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We show that the stochastic field theory for directed percolation in the presence of an additional
conservation law [the conserved directed-percolation (C-DP) class] can be mapped exactly to the
continuum theory for the depinning of an elastic interface in short-range correlated quenched disorder.
Along one line of the parameters commonly studied, this mapping leads to the simplest overdamped
dynamics. Away from this line, an additional memory term arises in the interface dynamics; we argue
that this does not change the universality class. Since C-DP is believed to describe the Manna class of
self-organized criticality, this shows that Manna stochastic sandpiles and disordered elastic interfaces (i.e.,
the quenched Edwards-Wilkinson model) share the same universal large-scale behavior.
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Self-organized criticality (SOC) and scale-free avalanches
arise in a variety of models: deterministic and stochastic
sandpiles [1-6], propagation of epidemics [7], and elastic
interfaces driven in random media [8—14]. In the last decade
several authors found evidence that most of these models
belong to a small number of common universality classes. A
unifying framework was proposed based on the theory of
absorbing phase transitions (APTs) [15,16]. These are non-
equilibrium phase transitions between an active state and
one—or many—absorbing states. The generic universality
class is the directed-percolation (DP) class [17,18]. The
spreading exponents of the critical DP clusters are interpreted
as avalanche exponents in the corresponding SOC system
[16]. In the presence of additional conservation laws, other
classes may arise, e.g., the conserved directed-percolation
(C-DP) class, with an infinite number of absorbing states. Itis
now often stated, though unproven, that the continuum
fluctuation theory for C-DP is the effective field theory
for Manna sandpiles [19].

Stochastic sandpiles are cellular automata where the
toppling rule contains randomness, renewed at each top-
pling. A notable example is the Manna model [2,4,20],
which proceeds as follows: Randomly throw grains on a
lattice. If the height at one point is > 2, then move two
grains from this site to randomly chosen neighboring sites.
Careful numerical studies [2,21-24] showed that the
Manna and the deterministic Bak-Tang-Wiesenfeld
(BTW) models belong to different universality classes
(see [5,21,25] for reviews). It was proposed in [26,27]
that the coarse-grained evolution equations for the Manna
class identify with the stochastic continuum equations for
the C-DP class,

Oip(x,1) = ap(x, 1) — bp(x, t)* + D,V?p(x, 1)
+on(x. )/ plx. 1) +yp(x. )¢ (x. 1), (1)
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Oip(x. 1) = (DyV? = m?)p(x. 1). (2)

Here p is the local activity and ¢ the local density of grains.
The parameters b, D,, D, are positive; n(x,t) is a
(centered) spatiotemporal white noise, (5(x, #)n(x’,7)) =
54(x = x")8(t — ¢'). Clearly, p(x,t) = 0 with the arbitrary
“background” field ¢(x,t) forms an infinite set of (time-
independent) absorbing states. The field ¢(x, ¢) encodes the
likeliness of absorbing configurations to propagate activity
when perturbed. From Eq. (2), ¢ is a conserved field for
m = 0, reflecting conservation of the total number of
grains. In [28,29] it is claimed that all “stochastic models
with an infinite number of absorbing states, in which the
order-parameter evolution is coupled to a nondiffusive
conserved field, define a unique universality class.” This
is the C-DP, as further supported in [30,31]. The C-DP class
is believed to contain conserved lattice-gas models, con-
served threshold-transfer processes, and others [16,29,32].
On the other hand, there were early conjectures that
sandpile models and disordered elastic manifolds belong
to the same universality classes: The first claim relates the
BTW model and elastic interfaces driven in a periodic
disorder [9], reexamined recently [33]. It was followed by a
conjecture [34] on the equivalence of the Oslo model [3] to
an elastic string driven by its endpoint in a nonperiodic
quenched random field, the latter emerging from the
stochastic noise in the Oslo model. Finally, it was con-
jectured that Manna sandpiles are equivalent to interfaces in
random media [22,35].

Quite naturally, it was then proposed that C-DP and the
depinning of an interface belong to the same universality
class [22,27,30,36,37]. Until now this remarkable claim has
been mainly based on the numerical coincidence of critical
exponents in simulations of discrete models, believed to
belong to the respective universality classes [19,22]. This
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coincidence of exponents and the convergence of these
simulations was contested in [38], where it was proposed
that Manna sandpiles are instead equivalent to DP. It is thus
crucial to find a direct connection at the level of the
continuum theories. The field theory of interfaces subject to
disorder is well known, for both depinning [39—41] and
avalanches [12,13,42]. It is described by functional renorm-
alization group (FRG), involving an infinite number (a
function) of relevant couplings near its upper critical
dimension, d. =4 [43]. One would like to relate it to
the C-DP field theory. Although it was realized that the
renormalization of the C-DP class is more complex than that
of standard DP, which requires only a few couplings, the
attempts to handle it were unsuccessful [32,44]. Intriguingly,
the full renormalized disorder correlator was measured
numerically [45] and was found to be indistinguishable
from that of random interfaces obtained in [46].

The aim of this Letter is to provide an exact mapping in the
continuum, between the C-DP class defined by Egs. (1) and
(2) and an interface driven in quenched disorder, with a
specific, exponentially decaying, microscopic disorder cor-
relator. Along a line in parameter space it maps C-DP to the
simplest overdamped dynamics of the interface, thereby
proving the long-sought-for equivalence of the two systems.
Away from this line, the dynamics of the interface contains an
additional memory kernel. As we show, C-DP nevertheless
falls into the same universality class as the simplest over-
damped model, i.e., quenched Edward-Wilkinson (QEW).

Let us consider the two coupled equations of motion (1)
and (2). For convenience we added a parameter m?, since
m? appears in the interface model as an infrared regulator.
Although we are interested in the limit m — 0, it is useful to
define the theory with m > 0, as this ensures that the
activity p(x, ) will stop even without grains leaving the
system, whose size can be taken infinitely large.
To simplify the identification, note that by rescaling space
we can set D, — 1. By rescaling ¢, we can then set
Dy — 1. Finally, rescaling both p and ¢, we can set 6 — 1.
This simplifies the model to

Oup(x,1) = ap(x, 1) = bp(x, 1)* + V2p(x, 1)
+n(x )/ p(x. 1) +yp(x )p(x, 1), (3)

Oip(x.1) = (V2 = m?)p(x. 7). (4)

The activity variable p(x, ) > 0 for all times [47]. Note that
y =0, b > 0 corresponds to directed percolation: In the
absence of noise, i.e., in mean field, DP exhibits a transition
between p >0 for a >0 and p =0 for a <0. This
transition exists in any d. The noise 7(x,t) becomes
relevant for d < d. =4, a property shared by DP and
C-DP; the latter has y > 0, which we now examine.

As we will see below, y = b is special. We therefore set
b :=y + k. We define new variables, a force F(x,7) and a
velocity i(x, ) (denoting O, or a dot the time derivative),

Flx) = pl, 1) = lx, 1) = 2 *‘y’" NG

plx, 1) = in(x, 1). (6)

The total number of topplings at position x since ¢ = 0 is
u(x, 1) —u(x,t =0) = [¢df'p(x, ). The identification of u
as a height for the associated elastic interface is standard
[45], while the identification of F as a force is new. Clearly,
the initial value of the field u(x,7 = 0) does not carry any
information for C-DP, though it does for the interface [48].
For notational simplicity we set u(x,z = 0) = 0. All our
results can be extended to the general case by replacing
u(x,t) - u(x,t) —u(x,t = 0). The equations of motion
for F(x,t) and i(x, t) are then

O, F (x,1) = —yF(x, )ir(x, 1) — xit(x, 1)
+n(x, 1)\/i(x, 1), (7)
O,it(x, 1) = [V? —m?lu(x, t) + 0,F (x,1). (8)

The problem is defined with initial data i(x,7 = 0) and
F(x,t =0). Equation (8) can be integrated into

Qu(x,t) = [V? = m?lu(x, 1) + F(x, 1) + f(x), 9)

a+ m?

f(x) =a(x,0) = F(x,0) = ¢(x,0) + (10)
Equation (9) describes the motion of an elastic interface
subject to a known time-independent external force f(x)
and a space-time-dependent force F(x, t). Because of the
term m?, the interface also sees a quadratic well. Integration
of Eq. (4) shows that the change in the background field,
P(x,t) —p(x,0), can be interpreted as the sum of the
elastic force plus the force from the quadratic well, acting
on the interface. Equation (7) determines F(x,?) as a
stochastic functional of the field u(x, ), depending on the
noise. It is formally written as F (x, 1) = Fu, n|(x, t). Once
F(x,t) is known, substituting it into Eq. (9) yields an
elastic manifold in a random medium. As we show now,
F(x, t) can be written explicitly. Equation (7) is linear in F
with two source terms; hence, its solution is

F(x,1) = e 700 F(x,t=0) 4 Fais (x,1) + Fre(x.1).  (11)

The first term depends on the initial condition, and decays
to zero if the interface moves by more than 1/y; it can be
ignored in the steady state. The second term can be
interpreted as a quenched random pinning force. It arises
from the noise in Eq. (7), is independent of «, and is the
only term when k = 0 (then F, = 0), i.e., fory = b. It can
be written as Fg(x, 1) = F(u(x, ), x), where for each x,
F(u,x) is an Orstein-Uhlenbeck process [49], the solution
of the stochastic equation

OuF (u, x) = =y F(u, x) + 7(x, u), (12)
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with initial data F(0,x) = 0, and where 7(x, u) is a white
noise, uncorrelated in x and u#. A pedestrian way to derive
Eq. (12) is to write the white noise n(x, t) = dB,(t)/dt in
Eq. (7) in terms of independent one-sided Brownians B, (¢)
indexed by x, with B,(0) =0, and integrate the linear
equation as

¢, dB.(1')
fdis(x,t):A dZJT

u(x,1) ~
:e—yu(x.t)/ e"dB,(u)=F(u(x,t),x). (13)
0

i(x, ) et —u(x.)]

The force F(u, x) is the solution of the Orstein-Uhlenbeck
process (12) in terms of the white noises #7(x,u) =
dB.(u)/dx. It can be written as a (time-changed)
Brownian, F(u,x) = (e77"/+/2y)B,(e*"* — 1). The second
line in (13) is obtained noting that under a time change
du = u(x, t)dt, each Brownian B,(f) is changed into
another ~ Brownian  B,(u) with B,(0)=0, as

iu(x,7)dB, (1) = dB,(u(x,)). One then uses the iden-
tity [ f(u)dB,(u) = By( [} f(u)?du) for test functions
f(u), from the scale invariance of Brownian motion.

Hence, neglecting the first (decaying) term in Eq. (11),
we showed that for y = b C-DP maps onto

Ou(x,t) = [V? = m*u(x, 1) + F(u(x,1),x) + f(x). (14)

This is an interface driven in a quenched random force field
F(u,x), which is Gaussian, specified by its correlator,
calculated from the formulas above using B, (u)B(u') =
S(x —x)min(u,u’). The Orstein-Uhlenbeck process
becomes stationary when the interface has been driven
on distances larger than 1/y,

e~ Tlu='| _ p=y(utu)

2y

Fu,x)F(u',x") = 84(x — ')

yuyu'>1
—_—

8 (x = x')Ag(u—u'), (15)
with F(u,x) =0. The bare disorder correlator of the
random pinning force thus is

e_y‘ul

Bo(u) =5~ (16)

It is short ranged, and as a peculiarity has a linear cusp.
Usually one considers smooth microscopic disorder, i.e.,
an analytic Ay(u), which under RG (i.e., coarse graining)
develops a cusp linked to the existence of many metastable
states and avalanches beyond the Larkin scale L. ~ 1/m,
[50]. A cusp in the microscopic disorder means that there are
avalanches of arbitrarily small sizes. On the other hand, any
short-ranged force-force correlator flows at large scale,
under coarse graining, to the same renormalized disorder
correlator, the universal depinning fixed point [50]. Its upper
critical dimensionis d, = 4, implying that C-DPhas d,. = 4.

The fixed-point function has been calculated analytically in
ae = d. — dexpansion [41] and measured numerically [46].
It determines the two independent exponents of the depin-
ning transition: the roughness exponent ¢ of the field u ~ L,
¢ > Oford < d., and the dynamic exponent z, t ~ L%, 7 < 2
for d < d,, and their ¢ expansions [41].

Let us now discuss the correspondence between the
active-absorbing phase transitions for C-DP and depinning.
For simplicity consider a spatially uniform initial condition
¢(x,t =0) = ¢, such that the initial driving force acting
on the interface in Eq. (10) is uniform, f(x) = f. We now
set the control parameter m — 0 so that there is a
globally active phase corresponding to an interface

moving at constant steady-state mean velocity i(x,1) =
v~ (f=f)! >0,if f> f.. Here f, is the depinning
threshold force, in principle calculable once the correlator
A is known. Translating to C-DP, it implies an active phase
with p > 0, when a + y¢ > yf., and a phase transition
where p vanishes with the same exponent f as a function
of the distance to criticality. Because of a symmetry of
the interface problem, f=uv(z—{) = (z-¢)/(2-).
This gives p =it~ ¢ at criticality with § =1-¢/z,
e.g., as response to a (large) spatially uniform perturbation
at t = 0™, in the limit of » — 0T, In the language of APT
[16], this is a steady-state exponent.

Let us now consider the protocol for avalanches in the
absorbing phase, near criticality. In the sandpile model (e.g.,
in numerical simulations for Manna) one usually starts from
an initial condition with nonvanishing activity p(x,0) =
i(x,0) > 0, either adding a single grain or adding grains in
an extended region. This generates an avalanche that stops
when p(x,t) = 0 for all x. For the elastic manifold it is
equivalent to having the interface atrestup to time ¢ = 0, and
then increasing the force by i(x,0). This is repeated until
one reaches the steady state. It is known for interfaces that
under this procedure the system reaches the Middleton
attractor, a sequence of well-characterized metastable states
between successive avalanches [54]. Avalanches with this
statistics have well-defined exponents [13,55,56].

To summarize, along the line y = b, we presented an
exact mapping in any dimension, between the C-DP
equations (1) and (2) and a driven interface with over-
damped dynamics, subject to a guenched random force
F(u(x,1),x) with correlations (16), in a parabolic well.
This confirms the beautiful numerical observation of
Ref. [45] that Manna sandpiles, the Oslo model, C-DP,
and disordered elastic manifolds have the same renormal-
ized effective disorder correlator. If one accepts that the
Manna class coincides with C-DP, it establishes the long-
sought-for mapping to disordered elastic interfaces [57].
Our exact mapping extends beyond the stationary state and
allows us to study the evolution from any initial state.

Some remarks are in order. The interface equation (14)
with the choice of correlator (15) possesses a special
Markovian property, which it inherits from the force
evolution equation (7) (for x = 0), and which allows it to
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be solved without storing the full random-force landscape.
The latter is constructed as the avalanche proceeds; hence, is
determined only for u < u(x, t). This property was noted in
[56,58] and can be used for efficient numerics [56,59].
The limit y — 0 is also of interest. If one keeps x = 0,
i.e.,, b — 0, one sees from (10) and (11) that in that limit

i(x,t) —it(x,t=0) = [V2=m?u(x,1) + B, (u(x,1)). (17)

This is the Brownian force model: It provides the mean-
field theory for avalanches of an interface [13,60,61], and,
hence, also for C-DP, in d > 4. If we keep b > 0, the limit
y — 0 is towards DP.

Let us finally discuss C-DP for « # 0, i.e., away from the
line y = b in Eq. (3). If the new source term kiz>, which
appears in Eq. (7) for 0,F, were directly inserted into
Eq. (8) for i, the mapping to the interface would fail, as
such a term is relevant [62]. Fortunately, ki:” is screened by
the disorder, and is only marginal. To show this, consider
the additional contribution to Eq. (11),

! /
Fre(x, 1) = —K‘/ dr'i(x, t')?erlulben-ulxr)], (18)
0
Integrating by parts, and inserting into Eq. (9), we obtain

gatu(x, t) = [V2 = m?lu(x, t) + F(u(x, 1), x) + f(x)

4= / ldt’u‘(x, ?)erlulxn-u(xd)]
vJo

+ [Lite0) - s e (19)

Note that the boundary term in the integration by part has
changed the friction coefficient by x/y. This equation of
motion is equivalent to the C-DP equations (1) and (2) for
p(x, 1) = i(x,t) with initial data i(x,0), ¢(x,0). It is a
salient result of our Letter. Note that this results from a
simple change of variables, which maps a system with
annealed noise (the C-DP) to a system with quenched
noise (the interface); as such, it bears some analogy to the
Cole-Hopf transformation used to solve the Kardar-Parisi-
Zhang (KPZ) equation.

The first line in Eq. (19) describes the standard over-
damped equation of motion of the interface, with the same
random force F(u,x) as before, but with a new friction
coefficient b/y. The third line depends on the initial
condition. It rapidly decays to zero, and can be neglected
in the stationary regime. The second line is a new memory
term. We argue that it is marginally irrelevant: Consider
the large-y limit, and replace e — (1/y)5(z); hence,
e ruxN=ut)l 5 1 /yi(x, £))8(t — ¢'). The second line of
(19) then becomes (x/y?)d,Inu(x,t) + O(y=*), where
each new power in the 1/y expansion comes with a power
of 1/u ~ L™ and is more and more irrelevant [63]. Hence,
we conclude that the universality class of C-DP and that of
QEW should be the same, even for b # y.

The present work calls for further studies: First, Eq. (19)
can be analyzed using FRG to confirm our conclusions and
to explore this unusual interface dynamics. Our Letter
opens the way to study, within a common RG framework, a
variety of models ranging from interfaces to absorbing
phase transitions. It can be extended to long-range elasticity
(long-range toppling), or to a variety of perturbations. The
simplest extension is to add m?*w(x, ) to each of Egs. (1)
and (2) in order to reproduce the standard driving for the
interface [12]. Another extension is the crossover to DP, as
both y and b are small.

Second, Eq. (19) permits us to study initial conditions,
i.e., to disentangle transients from properties of the
Middleton attractor. This allows us to treat avalanches
with localized seeds in the context of APTs, used to define
spreading exponents. For example, the survival probability
in C-DP, P, (1) ~ 179, is related to the avalanche-duration
distribution at depinning, Pye,(T) ~T7%, viad =a—1 =
(d =24 ¢)/z. We checked that, indeed, § = 0.17 and 0.48
in d = 1 and 2, for both depinning (see Table 2 of [55]) and
Manna sandpiles [19,64].

Third, since our mapping is local in space, it can be
extended to finite-size systems at m = 0. Imposing
p(x,1) = ¢(x,1) =0 at the boundary corresponds to the
common choice to let grains “fall off.”” Here it implies

u(x,t) = F(x,t) = 0 at the boundary.

Finally, one should understand the cusp of Ref. [45] in a
more general setting. Some challenging questions include
whether the quenched KPZ class and DP with quenched
disorder [16] can be treated similarly.

In conclusion, we provide an exact mapping from the
field theory of a reaction-diffusion system with a con-
servation law, the C-DP system of Eqs. (1) and (2), to a
continuum model of an interface driven in a random
landscape. Using universality we show that the C-DP class
and—if we accept its equivalence to the Manna class—
Manna stochastic sandpiles, as well as the quenched
Edwards-Wilkinson model, belong to a single and, hence,
very large, universality class which spans self-organized
criticality, avalanches in disordered systems, and reaction-
diffusion models. This points towards a unified field theory
for these systems using functional RG. It also defines a
framework for probabilists to put this claim on rigorous
grounds, as was recently done for the KPZ class [65,66].

We thank A. Dobrinevski for very useful discussions
and we acknowledge support from PSL Grant No. ANR-
10-IDEX-0001-02-PSL. We thank KITP for support in part
by the NSF Grant No. NSF PHY11-25915.

[1] P. Bak, C. Tang, and K. Wiesenfeld, Phys. Rev. Lett. 59, 381
(1987).

[2] S.S. Manna, J. Phys. A 24, L363 (1991).

[3] K. Christensen, A. Corral, V. Frette, J. Feder, and
T. Jgssang, Phys. Rev. Lett. 77, 107 (1996).

[4] D. Dhar, Physica (Amsterdam) 263A, 4 (1999).

110601-4


http://dx.doi.org/10.1103/PhysRevLett.59.381
http://dx.doi.org/10.1103/PhysRevLett.59.381
http://dx.doi.org/10.1088/0305-4470/24/7/009
http://dx.doi.org/10.1103/PhysRevLett.77.107
http://dx.doi.org/10.1016/S0378-4371(98)00493-2

PRL 114, 110601 (2015)

PHYSICAL REVIEW LETTERS

week ending
20 MARCH 2015

[5] G. Pruessner, Self-Organised Criticality: Theory, Models
and Characterisation (Cambridge University Press,
Cambridge, United Kingdom, 2012).

[6] H.J. Jensen, Self-Organized Criticality (Cambridge
University Press, Cambridge, United Kingdom, 1998).

[7] H.K. Janssen, K. Oerding, F. van Wijland, and H.J.
Hilhorst, Eur. Phys. J. B 7, 137 (1999).

8] O. Narayan and D. S. Fisher, Phys. Rev. B 48, 7030 (1993).

9] O.Narayanand A. A. Middleton, Phys. Rev. B 49,244 (1994).

[10] D.S. Fisher, Phys. Rep. 301, 113 (1998).

[11] A. Rosso, P. Le Doussal, and K. J. Wiese, Phys. Rev. B 80,
144204 (2009).

[12] P. Le Doussal and K.J. Wiese, Europhys. Lett. 97, 46004
(2012).

[13] P. Le Doussal and K.J. Wiese, Phys. Rev. E 88, 022106
(2013).

[14] P. Le Doussal, K.J. Wiese, S. Moulinet, and E. Rolley,
Europhys. Lett. 87, 56001 (2009).

[15] J. Marro and R. Dickman, Nonequilibrium Phase Transi-
tions in Lattice Models (Cambridge University Press,
Cambridge, United Kingdom, 1999).

[16] M. Henkel, H. Hinrichsen, and S. Liibeck, Non-Equilibrium
Phase Transitions (Springer, Dordrecht, 2008).

[17] P. Grassberger, Z. Phys. B 42, 151 (1981).

[18] H. K. Janssen, Z. Phys. B 42, 151 (1981).

[19] J. A. Bonachela and M. A. Munoz, Phys. Rev. E 78, 041102
(2008).

[20] D. Dhar, Physica (Amsterdam) 270A, 69 (1999).

[21] M. Alava, Self-Organized Criticality as a Phase Transition
(Nova Science Publishers, New York, 2003), pp. 69—-102.

[22] J. A. Bonachela, H. Chate, 1. Dornic, and M. A. Munoz,
Phys. Rev. Lett. 98, 155702 (2007).

[23] H. N. Huynh, G. Pruessner, and L. Y. Chew, J. Stat. Mech.
(2011) P09024.

[24] H.N. Huynh and G. Pruessner, Phys. Rev. E 85, 061133
(2012).

[25] S. Liibeck, Int. J. Mod. Phys. B 18, 3977 (2004).

[26] R. Dickman, A. Vespignani, and S. Zapperi, Phys. Rev. E
57, 5095 (1998).

[27] A. Vespignani, R. Dickman, M. A. Muiioz, and S. Zapperi,
Phys. Rev. Lett. 81, 5676 (1998).

[28] R. Pastor-Satorras and A. Vespignani, Phys. Rev. E 62,
R5875 (2000).

[29] M. Rossi, R. Pastor-Satorras, and A. Vespignani, Phys. Rev.
Lett. 85, 1803 (2000).

[30] R. Dickman, M. A. Muiloz, A. Vespignani, and S. Zapperi,
Braz. J. Phys. 30, 27 (2000).

[31] M. A. Muiioz, G. Grinstein, R. Dickman, and R. Livi, Phys.
Rev. Lett. 76, 451 (1996).

[32] Frédéric van Wijland, Phys. Rev. Lett. 89, 190602 (2002).

[33] A. A. Fedorenko, P. Le Doussal, and K.J. Wiese, J. Stat.
Phys. 133, 805 (2008).

[34] M. Paczuski and S. Boettcher, Phys. Rev. Lett. 77, 111 (1996).

[35] M.J. Alava and K. B. Lauritsen, Europhys. Lett. 53, 563
(2001).

[36] A. Vespignani, R. Dickman, M. A. Mufioz, and S. Zapperi,
Phys. Rev. E 62, 4564 (2000).

[37] M. Alava and M. A. Muiioz, Phys. Rev. E 65, 026145 (2002).

[38] P. K. Mohanty and D. Dhar, Physica (Amsterdam) 384A,
34 (2007); M. Basu, U. Basu, S. Bondyopadhyay,
P. K. Mohanty, and H. Hinrichsen, Phys. Rev. Lett. 109,

[
[

015702 (2012); S.B. Lee, Phys. Rev. Lett. 110, 159601
(2013).

[39] T. Nattermann, S. Stepanow, L.-Han Tang, and H. Leschhorn,
J. Phys. II (France) 2, 1483 (1992).

[40] P. Chauve and P. Le Doussal, Phys. Rev. E 64, 051102
(2001).

[41] P. Le Doussal, K. J. Wiese, and P. Chauve, Phys. Rev. B 66,
174201 (2002).

[42] P. Le Doussal and K.J. Wiese, Phys. Rev. E 79, 051106
(2009).

[43] D.S. Fisher, Phys. Rev. Lett. 56, 1964 (1986).

[44] F. van Wijland, Braz. J. Phys. 33, 551 (2003).

[45] J. A. Bonachela, M. Alava, and M. A. Munoz, Phys. Rev. E
79, 050106(R) (2009).

[46] A. Rosso, P. Le Doussal, and K. J. Wiese, Phys. Rev. B 75,
220201 (2007).

[47] If the activity vanishes at a point, i.e., p(xy,t) = 0, then
V2p(x,t) > 0, which in the interface language corresponds
to the Middleton theorem (no-crossing rule) [54].

[48] The arbitrariness in this choice leads to a symmetry, the
statistical tilt symmetry, which constrains the exponents.
The elasticity is not renormalized and v = 1/(2 —¢).

[49] N. G. Van Kampen, Stochastic Processes in Physics and
Chemistry (Elsevier, New York, 2011).

[50] One defines a renormalized disorder correlator A, (1), as in
[51-53], which obeys a FRG equation with initial condition
A,—o(tt) = Ag(u). In the limit m — 0 it takes the fixed-
point scaling form A,,(u) — m*%A*(um®) with a linear
cusp. The RG scale L is related to m via L = L,, = 1/m.

[51] P. Le Doussal, Europhys. Lett. 76, 457 (2006).

[52] P. Le Doussal and K.J. Wiese, Europhys. Lett. 77, 66001
(2007).

[53] K.J. Wiese and P. Le Doussal, Markov Proc. Relat. Fields
13, 777 (2007).

[54] A.A. Middleton, Phys. Rev. Lett. 68, 670 (1992).

[55] A. Dobrinevski, P. Le Doussal, and K.J. Wiese, arXiv:
1407.7353.

[56] A. Dobrinevski, arXiv:1312.7156.

[57] Note that for the interface model (7)—(10) it is well known that
the Middleton property [54] applies. This implies in particular
that the order in which the interface is kicked does not matter,
and it stops in the same Middleton state. The same property
holds true for Abelian sandpiles. While it is not exact at the
discrete level in the original Manna model, it seems to hold in
the continuum effective C-DP model, at least for x = 0.

[58] A. Dobrinevski, P. Le Doussal, and K.J. Wiese (to be
published).

[59] A. Kolton, P. Le Doussal, and K. J. Wiese (to be published).

[60] A. Dobrinevski, P. Le Doussal, and K. J. Wiese, Phys. Rev.
E 85, 031105 (2012).

[61] P. Le Doussal and K.J. Wiese, Phys. Rev. E 85, 061102
(2012).

[62] kir? ~ L?**72% is more relevant than V2i ~ L72 at large
scales, since { +2—z> 0 for d < d..

[63] In the contact process [26] similar retarded terms appear;
they are argued to be irrelevant with respect to the DP
class [26].

[64] J. A. Bonachela, PhD thesis, University of Granada, 2008.

[65] M. Hairer, in Proceedings of the ICM (2014).

[66] 1. Corwin, Random Matrices Theory Appl. 01, 1130001
(2012).

110601-5


http://dx.doi.org/10.1007/s100510050596
http://dx.doi.org/10.1103/PhysRevB.48.7030
http://dx.doi.org/10.1103/PhysRevB.49.244
http://dx.doi.org/10.1016/S0370-1573(98)00008-8
http://dx.doi.org/10.1103/PhysRevB.80.144204
http://dx.doi.org/10.1103/PhysRevB.80.144204
http://dx.doi.org/10.1209/0295-5075/97/46004
http://dx.doi.org/10.1209/0295-5075/97/46004
http://dx.doi.org/10.1103/PhysRevE.88.022106
http://dx.doi.org/10.1103/PhysRevE.88.022106
http://dx.doi.org/10.1209/0295-5075/87/56001
http://dx.doi.org/10.1007/BF01319549
http://dx.doi.org/10.1007/BF01319549
http://dx.doi.org/10.1103/PhysRevE.78.041102
http://dx.doi.org/10.1103/PhysRevE.78.041102
http://dx.doi.org/10.1016/S0378-4371(99)00149-1
http://dx.doi.org/10.1103/PhysRevLett.98.155702
http://dx.doi.org/10.1088/1742-5468/2011/09/P09024
http://dx.doi.org/10.1088/1742-5468/2011/09/P09024
http://dx.doi.org/10.1103/PhysRevE.85.061133
http://dx.doi.org/10.1103/PhysRevE.85.061133
http://dx.doi.org/10.1142/S0217979204027748
http://dx.doi.org/10.1103/PhysRevE.57.5095
http://dx.doi.org/10.1103/PhysRevE.57.5095
http://dx.doi.org/10.1103/PhysRevLett.81.5676
http://dx.doi.org/10.1103/PhysRevE.62.R5875
http://dx.doi.org/10.1103/PhysRevE.62.R5875
http://dx.doi.org/10.1103/PhysRevLett.85.1803
http://dx.doi.org/10.1103/PhysRevLett.85.1803
http://dx.doi.org/10.1590/S0103-97332000000100004
http://dx.doi.org/10.1103/PhysRevLett.76.451
http://dx.doi.org/10.1103/PhysRevLett.76.451
http://dx.doi.org/10.1103/PhysRevLett.89.190602
http://dx.doi.org/10.1007/s10955-008-9642-8
http://dx.doi.org/10.1007/s10955-008-9642-8
http://dx.doi.org/10.1103/PhysRevLett.77.111
http://dx.doi.org/10.1209/epl/i2001-00189-8
http://dx.doi.org/10.1209/epl/i2001-00189-8
http://dx.doi.org/10.1103/PhysRevE.62.4564
http://dx.doi.org/10.1103/PhysRevE.65.026145
http://dx.doi.org/10.1016/j.physa.2007.04.117
http://dx.doi.org/10.1016/j.physa.2007.04.117
http://dx.doi.org/10.1103/PhysRevLett.109.015702
http://dx.doi.org/10.1103/PhysRevLett.109.015702
http://dx.doi.org/10.1103/PhysRevLett.110.159601
http://dx.doi.org/10.1103/PhysRevLett.110.159601
http://dx.doi.org/10.1051/jp2:1992214
http://dx.doi.org/10.1103/PhysRevE.64.051102
http://dx.doi.org/10.1103/PhysRevE.64.051102
http://dx.doi.org/10.1103/PhysRevB.66.174201
http://dx.doi.org/10.1103/PhysRevB.66.174201
http://dx.doi.org/10.1103/PhysRevE.79.051106
http://dx.doi.org/10.1103/PhysRevE.79.051106
http://dx.doi.org/10.1103/PhysRevLett.56.1964
http://dx.doi.org/10.1590/S0103-97332003000300016
http://dx.doi.org/10.1103/PhysRevE.79.050106
http://dx.doi.org/10.1103/PhysRevE.79.050106
http://dx.doi.org/10.1103/PhysRevB.75.220201
http://dx.doi.org/10.1103/PhysRevB.75.220201
http://dx.doi.org/10.1209/epl/i2006-10295-1
http://dx.doi.org/10.1209/0295-5075/77/66001
http://dx.doi.org/10.1209/0295-5075/77/66001
http://dx.doi.org/10.1103/PhysRevLett.68.670
http://arXiv.org/abs/1407.7353
http://arXiv.org/abs/1407.7353
http://arXiv.org/abs/1312.7156
http://dx.doi.org/10.1103/PhysRevE.85.031105
http://dx.doi.org/10.1103/PhysRevE.85.031105
http://dx.doi.org/10.1103/PhysRevE.85.061102
http://dx.doi.org/10.1103/PhysRevE.85.061102
http://dx.doi.org/10.1142/S2010326311300014
http://dx.doi.org/10.1142/S2010326311300014

