additional term —nT [ i3,
in So.

To obtain an exact formula for the observable G[u,w],
we need to consider the effective action I'[u,ii], associated to
Slu,i], defined in the usual way as a Legendre transform,

T[u,@] + Wln,w] = f flygryWyr + / [yt (463)
xx't xt
Knowledge of I" allows to obtain our observable as
Gliaw] = oo o™+ 1, 857 b —TW i) ey

AL W

in terms of the solutions u’;" and @i,
point equations
F) F) .
[w,d] = pxr, ——lu,dl= [ gower (465)
o

Sty 8yt

of the “exact” saddle-

These solutions are such that

S A 4
Mﬁctt’ = <uxt)u,w 2/ gxx’Sw ) (466)
x’ X't
. SW
uﬁc/'t = (uxt>p.,w = (SIJ« s (467)
xt

and thus 22%;" vanishes when p = 0. There are other interesting
properties. The covariance of the action under the STS
transformation u,; — Uy + Py, Wyr — Wy + gy P implies
that G, w + g¢] = e*? G, w], hence taking a derivative
w.r.t. w one finds the property

—1l Ap,w _
/gxx/ux/t - fﬂxt'
t t

Note that because of the saddle-point equation, in the derivative

(468)

3w, W, w] = 8y, In G, w] = / gl (469)

X
one can differentiate only the explicit dependence on w.
The effective action can be computed in a loop expansion
as follows. Consider U := (ii,u) a shorthand notation for the
fields. Then for an action of the form

S[UT = SlU]+ SaislU] (470)
the associated effective action can be computed as
[¢] = So[U] — In(e Sl +UT) (P, (471)

Here (.. .)IS]O>I indicates that averages over U should be
performed using the action Sy and that one keeps only graphs
which are one-particle irreducible (1PI) w.r.t. the vertex Sg;s.
Hence these diagrams are sums of one-loop diagrams.

B. Tree calculation

It is easy to see that, if one allows only for tree diagrams,
one has

(U] =Ty + So[U] + Ssis[U] = Ty + S[U] 472)

since the only 1PI tree diagram is the vertex itself. We have
defined I'y = %tr In &) which is just a constant.
This leads to the tree approximation of G[u,w],

G 1, w] = e ot 88w =SLt @) 473
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where in this section the ;" #%;" are solutions of the saddle-

point equation (465) with the replacement ' — &, and will
also be denoted by u’;"""°, 4!;"""* in the following. As is
well known, this is the sum of all tree diagrams in perturbation
theory of the nonlinear part, i.e., Sy;s. It leads to the mean-field
theory, as discussed below.

Note that because of the saddle-point equation, in the
derivative

—1 A, w,tree
Exx Uyt
,

A, I G [p,w] = / (474)

t,x
one can differentiate only the explicit dependence on w.
Choosing e.g. w,; = vt one obtains

Ztree[u] — L—dathreC[M,w — Ut]

_ —1 A,0F
[ [y
x’ t

Here we have set G"™°[u,w = 0] = 1, which is not necessarily
true, except if the system is prepared in the Middleton state,
which we now assume.

v=

(475)

1. Tree saddle-point equations

Let us now specialize to g;' = g* 4 m?>. To tree level we
need to solve the following saddle-point equations:

N0y + (m2 - Vz)(uxt — Wyr) — / O AQuyy — Uyy)

t

-0, (476)

(_ant - Vf + mz)ﬁxt - / Ayrlly Aty — )
t/

—— A477)

Its solution is called u**,i** only when needed, otherwise
u,ii. At nonzero temperature there would be an additional
term —2n7 i, on the right-hand side of Eq. (476). Note that
™" vanishes for u = 0. We now consider sources (., which
vanish at t = 00, hence we also assume that i,, vanishes
at t = £o0o. Note also that u,, — uy, + ¢(x),wy; = Wy +
(—Vf +m?)¢p(x) is a symmetry of the equations (STS). We
further have the remarkable property

(mZ - Vz) /ﬁxt = /Mxt’
t 1

using that A’(x) is an odd function. In the absence of
disorder the solution is # = R"ppand u =C-u+R-g'-
w with C =2noTRTR and one checks that G[u]"™® =
eMReTwkiCi a9 expected. Taking a time derivative of the

first equation, one notes the structure

(478)

R '+ -a=g¢"w, (479)

R+ a=p, (480)

i‘:xt,)c’t’ = _8xx’8tt’/ ﬁxt”A/(uxt - uxt”)- (481)
o

The scalar product “.” denotes integration over the common
space and time arguments. We can now compute (473) by
substituting the solution of (476); again using (476) it can be
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simplified into the two equivalent forms

w1 TN w_o
G[M]tree = efxt HextUxr =73 Jun uﬂuxﬂA(uX’_”u’)

g R ty—1lp.e-t.
— el sU-R™u—si-g w

(482)

2. Expansion at small driving w = 0%

The solution of the above saddle-point equations can be
expanded in powers of w,,, assuming that f,, = (m*> — V3w,
is a monotonous function of time for each x. We find

W 0 1 AW ~0 Al
' =) uy, e, A =40, a0y, + .. (483)

From Middleton’s theorem we know that we should look for a
solution of the saddle-point equation such that u’y;" — u’;" >
0 fort — ¢’ > 0, hence u' should satisfy this property.

(a) Lowest order. At lowest order, i.e., w,, = 0T, the first
saddle-point equation leads, using (478), to the quasistatic
solution?’

W0 = AO)m? — V)2 f o, (484)
v

while the second saddle-point equation leads to the “instanton
equation” for 1,

(= n0d, — Vi + m*)al, + ot} / 2%, sgn(t —t') = iy,
.

(485)
where here and below we denote
o= —A(0"), (486)
and we use
A,(uxl - uxt’) = —0 sgn(t - t/) + A,/(O)(uxt - uxl/)
+ Oy — urr)’). (487)
(b) Next order. To first order in w,, one finds
uy, = / R+ 2 fors (488)
x',t
. y _ —1
ualct = / A/ (0)[(RT) : + Er]xr,x/r’
x't
X / 00,00, (wyy, —ub,). (489)
t
We have defined l
Yty = 8xp0 |:8tf’/ sgn(t — tl)ﬁgz, — sgn(t — [’)ﬁgt’i| ’
n
(490)
2 or = Sor 491)
We also used that [ @}, = 0. Note that
/ Syrpr = 0. (492)
v

?"Note that we expect that there are other solutions corresponding
to a non-steady state, e.g., solutions with other prescribed boundary
conditions.
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3. Case ft Ix: = 0 and connection to the velocity theory
In the velocity theory one is interested in observables (458)
such that

/:uxt =0, Wy =—0Ay (493)
t

where A, vanishes at 1 = +00. Then Eq. (478) implies that

/uxz‘ =0, iy =0y
t

where ii,; vanishes at + = £00. Note that at the level of the
MSR action one can rewrite

A pl _ | s p1 o
/“xrth,x'ﬂ”x’t’—/ Ut Ry e
xt xt

The saddle-point equations in the velocity theory then read as,
after some integrations by part,

R+ u=¢g"w=1f,

(494)

(495)

(496)

(R + $)3i = 9, (497)

S ~ ~ . "
th,x’t’ = axx’Stt’ |: - ZUMxI + / Uy Uy Areg(u)ct - uxt”):| .
o

(498)

To lowest order in w, i.e., for w = 0T, we obtain
ugt =0, (499)
(nod; + V2 = m?)i@%, + o (%) = —hy,  (500)

which is exactly the instanton equation (91), recovered here
from first principles. In Sec. IIIB we have obtained it by
neglecting higher derivatives than the first of A(u); we see
here that the contribution of these derivatives indeed vanishes
if one looks at tree diagrams for w — 0. They do not vanish
however to higher orders in w, or at nonzero velocity. We
now go beyond the tree calculation and consider one-loop
corrections.

C. One-loop calculation

Now we compute I'[U] by including all tree and one-loop
diagrams. It is then easy to see that

Ftree+l-loop[¢] =S[U]+ r! (U], (501)

Il = ienS" U] - L SJU], (502)

and we assume ['!'[U] to be small. Let us denote A :=
(g~ 'w, ). The saddle-point equations are thus

S'[U™ = A (503)
S'UI+ TY[U] = (504)

hence U = U 4+ O(I""). To compute
G = eAU—S[U]—Fl[U] (505)

we can thus consider I'! as an explicit perturbation and to the
same accuracy, i.e., neglecting terms of order (TH2,

G = GUeee T, (506)
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Going back to our explicit notations, we thus need to compute

Lrpm,wtree o w,tree
I [at ut ]

Glu,w] = G, wle (507)

D. Explicit calculation

From now on, we focus on velocity observables, i.e., the

case
/Mxt =0, Wy =—0Ay (508)
t

for which (493) and (494) hold, and will be used extensively
below. One thus has that I';y = 0 for w = 07. In this section
U = (it,u) denotes U = (a%;"""*° u!;"""), and all deriva-
tives are taken at the tree saddle point.

To compute Z(A) we need to expand to first order in w. The
small-w dependence of U™, denoted U here, can be obtained
from (503):

U=U"+U" w4+ Ow?), (509)
U =S g™ w,0). (510)
We need to compute
Iy = u(nS"[U]) — (ln R™1)
= 38" i, U+
= 18", ng,gy(S”);u Low+ Ow?). (511)

For now, we ignore the quadratic substraction. Greek indices
denote either & or # and all contractions are implicit.

At this stage this is still general enough to treat a nonuniform
Axr.- However for simplicity we will now focus on the case of
a uniform A, = X;, i.e., on center-of-mass observables. The
saddle- point solution is then uniform and we denote i, =
4% = —9,i°. It is independent of w.

We need first S”, the matrix of second derivatives. It is
computed in Appendix J for general U, then specified for U™
for general p. Here we need it only in the case (508), and for a
uniform A, hence we can use |, 49 = 0 and it simplifies further
into

S = (512)
(S et v = 8w A(O)R 7, (513)
S, =R'+x, (514)
S =RH T+, (515)
The “self-energy” X is defined in (490), and reads as
S = 8w Surrs (516)
Yy =0 |:5”, / sgn(t — tl)ﬁ?] —sgn(t — t/)ﬁ?,i|
n
—o [28,0i; — sgn(t — )3, @l ]. (517)
Note that
/ 2, =0. (518)
.
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The first component is actually A(0), but can never appear
for velocity observables; hence we dropped it. To pursue, we
define the dressed response

R=R '+ (519)

In Fourier
-1
i’

(R = Riar := (R + 2) (520)

with (Rk’l),,/ = R,;II,. This dressed response is related to the
one defined in (269) and (327),

Ry = 0(f — 1) e—(k2+1)(r—z’)+2f,’, dsi) (521)

Namely one has

R ~ (8) Ry 8y, (522)

where the &~ means that it is true up to a zero mode. The correct
identity, proven in Appendix K, reads as

B 1
/I,Rkn’(bz/ = /ﬂ(al) 1Rktl’8t’ (pr — P_o0) + m‘p—w
(523)

upon acting on a test function ¢,. This implies the following
property:

81Rk1t’ = Rkl‘f’ at’ (524)

used extensively below. The above relations arise because we
are working in the position theory in a case where we compute
velocity observables.
We now need the inverse second-derivative matrix. One can
first invert the 2 x 2 block structure
(S”);ﬁl — _(Sl;/ﬁ)fls// (Sgu)71 — _RTS// R

(8" = (Si) ™ =R,
(8" = (Si) ' =R,

uil

(8" =0,

uu

(525)

where the inversions on the right-hand side refer only to the
space and time dependence. Given that in addition one has

S;i. = 0, there are only three distinct terms in the sum (511)
of order O(w), and which we denote
1
Ty = 38"l St 57w
+ (8" St S N 87w

+ (S S S 87w (526)
We now specify to a uniform w,, = w,. The third derivative
tensor is computed in Appendix J2. It is important to note
that S and all components of &” are local in space, i.e.,
SJ/r/t,,x’t’,xl,tl = 5xx/x,5,/f;g,]- We can then make the momentum
structure more explicit, using the above second-derivative

matrix, and write
8Ty = 8TV + 61 + 67,

SF(II) - _%m2 /k [RZ ’ SL/t/u ’ Rk]zt’[slli/l/iu “Ro - w]tt”

(527)
o = [ (R, I8 Ra- 0],
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3) 2 T T
T — /k [RI], [Sia - RE -8l Ro-w], -
All three terms are matrices in the time indices only, i.e.,

[S! 1w = A"(0)a%5,

uu

[S,;/L/;u]tl/tl = G((Sttl - 5:/:,)Sgn(t - t/), (528)
[Sqr i = —A"O) (S, — 82 — 8,027 |
and [S} . 1is, = [Shs, Jen e Note that we can define
Ryi= [ Rovu, (529)
r/

and replace it above since it appears on the right in all three
terms (527).

We now specify to the choice of most interest for us here,
namely, the driving at small but finite constant velocity w, =
vt’. In that case R, is not a well-behaved expression since it
may contain an additive term in the position of the parabola.
Fortunately, in the calculation below, using (524) only the
following combination will appear:

R =v / Roy = U/ 6‘7m2(t7t,)+2]7’ dm?. (530)
t t'<t

In particular,

(531)

—>—00

lim R, = v / Roi, = —5
<t m
since #% — 0 for s — —oo.
It is shown in Appendix L that the third term vanishes,
5T = 0. (532)

Hence we only need to compute two contributions. Substitut-
ing (528) into (527) we compute the first term

1 " 2
—=A"(0)om
2 kot 11,0
X R (R — Ry)sgn(t — t')
1 " T
——A (O)amZ/ ]Rkt]tRktzl’utO] ”?2
2 k,t,t' 1,1
x8t8,r(7?,t - Rz’)sgn(t - t,)

= A"(0)om? /

k,t,t,t

1 ~0 ~0
(Srg ) Rk[lfatlutl atzutz

~0 ~0
Rktltkazl“ i, 0;R;

non

vA"(0)om? f Ror Pk, 1)>. (533)

k,t'<t<0

To obtain the second line we have integrated by part over ¢

and 7, and used (524). No boundary terms are generated since

il, vanishes at t = +00. We used that 9,0, (R, — R, )sgn(t —

ty = —0,0,Rpsgn(t —t') = —20,R;8( — t'), i.e., there is a

factor of 2, not 4. This is the first term obtained in Eq. (326).
Graphically, this can be written as

te---eat to--- At
LR 8 U ZH.N

t18----0to Wty t1 ----ety Wty

t &«---at

+ \@\ :

t1e---"8ty Wty

(534)
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Only the first term is nonzero.
For 8F(12), we find

2 2
81“% ' =m R [S:}/;u]t’ttl R,

k,t,t'

= —m*A"(0) R 1Y (Ry — Ry)

k,t,t'

=m*A"(0) i3, [ R (R — Ri)]

k,t,t'

= m*A"(0) [0 Ris 8 Ry — i) Riar 8 Ry ] -

ko,

(535)

We have used that R, = 0, absence of boundary terms
[Rier (R — ROIZTX =0, and 8, R, = 3R, =0. We
have also employed (524).

Now we can use (523) with ¢, = 1 which gives f R =
J. Rir = (1 +k*)~" and obtain, using (530) and (531),

5T =m2vA”(0)[ / / Roy, ®(k,t')
k J<t'<0

[ [ o]
— u .
K S

The first term is exactly the term proportional to the single
®(k,t) in our previous calculation (326). The last term can be

calculated, recalling the definition k := — l%

)\.’
0 0

(SI‘E%) _ _msz//(O)/%/ dt2/ dt u? Roer,
k k +1 —00 %)

— ZA//OfL.
mvAO) | ey

Graphically, this can be written as

t g IR SEED N
5T KJ\\ + M\ |
’LUf,5 wts

(538)

(536)

(537)

We can now put all together and obtain

1
Z(A) = Z™(1) — lim F— (539)
v—>0 v

which coincides with the result (332), (330) apart from the
additional contribution Ak fk(l +k?)~'. This contribution,
equivalent to (439) and (440), exactly cancels the O(x) in
Z(A) to one loop, as it should and automatically removes the
quadratic divergence. It is thus exactly the quadratic counter-
term. While in Sec. IV F2, it came via some manipulations
on the seemingly vanishing term A" (v(t — t') + uy, — Uyy),
in the present calculation it appears automatically, and is
related to the zero mode of the velocity theory.

VI. CONCLUSION

In this article we presented in detail the novel tools and
methods which allow us to calculate the statistics of velocities
in an avalanche for the prototypical model of an elastic
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interface driven in a random environment. It is the extension
to the dynamics of our work on static avalanches, and the
quasistatics reveals to be closely connected, albeit different,
from the statics. The dynamical observables are much richer
as we aim to calculate many-time correlations. The problem of
how to define an avalanche, and the steady-state measure for
avalanche statistics, is addressed and allows to make progress.
At the same time connections to avalanches following a kick
or nonstationary avalanches are discussed. The Middleton
theorem, which allows to order all realized configurations in
time, plays a crucial role at all stages of the derivation.

Our construction starts by identifying the correct mean-field
theory, valid in space dimensions d > d,.. We discover that
it is given, up to renormalization of a few parameters, by a
simple tree theory, itself equivalent to a nonlinear instanton
equation. This tree theory is interesting in itself. For the center
of mass of the interface it exactly reproduces the ABBM
model; it settles an important question concerning the validity
of the ABBM model, introduced before as a toy model. The
full space-time statistics of the velocity field is found to be
given by the Brownian-force model (BFM). This model is
exactly solvable, reducing the problem to solving a space-
time-dependent instanton equation. Our methods allow us to
obtain a host of new results for the probability distributions at
several times and a number of results at nonzero wave vector
q, which go beyond the ABBM model. A salient result is the
time asymmetry of the avalanche shape, which, within mean
field, manifests itself at the local level (or at nonzero ¢) but
not for the center of mass. The universality of our results is
discussed and quantified.

Continuing to one-loop order, we obtain the distribution
of instantaneous velocities in an avalanche for an elastic
manifold, as e.g. a magnetic domain wall, driven through
disorder. These results have never been addressed before. They
are the basis for further work on the avalanche duration and
shape, beyond mean-field theory.

Many of the results of the present article can be confronted
to experiments, and for this purpose we have extended them
to long-range elastic kernels which are ubiquitous in nature.
There are numerous experimental systems at their upper
critical dimensions (e.g. magnets) and nonzero g observables
have not been measured and discussed previously. For other
classes of systems below their upper critical dimension, the
techniques introduced here provide a novel and at present the
only way to attack them.

Let us list a few important prospects for the future. Since
we now know how to describe the space-time structure of
avalanches within the mean-field theory, using the Brownian-
force model, it would be interesting to develop analytical
and numerical techniques to solve its evolution, and solve
the space-time-dependent instanton equation beyond what has
been done here. This should yield a detailed description of
the space-time processes involved in an avalanche, and shed
light on their physics. Avalanches have similarities as well as
differences with branching processes, and the spatial shape of
an avalanche is an important observable for experiments. We
have voluntarily focused on the small-driving-velocity limit
since at present the FRG is better controlled in that limit, but
an important challenge is to understand the finite-v behavior,
and in particular whether the v-dependent avalanche exponents
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present in the ABBM model survive beyond mean-field theory.
Other more far-reaching issues are to treat nonmonotonous
driving, hysteresis, and to extend the theory for systems which
do not obey in an obvious way Middleton’s theorem.
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APPENDIX A: LAPLACE INVERSION FOR
A TIME WINDOW

We give here the inverse Laplace transform (211) in a series
representation. By inspection we find that for any finite 7" the
LT has simple poles on the negative real axis at s = s, <

—1/4,n =1, ..., the closest one to zero crosses over from
s1(T)=—1/T atsmall T to s; = —1/4 at large 7. Since all
sp < —1/4 we can write 5§ = —”4"2. Noting x = tany the

poles are solutions of —¢,, = % tan ¥, — nx /2. The function
s,(T) is better represented as a function of s,,:

4[% — arctan(y/—1 — 4sn)]
V=1 —4s,
represented in Fig. 17. Now we can compute the residues and

using the equation satisfied by the poles we find, amazingly,
that they are all simply all equal to 1/ 7. Hence

T =

s =s5,(T) (Al)

oo

1
PU) = — ~lsu(DIU A2
) i n=16 (A2)
The small-T behavior of the poles is
1 1
T ==4+-+0(), A3
Is1(T)] T+6+() (A3)
. S Y (L
Sn = —_ S —
T? T 4 min+1)?
+ O(T). (A4)
T
10
8
6+~
4 : /////////,
2
- 1 L | | Ky
-5 -4 -3 -2 -1 0

FIG. 17. (Color online) The function T'(s) defined in (Al) for
n = 1 (red, thick, lower right curve) up to n = 7 (upper left curve).
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Hence at small T we get

1
PU)~ —e YT,
TU
consistent with the velocity distribution, as discussed in the
text. For large T the poles behave as
1
(0] 75 )

To leading order at large 7 one can keep only the first
two terms, and approximate the sum by an integral, which
reproduces the correct asymptotic result

(A5)

15,(T)| 1 n 72n? S(nznz) 4872n?
sn = - —_
4 T2 T3 T4

PW)~ o [CanetTHY = L un

N — net 17 = ————¢ ,
TU J 2/mU3/?

equal to the avalanche-size distribution as discussed in the

main text.

(A6)

APPENDIX B: IRRELEVANT OPERATORS AND
RESPONSE FUNCTION

The effective action of the position theory in the laboratory
frame can be written in an expansion in powers of the response
field 4 as

o0
i L
Mlial =Y. / B0y Tan, o, [l (B)
— R N

The term p =1 expanded to linear order Iy [u]=
;lx, (p Uy + O(u?) defines the exact inverse response
function. Expanding the latter in time derivatives defines
the renormalized dynamical parameters, more conveniently

expressed in the frequency domain

(o]
R, =m" +niw+ Y Dylio)". (B2)
n=2

Similarly, in the limit v = 0" the local time-persistent part of
the term p = 2 defines the renormalized second cumulant of
the disorder A(u),

im [ T e = 0] = L8Ge = ). (B)
>t

Similar definitions hold for the pth disorder cumulant €
from the term or order p in I'. All renormalized quantities
depend implicitly on m.

The main point is that near d = d, and in the limitm — 0,
the only relevant terms, i.e., operators in I' are n and A(u),
irrespective of the details of the bare model. For d = d, — ¢,
€ > 0, all other pieces of I" are irrelevant, i.e., higher orders in
€. For d = d,, they are higher powers in 1/ In(A/m).

In Refs. [73,74,98], this property was discussed in detail
for the disorder part of I', for instance that the dimensionless
(i.e., rescaled by the appropriate power of m) higher cumulants
Cr = O(e?) for p > 3, and similarly, that the nonlocal part of
the second disorder cumulant is O(e?). Since the local second
cumulant A = O(¢), it implies that the renormalized disorder
V= O(/€) is local and Gaussian, and that all other disorder
operators are irrelevant.
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Let us thus discuss here the dynamical part of I", and con-
sider the dynamical coefficients D,, as examples of irrelevant
operators. For concreteness we restrict to SR elasticity with
dyc = 4. The perturbative correction to the inverse response
function reads as, to lowest order in the disorder (see e.g.
(102)),

-1 % dt —(g*4+m* L —iwt\ A1
Squo,w = — —e (1 —e"HA"(0T), (B4)
g J0 n

which leads in the limit of v — 0T to
8n = —nhLA"(0"), (B5)
5Dn - (_l)nnnln-&-lA”(O)s (B6)

A
I, = / (K> +mH™". (B7)
k

A is an UV cutoff. For d < 6, to which we restrict, we
have limp o 1, = m=" I, with I, = [, (k* + 1)™"; itis well
defined for n > 3. We define [, = (4n)¥’T'(2 — £) as the
analytical continuation to any d, with I, = m?~*I, ford < 4;
the integral I, becomes UV divergent for d > 4.

One now defines the dimensionless inverse response func-
tion at ¢ = 0, with times scaled using the characteristic time

Tn = n/m2s

R (@) = m* f(iot,), (B8)
f)=1+y+Y Dy (B9)
n=2

D, = D,m* *n7". (B10)

The D, are dimensionless. Let us now discuss the two relevant
cases:

() d < 4. Using —mdy, I, = 2n +2 —d)I, . ym9=22,
Egs. (B5)—(B7) lead to the RG equation, up to O(e?),

—md,n = —nA"(0"), (B11)
—md, D, = =2(n — 1)D,

L1 «
+(=1D)'2n+2 - d)—IflA”(0+), (B12)
€

2
ush}g the rescaled disorder (28). Since for d < 4 the behavior
of A(u) is universal for small m, so are the behavior of 1 and

of the coefficients D,,. The first equation gives n ~ m>~%, i.e.,
T ~ m~% with
X+ - é-l 2
z=2-A"0")=2- 3 €+ 0(”). (B13)

The exponent z is the dynamical exponent, with z < 2. In the
second equation we can use [73]

Liygw  Tln+1-4d/2) d—4 1
el, 2T(n+ D3 —4d/2) 2n(n—1)
Hence for d < d the scaled dynamical coefficients converge
asm — 0 to universal fixed point values, given to lowest order
in € by
~ ="
" 2n(n—1)

(B14)

=Dt 1-4
2nn—1) 3

A0 = €+ 0(ed).

(B15)
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For d = d,. = 4 one finds analogously
5o~ D AV(OF)  (=1)"4r* 1-g
"T 2n(n—DIn(A/m) nmn—1) 3In(A/m)’

(B16)

Hence at the upper critical dimension the dimensionless coeffi-
cients D, decay to zero at small 2, thus the model is faithfully
described by the BFM and ABBM mean-field equations of
motion, with (only two) parameters 1, and o,,. The behavior is
universal, and largely independent of details of the bare model.
For d < d,. the model is not described by mean-field theory,
but by a new universal fixed point which is studied in Sec. IV.
We can obtain the inverse response function for d = dy — €
by inserting (B15) into (B8) and summing over n > 2:

fO) =14y + 3+ DIn(y+ 1) — »)A”O).

Thus the final result for the inverse response function to one
loop, i.e., O(€) accuracy, is

(B17)

2
R.l=a*+m* (1+i0t,3) + 0. (BIY)

We used the result (B13) for the dynamical exponent z. The
behavior for large wt,, > 1, i.e., in the limit of small mass
m, is R}, ~ (iw)*/* as expected from scaling. This provides
a derivation of the dynamical exponent at finite frequency.

(i) d > 4. The FRG flow of the disorder for this case was
discussed in [103] (Appendix H) and [73] (Appendix B). There
are two phases: (a) if the (smooth) bare disorder is small, it
remains smooth under coarse graining, i.e., there is no metasta-
bility, no cusp, and no avalanches. (b) If the bare disorder is
larger than a threshold, A(u) acquires a cusp, but flows back to
zero as A(u) ~ (2)7*A(u), where A(u) is nonuniversal and,
equivalently, A(u) ~ A*4 A(u) is nonuniversal. Alternatively,
if one considers a nonsmooth and weak bare disorder [i.e.,
with a cusp in Ag(u)], then perturbation theory converges,
schematically A — Ag ~ LO(A2) where I, ~ A4™* — m?@~4
since I, isnow UV convergent and dominated by the UV cutoff
(see [73] for details).

Since the rescaled disorder A flows to zero as m —
0, the FRG equations (B11) show that n converges to a
nonzero value nr as m — 0, hence z = 2. The value of ng =
no exp(— fOA %" A;;,(O*)) obtained from (B11) is nonuniversal
since the flow of the disorder is itself nonuniversal. The
coefficients D,, on the other hand, using (B11) converge to
Zero as

by
2n(n — 1) \A

hence for m — 0 the model is well described by the ABBM
model with constant but nonuniversal parameters 1 and o.

d—4
) aeh: (B19)

APPENDIX C: A DIFFERENTIAL EQUATION FOR Z(})

We give a very general argument of how to calculate Z(%),
without calculating the instanton. This method works for all
first-order instanton equations.

The instanton equation away from the source reads as

Qli(r) = ii(r) — i(1)* =: f((1)), (ChH
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where we have allowed for a possible generalization to an
arbitrary function f(ii). To obtain Z()), one has to integrate
its solution

1)
Z0) = f dr (1), (C2)
ii(t(L\) = A. (C3)

Note that the translational zero mode in time of #(¢) is not
fixed in (Cl), but by the condition (C3). Compared to the
standard solution, there is an arbitrary change in the time
of measurement. Taking a derivative w.r.t. A of the last two
equations yields

dZ()  dt(d) _
T W“(f()\)), (C4)
d,u(1) ) =1. (CS5)
t=t(x) dA
Combining these two equations yields
@ _ i(t) _ iu(t) (C6)
PR X 1051 R 1 10))

where in the last step we used the instanton equation (C1).
Using (C3) we find the simple result

V4
% = % (C7)
If f(ii) = it — ii?, the case usually considered, we arrive at
% = ﬁ (C8)
The solution is
Z(\) =—In(1 —A), (C9)

where the integration constant is fixed by demanding that
Z(0)=0.
APPENDIX D: MORE DETAILS ON THE ABBM MODEL

In this appendix we use dimensionless units. Let us rewrite
Eq. (233) as

3,0 = —dJ, (D1)

J(v,1) = =(3(VQ) — (v = v)Q),

where J(v,1) is the current of probability. The equation for the
eigenmodes is

—sQ = ((vQ) + (V—)0).
Let us first discuss the case v > 0. The general solution is

Q) =V e V[C\ L7 TV(V) + CLU(=s,0,v)], (D4)

(D2)

(D3)

given in terms of the Laguerre polynomials and confluent
hypergeometric functions. The Laguerre polynomials can only
have s =n = 0,1,2, ... since for different values they do not
decay fast enough at infinity. For these integer values of s
the two solutions become linearly dependent. These Laguerre
solutions for all s = n have the peculiarity that the current
vanishes at the origin, i.e., J(v = 0,t) = 0, more precisely
J(v=0,r) ~Vv¥ at small v for all » > 1. In addition the
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current vanishes everywhere for n = 0. For the hypergeometric
solution the current is J(v = 0,7) = rr((_”;).

In their work [2,3] ABBM retained the solution with zero
current at the origin, hence the solution which vanishes for
VvV — 00,

0,(V) =V e VL= (v), s=n=0,1,2,.... (D5)

They thus obtained the normalized propagator [2,3]

0, (V,t|vi, 1) = v le™

ad n!
—val v val v 7nt’ D6
xgmﬂ)n()n(l)e (D6)

a formula valid for v > 0. The term n =0 is Qu(V) =
v'~le™V/T'(v) and integrates over vV > 0 to unity, the oth-
ers to zero. Hence fooo dv Q(v,vy,t) = 1. Since the current
vanishes at the origin for all times (i.e., the total probability
for v > 0 remains unity), for large times the probability
reaches the stationary state which has zero current everywhere
O(V,v1,1) = Qo(V).

Let us now consider v = 0". One then finds that (i) the
Laguerre polynomials must again be of integer order to behave
well at infinity [one has L vy =1, Ll_l (V) = —v, and so on].
(ii) The Laguerre solution corresponding to n = 0 behaves as
e~ /v, hence is not normalizable. (iii) The Laguerre solutions
forn = 1,2, ... have a nonzero current at the origin. (iv) The
hypergeometric solution does not behave well at the origin
~ 1/v unless s is positive and integer, in which case it again
becomes identical to the Laguerre solutions. The only possible
solution for the propagator thus seems to be

[o¢]
Quoo(v.v1.t) =v'e™ > “nL WL, (v)e ™, (D7)
n=1
which is the limit of (D6) for v = 0T, where the term n =0
has dropped because its prefactor 1/ I'(v) vanishes.
On the other hand, inspired by our result from the text, we
found that there is another expression for the propagator at
v = 0%, namely,

(I=z)vy

OV, Vi, 1) = O(Vao,Vi,1) + 8(Va)e™ =
V1 =z _ww, 112 lz_z\/V1V2)
e T ———
Z W/ ViVa

We recall z = 1 — ¢! and that Q satisfies (D1) with, as v —
Vi,

O(V2,Vy,t) = vie"

(D8)

_ AT
1

e
BV, 47TI(V1V2)3/4

We have checked with Mathematica that foo,o dv Q(v,vi,t) =
1, and that the §-function piece in (236) is crucial for this
probability conservation.

It turns out that the two expressions (D7) and (236) coincide
forv > 0, i.e., Q(V,vi,t) = Qu—o(V,V1,t) as we have checked
numerically with excellent accuracy (the convergence of the
sum over n is very good). However the § function in (236) is not
reproduced. Hence the terms n > 1 now have a finite integral
over V. This integral does not add up to 1. Somehow the n = 0
term is replaced, for v = 0 by a delta function, multiplied

O(V,vi,1) = Vy ~S(Va—Vvy. (DY)
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Vi

by the factor e” <-1. This factor takes into consideration the
absorption at zero, which is now present.

Other boundary conditions at v > 0, such as absorbing
ones, can be studied, which we leave for the future.

APPENDIX E: CHECKS OF THE THREE-TIME FORMULA
FOR MF (ABBM)

We now want to check the three-times correlation. We use
the formula

/ ~ dv eV I,(2a/0)[,(2b/v) = I, 2ab)e” ", (El)

0
which yields

/dvze“”Q(vz,vz,z’)Q(vz,vl,z)
Vi V1 Z2Y miyy nes o
= |—e"'—— e o T Ve?
v3 Z//

v

1—z"
X 11 (274/1)31)1) . (EZ)

Herep =141 -1y =7y —Apand1—z" = (1 —2)(1 —
7’). For A, = 0 we find

N

/ dvy Q(v3,v2,2)Q(v2,v1,2) = O(v3,01,2"),  (E3)
as expected for a propagator. Other useful identities are

o0 !
- 1 A=z
/ dv3e™" Q(v3,05,2) = 177 (70T — 1),
0

(E4)
o ~ e U 1 v 12
/ dvie™" Q(vy,v1,2) = —e_%(evzf“*“l) —-1).
0 V1 1%
(E5)
This allows to obtain
~ ~ e U
/ ek1v1+kzvz+ksv3 X Q(U3,Uz,z/)Q(v2,v1,z)
v1,02,03>0 V1

=In(1 — 12" — A7’ + AiAsz2)
+ In(1 — Xz — 232" + Aar3zZ) — In(?” — AazZ)
— In(l — A — Ao — A3 + iAoz + AAsz” + AahsZ
— AA2A3zZ). (E6)

Rto,lz

ktp,ta

(1= 20)(1 = A3) + Ao(1 — A3)e" ™ — Aorze ™" + (1 + Ag)Aze™ ™"
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We recognize that the last logarithm is Z3. Taking the three
derivatives 9y, 0,,0,, gets rid of the other terms, and shows that

V10203 0(v3,02,2) O (v2,v1,2) = LT:i,»—w,» 3, 03,00, Z3.  (ET)

Since the latter expression is also the inverse LT of
q123V10203P(v1,v2,v3), and since neither function contains a
6 function, we obtain

e U

4123 P(01,v2,03) = 0(v3,v2,2)O(v2,v1,2) (E8)

U1
This shows that the three-time velocity probability can be
written as a product of two-time propagators, i.e., the three-
time velocity probability at tree level (i.e., in the ABBM model)
is Markovian.

APPENDIX F: SPATIAL CORRELATIONS IN THE
TREE THEORY

Here we give further calculational details concerning
Sec. IIT H, in particular we work in the steady state to lowest
order in v and in dimensionless units. The results are exact
for the tree theory, i.e., the BFM in any d, or for SR disorder
in the mean-field theory. For the three-point function to first
order in v, computed in the text, let us indicate the following
integral formula, useful to generate a series expansion in g
(witht; < £, < 0):
ot oML
2

= vﬁe—(l-&-qz)(hﬂz)[l —i—)»(etl _ 1)]2

UgnU—g1,

, [ 21+aM

x [14+re? -1 / df/ —MM .
[ ( )] e -
Let us now detail the calculation of the four-time correlation
function, from which we will also extract the avalanche shape
in the stationary state. Consider the source A; = Ao8(t — p) +
A38(t — 13) for tg < 11 < 1, < t3. In dimensionless units, this
gives

(F1)

- 1
u; = W@(I@ <t<t)
1
e Y0 <0 (R

T (Hr)A3€0420(1—A3)eh

The dressed response function has six sectors. We indicate
only those needed:

_ e—(szrmz)(tb*ta)e(th _ la)(bz, (F3)

T (= A)(1 = 23) + Ao(1 — Az)els— — Aghze = + (1 + Ag)hzele "
1+ Az(e®5 — 1)

. <hh <tlh<Mtz

® = ,
(1 = 20)(1 = A3) + Ao(1 — Az)e’a™" — Aorze™™" + (1 + Ao)Aze™™"

_ 14+ Az(e™ —

14 Azt — 1)

L, <th<thp <Mt (F4)

o <t, <ty <Is. (F5)
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We now use
(1 + As3(e"™ — D)1 + Ao(e" ™" — 1)) ,
for t' > ty,
ROB (1 = Ap)(1 — A3) — AgAzel™8 F6
f<p 0T Ao(1 = A3)(e" = — 1) 4 "~ a3(1 + Ao) o
1+ for ' < 1.

(1 = X)(1 — A3) — Aohrzelo™0

We must split the integral into two parts
AoLdig 7, 4 Ll — lo,13 fo.13 fo,13
M UG Uy e = 2v<f +/ )Rq,tl,z’Rq,tz,t’|:/Rq=0,t’,t:|' (F7)
t'<ty<ty to<t'<ty t

U(()\s — De™ — a3e")* (A3 — 1)e" — Aze)?
(o — D(A3 — 1es — AgAzelo)*

—g>—1)(<210+11+1) 2 9,2 . €000t DAz—eBro(A3—1)
(o =20tk ) By (3,2(q% 4 1);2¢% 4 3; Getlaceiiats- )
X

9> +1

The result is

AoLdiig y A3Ldiy —
e UG U g e =

e(_qz_l)(ll+r2)—3t3 (()‘0 _ 1) ()\’3 _ 1)6‘[3 _ )\0)\3et0) 3
(3 —1D3Q2q* +3¢>+ 1)

fo—tzk
x { (ho—1)(24° +1) [( — 2CH0) (3,2@2 +1):2¢% + 3; i f)
-

+

=13
+ Xy (3,2(q2 +1:2¢7 +3: 5 ]3) }
i

2 2q*+1) 2, 1902 €A
+2xr0(g"+ D] e 2F1 3,27 4+ 1;2(¢° + 1); P
. —

2q2t1+[0+11 2 2 erl_t3)\’3
—e 2F1 (3,2g° + 1;2(¢° + 1); 1 . (F8)
5 —

We checked that for ¢ = 0 this expression yields 9;,9;, Z4(ho A 1,02, 43)] a=x,=0 and that for 1y = Oityields (285). This expression
is not invariant by time reversal, i.e., by simultaneous changes 1y — —t3,t] — —fh, th — —t, 13 = —fyhg <> A3. [t is invariant
however, at ¢ = 0. The noninvariance by time reversal can already be seen on the four-point function, taking 9;,0;,:

2~ @+DT—(g*+1)(21+31)

(1+¢*)2 + g»)(1 +2¢%)(3 + 2¢%)
X [2(2q6 + 9q4 + 13q2 + 6)6((3q2+2)11+(2q2+3)t2+(£]2+I)T) + 4(q2 =+ 2)q2e(l]2+2)t1+2(q2+l)l2+%

—2d

l-1plqnl-qnlr/2 = VL

+4 (qz + 2) qze(qz+1)n+(2q2+3)zz+§ _ 3(2q2 + 1)q2e(q2+1)(11+2t2) + (2q4 + 7q2 + 6)e(q2+1)(311+2t2+T)]'
(F9)
This function is not symmetric by 1, — —t, and r, — —1;.
If we take the limit Ag,A3 — —o00 we obtain §;,,uy, U—4,8;, Which we do not reproduce here. One can check that the first

hypergeometric term yields zero, although the limit is quite delicate. Taking —9,,0;, and dividing by the duration distribution we

find our final result:

—t
<—rf 31)‘2 {2(8’2 — )P DT (2071 ) R0 I 20a(pR0 DN )y o21]
el —

<’/'lqz1’/'l—qtz>03 =
(€5 — 1)(e" — el)(eh — e)el—a’~Dn—@+Dn=3n

2% +3¢%+1
+(1 _ 2q2)elz+2t3 + (2q2 _ 3)etl+lz+l3 + (2q2 + 1)e3t3 + (2q2 + 1)et1+t3 + (2q2 + l)et2+t3 _ (2q2 + 3)6213]

x[2g% + (=T, Fi(3,2(6° + ;297 + 33" ™) + (247 + 12 Fi1(3,2(¢° + 1247 + 33¢7)

[(1 _ 2q2)et1+lz + (1 _ 2q2)ell+2t3

+2(g% + De" (e 3 Fi(3,2¢% + 1;2(¢7 + 1);€" ™) — 2Fi(3,2¢° + 1;2(¢% + 1); efs))]}, (F10)

where we have set ) = 0 for simplicity; the general case is obtained setting t; — t; — fp, i = 1,2,3.
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FIG. 18. (Color online) The complex-n plane with the contours
C; of Eq. (G6) and C, of Eq. (G7). The branch cut starting atn = 2 is
indicated.

APPENDIX G: BEHAVIOR OF THE ONE-LOOP
CORRECTION 6Z(A) NEAR A =1

Here we indicate how we extract the behavior of § Z()) near
A = 1. We recall our result

§Z(\) = i apk"

(G1)
n=2
with a,, given in Eq. (352), and repeated here
_ (n=3)n— 2% In(n — 2)
" 2n?
61n(2) — 2n(n + 1)(In(2) — 1)
+ 2
n*(n +1)
B nm—Dmn((n—-6n+2)+6)In(n —1)
n¥(n+1)
2 _
(n 8n +3) 1n(n)’ G2)
2(n+1)
a, = limzan =1-—1In4. (G3)

From the relation (1 — A)(1 — ) = 1, in order to get Z(A) in
the limit of A — 1, which controls the tail of P (1) for . — oo,
we need this expression for k — —oo. However, the series
expansion has a convergence radius in « of only 1, equivalent
to A < 1/2. A first thing one can do is to reexpress this series
in A

o0 o0
SZ() =Y an" =) cphl. (G4)

n=2 p=2

The formula for the coefficients ¢, is
p
(_1)]’[

=(p—1) y ———. G5
cp=(p )nZ:;a e —y (G5)

The convergence radius of 6 Z(1), as a series of A, is 1. While
this is useful for intermediate values of A, it does not allow to
study the singularity for A — 1. In order to analyze the latter,
we now derive an expansion of § Z(A) in powers of —1/kx. We
start with

5Z() = an(=1)"(=k)"
n=2

dn T
——a,(—x)".

G6
¢, 2mi sin(zn) (G6)

= aycz +
The contour starts at co + i§, goes to 3 4 i§ passes left of 3,
and then goes to oo — i§, forany 0 < § < 1 (see Fig. 18). The

formula uses the residue theorem, and that the residue of ﬁ
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at integer n is (—1)". Two remarks are in order: a, has three
different branch-cut singularities, startingatn = 2,n = 1, and
n = 0, and going to n = —oo0. Singling out the term a, avoids
crossing the branch cut starting at n = 2, which would not
be allowed. Second, one could try to move the explicit factor
of (—1)" into (—«)". This does not work, for two reasons:
First of all, r/ sin(n7r), when prolonged to the complex plane,
converges exponentially fast. This would not be the case for
7 cot(nm), to be used to produce the nonalternating sign.
Worse, ", for negative x, when prolonged to the complex
plane, actually diverges in the lower half-plane. This is why
we use the formula as is.

Having an integral representation for §Z()), we can now
prolong analytically for k — —o0, by deforming the contour
of integration to C,, which starts at —oo + i8, goes to 2 + i,
then passes at the right of 2, and finally goes from 2 — i§ to
—oo — i6; see again Fig. 18. This gives

dn [ 11 " a 2:|
§Z(A) = % — a,(—k)' — ——(—k)|. (G7)
C n—2

, 2mi | sin(mn)

Note that while the integral representation (G6) is convergent
for —1 < k < 0, the representation (G7) is valid for —oco <
k < —1; the smaller «, the better the convergence. We have
checked the integral representation (G7) for x = —8, i.e.,
A = 8/9 numerically. Then both (G7) and the X series (G4) give
87(8/9) = 8.17538, with a relative error of 10~7. Therefore
trusting our integral representation, we can now analyze it for
large negative «. Then it will be dominated by the contribution
at the beginning of the cut singularity of a,, which starts
at n = 2 [see the first term of (G2)], and the corresponding
plot 18. Therefore for large negative «, the integral (G7) is
given by

5Z(0) ~ ?{ % —n DDy
C, Tl 8

K2 K2
= Bn—op ¢ ([1n<—x)13> - O

One can obtain more subleading terms by expanding a, to
higher powers in (n — 2). Doing this, we find

8Z(n) = «? + : 21 + 277
- 8[In(—k)?2  2[n(—k)?  16[In(—k)]*
15 +4n2% 585 +210x2 + 147*
4[In(—x)]® 48[In(—«)]°

(45 757 7—”4)—1 (G9)
T oy T

We can test this series against the integral (G8): We find forx =
—10'0 that §Z = 2.887 x 10'® with a relative error of 107,
For k = —10'% we find §Z = 2.400 x 10'%*, with a relative
error of 10™°. Fork = —10'%°_ we find §Z = 2.361 x 10192,
with a relative error of 107 (probably from the numerical
integration). Expressed in terms of A, our final result is given
in Eq. (397) of the main text.
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APPENDIX H: AN ALTERNATIVE APPROACH Eq. (330), calculate ®(k,?) as given in Eq. (340), but instead
TO EXPRESS THE ONE-LOOP CONTRIBUTIONS of Egs. (341) and (342) we first integrate over ¢, and then
8Z(L) AND §P(u) k, leaving the #; integral for the end. In order to be able to

perform the k integration, we have to introduce counter-terms
right away. The term involving ®(k,r), with the necessary
counter-term jc(tl)(k,x, t1), becomes

Here we calculate the one-loop correction §Z()) by first
integrating over momentum. More precisely we start from

3

j“>(/<,;1):/ k>)dk? [jc(tl)(k,/(,tl)—l—/ dth(k,t)IR(k,tl):|
0 —

o0
2 2t|E' —t h hpy —1)—t
_ Kle i( 1)—/<Ei(t1)— ke'(k +xe" (2t — 1) 1), (H1)
1 —«keh (ke — 1)
TV % ket) = ke 2ke — 1) Ke' 3 ek i+ ()
@ TR 12 — 1) T K241 K241
The second term involving ®(k,1)?, with the necessary counter-term jc(tz )(k,/c,tl), becomes
[e's) ) n
TP k.t) = /O (K*)dk* [JcP(k,K,n) + / dt d><k,t)2R<k,t1>]
—00
_ K2 20/ (_ _ _ N\ (— 1 te ot
= ke Ei(=2t)) (k + 2xt; — 2) — 2ke" Ei(—1;) (Ke +ke''ty —e 1)
(ke —1)3
+ K2 = 262" + ke —In(ty) — g — 1 + ln(2)i|, (H3)
2 .24
D kse,t) = e (H4)

(k2 + 1D2(ke — 1)

Several checks are in order: First, the two counter-terms, when integrated over #;, reproduce the one given earlier in Eq. (350):

k(3 + k%) +2In(1 — k)
(k2 + 1)2

/ \7(:(l1)(k7’(,tl)+g7c(l2)(k,K,l‘l): (HS)
11 <0

Second, both 7V (k,#,) and J® (k,t,) have a finite limit for #; — 0. This is why the last term in Eq. (H2) was added, even though
the k integral would have been convergent without the term at fixed ;.
We thus have found an integral representation for § Z()) as defined in Eq. (351), with the same counter-terms,

SZ(\) = TV e,t1) + TPe,n). (HO)

1 <0

The two contributions were given in Eqs. (H1) and (H3).
We now note that all terms in Eq. (H6) are algebraic functions of «, and thus of A. Hence the inverse-Laplace transform is
possible. Replacing #; by ¢ to alleviate the notations, this becomes

. iy T () () fa(t)i?
SP) = Ut [ , H7
()] /z<oe fih)+e |:(e’—1)4+(ef—1)5+(e’—1)6 (H7)
1 1
fi(t) = €' (2t + 3)Ei(—1) — €' (2t + 1DEi(—21) + Ei(r) + ¢’ <2 — ;> —e '+ o+ 2, (H8)
Fo(t) = [(2e" — 8e* + 12¢¥)t + &' — 4 + 6 — 6™ Ei(—21)
+[(—2¢" 4 8e* — 123t — 3e' + 10e* — T + 6e¥ |Ei(—1)
3¢' — 3 2t 3t 1
—n(/2) + vel2e¥ + &) + e + 13¢! — 126¥ + 46 4 2L ¢ t+ ¢ —6, (HY)
f3(t) = [(8e* — 2e*)t — * + 4e® — 6eM |Ei(—21) + [(2e* — 8e>)t + 2% — 23 + 6¢* |Ei(—t)
—[In(r/2) + yel(e* +2€%) + 6¢' — 9e* + 4¢> — 1, (H10)
e3t ez eBt 1
f4(t) = |:e3’t +5 - e4’i|Ei(—2t) + [e¥ — & 11Ei(—1) + 3 ¥+ 5 Ee3l[ln(t/2) + &l (H11)
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This is a closed expression for 6P (). We can now check all
our statements made in the main text. First of all, we reproduce
the plot on Fig. 11.

For the small-u behavior, we remark that the integral (H7) is
dominated by the terms proportional to e~*/1=¢™) in the limit
of small 7. The leading contribution comes from expanding
fo(¢) for small ¢, and reads as

ulnt

5'Pf2(l;l) ~ —2/ et t_2 =-2

t<0

@ +ye 4
. .

Note that f3(¢) and f4(¢) could also contribute at the same

order, but they have no term proportional to In ¢, thus they only

correct the subleading term ~ 1/u leading to the final result

In(it) + 2y + ; —In2
u

SP@) = —2 + O(lnu). (H13)

To obtain a systematic expansion one rescales t — ut and
integrates term by term in ¢ the series expansion at small
u. This confirms the predictions given in Eq. (388) for the
exponent a, and for the constant C in Eq. (395).

APPENDIX I: LONG-RANGED ELASTICITY y =1

In this Appendix, we calculate all relevant quantities for LR
elasticity y = 1, d. = 2, with the kernel defined in the main
text. We found in Eqgs. (447) and (454) that

Z"R) = Zo(W) + a §ZR ), (11)

§ZM™R() = /oodx @+ Dfx+1D+0G), (12
0

where f(x)is defined in the text, in other words, the calculation
isidentical to the short-range case, except that when integrating
over k, we have to replace [ d(k*)k* by [ d(k*)(1 + k?). This
replacement can be performed before or after the time integral.

1. First method

In this method, we first integrate over ¢ leading to formulas
(345) and (350); then we integrate over k with the modified
measure. The series expansion is then given by

PHYSICAL REVIEW E 88, 022106 (2013)

with
al® = —1n(2), (14)

iR __2° +n—6)InQ)

a

n=2 n2(n+ 1)
(n—4)(n—-3)n—2)In(n — 2)
+
2n?
Q-—n)6+2n—Tn*+nHInn —1)
+ 2
n*(n +1)
(n — D@?* — 9 +2)In(n) 15)
2n(n +1)
For n — oo, the leading behavior is
—21In(n) — 3 —21In(2
AR — nm =3 =200 | H), (16)

n
Comparing with Egs. (376) and (386) shows that

§Z"R) = —In®’(1 —A) +--- forA > —co.  (I7)
Thus
ZR) = ZoW) + a8 ZMR(0)
=—In(l—=)[l4+aln(d—2)+...]. 18)

This is consistent with a modified critical behavior at small
velocities

LR - 1 2
P ~ict =5, a=1+20+ 0. (19)

The behavior for k — —o0 (i.e., A — 1) now reads as

dn In(n —2
SZR (1) ~ y§ dn Intn —2)
H C ZJTI 4

K2 K2
= o T 0 ([ln(—/c)]2> '

This implies a different tail than in the SR case.

(—K)"

110)

2. Second method

5ZR(1) = ZC’;RK” (I3) We ﬁnd., analogously to Egs. (H1) and (H3), the integral
e representation
|
820y = | TVke) + TP ). (I11)
1 <0
The contributing terms are
TVk,n) = —L[Zice” @1 Ei(—t) — 1) + 2k — 2yt — 2t In(—1))] (112)
’ 2t (ke — 1) ’
2,24

TPw,t) =

—di?e" + 2% — (vg + In(—1))2ke" + 1) + In(2)(2« + 2t + 1)].

[Ei(—tl)(—Z/czez" — 42ty + dice" 4 dre®) + Bi(—21) (ke + 4kt — dkce®) + 2k

I13)

Inverse-Laplace transforming Eq. (I11) yields an integral representation for PR (it):

PR@) = Po(i) + o SPR (@),

114)
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SPR@) = /

gﬂ'tflLR(t) 4 e_lfLe’ [ szR(f) f3LR(f)ﬂ f4LR(l)ll2i| ’
t<0

(" =D (e =1y (e = 1)°
(e = 1)Qe't — 2t +¢")

fIR(t) = —e' (4t + DEi(=2t) + 4€'(t + DEi(—1) + ;

IR(1) = [(de’ — 16e* +24e¥ )t + ' — 4e* + 6¢* — 12"]Ei(—21)
+ [(—4e' + 16e* — 246>t — e’ + 126* — 2¢% + 12¢¥|Ei(—1)
3¢ —3eX 4+ — 1
t
+(8e” + &) In(2) + (4€* + 2¢*)t In(2) — 12,

+2e7" 4+ 30e' —32e% + 123 + + (¢' — 4e¥ — 6*)[In(—1) + &)

IR(1) = [(16e3 — 4e* )t — e* 4 4e® — 12eM|Ei(—21) + [(4e* — 16e¥ )t + 2¢* + 4> + 12 |Ei(—1)

+12¢" — 18 + 8¢™ — (¥ + 8 [In(—1) + ye] + (Te* + 2¢*) In(2) + (2¢* + 4e™ )t In(2) — 2,

3t

LR (1) = (22’; n % _ 2e4’>Ei(—2t) (=263 4 & 4 26")Ei(—1) + ¢ — 26 + &

3 u y, € 3 4 3t
—EyEe +le —|—7 ln(2)—§e In(—¢#) + 't In(2).

The analysis of the small- behavior gives PR (i) ~ —2%, hence is consistent with the above result (19).

I15)

{16)

117

118)

119)

APPENDIX J: SECOND-ORDER DERIVATIVES $” AND 2. Third-derivative tensor
THIRD ORDER DERIVATIVES S

In the text we need the third-derivative tensor only at the

1. Second-derivative matrix tree saddle point with w = OT. It can be obtained from (J4):
We give here the matrix of second derivatives of the action:
1/ A A " / _Sg/,ﬁ 1 Uyt u.)lcltl
Sux,ux/,/ = 5xx’ - uxtatt’ Uxr A (uxt - uxtl) f HEerTan
1
= 8,0 A0 (uy, — uy, )sgn(t — 1), J6)
+ ﬁxtﬁxt’AH(uxt - uxt’)i| ’ (Jl)
S i)
Sy = bl = V2 ) Tt
N / A0 (1 1 A0 (1
- axx/ |:Slt’ / Uxr A/(uxt - uxtl) = 6XX’A, (O) [Blt' / uxtz (uxt - uxtz) - uxt’(uxt - xt’):| ’
n [5)
SN u)u} (12) o
S/ =34 2 2 =Sy il
Urllyry ”/( — 100y — Vx +m ) . Ugl gy ey 1y X100
- 1
A /
— By {an/ /tl Gt A (e — Uyr,) = 5“,A/(0+)[5,,, / iy, sen(t — ) — sgn(t — ﬂ)a;,,].
[5)
/ N J8)
+ A (uxt - uxt’)uxt ’ (J3)
A N (J4) Consider now the uniform case u,, = pu, and = ﬁ?.
tarlt! - ) ) Then SY; . 1 = Sxxx, S)'py,, With
We will need it at the tree saddle point and to lowest order in T o
w, i.e., for w = 0", where according to the previous section » )
u=u’=0,and i = 2. Hence [Saaulirn, = 0 (811, — S1)sgn(t — 1),
/ ~0
Sty = sxx/A”m{ — 8 / iy, + u°u°} [ShJirn = =A"(0) (6 f
xtlyly 5]
! 19
S/ =R "+, 0, . R R
Urlh!y! ( Dutxt Js) - 8”’14?, - all]u(f)’ + 8y, “9 )
Sb,t/xllzx’t’ = ((RT)71 + ZT)X[,X’Z” - -
i = B D). Stualien = Saauln

022106-55



PIERRE LE DOUSSAL AND KAY JORG WIESE

APPENDIX K: DRESSED RESPONSE FUNCTIONS FOR
VELOCITY OBSERVABLES IN THE POSITION THEORY

We note that with notation ¢, — ¢;:
[ 20,
t/

=0 + K+ ¢ — f sgn(r — )iy (g — ¢p). (K1)

t

Hence for a smooth function ¢,,
/am”+znw
v

= 8z‘].bt + kz(i.ﬁt + ¢t + / sgn(t — t’)ﬁ?(i),

t
= (0 + K> + 1 — 2i)) 0,
— er’ dt’ﬁ?, 0, + k2 + 1)6—2f' dt'ﬁ?/ 3¢y (K2)
Hence apart from a zero mode in time,
(R~ + D) = @)X (0, 4 k2 4 e A,
(K3)

The zero mode can be treated as follows. Consider the constant
vector ¢, = ¢_~, = const. Then because of (518) one has

/}R-1+-2»f@/=(k2+-n¢fm. (K4)

This implies that the vector ¢, = ¢_., is an eigenvector of
R~!' + %, with eigenvalue k? + 1. Hence one also has

[+ 2500 = o (K)
This yields
/Rktt’¢t’ = /(R_l + 2);’1@’
v r
= @) AT, + K+ 1)
e 1
s e2/"dt i) [ — p_ool + k2—+l¢_oo. (K6)

Using the definition of Ry, given in Egs. (327) and (521), we
can rewrite Eq. (K6) to get the fundamental equations

/Rktt’¢t’ = /‘(at)ilezt’az/ (¢t’ - ¢—oo)
t t
1
K2+ 1
81Rktl/ = Rktl’ 8t’-

+

$—oco (K7)
(K8)

The subtraction of ¢_., from ¢, is noted for clarity reasons
only. A first corollary is

tr(In(R™" + ),,) = tr(ln R™1). (K9)
Similarly one finds that
(RO +2D),) =R+ ) =R+ ).
(K10)

PHYSICAL REVIEW E 88, 022106 (2013)

APPENDIX L: THIRD DIAGRAM §T”

‘We now turn to the third contribution (SF?):

3 2
6F(1 ) = —m /Rkt,tsgz/u,’ﬁrl ROtzl']S” 4R14

ity
= m’o A"(0) Rie[8r — 81y Isgn(t — 1)
'ty
X Ro fig, 11y Ry (L1)
Using that Ry,; = 0 and exchanging ¢ and ¢’ we get
5T = m20 A”(0) Rigrsgn(t — t')Rops
tt'toty
X0y, 1) 3y, 1) R,
= vm’o A"(0) I [ Rurrsgn(t — 1]
tt'ttyts
X ROtzzﬁgﬁngg s (L2)
where we have used (524) and (530). Now we use that
0 [Rsrrsgn(t — )]
= Riypdpsgn(t — 1') + Ry dpsgn(r — t')
= _25(t - l/) (R — Reer] - (L3)
Since Ry = Ry = 0 we find
5T =0. (L4)

Graphically, this can be written as

——4:):.———E<:owt5
tq to ty

te--- R ‘:<:. Wiy
+ t/ t2 la :
> . (L5)

These terms are zero: the first term is the response at
equal times. The second term, when viewed in standard
diagrammatics, can be mounted, moving one arrowhead from
1 to 14 or vice versa. So it is expected to be zero anyway.

3
s =

APPENDIX M: ONE-LOOP EXPANSION FOR THE
LOWEST CUMULANTS
1. Expansion in A of Z(})

Let us first recall the result for the one-loop contribution to
Z(X) to all orders in k derived via perturbation of the instanton
equation and displayed in Eq. (345). Here we reexpress it as a
function of A and display it up to to order 4 in A:

ﬂm=%m+A/Jmm+f%m, (M1)
k

1 23 + k%) A?
T+ T U+ e+ 2
2(108 4 128k> + 47k* 4+ 6k%) A3
(1 + k)2 + kD)3 + k2)(3 + 2k2) 3!
6(16 + 13k2 4+ 2k*)(45 + 22k* + 4k*) 24
(1+ k)2 + kD3 + k)& + k2)(3 + 2k2) 4!
+0). (M2)

T (k1) =
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The counter-term has the expression

A 202+ 2) A2 206KP+T7)A°
TR+ R2H1220 KRR+ 12 3!
12(2k> + 5) A%
S

jm(k,)\.) —

+ 0(}>). (M3)
As requested for a counter-term, in the sum J(k,A)+
J(k,)), the terms proportional to 1/k> and 1/k* at large
k cancel, and one is left with

J kL) + T (k, 1)

, A 5 s 11 1

2. Diagrammatic calculation of the lowest-order cumulants
We recall from Sec. III B that

)\‘l’l

§ u;”—' =vZ() + 0(v?). (M5)
n:
n=1

The cumulants, or equivalently the moments, were computed
at tree level up to n =5 (and arbitrary times), in Sec. III,
i.e., using only the local cubic vertex. Here we compute the
one-loop correction to this result, at equal times, and show
how the result (345), after reexpansion in A, is recovered.
The diagrammatic rules are those of the simplified theory,
which has (i) a cubic, local-in-time vertex proportional to o =
—A’(0); (ii) a nonlocal-in-time quartic vertex proportional to
A"(0), which comes from the (simplified) interaction

simp ~ o~ .
Sgis = —0/ fp it (U + Uyy)
Xt

1 . .
+§A%m/°mmmmw+m»w+um> (M6)
Xt

Due to the quartic vertex, one-loop diagrams are now possible
in contrast to the cubic theory, which has only tree diagrams.
Since we use dimensionless units below, we set 0 — 1 and
A”(0) — —A. Note that we have written the action (M6) in
the comoving frame to make apparent the v terms, but the
calculation can also be made in the laboratory frame; then one
must remember that # has an average v.

Let us first discuss the two lowest orders and their diagram-
matic representation. To order A there is a single diagram

MT7)

This term involves the vertex A”(0) represented by the dashed
lines. It is also the usual representation of the disorder vertex
A(u) and identifies to it whenever there are two entering
legs. Since all our contributions are O(v) the v has been
chosen in the lowest v + u field, which will be the case in
all diagrams written in this section. Propagators with arrows
are bare response functions 1/(k* + 1)e ¥~ in Fourier.
External arrows are in the same number as » in #” to match the
external « fields. External legs are at zero momentum (since we
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compute center-of-mass velocity moments) but internal ones
carry momentum, to be integrated over (one-loop diagrams).

To order A2 (two outgoing lines), there are four contribu-
tions:

23 + k2
W2 = v/# = vl 425 + 415 + 41,),
r (1 4+ k)2 4 k2)
(M3)
1 1
D, = ) P P —
! ’ T2+ k) (24 K2)
1 1
Dy = Iy=-———
2 2 21+k72 )
(M9)
1 1
Dy = ) P —
8 ’ ST 21+ k)24 K2)

(M10)

(MI11)

We see that both the cubic and the quartic vertices appear.
One can check that the sum of these terms with their indicated
weights reproduces (M2).

At third order, one has

= 2(108 + 128k? + 47k* + 6k5)
u, = v
’ ¢ (1 K2)Q2 + k)3 + k) (3 + 2k2)
B / 16 N 5 8 N 21
I A I R I Ry S E R
11
=vY dl. (M12)
i=1
This comes from 11 diagrams:
, di =12,
(M13)
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T2 - ) d2 = 127
I 44k
2T (1 E)(2+ k) (3 + K2) (M14)
1
Ty = 28 , ds = 12,
N
e 54 k?

ST 61+ k)2 + k2B +k2) (MI15)
Ty = dy =12,
h=sarmerR (M16)
Ty = ds = 24,

I =
T 31+ k)2 + k)3 + k) (M17)
) d6 - 247
I 74 4k?
T 6(1+K2)(2+ K2)(3+ k) (3 + 2k2) (M18)
17 = ) dr =12,
. 1
T 3B+ k(3 +2k2) (M19)
’ dg = 12,
(M20)

PHYSICAL REVIEW E 88, 022106 (2013)

Ty = ) dyg =12,
I 19 + 5k°

* 73602+ K2)(3 + K2)’ (M21)

9 d10 = 24,

. 1

T2 k)3 + k) (M22)
T = ; dy = 24,
Ii=—— .

T I8(3 K2 (M23)

This calculation illustrates how the complexity increases
formidably with the order, and how powerful the algebraic
method developed in Sec. IV is in summing these contribu-
tions.

APPENDIX N: SERIES EXPANSION OF THE a,

The b; defined in the text can be obtained, for j > 3, as

—16 4+ 2% x 7 — k[10 — 2K 4+ 3k(k + )]
k(k + D) (k — 1)(k —2)
+6DL(—1,1,k —2),

by =

(N1)

where @y (a,b,c) is the Lerch-® function.

APPENDIX O: SMALL-VELOCITY BEHAVIOR

Let us discuss in more detail the expansion of P (i) at small
u, looking also at subdominant terms. Denoting s := —A and
thus ¥ = s/(1 + s5), we can expand at large s:

Li:(c) = —In(1 )(ln")jfl
) = —In(] — oy dnEY ™
! T(j)

+¢;(K) (O1)
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for j =1,2,..., where ¢;(x) is analytic around ¥ = 1 and
¢,(1) = ¢(j). Hence

_ NI
Li; <1S?):1n(l+s)[ (1 +5)]

()

+<¢()

_ Ins 1+0 1 . 0 1
_F(j)sfl(+ <E>>“(])+ (E)

‘We also have

. Inn s\ ) 1
_ZZT<1+S> = —(Ins) —i—lns(ZyE—;—i--“)

n=1
1
+K + 0 <—) .
N

In:
8Z(h = —s) = —(Ins)® + 2y + b)) Ins + %(b2 —1

(02)
Hence we find for large s
Ins .
+ 0 (—2> + analytic. (03)
s
We have the following Laplace transforms:

Inu 1 ) .
LT, .,— = E(ln $)” + yeIns + analytic, (04)
u

1
LT;~s~ = —Ins, (05)
u
LTy Ini = —n1 0 B 06
s MU= _n'sn+1 gl (06)
for n =0,1,..., where in the first two lines the Laplace

transform is defined via the correctly subtracted formula. We
can surmise that

dye+b _Ini |
ﬂ—zﬂ[uimbz—uom))}
u

+ K + O(n). O7)

SP() = —

APPENDIX P: ADIABATICALLY SWITCHING
ON OF THE DISORDER

In this Appendix, we recuperate the missing terms of the
velocity theory, as discussed in Sec. IV F2. It is suggestive
from the discussion in that section that these terms could be
boundary terms, lost in a partial integration in time. Since the
theory is causal, the time in question is r — —oo; physically
it is related to the preparation of the system: Remind, that we
crucially use that we are in the Middleton state. In order to be
on the safe side, we could switch on the disorder adiabatically
slowly, which will suppress any boundary terms at time ¢t =
—o00, since there is no disorder at that time.

Let us start from the equation of motion for the velocity (for
short-ranged elasticity, and a source w,, constant in space)

(8 — Vi + )ity = 8, [F(vt + uys,x)g/] + m*8tby. (P1)
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We have added an adiabatic factor g, which can e.g. be
chosen as

g =e % with §—0. (P2)
Note that the exact form is not crucial, but this particular

choice will simplify some of the ensuing calculations since
8t = &1—r8r- This gives

-5 = -8 — Suiss (P3)
-8y = / i (3 — Vi + 1)y, (P4)
.
~Sa= 3 [ BB AAE = 1) iy g
= —Siw ~ Sl — S (P5)
s =3 / sl 8180 30dy AWG — 1) -ty — thr),
(P6)

~Si) = / gl 81800y At — 1) + gy — tyy),  (P7)
xtt’

1

2 Lo

_S((]is) = 5/ Uity 818y A(V(E — t/) + Uy — ). (P8)
xtt’

We now study corrections to Sgis, which may intervene in our

generating function **®. Noting that all diagrams contain

response functions which decay in time at least exponentially

fast, or more precisely faster as

|Rigr| < 71171 (P9)

we have two types of diagrams for our new perturbation
expansion (for the case of interest § — 0):

(i) Connected diagrams: The disorder vertex at time ¢ is
attached to + = 0 via a string of response functions; then we
can make the replacement g, — 1, and g, — 0. Especially
this reproduces all diagrams of the velocity theory. Only the
vertex Sé?s) contributes. For example, all diagrams given in
Appendix M 2 are of this form.

(i1) Disconnected diagrams: If the disorder at time 7 is not
attached to + = 0 via a string of response functions, then the
integral over g, may produce a factor of ft g: = 1, even though
g: ~ 8. As a consequence, —t is of order 1/§, and all response
functions connected via a string of response functions to ¢
may have both time arguments at very large negative times,
and thus are to be evaluated in the flar background @’ = 0
(since (ii;) — 0 for t - —o0.) (For an example see below.)

We now discuss the leading-order correction. It comes from
a term with one 9, g;, i.e., from —S((ﬁl::

_sh = f sl b0 200 A — 1)+t — )
xtt’

t
= / ﬁxtﬁxt’gt’gt(v + uxt)A/ (/ dT[U + uxr]) .
xtt’ t

(P10)
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In order to conform to the rules discussed above, i, must of 0(5):
somehow be connected to ¢+ = 0, whereas i, may not. This W
gives the only possible diagram t2

s~

(1) te--- —p t
—Sais — Qg )T t (P11) Tt
1

= UA//(O+)/ / Roﬁ, ﬂo
p k241 Jycico 2
1

_ A// —+ /
vA"(07)k e

This is exactly the additional term found in Eq. (436), or in the
more rigorous derivation in Eq. (537).

We also note that S((ﬁz: can not contribute (at least at leading
order) since we need to gain 2 free time integrals. That
implies that both response fields must be contracted inside
the interaction, which is impossible due to causality. However
there will be a contribution at two-loop order.

Further we note that, in spirit, the above derivation is
similar to the one given in Sec. IVF2: In both cases, it
was important that the second derivative of the disorder
A"(v(t —t') + u;, — uy) decays, as a function of the time
distance t — t’, to 0, which allows for a partial integration
(eating up the time derivative g;).

The times are ¢’ < v < t < 0, where only ¢ — 7 will become
very large, ~ (1; Therefore we can set gy = gy 8,18 =
81—z, and the ensuing integral le g:— = 1. The dotted line
indicates this factor of fK , &-—:- Furthermore, since both times
7 and ¢’ are very negative, the response function Ry, — Ryryp.

This gives

- t’UT =

- / / (0 + i) Ricrt 1 A(0F )ity + O(8)
kJt/<r<t

(P13)

1 1 . ~
_A (o+)/k —— /t(v-l—um)um-i—O((S). (P12)

At leading order we now have to replace the remain-
ing fields by their expectations; we also drop the term
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