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The ground state of an elastic interface in a disordered medium undergoes collective jumps upon
variation of external parameters. These mesoscopic jumps are called shocks, or static avalanches.
Submitting the interface to a parabolic potential centered at w, we study the avalanches which
occur as w 1s varied. We are interested in the correlations between the avalanche sizes S1 and Ss
occurring at positions wi and w2. Using the Functional Renormalization Group (FRG), we show that
correlations exist for realistic interface models below their upper critical dimension. Notably, the
connected moment (S1.52)¢ is up to a prefactor ezactly the renormalized disorder correlator, itself a
function of |w2 —w1|. The latter is the universal function at the center of the FRG; hence correlations
between shocks are universal as well. All moments and the full joint probability distribution are
computed to first non-trivial order in an e-expansion below the upper critical dimension. To quantify
the local nature of the coupling between avalanches, we calculate the correlations of their local jumps.
We finally test our predictions against simulations of a particle in random-bond and random-force

disorder, with surprisingly good agreement.

PACS numbers: 05.40.-a, 05.10.Cc, 64.60.av

I. INTRODUCTION

The model of an elastic interface in a disordered
medium has been put forward as a relevant description
for a large number of systems [1-4]. Examples include do-
main walls in soft magnets [5, 6], fluid contact lines on a
rough surface [7, 8], strike-slip faults in geophysics [9, 10],
fracture in brittle materials [11-13] or imbibition fronts
[14]. An important common property of these systems
is that their response to an applied field is not smooth
but rather proceeds via jumps extending over a broad
range of space and time scales. As a consequence, under-
standing the properties and the universality of avalanche
processes has received a lot of attention in the past years
[15-17].

A problem of outstanding interest is to quantify the
correlations between successive avalanches. In the con-
text of earthquakes those are linked to the notion of af-
tershocks, whose statistics is characterized through phe-
nomenological laws such as the Omori law [18]. Several
mechanisms have been advanced to explain these strong
correlations, all involving an additional dynamical vari-
able [19, 20]. For elastic interfaces, correlations between
avalanches were yet only studied as a result of such ad-
ditional degrees of freedom in the interface dynamics, as
relaxation processes [21, 22] or memory effects [23]. In
this work, we show that even in the absence of such mech-
anisms, avalanches in elastic interfaces are generically
correlated below their upper critical dimension. These
correlations are universal.

Let us emphasize that the goal of this paper is not
to understand or explain the aftershock statistics ob-
served in earthquakes, for which additional mechanisms
such as those discussed above are necessary. Rather, it is
to emphasize that for disordered elastic systems, except
for mean-field models, correlations between avalanches

always exist. A precise quantitative understanding of
these correlations is necessary to correctly quantify cor-
relations induced by additional mechanisms. In systems
where the description by the standard elastic-interface
model is accurate (without additional mechanisms) our
results quantify the correlations between avalanches. To
our knowledge, these correlations have up to now been
ignored in theoretical or experimental work. It would
thus be interesting to quantify them better, in order to
access universality, or lack thereof, in various avalanche
processes.

In this article we study the correlations between the
sizes and locations of shocks in the ground state (also
called “static avalanches”) of elastic interfaces in disor-
dered media. These static avalanches are close cousins of
the (dynamic) avalanches observed in the interface dy-
namics at depinning. As we discuss below, we expect
most of our results to hold for both classes. Our study is
conducted using the Functional Renormalization Group
(FRG). Originally introduced as a powerful tool to study
the universal properties of the statics and dynamics (at
the depinning transition) of elastic interfaces in disor-
dered media [24-30], the FRG has been recently adapted
to the study of avalanches [31-36]. It has notably led to
a rigorous identification of the relevant mean-field the-
ory for the statistics of single avalanches: the Brownian-
Force Model (BFM), a multidimensional generalization
of the celebrated Alessandro-Beatrice-Bertotti-Montorsi
(ABBM) model [37, 38]. Interestingly, the FRG allows
to go beyond mean-field theory and to compute in a
controlled way avalanche observables in an expansion in
€ = dye. — d where d is the interface dimension, and d,.
the upper critical dimension of the problem. The lat-
ter depends on the range of the elastic interactions, with
dy. = 4 for short-ranged (SR) elasticity and d,. = 2 for
the usual long-ranged (LR) elasticity.



The outline of this article is as follows: In section IT
we summarize our results, preceded by a definition of
the relevant observables. In Section IIT we introduce the
model and the observables we are interested in. Section
IV contains the derivation of the main results presented
above. Section V gives an analysis of the correlations
between the local shock sizes. Section VI presents the
results of our numerical analysis of these correlations for
a toy model with a single degree of freedom, i.e. d = 0.
Finally, a series of appendices contains technical deriva-
tions.

II. MAIN RESULTS

Let us now state our main results for interfaces with
a short-ranged elastic kernel (a more general case will be
treated in the manuscript, with little changes to the for-
mulas). To this aim, we parameterize the position of the
interface by the (real, one-component) displacement field
u(z), where x € R? is the internal coordinate of the in-
terface. For notational convenience we denote u(z) = u,.
The interface is submitted to a quenched random poten-
tial V(u,, ), and to an external parabolic confining field
’”72(uz — w)? centered at w. In a given disorder realiza-
tion V', upon variation of the external fiel w, the ground
state (i.e. lowest-energy) configuration of the interface,
denoted u,(w), changes discontinuously at a set of dis-

crete locations w;, according to
Uz (w; ) — Uz(w:r) = uz(w; ) + Ss(si) : (1)

The event (w;, Sg(f)) is the i'" shock of the interface, w;
is the location of the shock, S;l) is its local size at x and
S = i d%x S;Z) its total size. The statistical properties
associated to one shock were thoroughly analyzed using
FRG in [31, 32]. Such properties are encoded in the shock
density po, defined as

po = Z O(w —w;) , (2)

and in the avalanche-size density

p(S) = > o(w —w)o(s = S) (3)

The shock-size density p(S) is linked to py through py =
J dS p(S). Note that these quantities do not depend on
w due to the statistical translational invariance (STS)
of the disorder. /Considering two points w < w’ and
sizes Sy < Sa, [, dw f;z dSp(S) is the mean number of
shocks occurring between w and w’ with size S € [S1, Sa],
while (w" — w)pg is the mean number of shocks (irrespec-
tive of their size). Note that throughout the rest of this
section we will discuss our results in terms of densities
but they can be translated into results for normalized
probabilities as we discuss in Sec. IIIE.

These observables alone do not determine the statis-
tical properties of the sequence {(w;, S)};cz of shocks
experienced by the interface in a given environment. In
particular, they do not contain any information about
the correlations between the shocks. For a given distance
W > 0, let us therefore introduce the two-shock density
at distance W,

pa(W) = 6w —w)d(w+W —w;) . (4)
i
This observable scales as the square of a density. Thus

Jodw [ dw'pa(w’ — w) counts the mean number of
pairs of shocks such that the first shock occurs between
wy and wj, and the second one between wy and wh.
Equivalently, po(W) = % is the density of shocks
at a distance W from a given shock. These observ-
ables contain information about the correlations between
shocks. Indeed an uncorrelated sequence of shocks im-
plies p2(W) = p3 (and thus p2(W) = pg). A central
question addressed in this work is whether the presence
of a shock at a given point decreases (pa(W) < p2) or in-
creases (p2(W) > p3) the density of shocks at a distance
w

To measure the correlations between the size of the
shocks (and not only their positions) we introduce the
two-shock size density at distance W,

pw (S1, S2) = (5)
> d(w — wi)3(Sy — SD)d(w + W — w;)5(S2 — SU)) .
i£]

It is linked to p2(W) via

pQ(W) = /dSl ng pw(Sl,Sg) . (6)

Here ["dw [ dw' [5*dS [5? dS'pur—w(S,S") counts
the mean number of pairs of shocks such that the first
shock occurred between w; and w}, and the second be-
tween wy and w}, with sizes between S; and S7, resp. So
and S%. For this observable, an absence of correlations in
the sequence of shocks implies pw (S1,.52) = p(S1)p(S2).
To investigate the presence of correlations we thus study
the connected two-shock size density p$;,(S1,S2), defined
as

Py (S1,52) = pw(S1,52) — p(S1)p(S2) . (7)

At the level of mean-field theory, i.e. in the BFM model,
it is known [32, 35] that the shocks are independent and
the process w — u,(w) is a Levy jump process. As a
consequence, pfy,(S1,S2) = 0. On the other hand, for re-
alistic interface models below their upper critical dimen-
sion, the shocks are correlated, demanding to go beyond
the BFM. This can be seen from the second moment for
which we show below the ezact relation

<S S >p€y A"(W
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On the left-hand-side, (...)pe denotes the average with
respect to pfy, as defined in Eq. (7). On the right-hand-
side, L is the lateral extension of the system, and m? the
curvature of the confining potential, which sets the cor-
relation length L,, := 1/m for avalanches in the lateral
direction. Finally, A(W) is the renormalized disorder-
force correlator, the central object in the FRG treatment
of disordered elastic systems: Denoting u(w) the center-
of-mass position of the interface, given well-position w,
the correlator A(W) is defined as the connected corre-
lation function of the center-of-mass fluctuations of the
interface position [39],

A(W) = Lim*u(w) — w] [u(w + W) = (w + W)] .
9)
Up to a universal scaling factor and a single non-universal
scale, the function A(W) only depends on the universal-
ity class of the problem. It was computed up to two-
loop accuracy in Ref. [30] and measured numerically in
Ref. [40]. For our purpose it is important that the func-
tion A(W) is uniformly of order e, and that its sec-
ond derivative is non-zero. Thus the correlations (8) in-
crease when going away from the upper critical dimen-
sion, where mean-field theory, or equivalently the BFM is
relevant. Indeed, for the BEM A” (W) = 0, and the effec-
tive disorder force is distributed as a Brownian motion.
Beyond mean-field theory, the sequence of shocks is corre-
lated, thus the effective disorder force at large scales has
a different statistics than Brownian motion. The sign of
these correlations depends on the sign of A”(W), which,
in turn, depends on the universality class of the prob-
lem. As detailed in Sec. III C, our results predict qualita-
tively different correlations depending on the universality
class. The most important static universality classes of
non-periodic, short-ranged disorder are the random-bond
(RB) universality class, which at the microscopic level
has short-ranged potential-potential correlations, and the
random-field (RF) universality class, for which the force-
force correlations, but not the potential-potential corre-
lations, are short-ranged at the microscopic level. As is
summarized in Fig. 1, for RF-disorder A”(W) > 0, and
thus avalanches are always anti-correlated. On the other
hand, for RB-disorder, avalanches are anti-correlated at
short distances W, but positively correlated at larger
ones.
To obtain results for higher avalanche-size moments,
we use the FRG and the ¢ = (dy. — d) expansion to show
that, to lowest non-trivial order in the expansion,

A"(W) S15

piv (S1,52) = —W@P(Sl)l’(sﬂ +0(e?) . (10)
Here
_ (5%
Sy 1= 29), (11)

where (...), denotes the average with respect to p as de-
fined in Eq. (3), is the characteristic size of avalanches,
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FIG. 1: Cartoons of the typical shape of the renormalized
disorder correlator A(W) (black-dashed line) and of its second
order derivative A" (W) (red line) for the Random-Field (left)
and Random-Bond (right) universality classes (not to scale).
Our results predict that the shock sizes are always negatively
correlated in the Random-Field universality class, whereas the
Random-Bond universality class exhibits a richer structure
with negatively (resp. positively) correlated shock sizes at
small (resp. large) distances.

which acts as a large-scale cutoff for the avalanche-size
density p(S), and A”(W) introduced above is O(e). In-
tegrating Eq. (10) times S1.52 over S7 and Sy, we recover
Eq. (8). Contrary to the latter equation which is exact,
relation (10) is correct only to order e.

As a consquence of Eq. (10), and its generalizations
to higher order, the correlations between avalanches are
universal. To make this more transparent, we rewrite Eq.

(10) as

. 1 L W S1 Sy
Piv (51, 92) = i g 7 (i 5ese) - 12

The function Fy is universal and apart from its three
arguments depends only on the spatial dimension. To
first order in d = dy. — €, and in the limit of large L and
small m, it is given by

A A*//
Flw, s1,82) ~ —2 W)

Sl+52)/4 2 1
o 167T‘/8182e +O(E ) ’ ( 3)

Here Ay is an explicit constant, with Ay—s = 872 for
SR elasticity; the scale W, ~ m~¢, with ¢ the rough-
ness exponent contains a non-universal amplitude. The
range of validity of this result is discussed in the main
text. The presence of the factor of 1/(Lm)? highlights
the fact that the correlations between shocks are local
(indeed N := (Lm)? counts the number of elastically in-
dependent regions of the interface). We will analyze this
local structure by studying the correlations between the
local sizes of the shocks.

To summarize, let us emphasize again our main mes-
sage namely that for realistic models (beyond mean-field)
the sequence of shocks is always correlated.



IIT. MODEL, SHOCK OBSERVABLES AND
METHOD

A. Model

Consider the Hamiltonian for a d—dimensional elastic
interface with position u(z) = u, € R (x € RY), elastic
kernel g;ml/, subjected to a harmonic well centered at w,
and to a disorder potential V (u,x):

Hiusol = 5 [ gz = o) )+ [ Vo).

2 .

(14)
Here [, = [d%z and we assume everywhere that the sys-
tem is confined in a box of length L with e.g. periodic
boundary conditions (the boundary conditions will not
play a role in the following). We also assume the exis-
tence of a short-scale length cutoff a. The elastic kernel
is translationally invariant (g;xl, = g;ﬁz,) and defines a

convex elastic-energy functional (i.e. g, > 0 for x # z').
We denote g, 1 = 1/g, its Fourier transform defined as

9, = fq e g1 where fq =/ %. A possible choice
is the standard short-ranged elasticity defined by

G =0z (V2 +m?) |, g t=¢+m*. (15)

Here §,,+ is the Dirac § distribution, and the elastic co-
efficient has been set to one using an appropriate choice
of units. Another kernel we consider is

_ ol
9 = (@ +pP)7 (16)
where v = 2 corresponds to the previous case, and v =1
is relevant for long-ranged elasticity, as encountered in
fracture and contact-line experiments. For a kernel of
the form (16) we define the mass term as

m® =g, o= (17)
It is the strength of the harmonic well. For short-ranged
elasticity we have

1

Hel[u; w] = 5/ , g;xl,(ux —w)(ul, —w)

1

= 5/OC(VIugc)2 +m?(uy —w)?.  (18)

Thus L,, := m~! defines a length scale beyond which
different parts of the interface are elastically indepen-
dent. It also provides a large-scale cutoff in loop inte-
grals encountered in the field theory. For more general
kernels (16) this length scale is L, := p~!, and we sup-
pose L, < L, ensuring that boundary conditions do not
play a role. The number of elastically independent parts
of the interface is N = (L/L,)%. The disordered po-
tential V' (u, z) is assumed to be short-ranged in internal
space x, and statistically translationally invariant, with
a second cumulant

Vi, o)V, ") = 0pa Ro(u— ') . (19)

The overline (...) denotes the average over the disorder,
and superscript ¢ stands for connected averages. The de-
tailed form of Ry is, apart from global features that deter-
mine the universality class of the problem (see Sec. III C),
unimportant. We also consider the force-force cumu-
lant Ag(u) = — Ry (u) such that 9,V (u, 2)0, V (u',2') =
Oz Do(u—u'). Introducing a (finite) temperature 7', dis-
order and thermal averages in this model can efficiently
be computed using a replicated field theory. Introducing
n replicated fields uq,, a = 1, ..., n, the replicated action
reads

S[u] = % Z/mc, g;xl/ (Uaac - w)(uaac/ - ’LU)

1
_TZ/RO(Uax—be)ﬂL"' (20)
2T 7 e

where - - - indicates eventual higher cumulants of the dis-

order.

B. The ground state and the scaling limit

As discussed in the introduction, we are interested in
the minimal energy configuration of the interface for a
given parabolic well position w and disorder realization
V(i.e. the T = 0 problem). It is defined as the configu-
ration u,(w), which minimises the energy,

ug(w) := argmin H[u; w] . (21)

Uz

We denote
u(w) := %/uz(w), (22)

the center of mass of the ground-state of the interface.
The statistical properties of u,(w) have been extensively
studied in the literature. In particular it is known that
the interface is self-affine with a (static) roughness ex-
ponent ¢, defined by [u,(w) — um(w)]2 ~ |z — 2/|%.
This scaling form generally holds in the scaling regime
L. < |z —2'| < L, where L. is the Larkin length. The
scaling limit is thus obtained for L, — oo or equiva-
lently for p — 0, also equivalent to m — 0 (see (17)),
a regime which is implicit throughout this work. In the
FRG treatment of this problem, the ground state statis-
tics is studied using the replicated field theory (20). The
mass term m (or g = m?/7) can be conveniently used
as a control parameter to study the flow of the effective
action. As m — 0 and through a proper rescaling, the
effective action approaches a RG fixed point. This fixed
point is perturbative in € = dy. — d > 0 where d,. is the
upper critical dimension of the model (for kernels of the
form (16) it is given by dye = 2, thus dy. = 4 for short-
ranged elasticity and d,. = 2 for long-ranged elasticity).
The central object of the theory is the effective disorder
correlator R(u), a renormalized version of Ry(u). It ap-
pears in the effective action of the theory I'[u], as Ro(u)




appears in the bare action S[u] of Eq. (20) (see the action
(57) below). Remarkably, as shown in Ref. [41], it is re-
lated to a physical observable, the renormalized disorder
force-force correlator A(u) defined as

Alw —w') == Lim*u(w) — wl[u(w') —w'] ,  (23)

through the relation A”(u) = —R(w). This is the func-
tion that appears in the results (8) and (10) of the intro-
duction. The RG flow can be equivalently studied on R
or A. For m — oo, the correlator A(w) is equal to the
bare force-force correlator: A(w) —— 00 Ag(w). In the
limit m — 0 it admits a scaling form

A(w) = Aap > A(uw) (24)

where A4 is a dimensionless constant, and we recall p =

m?/7. For kernels of the form (16), a convenient choice

is to take Ay as Ay = E—}r with the dimensionless loop
2

integral Ip := fq —1L . Note that the combination el

(I+q%)7"
stays finite as € — 0. In general
_ - 2 T(Hy+1-4d/2)
A7l =l = , 25
N P LA ) %)

and for example el =,—2.4=4 1/(87%) and ely =q=1,d=2
1/(2m). As m — 0, the rescaled disorder correlator A
converges to the fixed point of the FRG flow equation
A*(u), which depends only on the universality class.

Let us now recall some important properties of these
fixed-point functions.

C. Properties of A*(u) and static universality
classes

Depending on the properties of the bare disorder cor-
relator Ro(u), the FRG predicts that A(u) converges
as m — 0 to one of the fixed point of the FRG equa-
tion. A property of the (zero-temperature) FRG equa-
tion is that, for non-periodic disorder, if A*(u) is a
fixed point, K2A*(u/k) also is a fixed point. Hence the
fixed point towards which the system flows contains one
non-universal scale whose value depends on microscopic
properties of the disorder. The known fixed points can
be regrouped into four main classes'. Analytic proper-
ties of these fixed-point functions are known up to two-
loop order, i.e. O(€?), see Ref. [30] to which we refer
the reader for quantitative results. An important prop-
erty is that all fixed points exhibit a cusp around 0,
A(u) ~ A(0) + A'(07)|u| + O(u?), related to the pres-
ence of avalanches [31, 33]. For our analys the sign of
(A*)”(u) is crucial as it determines the sign of the cor-
relations. From the exact result (8) (shown below) we

1 There are other classes with different long-range correlations, but
we will not study them.

see that for (A*)”(W) > 0 shock sizes at distance W
are anti-correlated, whereas for (A*)”(W) < 0) they are
positively correlated.

Random-bond: This class has a bare disorder poten-
tial V(x,u) distributed with short-ranged correlations in
the u direction: The bare disorder correlator Ro(u) de-
cays quickly to 0 as v — oco. The most important prop-
erty for our analysis of the fixed-point function A%p(w)
(its typical form is plotted on the right of Fig. 1) is that
(Axp)"(u) > 0 at small u and (Akg)” (u) < 0 at large u.

Random field: This class has the bare disorder force
F(z,u) = =0,V (z,u) distributed with short-ranged cor-
relations. Then the bare force-force correlator Ag(u) is
short-ranged and Ro(u) ~,s1 —ocl|u| where o is called
the amplitude of the random field. The most impor-
tant property for our analysis of the fixed point function
Afp(u) (its typical form is plotted on the left of Fig. 1)

is that (Afp)”(u) > 0 for all z.

Random periodic: This class corresponds to periodic
disorder V(u+ 1) = V(u). As a consequence, A*(u) is
also periodic and (A*)”(u) = (A*)”(0) > 0 is constant.
Though our analysis still applies to this universality class
and our results are correct to O(e), we will not discuss
it here. As the shock process is periodic in any dimen-
sion, correlations naturally arise from this periodicity (in
particular in d = 0 in the m — 0 limit only one shock
survives per interval).

The Brownian-Force-Model universality class: Fi-
nally, the Brownian-Force-Model defined as Ag(u) =
—olu| is also a fixed point of the FRG flow equation and
attracts all bare disorder such that Ag(u) ~ —o'|u| at
large w. It models avalanches at the mean-field level. (It
resums tree diagrams). In this model shocks are uncor-
related.

Hence, from the perspective of practical applications,
the qualitative behavior of the correlations between
shocks as a function of the distance strongly depends on
the universality class of the model (see Fig. 1).

D. Shocks observables: Densities

As recalled in the introduction, it is well known that
in the limit of small m the (rescaled) ground state u,(w)
is piecewise constant as a function of w. In terms of the

sequence of shocks {(w;, S;Z))}iez one can write u,(w)
and u(w) as

w(w) = 36w —w)sL

w(w) = % 6w = w)s® (26)



where 6(x) is the Heaviside theta function. We recall the
definition of the one and two-shock size-density:

M$:Z)W—www—ﬂm, (27)

pw (S1,52) =

> 6w — wi)d(S1 — SD)5(w + W — w,)8(S2 — SO) .
i#i

(28)

These distributions possess a large-scale cutoff which we
denote S,,,; the latter diverges for m to 0 as .S, ~ m—4=¢.
Additionally, we suppose that they have a small-scale
cutoff Sp. In the scaling regime, p(5) behaves as a power
law with a characteristic exponent 7: p(S) ~ S~7 for
Sy <€ § < S,,. We us also define the connected density

Py (S1,52) = pw (51, S2) — p(S1)p(S2) . (29)

In the first part of this work our goal is to compute
PS5y (S1,S2) up to first order in € using the FRG.

E. Shocks observables: Probabilities

One can normalize the above densities to define proper
probability distributions as follows:

po = ]fp<8>ds, (30)

pg(W) = /pW(Sl,Sg)dSl dSQ, (31)
p(S)

P(S) = —=, (32)
Po
pw (S1,52)
Py (S1,82) = ———. 33
( ) () (33)
With this definition, ppdw is the mean number
of avalanches occurring in an interval dw and

[ dw [* dw' pa(w' — w) counts the number of pairs of
w1 w3

shocks where the first one occurs between w; and ws and
the second between w3 and wy, irrespective of their sizes.
Given these definitions, P(S) and Py (S) are normalized

probability distribution functions (PDF). [ dS P(S) is
the probability, given that a shoclk has /occurred, that
its size is between S and S’ 5511 deSS; dsS' Py (S, S")
is the probability, given that two shocks occurred at
a distance W, that their sizes are between S; and

1, and Sy and S5. Note that a priori the marginal
distribution [ dS; Py (S, S2) is different from P(S5) since
it contains the additional information that a shock oc-
curred at a distance W. At the level of these PDFs,
the absence of correlations would imply Py (S1,S2) =
P(S1,S2) and, though in the remaining of the text we
will favor the use of densities, our results can be trans-
lated to probabilities using Eq. (33). As discussed in

Ref. [31], for an avalanche-size distribution p(S) with ex-
ponent 7 > 1 (which is relevant here), the value of pg
is dominated by the small-scale cutoff Sy for avalanche
sizes, and diverges as Sy — 0,

po= [ ()45 ~sm0 ST (34)
S

0

Hence, po is non-universal. In the same way p2(W) is
non-universal, even though its relation with py has some
universal features as we will show below. We denote by
()ps Cdpws (opg, s (o) p and (...) py, the averages with
respect to p, pw, pfy, P and Py .

F. Relation between avalanche-size moments and
renormalized force cumulants: First moment

The n'* cumulant of the renormalized pinning force is
defined as

m2 u(wy) — wy] ... [u(w,) — w,] =
(=D)L= DACM) (o wy) . (35)
By definition C® (wy,wy) = A(w; — ws) as intro-

duced above. By parity invariance of the disorder
m?[u(w) —w] = 0, and thus CM (w) = 0.
First cumulant: One immediately gets by inserting

Eq. (26) into m?[u(w) — w] = 0 the exact relation
(S), = po(S)p = L7 (36)

Second cumulant: Differentiating with respect to
w; and wy the definition L™ %A(w; — we) =
m*u(wr) — wi][u(ws) — wy] with Eq. (26) inserted, one
obtains the relation (33) of [31] (with a corrected misprint
1 — —1). Tt can be written in the form

A'(wy —ws)
—S e = L) (s — )

+ L7248, S5) —-1. (37

Pwz—wy
Hence, as pointed out in Ref. [31], the singular part of the
second derivative of A”(w; —ws) around we = wy gives
an exact relation between the cusp in the renormalized
disorder correlator

o:=-A'(0")=R"(0"), (38)
and the second avalanche-size moment,

_ <52>p _ <SQ>P g

s, e

The avalanche size S,,, plays the role of a large-scale cutoff
for p(S). On the other hand, the regular part of Eq. (37)
gives the exact relation

AI/ (W)

L_2d<5152>/7w =1- Ldm4

(40)



For uncorrelated shocks we would have obtained
L=24(8155),, = 1. The correlations thus come from
the non-zero value of A”(W) # 0, a property which is
generally expected from the FRG. It is a simple signa-
ture of the fact that the effective disordered force felt by
the interface at large scale is not Brownian. Note that in
terms of the moments of the connected density, the exact
relation (40) reads

A// (W)
Lim4 -

Let us also write the exact relation (40) in terms of the
probabilities defined in Sec. I E:

p2W) ($189)py . A"(W)
. )

281 80) ps, = — (41)

Lim#4 -

G. Generating functions

We now introduce the generating functions which en-
code all the moments of the density pw (S1,52). Let us
first recall the generating functions used in the one-shock
case:

Z(\) = L4 1), ,
ZO\) = L4 M = AS = 1), =Z(\) — . (43)

They are related to observables associated with the po-
sition as

Z(\) = L™ lim 95el?lu(w+d)—u(w)] |
§—0t

Z00) = L lim dselT@ro) o] | (44)
§—0t

where @i(w) := u(w) — w is the translated position field.
Note that due to STS they are independent of w. These
relations were proven in Ref. [32]. For two shocks we
introduce

Zw (A1, Ag) i= L€M% — 1)(e?%2 = 1)), . (45)

We show in Appendix A that it can be computed as
Zw (A1, A2)
= Zw()\l, )\2) + )\22()\1) + )\12()\2) + Ao
= ZwO,A2) + XZM) + M Z(N) — Mo . (46)
We used the definition

Zupg—wn (M, Az) 1= L2 x (47)

hm 861 5s eL )\1[U(1ﬂ1+51) u(wl)]eLd)\g[ﬁ(w2+62)77}(w2)]
51 52*}0

In the following we compute Zy (A1, A2) using the FRG

through formula (47). Let us also define the connected
generating functions

Ziy(Mi, he) = L72((eM5 —

= ZW ()\1; AQ) -

ZG (A A2) = Zw (M, he) —

D€ = 1)) 55,
Z(M)Z(A2)
Z(M)Z(X2) (48)

These functions are actually equal:  Z{, (A, \2) =

Z6&: (M1, M) as is easily seen using (46).

H. Relation between avalanche-size moments and
renormalized force cumulants: Kolmogorov
cumulants and chain rule

Using Eq. (47) and the fact that 4(w) = 0, the gener-
ating function Zy (A1, A2) can be written as

A =D VDV
Zw (A, A2) = ngl ] 517}12g0+ (49)
L(n+m—2)d _ _ _ _
5 1000 — B0 (W + &) —a(W )"

In the limit of §; — 0 we encounter for each (n,
types of terms:

[@(61) — a(0)]"[@ (W+ G2) — a(W)|™ =
[a(61) — a(0)]" x [a(W + d2) — a(W)[™ (50)
+a(o1) — aO)]"[a(W + d2) — a(W)J™ +O(57) .

m) two

The term in the second line of Eq. (50) produces the
disconnected part of the avalanche moment (S7)(S%5")
and thus the disconnected part of the generating func-
tion Zy (A1, A2), that is Z(A1)Z(\2). The last term on
the other hand contributes to (S7'53"),: and to the con-

nected part of the generating function, Zﬁv(Al,Ag) =
Z§ (A1, A2) which is the true unknown. Introducing the
Kolmogorov cumulants

K%’m)(51,5g) = (51)

L(n+m72)d[,&(6l) —a(0)]*[a(W + d2) — w(0)]™

we can write

e nym 1
Z /\ /\ lim K(n m)(él,ég),

Zvr (A1, A2) =
w (A A2) L= n!m! 61,600+ 0102
(52)
or, equivalently,
(S7S5) e =  lim LK (m(5,,65) . (53)

51 62*}0*’ 5152

The Kolmogorov cumulants (51) can be generally ex-
tracted from the renormalized force cumulants (35), as
we now explain. Let us introduce?

O(n,m) (wlv s 7wn+m) = (54)

L= 000) . a(wn) (W) - - -

y Wny Wn4-1, - - -

a(wn-‘rm)

2 Note that those differ from C introduced in [31] by an additional
factor of L~7.



They are trivially linked to the renormalized force cu-
mulants (35):  C»™) (wy, .. S Wntm) =
Ld( 1/m2)"tmCrtm) (wy g ). Explicit expres-
sions for the lowest cumulants with n +m < 4 are dis-
played in Ref. [31], see e.g. Eq. (61) there. In the notation
for C("™) though the expression is symmetric in w;, we
have highlighted the facts that in the end the n first w;
will be taken around w = 0, whereas the last m will be
around W. Indeed, to obtain K‘(,(,L’m)(él, d2) from the mo-
ments C'™™) we must successively evaluate C™™) with
w; — 61 minus C™™) with w; — 0 for eachi =1,...,n,
then set w; — W + d5 minus C™™) with w; — W for
eachi =n+1,...,n+ m. Ambiguities associated with
the possible presence of terms such as A’(0%), are lifted
by taking the limit of coinciding points with a given spe-
cific ordering of the w;. Consistency requires that the end
result does not depend on the chosen ordering, a prop-
erty linked to the assumption that all singularities of the
field @(w) can be modeled by a finite density of dilute
shocks (which guarantees e.g. the continuity of ). This
iterative procedure was called the K operation in [31].

,wn,wn+1,. -

I. Strategy of the calculation and validity of the
results

In order to compute ZW()\l, A2), we must be able to
perform disorder averages of moments of the position
field at various positions w; for ¢ = 1,...,r. For ex-
ample 7 = 4 is sufficient in the formulation (47) and used
in Appendix D. In the main part of this work we report a
calculation of Zy (A1, A2) from the study of the moments
(54) and we thus need to keep r arbitrary. We therefore
consider the theory for r position fields u’ coupled to
different parabolic wells centered at positions w; in the
same disordered environment. The Hamiltonian of the
problem is

H[{u}, {w}] = ZHel[Ui,wi]-l-Z/V(ui,x) . (55)

This leads to a replicated action of the form

1 — i
2T2 Z / RO gz ubm) (56)

The effective action of the theory is [31, 32, 41]

z/
T2 Z/ ul, —ul,) +O0() . (57)

a,i;b,j

- wi)(ulizw’

_ wl)

— w;) (Ul — W)

Here R(u) = O(e) is the renormalized disorder corre-
lator already introduced in the previous section, while

the neglected terms are higher-order terms in e that can
be expressed as loop integrals with higher powers of R.
The calculation of observables using the effective action
(57) has been called the improved tree approzimation
[31, 32]. Here we did not specify the number of replicas
a = 1,...,n,.. As is usual in replica calculations, the
n, — 0 limit will be implicit in the following. Since (57)
is the effective action, observables will be computed using
a saddle-point calculation, or equivalently in a diagram-
matic language, by resuming all tree diagrams generated
by the action (57). This calculation allows to get the low-
est order in € for any observable. Let us recall the known
results at the improved tree level for p(S) and Z(\) as
obtained in Refs. [31, 32]:

S L ~ T 58
p()—2fs()%e o (58)
Z\) = A+ SnZ(N)? = %(1—\/1—@5,”). (59)

J. Connected versus non-connected averages and
the e-expansion

Before going further, let us now mention a subtle
point. As will become clear in the following, the im-
proved tree calculation leads to a result of order O(e)
for p§y, in contrast to p(S) for which it leads to a result
of order O(1) 3. Hence if one computes pw (S1,S2) =
p(S1)p(S2) + p§yy (S1, S2) to O(e) one must pay attention
to the fact that pf, (S1,S2) can be computed using the
improved-tree theory, but p(S) has then to be computed
to one-loop accuracy. In the same way, the connected
generating function

Ziy (A1, X2) = Zw (A1, A2) — Z(M)Z(A2) (60)

can be computed exactly up to order O(e) using the
improved tree theory, but to compute Zy (A1, \2) up
to order € one must add one-loop corrections to Z(\).
The same remark holds for the moments (S7"5y?) e =
(S S5 oy — (S11) (557

3 To be rigorous, this is only true of the dimensionless density
B(S) = 52,p(SmS) since Sm, = O(e), we neglect this subtlety in
the following.



IV. CORRELATIONS BETWEEN TOTAL
SHOCK SIZES

A. Reminder of the diagrammatic rules and
extraction of shock moments

Let us now explain how the moments

C(nm) (’U}l, vy Wy Wht 1, - - 7wn+m) (61)

_ L(n+m—2)d,&(wl) . ﬁ(wn)ﬂ(wnJrl) - ﬁ(wner)

L2 / Ty, (1) - .y, (Wi
Yi1---Yn+4+m

are obtained using the diagrammatic rules developed in
Ref. [31] which can also be read off from the action (57).
In the calculation of the correlator (54), the terms of the
form Lea(w;) = fy Uy, (w;) are diagrammatically repre-
sented as external legs at the top of the diagrams. Fields
at different position w; and w; can be contracted through
an interaction vertex [, 7z R(@.(w;) — Gz (w;) +w; —w;),
represented as a dashed-line (each contraction bringing
an additional derivative to R with the appropriate sign).
The propagators are represented as plain lines. When
forming tree diagrams, one produces n +m — 1 interac-
tion vertices %R, and 2(n + m — 1) propagators, which
each carries a factor of T'. For trees, all factors of T
cancel, and the diagrams survive in the 0 temperature
limit. The factors of T can thus be omitted in the
diagrammatic rules. As for the integrals over the po-
sitions of the external legs v;, i = 1,...,n + m and
the disorder vertices zx, k = 1,...,n +m — 1, since
the interaction is local in space and fx Je = #, all
2(n + m — 1) propagators can be taken as static prop-
agators and thus this integration produces an additional
factor of L%. This procedure results in expressions for the
CO™) (Wi, ... Wy, Wiy, . s Wngm) as sums of products
of terms involving derivatives AP (w; —w;) 4. In calcu-
lating the Kolmogorov cumulants K (™™ (81, d,) to order
O(d162) one must use the even but non-analytic form of
A(u) around the origin,

AH(O)U2 +O(u3) .

Au) = A0) + A'(07)|u| + ——= (62)
We checked that if one takes all limits of coinciding points
with a fixed order of the w; in the calculation, one obtains

= Ldm8 Symwl w2

|

[A(wl — wg)A'(wl — ’wg) + A(wl — wg)A'(wl — ’wg) + A(w3 — wg)A'(w3 — wl)}

a non-ambiguous result, independent of the ordering.

B. Lowest moments

First moment: We fist consider the computation of
(5152) p¢, - To this aim we compute CY (wy, wy), which
is given by a single diagram:

wy =~ 0 wo =~ W
COD(wy,wy) = 7z L e
A(wl-—-wz)
1
A ) (63)

We have introduced a new diagrammatic notation: A
double-dashed line represents an interaction vertex be-
tween position fields at a finite distance ~ W; we reserve
the single dashed line for interaction vertices between
nearby position fields. Hence,

1
KD (01,02) = T [A(=01+ W +85) = AW +63)
— A(=01+ W)+ AW)
A" (W

= —ﬁmg +0(57) . (64)

Using (53) we conclude that
B A// W
L72(5,80), =~ 07) (65)

This is the exact result (40), here retrieved diagrammat-
ically within the improved tree approximation. A priori
there could be higher-order corrections O(e?) on the r.h.s.
of (65), coming from loop diagrams. However, the def-
inition (23) of A(u) as a physical observable effectively
resums an infinite number of loop diagrams. The same
diagrams then arise on both sides of Eq. (65), and the
result (40) is exact.

Second moment: Let us now consider the com-
putation of (SSz),e . We first need to compute

C@Y (wy, wy, ws). Diagramamtically it is given by

wlﬁdO

+__|

w2z0 w3zW

-

wo = 0 wy =~

(66)



In doing the K operation to go from C'>1) to Kég"l), these
diagrams are not equivalent. At order 6102 that we are

+ "
interested in, the first term leads to 4L A (W 0109,

the second to 2 (Oﬂ AN(W) 0102, whereas the thlrd one is

of order O(6245) and does not contribute. Using Eq. (53)
we conclude that

A'(0%) A"(W)

L_2d<81232>ﬂ‘év =6 mA LdmA

+0(2) . (67)

General rules for diagrams: The last example is
rather instructive for the three general rules:
(i) the only diagrams that contribute to the Kol-

mogorov cumulant K‘(,;’m)(&, d2) at order 0102 contain a
single double-dashed vertex (that is a single disorder in-
teraction vertex connecting the two disjoint sets of points
at w0 and wa W);

(ii) this vertex becomes a A”(W) at order d1ds;

(iii) the other interaction vertices are between (almost)
coinciding points, and produce a factor of A’(07) at order
0102. These rules are discussed in Appendix B. As a
result, diagrams contributing to the two-shock moments
consist of diagrams reminiscent of the one-shock case (i.e.

they contain only A’(0T) vertices) linked together by an
A//(W)

interaction vertex —=7—5.

C. Generating function for all moments

Let us now use the above rules and give a diagram-
matic computation of Zf, (A1, A2) = Z{, (A1, A2) defined
in Eq. (48). To this aim, let us first introduce a diagram-
matic notation for Z(\) defined in Eq. (43):

| -

We have emphasized using dots that there is an arbi-
trary number of external legs at the top of the diagrams
summed in Eq. (68). Using the expansion (49) and fol-
lowing the rules explained in the previous section, the
diagrams entering in Zjj, (A1, A2) are made of two trees
linked by a single doubled dashed line. It is the sum
of all tree diagrams for avalanches at w = 0, times all
tree diagrams for avalanches at w = W, linked together
by a single —% inserted between any pair of points
belonging to each tree. This can be represented as

Z(A) =

Z, (M, A2)

Ziy (A1, A2) =

10

The diagrams above the point of insertion of A”(W) on
the left are given by Z(A1). The terms below are all the
diagrams in Z(\;) with an arbitrary external leg selected,

that is di()\’\l) A similar contribution arises on the right-

hand side. Hence we arrive at the result

. _AT(W) dZ(\1) dZ(\z2)
Ziy (M, A) = — Ta Z (M) N Z(A2) e
+0(€%) (70)
In terms of Zw (A1, A2) this result reads
Zw (A1, X2) = Z(M)Z(X2) (71)
A"(W ) dZ (A1) dZ(A2)

~ gt ) d\ (%2) d)o

It is correct to O(e) if one takes into account the O(e) cor-
rections to Z()\). Expanding the result (70) one obtains
the moments (S753") e

AI/ (W)

<S{’S§")pc = =734, nlm! (72)
n—1m-—1
(5"7) 5p+1> (™9, (S,
X + O(e?) .
;) qzo —p)lpl(m — q)l¢! ()

The diagrammatic interpretation of this result is straight-
forward: to construct an arbitrary diagram contributing
to (S7595") e, one must first choose p < n — 1 external
legs on the left that will be below the point of insertion of

AL,;%) (there must be at least one leg above this point
of insertion). In the K operation, all those points lead
to a term that contributes to (S?),. The combinatorial
term accounts for the C} possible choices. Note that this
result was derived using the heuristic diagrammatic rules
developed in the preceding section. We observe that:

(i) Tt correctly reproduces the results for the small-

order moments (65) and (67) We checked that it
leads to (S7Sa)p: = —604507) S7, and (S7S3),e =

Lim*

., which can also be derived from the expres-

sion for C™ (wy, wy, w3, ws) given e.g. in formula (61) of
Ref. [31].

(ii) We give in Appendix C an alternative derivation of
Eq. (71) that uses the Carraro-Duchon formalism [32, 42].

(iii) We give in Appendix D a derivation using a saddle-
point calculation within the effective action (57). This
also yields the local structure of correlations studied in
Section V.

D. Results for the densities
To infer py from Eq (71), we first note the iden-
tity Z(\) di()\)‘) = 251m (A) = A), derived from the

o (Z
self consistent equation (58) for Z(\). Differentiating
L= [dS(e* — 1)p(S) = Z()\) with respect to A and
using (S), = L9 yields

—d/ds(e,\s

DSp(S) = = [z - A . (13)



Finally, using Egs. (45) and (71), we obtain

A"(W) 15
Lim* 482, ) - (74)

pw (51, 52) = p(S1)p(S2) (1 -

This is our main result for the two-schock density, already
announced in Eq. (10) of the introduction. It can be used
to extract a variety of physical observables.

Mean number of pairs of shocks: Integrating over Si
and Sz, we obtain two equivalent formulas for po(W):

AN(W) L2d
W) = 06~ Tant 157, )
[ ()Y
= Po Lim4 \ 25,

Hence, although both pg and p2(W) are non-universal
and dominated by the non-universal small avalanche size
cutoff Sy discussed in Sec. III E, the connected density
p2(W) — p3 does not depend on Sy and is universal.
Normalized probability distribution: The above re-
sults allow us to express the probability distribution

Py (S1,52) = % to O(e) accuracy as

Py (S1,52) =

P(51)P(S2) [1 - 4?,%:(%(5152 - <S>?D)] - (76)

Conditional probability distribution: Another PDF of
interest is the conditional probability to have a shock
with amplitude Ss, given that there was a shock of am-
plitude S; at a distance W before. To O(e) accuracy

Py (S1, S2)
J dSa Py (S1,52)

— P(S) {1 _ %(S& - <S>P)} .

Py (82|51) = (77)

Its mean value, normalized by (S) p, is

(S2]51) A"(W)Sy

Sy ' IS L (25n—(50p) - (19)

Second shock marginal: The probability for the size
So of a second shock at W, given that there was a shock
at 0, is

P (Ss) = /dslpw(sl,sg)

P(S2) {1 - %(5& - <S>P)] :

(79)
The normalized mean value of the second shock is

—<2952,>>IV3V —1- 7%:;;2;51 >4P (2Sm —(8) p) . (80)
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E. Analysis of the results

Sign of the correlations: As discussed in Sec. IIIC,
the sign of the correlations (positively or negatively cor-
related shock sizes) solely depends on the sign of A” (W),
which depends on the distance W and on the universality
class of the problem. The above results thus unveil a rich
phenomenology for the correlations as pictured in Fig. 1.

Range of wvalidity: The result (70) was obtained in
the framework of the e expansion. The results for the
connected part of the correlations are by definition the
first non-zero terms in this expansion, since they were
obtained within the improved tree approximation, and
they appear at O(e). As a perturbative result, it is by
definition controlled for € — 0. For finite €, the pre-
dictions should be accurate as long as the corrections to
the mean-field behavior are small. This is worth empha-
sizing, since the moments (S7'S3"),, predicted by the
formula (72) become negative for large (n,m), signaling
a breakdown of the improved tree approximation. This
is also the case of the two-shock density computed at
the improved tree level in Eq. (74) which becomes neg-
ative at large S;. There the approximation is not con-
trolled anymore since O(e) corrections are larger than
the mean-field result. Let us see when this occurs: Using
the simple estimate A”(W) ~ |A'(07)|/W,, where W,
is the length of order =% on which A(W) decays, see
below, and |A’(07)| = m*S,,, the bound p(S1,S2) > 0 is
violated if

Sm 1 5159
1< — X X .
pp (L)t ASE
The first factor is a dimensionless number of order O(e)
near d = dy.. The second vanishes in the thermodynamic
limit of L — oco. Thus the bound can only be violated
if S152/52, compensates this factor. This can only be
achieved if at least one of the avalanches is either system-
spanning, or far out in the tail of the distribution, i.e. the
bound is only violated for very unlikely events.
Note however that the exact result (40) is protected
from being negative since

A// (W)
Ldm#

(81)

L7281 80) p = 1 — = Oypu(w)dpu(W 4+ w) ,

(82)
and O, u(w) is always positive since u(w) is monotonically
increasing as a function of w. The latter can be shown
rigorously using a stability argument: Writing that u, (w)
is a stable minimum of the Hamiltonian (14) implies for
OH [u,w] — 0. and 5% H [u,w] >

du(x) ’ ou(x)ou(y) =
0. Specifying the second equation to = y, we obtain

m?[uz (w) — w] + 0,V (ug(w),z) =0,  (83)

m? + 02V (ux(w), z) > 0. (84)

Taking a derivative of Eq. (83) w.r.t. w, solving for
Otz (w), and using Eq. (84) implies

- 1

1+ m202V (ug(w), 2)

all z two equations, namely

Oyt (w) >0. (85)



Comparison with experiments and numerics: Though
our predictions rely on the analysis of the model (14),
they were obtained using FRG and thus we expect Egs.
(70) and (72) to be valid for all models in the same uni-
versality class. All our results, namely Eq. (72) and Egs.
(74)-(80), contain the combination AL,;%). On one hand
it can be used to give a result to order O(e) in the form
of a universal function (see below). On the other hand
all quantities entering the r.h.s of these equations can
be measured directly in an experiment or in a numerical
simulation. Indeed we recall that

(5%)p _ (5%),

S 1= (86)

and the combination

A// (W)
Lim4

= Oy [u(w) — wlfu(w + W) —w W] (87)

can both be measured and do not require to know the
mass m which might be hard to identify. The computa-
tion of this second derivative then gives a precise char-
acterization of the amplitude of the correlations through
the exact formula (41). The accuracy of the e expansion
and universality can then be tested against the formulas
given in the previous section.

Universal function: Using rescaled quantities we can
rewrite our main result as (see Eq. (24) and Sec. II1 C)

1 L% d(W S 52)

S Ty s s ™

where the function F; is universal and depends only on
the space dimension. To first order in d = dy. — €, it is
given by

AgA" (w)
]:(U},Sl,sg) ~ We (

in the limit of large L and small p and Ay was given
in Eq. (25). Here A*'(w) is the universal fixed point of
the FRG equation, normalized to A*(0) = e. Indeed,
for small m the rescaled renormalized disorder correlator
of the system A(w), appearing in Eq. (24), is close to
one of the fixed points of the FRG equation: A(w) ~
A*(w). For non-periodic disorder, the latter can be ex-
pressed using one constant k as A*(w) = k2A*(w/k)
(see Sec. IITC). The parameter « is thus the single non-
universal constant in our formula. The scales in Eq. (88)
are then given by

L0 (30)

Wy~ kp ¢, Sy~ Age A (07) @O (90)
for small g. We remind that m = p?/2. We have de-
fined all quantities such that their expressions are the
most simple ones, independent of v. With the above

normalization, to order ¢, A¥(0"7) = (/e(e —2¢) and
A*(0) = 2.
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Locality: Note that in the result (88) the amplitude
of the correlation is inversely proportional to N = (Lu)?,
the number of elastically independent degrees of freedom
of the interface. This is a signature of the local nature
of the correlations. For two shocks a distance W apart,
there is a probability of order 1/N that they occur in
the same region of space. To go further into this local-
ity property and to remove this bias we investigate in
the next section the correlations between the local shock
sizes.

V. LOCAL STRUCTURE OF CORRELATIONS

In this section we analyze the correlations between the
local shock sizes. We start by deriving a general formula
for the correlations between the local shock sizes mea-
sured on an arbitrary subset of the internal space of the
interface. To this aim we define

§9 — / Sibie,  SP = / Spdos . (91)

where ¢; and ¢9 are two arbitrary test functions. Two
extreme cases are ¢, = 1: in this case Sfl = 51, and
the observable is the total size studied in the precedent
section. The other extreme is ¢1, = 6%(x — 1), for which

Sfl = Sia, is the local size at x = x;.

A. Reminder: one-shock case

Here we briefly recall the essential definitions and re-
sults given in Refs. [31, 32] on the density and generating
function associated to the local one-shock size statistics.
For a general test function ¢ we introduce

pP(S?) =Y 6(SD¢ — §9)5(w; —w) |

P 1 ASY Ty
Z°\) = Z°(\) =\, (92)

where (...) ,» denotes the average with respect to p®. Note

that Z? has no linear term, since the first moment of p?
is due to STS

<Wm:/%. (93)

The generating function Z¢()\) is obtained from the
replica field theory using the exact relation

1
fz ¢x

It was shown in Refs. [31, 32] that Z?(\) can be written
as

Z¢(A) = 868fm G [ts (W+06) —ug (w)—0] |6:0+ . (94)

Lz

@ 7
Z%(N) T 60

(95)



where, at the improved-tree-theory level, Z¢(\) satisfies
the following self-consistent equation

gz—ygm—y’zg?()‘)zj)’ ()‘) : (96)

’

Z2(\) = Ay + 0/

vy

The quantity ¢ = —A’(0") was defined in Eq. (38).
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B. Two-shock case: Notation and diagrammatic
result

Densities and generating functions: Consider

¢ ¢2 (Sibl S¢2
7]

The generating functions are

=3 6w — w)d(SF — SO )§(w + W — w;)5(S5

— S, ¢>2) .

P2 s AaSEY
S T M 72 <(e 1) (e 1)>p$;¢z 67)

59'6?

W2 — W1

1
()\I;AQ f gblf ¢ 51 8550+

¢*

where <...>p 1,2 denotes the average with respect to p‘z’ .

The follovvlng relation holds
1,2 Al 2
Z8 A, he) = 289 (A, Ae) + 29 (M)A
M2 (Ag) — Mg (99)

(These relations are a consequence of Appendix A). The
connected equivalents of the previous definitions are con-
structed as in the previous section for the correlations
between the total sizes; for example

Lol 2 1 2 1 1 2 2
ot (ST 88) = o (57 85) = (ST ) <(s§’ >3
100

and we note <"'>p° s102 the average w.r.t. py, 6’9"

Simplified notation for averages: In order that these
somewhat complicated notations do not obscure our re-
sults, we introduce simplified notations for averages. We
first note that

2 1 2 1 2
where pa(WW) is as before the density of a pair of shocks

1 2
and 73(S’f5 ,S;’ ) denotes the probability, given that two
shocks occured at a distance W, that their local sizes

1 2
measured with respect to ¢! and ¢ are Sf’ and S;’ .
We have dropped the dependence of P on ¢! and ¢ to
alleviate our notations. We also note arbitrary moments
as

(ST ST o = (ST (S5)™) o
(ST (S5 Neg, 1= ((ST)MSE )™ oren-

We indicate the dependence on the choice of ¢! and ¢
only inside the average, and not in the measure. A mo-

ment of the form <<(S’f1)"(5’§2)m>>pw is thus equal to the

(102)

(103)

lim  Os,, 52ef ¢3A1lle (W1401) ~da (w1)] g [, P72 [0 (w2t82) =tz (w2)] | (98)

product of po (W) and of the mean value of (S’fl)"(S’gz )m
for shocks at a distance W, given that two such shocks
occurred.

Diagrammatic result: In Appendix D we compute
these generating functions by a direct evaluation of
Eq. (97) using a saddle-point calculation on the effective
action (57). Alternatively, from a diagrammatic point of
view, the result can be adapted from the reasoning that
led to Zw (A1, A2) by keeping track of the space depen-
dence in the different vertices, propagators and sources
in the diagram (69). Following Eq. (68), we represent
Z2(\) as

(104)

The same diagram without the marked point x is also
used to represent, [ Z¢ ), itself equal to [ ¢, x Z?(A).

Then, as before, Z¢ ()\1, A2) is the sum of a connected
and a d1sconnected part:

A 1,2
752 (A1, Aa)
(105)

A gl 2 A A
787 (A1, da) = 2% (M) 27 (Ag) +

The connected part Zj;s c:¢'¢” (A1, A2) is



Posw = W

Z%qblqbz()\l,/\z) pr;w =0

1

T Lole (106)
¢1;’U} ~0 =====
It can be written as
~ 1,2 A”(W)
¢ P _
L e w7y
828 (W) . 629 (N)
o 28 (M) L0028 (o) 2
/lex2y1y2 RS 1 (/\1) /\16¢; Gz T2 ()‘2) )\25¢§
+O(62) . (107)

We note that it is possible to obtain a more explicit for-
mula for avalanches measured on parallel hyperplanes,
see Appendix D 2. In the next section we focus on the
first moments which already contain valuable informa-
tion.

C. First moments: arbitrary sources and kernels

The first moments of pf,é,¢1¢2 are obtained from the
combination of Eqgs. (97), (99), (105) and (107). One
first needs the series expansion for Z¢(\). It is obtained
from Eq. (96) at arbitrary order in A; here we give it up

to order 3:

Z2(\) = A + N0 / Gy Gy Gy Dy (108)
y !’

Y

+2)\302/ Gr—yJo—y Gy—29y—= PPz Py + O()‘4)
yy'zz'

Hence
57
o, =d(z —u)+ 2 o /y Gz—yGz—uPy

+2/\20'2 (2 / gm—ygz—y’gy—zgy—u¢z¢y’
yy'z

+/ gm—ygm—ugy—zgy—z’(bz(bz’) + O()‘B) . (109)
yzz'
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We then obtain from Eq. (107) the local version of the
exact result (8), namely °

<<S¢18¢2>> ¢ A (W
Lo 7 ¢i(f s [, smngemohiat,
+0(é?) . (110)

Let us also give the result for the third-order moment,

(ST S8 N5, AW
IR

T T’

1 1 42
(4/ ngxlngngylftlgylfszml¢t1 o
zx1T2y1ts

1 41 4,2
+2/ 9z—z19z—x29x) —t1 9z, —t) ¢t1¢t/1 T2
ZIlIgt] t,l

+0(€?) . (111)

D. First moment: correlations between the local
shock sizes for short-ranged elasticity.

Let us now give the precise form of the first connected
moment for an interface with the short-ranged elasticity
(15) and for correlations between the local avalanche sizes
at two points 21 and x9. We choose ¢ = 6¢(z — 1) and
#2 = §%x — 22) and note x = |r; — z2| the distance
between the two points. Thus Sfl = Siz, and S’f =
So9z,. We obtain

(St Sass ), = ~A"(W) [ 1 =20g,.,
q

—A”(W)md7427%717r7%(m:z:)Qi%KQ_%(m:c)
" —d_—4 d—4 d
=p—0 —A"(W)2 %7 2m*°T <2 — §>

3 1
Taig2iTam oz gz ze” M (112)

where K, (z) denotes a modified Bessel function of the
second kind. Note that integrating this formula yields an
exact result,

A/I(W)
/ ((S121 9222 )) g, = (S152) 5, = —LdT :
T1,T2
(113)
This is equivalent to Eq. (41), which is ezact. We thus
expect Eq. (112) to be quite accurate even for large values
of e.

5 The result (110) can simply be turned into an exact one if one
introduces the bi-local part of the renormalized disorder corre-
lator Ay, — gy (w1 —w2) = M ug, (w1) — wi][uw, (W2) — wa] (see
also [41]) and proceeds as in Sec. IIIF. The result (110) can then
be understood as the lowest-order approximation of Az, 4z, (w)
in terms of A(w).




As expected, we observe that the amplitude of the cor-
relations decays exponentially beyond the length L,, =
1/m. For smaller distances they decay algebraically with
an exponent that depends on the dimension:

<<511152w1+w>>p%v - <<Slw1 S2w1>>p6V

1!
~g_q %IQ +O(a%)
(W) :
I Yo [27]5 -1+ 210g(mx/2)}x
A//
~g—3 (W)a: +0(z%) . (114)
8T

Finally, to emphasize the universal nature of Eq. (112),
we note that it can be rewritten, using the notations of
Sec. IVE and introducing a new universal scaling func-
tion Fi!(w,x), as

w
((S1z1S2wa))pg, = Fa' (7o mlzy — z2]) (115)
w w,
"
Fil(w,z) = —2_%_171'_%AdA*/I(w)$2_%K27g(LL')
+0(€%) . (116)

E. First moment: correlations between the local
shock sizes for long-ranged elasticity.

Let us now study the correlations between local
avalanche sizes (we choose again ¢. = §%(z — z1) and
#2 = 0%z — w3) with |z; — z2| = x) for the case of long-
ranged elasticity using the kernel (16) with v = 1. Then
the result for the first connected moment is

d—2
1% _d
<<Slm152m2>>p§v = _AN(W) (27‘()% (/J'x)l 2K1—%($M)
—p
T (117)

As the previous formula for short-ranged elasticity, this
formula should be rather accurate for the experimentally
relevant case of d = 1 (in this case ¢ = 1). We again
observe an exponential decay of the correlations beyond
the length L, = 1/p. However, here the correlations are
constant at small distances, a signature of the long-range
nature of the elasticity. As before, the universal nature of
this result can be emphasized by introducing a universal
scaling function 7 p (w,y):

w

<<Slx182x2>>mc,v = ]:(%,ILR (W#’ H|$1 - $2|>

Fil(w, ) = —(2m) 2 AgA™ (w)a' "2 K,_4(2) + O(€?) ,

2

(118)

where we used the same notations as in Sec. IV E.
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VI. MEASUREMENT OF CORRELATIONS IN
SIMULATIONS OF d =0 TOY MODELS.

A. Models and goals

In this section we compare our results with numerical
simulations of toy models of a particle in a discrete ran-
dom potential. The position of the particle can only take
integer values v € N and its Hamiltonian is

Hylu;w] = V(u) + 1m?(u —w)?

5 (119)

where V' is a random potential. We consider two dis-
tributions for the random potential mimicking the two
non-periodic static universality classes of interfaces mod-
els:

RB model: The first model is a toy model for the
Random-Bond universality class with short-ranged cor-
related disorder where the random potentials V (i) at each
site 7 € N, are chosen as independent, centered and nor-
malized Gaussian random variables.

RF model: The second model is a toy model for the
Random-Field universality class where V' (0) = 0 and for
i >1, V(i) = = >5_, F(j); the random forces F(i) at
each site ¢ € N are chosen as independent, centered and
normalized random variables. Thus V(i) is a random
walk with Gaussian increments.

In the RB model we choose the mass as mgrg = 0.01
and in the RF model as mrr = 0.02. With these param-
eters, the probability pp to trigger a shock when mov-
ing w — w+1is pif = (6.959 £ 0.001) x 1072 and
P8 = (9.471 £ 0.001) x 1073, These small values of
the masses ensure that the models efficiently approxi-
mate our continuum model in d = 0, and that the par-
ticle optimizes its energy over a large number of random
variables. We perform averages over 10 simulations of
environments of size N = 5 x 10 sites. We obtain ex-
cellent statistics for various observables studied in this
work, including p2(W), A(W) measured using Eq. (23),
<SlS2>PW and <S%S2>PW'

Let us emphasize that these simulations are more
a proof of principle to motivate simulations on higher
dimensional models and measurements in experiments,
than a full test of the results obtained in this article.
This said, our simulations allow us to verify the exact re-
sult (40) to a very high accuracy. Second, although d =0
is at a large value of € in the d = 4 — € expansion, the
FRG equation and the associated fixed-point functions
for random-field disorder are known to behave quite sim-
ilarly [30, 43]. For random-bond disorder we expect less
universality since A(u) is non-universal in d = 0; never-
therless the relations between the correlation and A(u)
are interesting to investigate, in particular the sign of the
correlations.
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FIG. 2: Renormalized disorder A(u) measured in the d = 0
RB toy model. Inset: its second derivative A”(u), computed
using a numerical fit of the measured A(uw).

B. Numerical Results: RB model

Using the definition (23) we measure the renormal-
ized disorder correlator. The result is shown in Fig. 2.
Using an interpolation of the result with a polynomial
of degree 10, we obtain a smooth version that is later
used to compute its second derivative A”(u) which ap-
pears in our analysis as the central object controlling
the amplitude of the correlations. Some measured prop-
erties are: A(0) ~ 3.34 x 1075, A”(0) ~ 6.78 x 1079;
A(76.2) = 0, A”(215) ~ 0; the position of the minimum
and the value at the minimum: A(148.2) ~ —7.3 x 107°,
A"(274,4) ~ —5.1 x 10719, This is compared with the
measurement of (S1.52),, using the exact result (40), see
Fig. 3. We obtain a perfect agreement.

From a qualitative perspective, we note the following:

(i) We observe the predicted crossover from anti-
correlated shocks at small distances (W < 215) to posi-
tively correlated shocks at large distances.

(ii) The correlations are far from being negligible: by
.. (S182)pe . (S152) pe
definition WQW > —1, while we observe WVN’ ~

P P
—0.6, an indication that the shocks in this toy model are
strongly correlated.

We now check the predictions obtained using the € ex-
pansion. We first measure p(WW) and compare it with
the result (75), see Fig. 4. We obtain a surprisingly
good agreement between the two curves, considering that
€ = 4. We also measure (S7Ss),,, and compare it with
the result (67), see Fig. 5. Here the discrepancy is large
for smaller values of W, a fact that can be anticipated

. . <S%SQ>pC
since our result predicts sem—a% < —1 at small W,
(5%)p(S)

which is unphysical. This discrepancy keeps increasing
with higher-order moments. However the sign of the cor-
relation, and its value for large W is quite well predicted.
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FIG. 3: Comparison between the measurement of the normal-

(51582) pe . C .

oz (blue dots) and the prediction from the
exact result (40) using the measurement of A(u) (red curve)
in the RB toy model. The agreement is perfect as expected.

ized moment
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| | | | | W
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FIG. 4: Comparison between the measurement of p2 (W) (blue
dots) and the prediction from the O(e) result (75) using the
measurement of A(u) (red curve) in the RB toy model. We

obtain a surprisingly good agreement.

C. Numerical Results: RF model

In Figs. 6 to 9 we show the corresponding results for
the RF toy model. They are similar except that as
predicted in this type of model the shocks are always
anti-correlated. The value at the origin of the renormal-
ized disorder correlator and of its second derivative are
measured as A(0) ~ 3.4 x 1073, A”(0) ~ 9.4 x 1078,

Once again we observe that these correlations are large,
5182) ¢

% ~ —0.6. We obtain a perfect agreement for

the exact result (51.52),,, , see Fig. 7. The agreement for

the O(e) result for pa (W) (75) is surprisingly good (see

Fig. 8), whereas the O(¢e) approximation breaks down for

higher moments at small W such as (S7S5) ¢ , see Fig. 9.

v



FIG. 5: Comparison between the measurement of the normal-
<Sf5'2>pg/v
(52),(S)p (
exact result (40) using the measurement of A(u) (red curve)
in the RB toy model.

A(u)

ized moment blue dots) and the prediction from the
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FIG. 6: Renormalized disorder A(u) measured in the d = 0
RF toy model. Inset: its second derivative A”(u), computed
using a numerical fit of the measured A(u).
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FIG. 7: Comparison between the measurement of the normal-
ized moment % (blue dots) and the prediction from the

exact result (40) using the measurement of A(u) (red curve)
in the RF toy model. The agreement is perfect as expected.
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FIG. 8: Comparison between the measurement of p2 (W) (blue
dots) and the prediction from the O(e) result (75) using the

measurement of A(u) (red curve) in the RF toy model. The
agreement is surprisingly good.
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FIG. 9: Comparison between the measurement of the normal-
. (st2)pg}v
ized moment 060 (
O(e) result (40) using the measurement of A(u) (red curve)
in the RF toy model.

blue dots) and the prediction from the

VII. CONCLUSION

In this paper we shed light on the fact that, for realis-
tic models of elastic interfaces in a random medium be-
low their upper critical dimension, correlations between
(static) avalanches should always be expected. To do so
we have studied the correlations between the size and lo-
cation of shocks in the ground state of elastic interfaces in
a random potential. We found the exact relation (8) for
the first connected moment that characterizes these cor-
relations in terms of the renormalized disorder correlator,
a universal quantity at the center of the FRG treatment
of disordered elastic systems. Beyond the first cumulant,
higher-order moments (70), (72) and the full joint den-
sity of shocks (74) were computed using the FRG at first



non-trivial order in the € expansion. The local structure
of these correlations was made precise through a study
of local shock sizes. The qualitative phenomenology as-
sociated with these correlations clearly distinguishes be-
tween the Random-Bond and Random-Field universality
classes. This was highlighted through a numerical simu-
lation of d = 0 toy models.

We expect our results to broadly apply to models in the
universality class of the statics of disordered elastic sys-
tems. Concerning the dynamics, and avalanches at the
depinning transition of elastic interfaces, we expect our
results to be equivalently applicable and accurate. The
derivation of the exact relation (8) can easily be adapted
to the dynamics by considering the quasi-static steady-
state process of the position field of the interface instead
of the position of its ground-state as was done in Ref. [33].
For the results at the improved tree level, it is expected
that both theories are equivalent for those observables
[33]. The most important difference is that in the dy-
namics the Random-Bond universality class is unstable,
and thus the observed correlations should always be of
the Random-Field type (at least as long as the micro-
scopic disorder is short-ranged).

For physical systems where the usual model of elastic
interfaces is accurate, our results give a precise descrip-
tion of the correlations. Even if additional mechanisms
generating correlations are present, such as in earthquake
problems, correlations due to the short-ranged nature of
the disorder as described in this work should be included
in order to gain a quantitative understanding of the cor-
relations due to these additional mechanisms.
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Appendix A: Proof of the identity on generating
functions

As in the case of one shock (Appendix A of [31]), the
important identity is

(05 + ALL) AL (ulw+d)—w=0) _
Z(eASi _ 1)6ALd[u(WZ)*w*5]5(w + 06— w;)

%

(A1)
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By definition u(w; ) = L4 > j<iSj- Let us consider

Gy s (01,02) = (35, + ML) (95, + Ao L) x
6)\1Ld[u(w1+61)7u(w1)761]+>\2Ld[u(w2+52)*u(w2)*52]

_ Z(e)qsz’ _ 1)(6)\2Sj _ 1)6)\1Ld[u(w;)7u(w1)761] >
ij

6A2Ld[u(w;)7u(w2)*52]5(w1 + 51 - wi)é(wz + 52 - wj)
(A2)

Taking advantage of the Dirac d-function, we can replace
the w(wy) inside the exponential by w(w; — 01) which
unambiguously gives u(w; ) when one takes the limit of
d1 — 0t. We thus obtain

1, G 52) -
Z(e)‘lsi —1)(e*% — 1)d(wy — w;)d(wy —wj). (A3)

ij

Taking the average over disorder, we obtain by definition
of sz_wl ()\1, )\2)

m L™ 27Go, w0y (01,02) -

61,62—)0+

Z1,U2—’w1 ()\17 )\2) = (A4)

On the other hand, developing (95, +\1 L%) (05, + Ao L) =
0s, 05, + LN 05, + LIN205, + L??\1 X2 in the expression
of Gy, w, (01,92) one arrives at Eqgs. (46) and (47).

Appendix B: Diagrammatic rules for two-shocks
moments

In this appendix we explain the rules (i), (ii) and
(iii) that were stated and used in Sec. IV to obtain
diagrammatically the result (70).

These rules come from the fact that in the K opera-
tion each external leg produces an additional factor of &1
(for the n legs at wy,...w, =~ 0) or d2 (for the m legs at
Wpt1s - - - Wy = W), thus tend to be of higher order in
01 and d2. However, from the study of the one-shock case
(see Section V.C of [31]), we know the general mechanism
to escape this apparent trivialization and to allow that
each part of the diagram that connects only coinciding
points together brings a single d;. In this case, starting
from the top of a diagram the §; attached to an external
leg can be brought to the bottom of the diagram as long
as the disorder vertex encountered along the way leads to
a A’(0T) when taking the limit of coinciding points. In
such diagrams each vertex linking coinciding points must
have two up-going propagators and one entering from be-
low (effectively corresponding to the A’(0") cubic vertex
of the BFM [33]), except for the vertex at the bottom
of the diagram which has only two up-going propagators
(see Section V.D. of [31]). This last vertex is the one
carrying the remaining factor of d1: being differentiated
in the end it also leads to an additional factor of A’(0%).



This explains why the disorder only enters as A’(07) in
the one-shock improved-tree-theory result (58). The rule
(iii) stated above is a generalization of that property.

In the two-shock case the same mechanism occurs and
rule (i) is obvious: a diagram cannot have more than
two sets of points separated by a double-dashed line (one
around w ~ 0 and one around w ~ W) since each set con-
tributes a factor of §;. For example, in the last diagram of
Eq. (66), each leg is such a set of points, and the diagram
is O(6262). To explain rule (ii), let us consider one end-
point of a double-dashed line and distinguish three cases.
First, if there is no propagator entering from below this
point, such as the points at w &~ W in the first and sec-
ond diagrams of Eq. (66) and the two points in Eq. (63),
then the §; originating from the set of connected points
above it end at this vertex, and the vertex is differentiated
during the K operation. Second, if there is a propaga-
tor entering from below that point, such as the point at
wy &~ 0 in the first diagram of Eq. (66), then the 0; orig-
inating from above the vertex continues downward the
diagram without modifying the vertex. Third, if there
is more than one propagator entering from below the
point then the diagram will necessarily be of higher order
in §;. Combining these three cases, one concludes that
the double-dashed-line vertex necessarily corresponds to

a A"(W).

Appendix C: A derivation from the Carraro-Duchon
formula

Let us recall the results obtained in Ref. [32], gener-
alizing to arbitrary dimension the result from Ref. [42].
Consider

dr —rd
eL Zi{wiywi} = e tL i wilu(wi)—w;] ,

(C1)

where t = # Then, in the improved-tree theory, yA
solves the differential equation

8,52,5{&}1,’(01} = Z O Zt{wuwz} Zt{wuwz}
1=1
Zt:O{Wia w;} = 5 ”221 winA(wi - wj) . (C2)

It further satisfies the STS symmetry relation,
Zt{wi, w; + 5’LU} = Zt{wi, ’LUZ}

9 -
; %Zt{wi,wi} = O .

In order to extract the needed information for the two-
shock statistics we choose p = 4 and the quadru-
plets (w1,wa,ws,wy) = (—w1 — &, w1, —wa + @,ws) and
(w1, wa,ws,wy) = (0,01, W, W + d2). We then consider
(with a slight abuse of notations)

Zt (wl, 51,(1), W, wa, 52) (04)
= Zt(_“"l - ajuoawla&lu —W2 +(:), VV,(UQ,W + 62)

(C3)
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Because of the STS the p = 4 function Z, depends only
on six variables (and not eight) and satisfies a closed
equation. Indeed, using Egs. (C2) and (C3), one proves
that Z, satisfies the following evolution equation
- 0 0 d., 0 - d 5 0 -
Oy = — <8w1 Lyp— a5, Zy + %thZt + 8—th8_<SQZt)
(C5)
We are only interested in a perturbative resolution. De-
fine the expansion

L=y 2h,(t,wr,we, )87 050" .

mnp

(C6)

Indeed, this is sufficient to retrieve the generating func-
tion ZW(/\l,)\Q) Z& (N, X)) + Z5, (M, A2) as (com-
pare with the small-0; expansion of (Cl) and (47))

Z3° (A1, ha) = 2R (i, w2, W)z (w1, wa, W)

ZAIsV(/\l, )\2) = L_dzlol (wl, wa, W) . (07)
On the right-hand side the arguments are w; = —tA; and
we = —tAg. Inserting the expansion (C6) inside Eq. (C5),

we obtain the initial conditions:

zgo(tzo,wl,wg,W) =0

Z?O(t =0,wy,wy, W) = —A'(0")w?

201 (t = 0,w1,we, W) = —A'(07)ws3

Dt =0,wi,we, W) = —A"(W)wiwa

200t =0,w1,we, W) = 0. (C8)
Obviously we have zgo(t,wl,o.)g,W) = 0, Vt. We also

obtain the evolution equation:

atZ(l)o = —(%2?0)2?0 (832 ?0)281 230%210
815281 = —(%281)2?0 (6(2 81)281 230%201
5152?1 = _(8%}12?0)2?1 - (8(31 281)2220 (%2101)210
(8(3; 2?0)2202 (8 81)2101 (3(3 101)201
0 0 0
Zoowzu ZIOWZM ZOlW’Zlo
0 0 0
8tzéo = —(Tmzéo)zloo - (6—0&230)281 - Zoowzoo

(C9)

As a consequence of the initial conditions (C8), one can
look for a solution of Eq. (C9) such that

9 0 9 0 9 0 9 0 1

<10 = a—wlzm T w0 T gy for T oo = 0.
(C10)

Each term has an interpretation in the notations of the

main text. 29, corresponds to Z()\1) and zJ, corre-

sponds to Z()\y), which in the present notations reads

Ows



see Egs. (43) and (58) and recall S,, = o/m* = ot?
(see Eq

1+ 20w;t — /1 + dow;t

20t2

This is the solution of Eq. (C9) using Eq. (C10). Note
that z{, = 0 can be seen as the signature that diagrams
contributing to the avalanche at w = 0 and at w = W can
be linked only by one vertex A” (W), as observed in the
diagrammatics, see Eq. (69). This is already present in
the initial condition (C8). The equation for z{; becomes

0 0
- (8—m2?0) 2?1 - (8—wlz?1) Z?o
0 0
- (8—0@281)2?1 - (8—0@2?1)281 .
One can check that the result (70) obtained diagrammat-

ically in the main text, and which in the present notations
reads

o A
H 40212

Z(\N) =

210 (wi) = (C11)

[
815211 =

(C12)

)1 — T+ 4dowit1l —/1T+ dowst
V1+4dowt V1 +4dowst

solves this equation with the initial condition (C8). This
demonstrates the equivalence of the two methods and
results.

Appendix D: Saddle-point calculation for the local
structure.

1. Algebraic derivation of Eq. (107)

In this appendix we prove formula (107) “from first
principles” using a saddle-point calculation on the im-
proved action (57). This computation is similar to the
one presented in Ref. [32] for the calculation of the one-
shock density. Here the observable of interest is

1 lim 05, 5,Gw (01, 02)

A 1¢2 -
Ay wry P

Gw (01,02) =
efz ¢é>‘l(ﬁm

(D1)
(w1+61)—ﬁm (wl))efw (i)%)\g(ﬁm (w2+52)—'&w(w2))7

where wo = w1+ W. This observable can be expressed us-
ing the improved action I'[u] of the replicated field theory
(57) with ¢ =1,...,4setsof a =1,...,n replicated posi-
tion fields @', feeling a parabolic well at position w; with
Wy = wy, Wy = wi 401, W3 = wy +W, g = wy +W+0d2:

Gw (61,02) = /D[u]ef” Zima v (a0l (Do)

Here and for the rest of this appendix, the n — 0 limit
is implicit. To compute the disorder average we have
singled out replica a = 1. In order to write the formulas
in a compact form, we introduced new variables v, = A1,

v = —)\171/4—)\27V3 Ao, Yy =2 = oL, Y2 =y =

20

®2. At the improved tree level, the functional integral is
evaluated through a saddle-point calculation as

G (51, 62) = efa Tiza Vit (uip—0)—Tlu] (D3)

where the position fields u?
tion

/ gmm ( Uz wl 7 ZRI Ugg — UZI) = Tyiwiéal .
cj

(D4)
We are interested in the solution of Eq. (D4) in the T'— 0
limit. As in Ref. [32], we look for a solution that isolates

solve the saddle-point equa-

the first replica (¢ = 1) in each set (i = 1,...,4) of
position fields as
uby = ul — (1= 851)TUL. (D5)

Inserting the Ansatz (D5) into (D4) leads to
[ gttt =)+ SR~ ul UL =0
! j
/ Gowr Uk + Y R (ul, — ui, ) ULUS = i),
J#i

Being ultimately interested in the computation of (D1),
we solve this equation in an expansion in §; and s as

1 Wi+ we

u, = 5 —ulley 4+ ul?6,
u? = @ +u?l6y + u??6,
ul = w +udle) — u?6,
ul = w +ullsy + ul?o,

Ui =UL +Ui'oy + UP6,. (D6)
Using now the definition (D1) we need to perform the
following derivatives of (D3), 05,05, = Ow,0w,. Since
the fields u?, are evaluated at the saddle point, we can
differentiate only with respect to the explicit dependence
in the w;. Using the form (57) for I'[u], these derivatives
can be calculated by repeating the identity

0s,Gw = ( /W TZ/ G (Ui —@)) Gw .

Using that lim,_,o >, (ul, — w;) = TU. we obtain the

following decomposition
Al 2 ~ A~ A~ 1,2
22 (M, Ae) = 29 (M) 2% M)+ 2579 (A1, A2) (D7)

with the explicit forms

o (v + [ g U
Zd’(/\l):f( fqi;g )
29 0g) = L T Lo 00

Jo



and

ZA%}¢1¢2 ()‘h /\2) =

W//QMU22
N wa// 92U

Although not obvious, these definitions are in agreement
with those of the main text. Despite their complexity, the
equations satisfied by the w and U variables obey several

(D9)

symmetries. The important ones are U!? = —U2° and

30 _ 10, {711 — 21 32 42, 7ri2 _
U:X = =-U."; U, ——U andUm——Um,Um—
—U22 and U31 —UA = 42! and w32 = ul?; ul? =

u?? “and udl = ull. We also have. U2 = U41

Using these symmetries, one finds that U2 and UZ°
satisty

gm,U2, = U(U§0)2 + voth?

x

Gl UY = o(U)? 4yl (D10)

/.
/.

where ¢ = R (0%). Note that these are related to
the function Z¢()\) defined in the main text in Eq. (96)
through the relation Z¢ (M) = [, g, LU . Hence, Eq.
(D8) leading to the dlsconnected part of the result for

ZA‘“,L’; s (A1, A2) is in agreement with the main text. Let us

now introduce two important kernels defined as the func-
UL

6U20
vasgz and Ku(z,2) = 755

tional derivatives Ka(z, z) =
They satisfy

/ 9ol Ko(a', 2) — 20U Ky (2, 2) = §(z — 2)

/ GoiKy(x', 2) = 20U Ky(x, 2) = §(z — 2)

and are important building blocks in our calculation.
These kernels are symmetric: the kernel of the opera-
tor K5 ! is given by Ky ' (z,2") = g,.} — 20Us0,6(z — 2').
In particular it is a symmetric function of its arguments,
and thus Ks(x, z) also is a symmetric function. The an-
alytic expressions of the functions U2° and U2° are hard
to obtain in generality. In Ref. [31] they were obtained
for avalanches measured on hyperplanes for SR elasticity:
12 = §(z1) where x1 denotes the first coordinate of the
d-dimensional variable x. We recall this explicit solution
below in Appendix D 2.
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a. Solutions for the u variables

Let us first consider the solution for the w variables.
The equations read

1
—1
/I, g“’(2

/ gmm,um, _ 2u11U10R”’(W)

/ 9. (% — u32) —20U3%3? =0

/ gmm,um, _ 2u32U30R'”(W)

11 10,11 _
—um/) — 20U, u, =0

(D11)

The solutions are expressed in terms of the two kernels
as

1m_ 21 _ g 31 , + _ 41 4 +
Yo =M = TRman"e T3 T TRegn e T2
2
= mT/Kg(x 2) (D12)
32 42 o 12 1 o 22
Uy = Uy = TR W)u + 5 = _R///(W)u + 5
_m /K4 z,2) (D13)

b. Solutions for the U variables
For the U variables, the equations read
/ 9o U2 = 20U2°U2 — 2RW(0)ul! (U2°)* = 0
/ 9o U2 — 20U2°U2 — 2RMW(0)u32(U2°)? = 0
/ Gl U —20U2°U2% — 2RO (W)u32U2XUX = 0

/ Gk U — 2002002 — 2RO (W)ullUXUX =0
(D14)

Its solutions are

Ul = U2 = —2R00) [ Koo 2l (U2

U2 = 2 — _ap () / Ko(w, 2)ul2(U20)?
Ul = —U2 = —2ROW) / K(w, 2)ul*UZU°
U~ gt — _arM(w) / Ka(w, 2)ul U2U

(D15)



c.  Final result

Using Eq. (D9) we obtain

ZG0% (A, Ag) = (D16)
1
f1/12f1/)4 R(4)(W)m Ko(a', 2)URUR Ky (2', 2)

Using the above results U2 = [, 9z Z2H (A1), and

U;lo = f;p/ gmm/Z;f/z ()\2)7 as well as K2 (‘T7 Z) =
52%) (1) 822 (A2)
fz/ gw%’#@ﬁlj and K4(‘T’Z) = fz’ Gz’ A2 5¢22 ; retnem-

bering that 12 = ¢L and ¢? = ¢2, one shows that this
formula is equivalent to Eq. (107).

d. Simplified form of the final result

The equivalent results (D16) and (107) both involve a
functional derivative, which is in general a rather com-
plicated object. We can however obtain a simplified for-
mulation. From Eq. (D16) it is clear that it is sufficient
to compute, for ¢ = 1,2,

:/ZKi(z,x) Z/ZKi(va)

rather than the full kernel K;, and using the symmetry
of K;. Integrating Eq. (D11) over z one shows that x;(z)
solves the equation

(D17)

[ el —2002a0) = 1.
/ g;xl,x4(:17') - 20U§0X4(:17) =1.

Solving these equations (a task a priori simpler than the
computation of the functional derivative) then leads to,
following (D16),

ZG% (A1, Aa) (D18)

—WA"(W)W‘/ZX2(Z)U30U30X4(Z) :

2. More explicit solution for avalanches measured
on parallel hyperplanes

a. Setting

We now obtain more explicit formulas in the case where
avalanches are measured on two parallel hyperplanes at
a distance y > 0 from one another and where the elastic-
ity is short-ranged with kernel (15). That is, noting for
definiteness x1 the first coordinate of the d-dimensional
vector z,

=d(z1 —y) . (D19)

oL =6(x1) , @2

22

In this case the problem becomes effectively unidimen-
sional and the functions U and y entering into Eq. (D18)
only depend on x;, abbreviated as x in the following.
Furthermore, by translational invariance we can write

U2° = Y(\,2) , xa(2) = x(\i, @) (D20)
U;lo = Y()\an_y> ) ( ) ()\2,17_:9) .
These quantities obey the equations
d? 2
I +m? ) Y\, 2) — o (Y(\2))" =N(z) (D21)
d2
<_F +m > XA\, z) = 20Y (A, 2)x (A, x) = 1.
Solving these equations then leads to
Z500% (A, A2) = —— RW (W)m* x (D22)

Ld
x/x@hmyuhwyu%x—wx@%x—w.

x

b. Solution for'Y

The solution Y (A, z) of equation (D21) is already
known in the literature, see Ref. [34] for details. It admits
a scaling form

m* ./ o
Y(\z) = 71/( BA,mx) , (D23)
where Y (), Z) solves
2 o5 a— (705 = hala
(—ﬁ + 1) Y(\2) — (Y()\,:v)) = 2(7) . (D24)
An explicit solution is
- . — 2212l
O P et L (D25)
(1+z+(1—2z)e 7))
where z()) is one of the solutions of
A =3z(1-2%). (D26)

The right solution is uniquely defined from the following
properties: it is defined for A €] — co,Ae = 2/V/3],

decreases from z(—00) = 00 to z. = z(A.) = 1/v/3 and
approaches 1 as A approaches 0.

c.  Solution for x
it is seen that

From the coupled equations (D21),
X(A, z) can be deduced from Y (A, z) as

1 20 0Y

m2  m?20m?2

XA ) = (D27)



Using the scaling form (D23) we obtain

1 /s o .
X()\,x)zwx ()\—)\ﬁ,x—mx) , (D28)

where

¥ =1-2Y +3\0;Y — 2i0;Y . (D29)

d. Final scaling form

Combining Eqgs. (D22), (D23) and (D28) we can ex-

press our result in terms of a universal scaling function
3~
Zgp as (wescale y = g/m, \j = 2=\, W =w/W,):

AL 3~ 3~
K@@(ﬁdglh)

W/ Wy o o
1 1
(Lm)T 1 (mSm)

) X 2@ (5\17 5‘27 g) (D30)

The quantities W), and S, are as in Eq. (90) with here
u=m (SR elasticity) and

Zg (M, Aoy ) = AgA™ () x (D31)
[2dh@Y&h@?dmf—@2dmf—m,
where Y and X are explicit functions given in Eqgs. (D25)

and (D29). This is our final result; its explicit evaluation
is left for the future.
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Appendix E: First moment to one-loop order

In this appendix we give the result for (S755),:  to one-
loop accuracy for short-ranged elasticity. Note that since
the formula (40) is exact, it does not receive higher-loop
contributions and the first improvement brought to mo-
ments of p, is for (S752),c . The latter can be obtained
from the known formulas (‘él) and (118) of Ref. [31],

O (wi, wp, wy) = _%syml%{Al(wH)A(wlS)}
673 symigs { A (w12)”A (wia) + [A(wiz) ~ A(0)]
x [A"(wi3) A" (wi2) + A (wi2) A" (w13)
+ Al(w23)AH(w13ﬂ} : (E1)

The first line corresponds to the improved tree approxi-
mation, symios denotes the symmetrization over the w;
variables, I3 = fk m, and we have use the short-
hand notation w;; := w; — w;. As explained in the text,
this formula is sufficient to obtain (S%S’g)p%} using the K

operation. The final result reads

L24(S}85) pe = —6Sm
Sm

—413—Ldm2

[A”(O)A"(W) +3A"(W)?

BN (WA (W)] +0() . (E2)
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