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Abstract

Our aim is to introduce and study a new Partial Integro-Differential Equation (PIDE)
associated with the dynamics of some physical granular structure with arbitrary component
sizes, like sandpile or sea dyke. Our PIDE is closely related to the nonlocal evolution problem
introduced in [3] by studying the limit, as p — oo, of the nonlocal p—Laplacian equation. We
also show the connection between our PIDE and the stochastic model introduced by Evans
and Rezakhanlou in [25] for modeling sandpile problem.
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1 Introduction

Following Igor S. Aranson and Lev S. Tsimring (cf. [6]), we can define a granular material
as a collection of discrete macroscopic solid grains of large size so that Brownian motion is

*Institut de recherche XLIM-DMI, UMR-CNRS 6172, Faculté des Sciences et Techniques, Université de Limo-
ges 123, Avenue Albert Thomas 87060 Limoges, France. Email : noureddine.igbida@unilim.fr
fThis work have been supported by ”FLUPARTT” project (supported by ”Conseil Régional de Picardie”)



Nonlocal Equation in Granular Matter N. Igbida

irrelevant. Activated by external forces (gravity, electric and magnetic fields) a granular system
may exhibit a transition from a granular solid to a liquid generating particulate flows which are
central to a large number of modern applications. The description of such flows still represents
a major challenge for the theory. In the last decade, several studies have been devoted to the
mathematical and numerical studies of granular system subjected to the gravity forces. Different
models have been proposed using kinetic approach [10, 11], cellular automata [20, 38, 25, 32] or
partial differential equations ([7, 37, 16, 30, 9, 21, 24, 22, 26, 19, 31].

Most of the popular approaches that have recently attracted a renewed interest from the
PDE community are based on partially fluidized granular flows (cf. [6]). In such flows some
grains pass each on the other while other grains maintain static contacts with their neighbors.
A typical example of granular system is the growing sandpile : the sand is poured on a flat
surface according to a nonnegative function f(t,z) (the source) and the pile grows in height.
Using essentially the repose angle «, that is the steepest angle that the surface of the structure
makes with the ground (depending on the physical properties of the granular matter), nonlinear
PDE have been used to describe the dynamics of the growing sandpile. For instance Bouchaud,
Cates, Ravi Prakash and Edwards introduced the so-called BCRE model (cf. [16] and [30]) ; a
two-phase description of granular flow, one phase corresponding to rolling grains and the other
phase to static ones ; that is the so-called BCRE model (cf. [16] and [30]). This model relies on
PDE coupling phenomenological equations of transport and eikonal type. Using again mainly
the repose angle, L. Prigozhin in [37] and independently G. Aronson L. Evans and Y. Wu in
[7] introduced a critical state model to describe the dynamics of the growing sandpile, that is
the so called ”evolution surfaces equation”. It corresponds to a nonlinear evolution equation of
p—Laplacian type with p = co. For completeness let us give a brief description of this model. We
denote by u = u(t,z) the height of the pile at time ¢ and at the position z € IR%. The function
u(t) grows with a slope which is always lower than the characteristic value tan(«) ; i.e.

|Vu| < tan(a).

Moreover, using the continuity equation, the steepest descent property of the flow and the fact
that the dynamics vanishes when the angle of the surface is less (strictly) than «, we obtain the
following dynamics equation for u (evolution surfaces equation) :

du+V -®=f &=—mVu
(1.1)

m >0, m (|Vu| — tan(a)) = 0.

However, these approaches (BCRE model and evolution surface equation) seem to be re-
served to the case of very small components (fine grains). Indeed, the solutions are regular and
can not correspond to general situations of non small components for which the profile may
be discontinuous. For arbitrary components, the dynamics is generated by the fact that the
components (grains, blocks, ...) move both by rolling down the slope or jumping from position
to neighboring position if they are not supported by others. So, the state at any position is
changing according to the states of its neighboring including the position itself.
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A pioneering approach to describe such dynamics goes back to L. Evans and F. Rezakhanlou
in 1998. The authors use particle systems and gives a stochastic description of the dynamics (cf.
[25]). In this situation, even if the source is deterministic, the trajectories are randomly selected
by the blocks, so that the profile is a Markov process. However, the description here remains
random. The connection with the evolution surfaces equation appears when the blocks tend to
be very small and very numerous (see [25] and [32]). Furthermore, recently in [3] (see also [4])
the authors introduce a new deterministic approach using nonlocal interactions to describe the
dynamics of granular systems. It corresponds to a nonlocal evolution equation of p—Laplacian
type with p = oo. Moreover, by rescaling the problem in an appropriate way, they show that the
solution of their model converges to the solution of the evolution surfaces equation. Our aim
here is to consider the non local interactions in an appropriate way to construct a new Partial
Integro-Differential Equation (PIDE) to model the dynamics of granular structures. We prove
that our PIDE is well posed (existence and uniqueness of a solution) and we show its connection
with the stochastic model of Evans and Rezakhanlou as well as the nonlocal model of [3].

Partial Integro-Differential Equation have been used to model very different applied situa-
tions, for example in biology ([18], [36]), image processing ([29], [35]), particle systems ([15]),
coagulation models ([28]) nonlocal anisotropic model for phase transition ([1, 2]), mathematical
finance using optimal control theory ([14], [114]), etc. One of their main interest is the connec-
tion with the stochastic process. For instance in some situations, they give the distribution of the
density of a random variable (assuming the process has a density) for stochastic process with
discontinuous trajectories. For the connection between nonlocal partial differential equations
and probability see [5].

The paper is organized in three sections. The next section deals with the main results and
is organized into two parts. In the first part, we establish the PIDE to model the dynamics of
a granular structure and states the results of existence and uniqueness of the solution. In the
second part, we recall the stochastic model of Evans and Rezakhanlou and give its connection
with our PIDE. Section 3 is devoted to the study of the stationary equation associated with our
PIDE. Finally, in the last section we give the proofs of the main results.

2 Main results

2.1 The PIDE for granular matter

To introduce our model, we consider a granular matter with arbitrary components (grain, blocks,
...). We pour the matter on a flat surface according to a nonnegative function f(t,z) (the source)
and we focus on the growing of the pile height denoted by u = w(¢,x) (at time ¢ and on the
position z € IR?). First, we claim that the evolution of u is given by the following integral
equation

(2.2) ou(t,x

ot ) / F(t,z,y)dy = f(t,x)  for any (t,7) € (0,T) x IR?,
IR2

where F(t,z,y) is an anti-symmetric function, defined on (0,T) x IR* x IR?, covering the ex-
changes between the position  and the nearby position y. Indeed, for a fixed position x € R?
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and a small time At, the evolution of w is given by
u(t + At,z) ~u(t,x) + At Q(¢, ),

where Q(t,x) is the rate of materials arriving at the position . Having in mind the external
source f, @ is given by

Q(t,xz) = f(t,x) + In(t,z) — Out(t, x),

where In(t,x) records the blocks arriving to the position z from neighboring positions and
Out(t, x) records the blocks leaving the position = towards neighboring positions. Denoting by
j(t,z,y) the amount of cubes that moves from the position z to the position y, we have

In(t,z) = / ity x)dy and  Out(t,z) = / it w,y) dy.
Rz Rz

So, setting
(2.3) F(tzy) =j(t,2,y) - jt,y, ),
we have F(t,z,y) = —F(t,y,x) and

u(t + At,x) ~u(t,z) + At f(t,z) — At/ F(t,z,y) dy.
RQ

At last, letting At — 0, we obtain (2.2).

To close the problem, we need to give the connection between F and u. Our model is again
a critical state model. However, in contrast with the case of small component where the angle
of stability is the crucial factor, in our situation we use the non local constraint of stability

(2.4) u(e) —uy)| <5 for |z—y|<e,

where § > 0 and € > 0 are given constants depending on the gravity, the contact between the
blocks and their geometry. The condition (2.4) measures the size of irregularities of the cells.
Recall that a similar constraint was already used in [3] with 6 = €. Indeed, this natural constraint
was obtained by letting p goes to infinity in the nonlocal p—Laplacian equation. Having in mind
(2.4) and since the blocks of the structure move only when the limiting condition is turning to
be exceeded, the dynamics in turn is concentrated on the set

{(t,2,5) € 0.7) x B2 x IR ; fult, ) — ult, )] = 6 and |z —y| < e
So, for any t € (0,7'), we have
(2.5) Support(F(t)) C {(w,y) € R?> x IR? ; |u(t,z) —u(t,y)| =6 and |z — y| < 8}.

Moreover, since the blocks moves by falling from high positions to lower positions, then the
quantities F(t,x,y) and u(z) — u(y) have the same sign. So, combining (2.5) and (2.3), we
obtain
u(z) — u(y)

F(t,z,y) = |[F(t,z,y)] 5
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Setting
1
M(taxhy) = g| ‘F(t7xay)|
leads immediately to the fact that w satisfies the following PIDE :

ou(t, x)
ot

+ [t —ut.y) ult.z,p) dy = f(t,2), for any (t2) € Q
lu(t,z) —u(t,y)| <0 forany |z—y|<e andte (0,7)

w(t) >0, u(t) is symmetric,  for any t € (0,7)

Support(u(t)) € {(z,y) € R x R? 5 |u(t,x) — u(t,y)| = 6 and |z —y| < &},

where Q := (0,T) x IR%. Here, it is clear that the evolution of u at a point z and at time ¢
does not only depend on u(t,z), but on all the values of u on its neighborhood, making the
equation nonlocal. Recall that in standard PIDE the kernel p is known and is ”smooth”. Here,
our PIDE is non standard, since the computation of u is related to the unknown kernel pu
which is a Radon measure in general (see Theorem 1). So the first (resp. second) term of the

integral operator reads / u(t,y) p(z,dy) (resp. / u(t, ) p(t,z,dy)) and records the amount
R? R?

of material arriving to the position u(t,z) from all other places (resp. leaving location u(t,x)
to travel to all other sites).

To simplify the notation, let us introduce the set of admissible profiles
K’ = {z € L*(IR?) ; |2(z) — z(y)| <6 for |z —y| < 5}
and, for any z € Kg, we denote by
RY(2) = {(z,y) € R x R?; |2(z) — 2(y)| = 6 and |z — y| < ¢}

Taking up as an initial value at ¢ = 0, our PIDE reads

8ug7; K + /IR2 (u(t,z) —u(t,y)) pt, z,dy) = f(t,z) for (t,z) € Q
(72 u(t) € K2, p(t) >0, p(t) L RI(u(t)) for t € [0,T)
u(0) = uo,

where we assume that, for any ¢ € (0,T), u(t) is a Radon measure, u(t) € Co(IR?) and we use
the notation u(t) L R2(u(t)) to denote that Support(u(t)) € RS (u(t)).
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To set our results of existence and uniqueness of a solution for (P?), we consider

MY < B2 = e My x B [ [ oy utdn,dy) = [ [ 600 e, dy)

for any & € C.(IR* x ]R2)} .

Theorem 1 Assume that f € BV (0,T; L*(IR*))NL'(0,T;Co(IR?)) and there exists o € L'(0,T)
such that, for any h € RY, we have

(2.6) sup |f(t,x+h) = f(t,z)| < alt), ae te(0,T).
z€IR?

Then, for any ug € K° N Co(IR?), (P°) has a unique solution u in the sense that : u €
Whe(0,T; L2(Q)) N L>(0,T; Co(IR?)), u(0) = ug, for any t € (0,T), u(t) € K2 and there
exists p(t) € Mi(IR* x R*)™ such that

p(t) L R2(ult))
and dult, z)
u(t,
|6 ttea)  ute.) it dody) = [ (f60) = 25 o) da
R2JIR? R? ot
for a.e. t € (0,T) and for any & € Co(IR*) N L?(IR?). Moreover, if fori =1, 2, u; is the solution
corresponding to f;, then, for any 1 < q < oo, we have

d .
a”“l —ugllparey < Ifi = follpame)y,  in D'(0,T)

and
d .
£H(u1 —u2) "l pmey < N1 = f2) limey, a0 D'(0,T).

Now, let us denote by II K3 the convex indicator function of K g defined by

{ 0 if zeK?
T (2) =
+o0 otherwise.
The subdifferential of I in L%(Q) is given by v € Ol s(g) if and only if v € K?, g € L*(IR?)
and
/Qg(z—v) <0 forany z € K.

Thanks to [17], we know that for any ug € Kg and f € BV(0,T; L*(IR?)), the evolution
problem
ut + 0l s(u) > f in (0,7)
(2.7)
u(0) = uo,
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has a unique solution, in the sense that u € W' (0,T; L*(IR?)), u(0) = wup and, for any
t e (0,7), u(t) € K? and

/B2 (f (t) — 815(;)) (u(t) — z) >0, forany 2 € K.

The connexion between the model (P?) and the nonlinear dynamic (2.7) is given in the
following theorem.

Theorem 2 Under the assumptions of Theorem 1, u is a solution of (Pg) if and only if u is a
solution of (2.7).

Remark 1 1. Recall that if § = ¢ — 0, it is proven in [3] that the solution u® of (2.7)
converges to the solution of the local sandpile problem

Ou~+ 0Ik(u)> f in(0,7)
(2.8)
u(0) = wo,

where
K ={z e WyA(Q) nW(Q) ; V2]l g < 1}

2. In the case of Euclidean distance, it is known that the problem (2.8) is equivalent to the
evolution surface model (1.1), where one needs to handle the problem in an appropriate
way by taking into account the fact that m is a measure (see for instance [33] and the
references theiren). So, by Theorem 2 and the previous remark, as € = 6 — 0, the solution
ug of Pg converges to u the unique solution of the evolution surface model (1.1). As to the
kernel pZ, it is not difficult to see that, by taking a subsequence €, — 0, e, converges in
Mb(]RQ) — weak™ to some nonnegative Radon measure p. However, the characterization of
1 18 an open problem ; it should be the density m but the proof is not clear yet for us.

3. On sees that (P?) is a non-local coupled equation between w and a kernel . Thanks to
Theorem 2, the uniqueness of the solution u of (P?) is connected to the uniqueness of the
solution of an evolution problem governed by a subdifferential operator. As to the unknown
Kernel u, we see that it has no equation but only a restriction on its support. We do not

know if u is unique or not, even if it is a regular function.

2.2 Evans-Rezakhanlou stochastic model for sandpile

The aim of this section is to give the connection between the PIDE (P?) and the Evans-
Rezakhanlou stochastic model introduced in [25]. Let us recall briefly the model. The objective
is to study the evolution of a stack of unit cubes resting on the plane when new cubes are being
added to the pile, either placed upon an unoccupied square in the plane or upon the top of a
current column.
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Figure 1: Growing pile of cubes

Consider a set of sites labeled by a couple of integers i = (i1,i2) € Z 2. The source term is
a deterministic function f : (0,7) x Z* — IR assigning cubes per unit of time on the sites
i € Z*. The evolution of the stack is specified by two rules for the added cubes :

e The cube is assigned on a position connected to several downhill ”staircases” along which
it can move, and the cube will randomly select among the available downhill paths.

e The assigned cube has no ”staircases” derived from the position it was put on and remains
in place.

A staircase is a chain of adjacent positions with a height difference equal to one cube. Here, we
assume that a cube moves by falling in one of the four directions (forward, back, left or right) in
order to get a stable configuration, which means that the heights of any two adjacent columns
of cubes can differ by at most one.

Even if the source is deterministic, it is clear here that one needs to use stochastic approach
to describe the evolution of the height of the pile. We consider the lattice © := Z? equipped
with the norm

il = lia] 4 [iz],

and we write i = (i1,42) € Z* to denote a typical site in Z?. We say i,j € Z* are adjacent,
written ¢ ~ j, provided
i—jl <1

Then, we consider the Hilbert space

H:=12(Z% = {n L ZP S R ) =Y ni)? < oo}.
i€Z?

A (stable) configuration is a mapping  : Z> — Z such that
n@@) —n() <1 ifi~j

and 7 has bounded support.

8
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The state space is the subspace of H given by
S = {77 XS Z i nisa conﬁguration}.

To simplify the presentation, we assume throughout this section that f , the function con-
trolling the rate new cubes are added to the pile (or removed from it if f has negative part), is
nonnegative.

By depositing the cubes with a rate f, we generate a stochastic process (n(t),t > 0) in the
state space S. It is clear that the probability that n(t) be situated (at time ¢) in a given set I"
of S under the condition that the movement of the system up to time s (s < t) is completely
known and depends only on the state of the system at time s. In other words (n(¢),t > 0) is a
Markov process. To study the process (n(t),t > 0), we need to know its infinitesimal generator
A. To this aim, the authors of [25] consider p(i,j,&) the probability that a cube placed on a
given configuration & € .S at the position ¢ will end up at j after it has fallen downward over the
stack £. So, for any i, j € Z? we have

0<p(i,5,§) <1 and Y p(,5,€) = 1.
JEZ?

Furthermore, they introduce the factor ¢(j, 7, 7) (a highly nonlocal factor) recording the rate at
which, at time 7, new cubes come to rest at the site j after falling downhill. The parameter c is
given by

(2.9) c(Gn(t),t) = > pli,j.n(t) f(t,i), for any (t,j) € Z* x [0,00),
i€Z?

and satisfies

(2.10) > e,y =Y f(ti).

jez? icZ?

Let us denote by B(.S) the set of bounded functions defined on S. Thanks to [25], the infinitesimal
generator of the Markov process (n(t),t > 0) is given by £; : F € B(S) — LF € B(S) the
linear time dependent operator defined by

(2.11) (Le F)(&) = ) (5. & O(F(T;(€)) — F(©),

jezZN

for any t > 0 and £ € .5, and

T, : £€S—Tj€)eS with T;()() = { ggg ’ itheifvii;?

To give the connection between the PIDE (P?) and the Markov process (n(t),t > 0), we
assume that

H1: UOEO.

9



Nonlocal Equation in Granular Matter N. Igbida

H2: f € BV(0,T;L*(IR?)) is such that f(¢) is nonnegative and compactly supported, for any
te[0,7).

H3: f : (0,T) x Z* — IR is given by

(2.12) Ft i) =67t £(t, %) for any (t,4) € [0,00) x Z2.

We introduce the stochastic process (7757 N(t),t> 0) given by
nsn(t,z) =0 n(t, [N z]) foranyt>0and x € IR?
where (n(.,t),t > 0) is the Markov process generated by f Notice that 7s n describes the
random evolution of the eight of the structure of blocks whose base is a square of side length

¢ = 1/N and height length 4.

Theorem 3 Under the assumption (H1-H3), let u be the solution of (2.7) wheree =1/N,§ >0
and IR? is equipped with the norm

(2.13) (1, 22)| = |21| + |x2|,  for any (z1,z2) € IR*.

For any t € (0,T), we have

(5 mer])” <ot (] fo (5 5) )
+ </0t/132 f(t,:v)—f<$7 [N$]> 2 d;%)é,

N
(] = ([x1], [22]),  for any @ = (21,22) € IR?,

(2.14)

where

and, fori = 1,2, [x;] denotes the integer part of the real number x;.

A typical situation for Theorem 3 corresponds to the case where f(t) is constant on each set
I; .= {a: € R?; [Nz] = i}, with i € Z? ; i.e.

[Nz]

(2.15) ft,x)=f (t, N) ,  for any (t,2) € (0,00) x IR%.

In such situation, we imagine that the source is assigning, on the sites I;, blocks whose base is
a square of side length ¢ = 1/N and height length ¢. In particular, we have

10
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Corollary 1 Under the assumptions of Theorem 3, we assume moreover that there exists N €
IN*, such that (2.15) is fulfilled. Then, for anyt € (0,T), we have

(2.16)

]E[/]R|(tm) 175Nt1:2]<5// f(s,z)| dzdt.

Remark 2 1. In general, the norm of IR? is taken arbitrary in the formulation of (PE‘S)

However, in Theorem 3, IR? is equipped with the norm (2.13) according to the I*-norm of
Z*. This is related to the movements we assign for the cubes (forward, back, left or right).
Now, if we enable the cubes to move in the eight directions by adding the displacements
on the diagonal, then the results of the theorem remains to be true by equipping Z* with
the norm |(i1,i2)|cc = max(|i1], |iz|) and IR? with the corresponding norm |(z1,72)|co =
max(|z1|, |22|), for any (z1,z2) € IR*.

Theorem 8 implies that the solution of the PIDE is a deterministic approximation of the
random height n(t), for any t € (0,T). Indeed, letting (¢,6) — (0,0), we see that u and
ns,n coincides. In particular, in the case where ¢ = 6 — 0, thanks to [3] and [25], v and
ns.n coincides with the solution of the local sandpile problem (2.8).

For simplification, we take here the initial data equal to n(0) = 0 and ug = 0. Similar
results may be proven for general initial data by rescaling it and using the same technics
here.

. By using the fact that n : Z? — Z and u(t,.) : IR*> — IR the solution of (2.8) are

Lipschitz continuous, it is proven in [25] that the convergence of nsn to u holds to be true

in C(IR?), ase =0 = 1/N — 0.

3 Stationary PIDE

To study (Pf ), we use nonlinear semigroup theory associated with an evolution equation in a
Hilbert space. This approach connects the study of the evolution equation with the stationary
equation associated with the Euler implicit disrectisation in time. For any o > 0, we say
that (ti7fi>i—1 is a o— discretization of (P. ), iftg=0<t1 <..<th1 <T =1, with

t—tio

=1,..n

1 =0, fi,...f € Co(IR?), such that

S [ IO — il < o
=1 "i—1

Moreover, we say that u, is a o—approximate solution of (P?), if there exists (ti, fi>‘ L
1=

o— discretization such that

(3.17)

ug forte ]O,tl],
ug(t) =
u; fort € ]ti—lati]; 1=1,..n

11
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and wu; solves the Euler implicit time discretization

ui(x) + o / 2(u,(ac) —u;(y)) pi(z,dy) = o fi(x) +ui_y for z € R?,

(3.18) "
wi € K2, i € MY(IR? x R*)*, pi L R(u),

for any i = 1,..n. We see that problem (3.18) is a particular case of the generic stationary
problem

u@)+ [ ()~ u(w) ple.dy) = f@) for € B2
(3.19) &

ue K°, n e Mj(IR* x R®)*, pn LRS(u),

where we assume without lost of generality that o = 1. Here, f is a given function in L?(IR?)
and the couple (u, i) is unknown. To prove existence and uniqueness of a solution for (P?), we
begin by to study the stationary problem (3.19).

Theorem 4 For any f € Co(IR?) N L?(IR?), (3.19) has a unique solution u in the following
sense :

ue KXNCy(R?), 3 p € M(IR*> x R*)™, pu L RS(u) and
(3.20)

| @@ des [ ] )=o) s nlde.dy) = [ @) €@ da.

!
RZ
for any & € Co(IR?) N L?(IR?). Moreover, u is a solution of (3.20) if and only if
(3.21) u = Prs(f),

where Pres is the projection with respect to the L%*(IR?) norm on the convex Kg.

The proof of Theorem 4 follows as a consequence of the following lemmas.
Lemma 1 Assume f € L*(IR?). If u is a solution of (3.19) then u = Pres(f).

Proof : Let u be a solution of (3.20). Let us prove that
(3.22) / 2(f(ac) —u(z)) (u(z) — 2(z)) dz >0 for any z € KC.
IR

For any A > 0, let us denote by py the standard mollifiers in IR? and z) = z * py, the usual
regularizing of z by convolution. Using u — z) as a test function in the integral equation satisfied

12
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by u in (3.20), we get

@) = (@) (@) 2@ de = Jim [ (F@) —u@) (@) = 22 (@) da

A—0J Rr2

= im [ (@) = u) (@) = 21 (@)) (e, dy)

A—0

=: lim I,.
A—=0

It is not difficult to see that zy € Kg , so that, by using the fact that p is symmetric, we have

no= [ ] @ @) udedy + ] ) = ) @) = 2 0) wde.dy)
@) = u) (a(9) = (@) ulda.dy)
= [ ] @) —u@)? ulde,dy) = hot [ [ ula) = u@) () = 21 (2)) e, dy).

This implies that

21, = /IRQ/]RQU@“—U p(dz, dy)
+ /R Z/RQ (u(z) — uly)) (2(y) — 2x(x)) p(d, dy)

/1R2/1R2 (1 - M) p(dz, dy).

Using the fact that p is supported on the set {(w,y) € R?xIR?; |u(x)—v(y)| = 6 for |[z—y| < 5},

we obtain
t 22 [ [ @) —u? (1- ROZ2ED) ),

At last, since zy € K? and Support(u(t)) C {(x,y) ER>xIR?; |z —y| < 6}, we deduce that
2 I, > 0 and the proof is finished. [ |

v

To prove the existence of a solution for (3.20), we use the nonlocal p—Laplacian equation

p—2

up(x) — up(y) (up(z) — up(y)) dy = f(z) for € IR?,

]

(323) w@)+ [ Ja—y)
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where J € C(IR?) is a nonnegative continuous radial function in IR? such that support(J) =
B(0,¢),J(0) >0 and/ , J(z)dx = 1. Thanks to [3], we know that for any f € L*(IR*)NL>°(IR?),
IR

3.23) has a unique solution u,. Moreover, for any 1 < ¢ < oo, we have
q 2 Yy q

(3.24) lupllLagrz)y < |[f1Logmz),

and, if u; is the solution corresponding to f; € L?(IR?) N L>(IR?), for i = 1, 2, then

(3.25) |ur — u2llpame) < If1 — fallpame)
and
(3.26) [(u1 = u2) ™ L1 mey < N1 = f2) Tl Lo (mey-

Our aim is to prove that passing to the limit in (3.23), we obtain the solution of (3.20).

First, let us give some estimates that will be useful in the sequel.

Lemma 2 Assume f € L*(IR?) N L°°(IR?) and let u, be the solution of (3.23). Then

B2 5 [0 @)~ ww)l dedy =2 [ (7@ - ulw) uple) da,

and
1
(3.28) o [ @ =0 lune) — uplo)? dudy <2 [ (@)

Moreover, for any 1 < g < oo, we have

(3.29) lup(- + 1) = up( )l pagmey < NFC+R) = FOllzogmey,  for any h € IR?,
and, for any 1 < q < p < oo, we have
q
p
(3.30)/ / T —y) Juy (@) — uy(y)|? dady < ( / / Tz —y) (@) — uy(y)]? dxdy) .
RY R? RY R?
Proof : First, it is not difficult to see that
| I —up()Pdady =2 | ] 5ay)ug(a) =)y ) —up )y () dody,
RYR? RYR?
so that, multiplying (3.23) by u, and integrating over IR?, we obtain (3.27). Then, (3.28) follows
by using (3.24). The estimate (3.29) follows from the contraction principle (3.25) and the fact

that u,(. + h) is a solution corresponding to f(. + h), for any h € IR%. As to (3.30), it follows
by Holder inequality. Indeed, setting

I= /JR2 o J(x —y) |up(z) — up(y)|? dedy,

14
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we have
g pP—gq
1= [ ] Ty ) - ()T @~ y) dedy
RY R?

pb—g

< ([ [ 9@ m - weraw)’ ([ [ -y dy) "

a

= </R2 R? J(z —y) lup(x) — up(y) [’ d:cdy) ' )

where we use the fact that , J(x)dr =1. [
R

Lemma 3 If f € L*(IR*) N L™®(IR?) is compactly supported and u, — u a.e. in IR?, then u is
compactly supported.

Proof : To prove the lemma, we assume without loose of generality that support(f) C B(0, R),
for a given R > 0 and let us prove that there exists R’ > 0, such that

(3.31) support(u) C B(0, R').
It is not difficult to see that, for any A > 0,
(3.32) [f(@)] < dr(@) = (Ifleme) + A (R [2]))T,  ae xe R
So, using (3.23), we see that
1
(3.33) up(x) — dg(z) + =) /RQ J(x —y) @p(Up(w,y))dy <0, ae. z€ R?
and 1
(339 wple) +dp(e) + 5 /JR J(x —y) ®p(Up(z,y))dy >0, ac. z € R,

where we denote ®,(r) = |r[P~?r for any r € IR and Up(x,y) = up(z) — uy(y), ae. z, y € IR*.
Multiplying (3.33) by (up(z) — dg(x))" and integrating over IR?, we get

I o= //R2X]R2(up(x)—d3(x))+2dx

< g [ [ @ 0 VUl )y () — dila))* dady,
It is not difficult to see that
[, I =5 @O ) (u(s) ~ dr(a))* dudy
R*x IR
(3.35)
=5[], 9@ =) U ) (o) — dr(a))* — (u(s) — duw))") dady.
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Moreover, since
(p(Up(,9)) = @p(D(w, ) ((up(®) — dr(@))" = (up(y) — dr(y))") > 0, ac. (z,y) € B x IR?,

where D(x,y) = dr(z) — dr(y), for any z,y € IR?, we deduce from (3.35) that

] 9@ =) Ul ) wn(a) — dr(a))* dody
R2xIR?
=5 [ =9 8D ) () — dr@)* ~ (un(y) ~ dn(w)") dady

= //IR2le2 J(x —y) Pp(D(z,y)) (up(z) — dr(x))" dzdy.

This implies that

L= _5171—2 //R2><B2 J(x —y) Pp(D(x,y))(up(z) — dr(x))" dudy
_ p—1
(336) < Wl [, Iy | IO g,

where we use the fact that ||UP||LOO(R2) < ||f||Loo(R2)- Since |Vdg(z)| < A, ae. z € R, we have
|dr(x) — dr(y)| < Xe  for any |z —y| < e,

and (3.36) implies that

[ (une) = dnla) iz < 8 femy (f)pl [ ey dudy

Ae .
Now, we assume that 5 < 1 and we let p — oo, we obtain

lim inf / /szzm (up(z) — dp(z))2dz = 0.

p—o0

Thanks to Fatou Lemma, we deduce that

[ 060) = ) s =,

w<dp, ae. in R’

thus

In the same way, multiplying (3.34) by (—u,(z) — dr(z))" and using the same arguments we
can prove that
u(z) > —dg(z), a.e. in IR

16
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This implies that, for any 0 < A\ < §/e,
Support(u) C B(0, R}) where R\ = R + §||f||Loo(]R2).
Letting A — 0/¢, we deduce (3.31) with
R = R+ S|l o)
and the proof is complete.

Lemma 4 If f € Co(IR*) N L?(IR?), then
(3.37) up —u in C(IR?) and in L*(IR?),
u € Co(IR*) and u = Pres(f)-

Proof : First let us assume that f € C.(IR?). By using (3.29) with ¢ = co and Ascoli Theorem,
we deduce the existence of u € C(IR?) and a subsequence that we denote again by p such that
(3.37) is fullfield. Moreoever, thanks to (3.25) with ¢ = 2, we see that u, — wu in L*(IR?)-
weak. Thus, the convergence holds to be true in LZ(IRQ). Thanks to Lemma 3, we deduce that
u € C(IR?). Let us prove that u € K?2. Thanks to (3.28) and (3.30), we see that

o= [ [ 9@ ) fue)  up )" dady

b

P

IA

([ 7= 0 o) )l deay)

< (25 [ rfwc)r?dac);i -

Keeping ¢ > 1 fixed, letting p — oo and using (3.37), we deduce that

RY R?

1)
Since ¢ > 1 is arbitrary, then we deduce that |u(x)—u(y)| < ¢ for (x—y) € Support(J) = B(0,¢).
This implies that u € Kg . Now, for any £ € K| ;5 , let us prove that

q
dxdy < 1.

(3.38) /RQ(f(:E) —u(z)) (u(x) — &(x)) dz < 0.

17
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For any & € Kg, it is clear that ni 1{ € Kf, for any n > 1. Taking v — niﬂg as a test function
in (3.23), we see that
|, w@) = 1@) (unla) = @) da
(3.39) )
i) sl ( ")
> — —y) [ - .
> [ Ta—n FER () - e deay
L |8@) =€) n

Since St/ S nd < 1 for |z —y| < e, support(J) (0,¢) and |lup|l poo(mz <
£l oo (2>

. £(x) —&(y)
PlgrolO/Bz R2 J(z —y) ‘ d(n+1)

So, letting p — oo in (3.39) and using the first part of the proof, we deduce that

-2 (up(@ _ ni 15@;)) dady = 0.

n n

| @) - Le@) = [ @) -

f
IR2

Then, letting n — oo, we deduce (3.38).
Now, for any f € Co(IR?), we consider a sequence f,, € C.(IR?), such that

fn— f, in C(IR%).

Let us denote by wu,, the solution of (3.23) corresponding to f,. Thanks to the L*-contraction
property of Pys and of the solution of (3.23), we have

[Pres f(x) —up(x)| < [ Prsf — Pres full oo (m2y + 1 Pxcs o — tipn || oo (m2)
Flupn(2) = up(2) | Lo (r2)
< 2||f = fallzeo(m2) + 1 Pks fr — Upnl| Lo (m2)-
Thanks to the first part of the proof, it follows that
limsup sup [Pgsf(z) —up()| < 2| f = fullLem2),
p—o0 relR?

and, by letting n — oo, we deduce again that (3.37) is fulfilled.
[ |

Lemma 5 If f € Co(IR?) N L?(IR?) and u = Prs(f), then u is the solution of (3.20).
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Proof : Recall that u € Co(IR*) and
(3.40) up, — u, in C(IR?),

where u,, is the solution of (3.23). Let us prove that u is the solution of (P?). To that aim, we
set L
up(x) — up(y) 7

o

and we prove that a weak® limit of y, in My(IR?* x IR*)™ is a kernel for the integral equation of
(P?). Thanks to (3.28) and (3.30) with ¢ = p — 2, we see that

pp = J(x —y)

)

—2
2 s\
JLo e dedy < (55 [ 5@ as) 7
So, ju, is bounded in L'(IR?* x IR?), and there exists u € My(IR? x IR*)" such that
(3.41) fp — p in My(IR? x IR*)T — weak*.

In addition, since p, is symmetric, then u € M(IR? x IR*)*. Now, let us prove that the measure
 is supported in []u(a:) —u(y)| =dand |z — y| < E}. It is clear that u L []a; -yl < E]. Let

0 < A < 0 and A be an open set such that A C []u(x) —u(y) <d—Aand |z —y| < 5}. Thanks
o0 (3.40), there exists pg > 1, such that for any p > pg, we have

sup [up(z) — up(y)] < 6 — A
(z,y)eA

) < lim //Ja:—
p—0oo

w b []u(:c)—u(y)\ >0—Xand |z — y §5]

so that
p—2

up() — up(y) dxdy = 0.

]

This implies that

Since 0 < A < 4 is arbitrary, then
Support(p) C ﬂ0<>\<5[|u(az) —u(y)| >d—Aand |z —y| < e}
C []u(:c) —u(y)] =9 and |z —y| < 5}.

Now, multiplying (3.23) by a test function ¢ € C.(IR?) and integrating over IR?, we obtain

| w@e@dr [ [ @—y)

(3.42)

p—2

@) — W)™ )~ (y)) () dady

0

19
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Thanks to (3.40), the first term of (3.42) converges to / u(z) {(z) dz and
R2

(up(z) —up(y)) £(z) — (u(z) —u(y)) &(z) uniformly for (z,y) € R?.
Thus

p—2

Ul®) — W) " ) ) — () €(2) dady

0

B8, s 79

=[] (0l) = u(z) (o) n(d.dy).

This implies that u satisfies the integral equation of (3.20) for any £ € CC(IRQ). By density, we
deduce that this holds to be true for any & € Co(IR?*) N L?(IR?). Thus u is a solution of (3.20).
[ |

Remark 3 Assuming f € Co(IR*) guaranties that u € Co(IR?) and the integral formulation in
(8.20) makes sense. Otherwise, u is not continuous and p is a Radon measure in general. So,
one needs to see how to handle the integral formulation of the solution. This will not be treated
in the present paper, and maybe discussed in forthcoming papers.

4 Proof of the main results

4.1 Existence and uniqueness of a solution for the PIDE

Thanks to Theorem 4 the proof of Theorem 1 and Theorem 2 follows by using some arguments
from nonlinear semigroup theory. First, recall that

Pres = (I+A0I;)~",  for any A > 0;
so that the stationary problem (3.19) is equivalent to
(4.43) u+ 0l gs(u) > f.

In particular, Theorem 4 gives the characterization of 9l K¢ in terms of an integral equation.
This is the aim of the following Corollary.

Corollary 2 Let f € Co(IR?) N L*(IR?) and u € Co(IR?) N K?. Then, f € Ol s (u) if and only
if there exists p € ME(IR* x IR*)" such that

pL R(u)

and

/]RQ/IRQ (u(z) — u(y)) &(z) p(dz, dy) = /]RQ f(z) &(x) d,
for any & € Co(IR?) N L*(IR?).

20
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Proof : It is clear that f € Ollis(u) if and only if

Then, using Theorem 4 the result follows. [ |

Corollary 2 suggets to connect the problem (P?) to the evolution problem (2.7). Thanks to
(cf. [17]), we know that llxs is a maximal monotone graph in L*(IR*) and thanks to [12], for

any 1 < g < oo, if u; is the solution corresponding to f; € Lq(IRz) for i =1, 2, then

(4.44) lur —uzllLa(me) < I1f1 = follLame)
and
(4.45) 1(ur — u2) i mey < 10— fo) Tl (me)-

In particular this gives the concept of variational solutions for (PE‘S). It corresponds to the

solution of the evolution equation (2.7). More precisely, for a given f € L} _(0,T; L?(IR?)) and
ug € Kg , we say that u (resp. u,) is a variational solution (resp. o—approximate variational

solution) of (P?) if u € W11(0,T; L?(IR?)), u(0) = ug and, for any t € (0,T), u(t) € K and

/JR2 (f(t) — 815(?) (u(t) — z) >0, foranyze€ Kg,

(resp. u, is given by (3.17) and u; = Py (uj—1 + 0 ).

By using nonlinear semigroup theory in Hilbert space for evolution problems governed by a
sub-differential operator (cf. [17, 13, 39]), we have the following result.
Theorem 5 Let ug € K2, T > 0 and f € L*([0,T); L*(IR?). Then,

1. For any o > 0 and o—discretization of (Pg), there exists a unique o—approzimate varia-
tional solution of (PY).

2. There exists a unique u € C([0,T); L?(IR?)) such that u(0) = ug, and, as o — 0,
uy —u in  C([0,T); L?(IR?)).

3. If f € BV(0,T; L*(IR?)), then the function u given by 2. is the unique solution of (2.7),
that we call the variational solution of (P?).

4. If fori =1, 2, u; is the solution (given by 2.) corresponding to f;, then, for any 1 < q < oo,

d )
gl = welliamey < [Ifs = follpagme), — in D'(0,T)

and
d .
aH(ul —u) "I pimey < N1 — f2) lpamey,  in D'(0,T).
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5. In particular, if f >0, then u >0 a.e. in Q.

Proof : The first part of the theorem is a simple consequence of the fact that the variational
solution w; of (3.18) is equal to Pk (u;—1 + € f;). Since 0l is a maximal monotone graph in
L? (R2), the second part of the proposition is a consequence of the classical nonlinear semigroup
theory (cf. [17], see also [13] and [39]). The third part of the proposition follows from regularity
results for semigroup solutions of evolution equations governed by sub-differential operators
(cf. Theorem 3.6 of [17]). Part 4. and Part 5. of the theorem follow from (4.44) and (4.45)

respectively. [ |

At last, using the characterization of the operator 0 s (cf. Corollary 2) and Theorem 5,

we prove the existence and uniqueness of a solution for (Pg ). To this aim, we prove first the
following lemma.

Lemma 6 Under the assumption of Theorem 1, let u be the solution of (2.7). Then, for any
t >0, u(t) € Co(IR*) N L (IR?).

Proof : Coming back to the Euler implicit discretization in time of (2.7), let us consider again

u; = ]PKg(Ui—l +ofY, fori=1,..n,

where (ti, fz) . is a o— discretization of (2.7). We can assume without loose of generality
i=1,..n

that f; € Co(IR?). Thanks to Lemma 3, we deduce that u; € Co(IR?), for any i = 0,1,...n, so
that u, (t) € Co(IR?), for any t € (0,T). Moreover, for any h € IR?, we know that

Jui( + h) = wi(2)] < [Juo( + k) = uo()l| e mzy + D Ifil- +B) = Fi()ll Lo m2);
i=1
so that, for any ¢ € [0,T), we have

[ug(t,x +h) —ug(t,z)| < lluo(. +h) —uo(-)|l o (m2)

T
+/ [ fo(t, . +h) — fo(t, )L (m2) dt, for ae. z € IR?.
0
Thanks to the assumption of Theorem 1, we deduce that

4.46 li o(t, 7+ h) — ug(t, )| = 0.
(4.46) lim mase gt + h) ~ g ¢, )

Recall that u, — wu in C(0,7T;L?(IR?). Using (4.46) and Ascoli theorem we deduce that
u(t) € Co(IR?), for any t € [0,T). |

22
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Lemma 7 Under the assumption of Theorem 1, the solution of (2.7) given by Theorem 5 is the

unique solution of (P?).

Proof : First, using Corollary 2, it is not difficult to see that a solution of (P?) is solution of (2.7),

thus it is unique. Now, let u be the variational solution of (P?). Then, u € W1°°(0,T; L*(Q)),
ou(t

u(0) = up and f(t) — 2555 ) € Ollgs(u(t)), a.e. t € (0,T). Thanks to Lemma 6, we know that

u(t) € Co(IR?), for any t € [0,T). Then, by using Corollary 2, for any fixed t € (0,T), there
exists pu(t) € Mj(IR?), such that u(t) L RE(u(t)) and

@ [ [ e - uo) €@ ptan = [ (560 - 20D e an,

for any ¢ € Cy(IR?). This ends up the proof of the lemma. |

Proof of Theorem 1 and Theorem 1 : The proof follows directly by Theorem 5 and Lemma
7. | |

4.2 The connection with the stochastic model

Thanks to [25], we know that the connection between the stochastic model and the evolution
surface model for sandpile is given through the following nonlinear dynamics in H :

Qi+ 0l (a)> f fort>0
(4.48)

where H = 1>(Z?), 01 i denotes the sub-differential of I in H and
Ki={neH; nG)-nG)|<1ifin~j}.
In other words, § € 0l () if and only if 4 € K, g€ H and

S §()(0(i) — £(5)) > 0, for any £ € H.

i€Z?

Since K is a closed and convex subset of H , for a given f € BV(0,T; H), the evolution
problem (4.48) has a unique solution (cf. [17]) in the sense that

e Whe(0,T; H),a(t) € K ae. t€0,T),

> (Fti) = vi(t,i)) (a(t9) — €()) 20, ae te[0,T), ¥E€ K.

i€ Z?

23
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This is a discrete analogue of (2.7) ; thus the discrete analogue of (P?). In particular, subdividing
the plane into squares of side length 1/N, with N € IN*, we prove the following result which
gives an explicit connection between the solution of (P?) and the solution of (4.48).

Lemma 8 Under the assumptions (H1 — H3), we assume that there exists N € IN*, such that
1
(2.15) is fulfilled. Then, u is a solution of (P?), with e = N if and only if
u(t,z) =6 a(t, [N x])  for any (t,z) € [0,00) x IR?,
where 4 is the solution of (4.48).

Proof : We know that both problems (P?) and (4.48) has unique solutions. To prove the
lemma, we show that if @ is the solution of (4.48) then w(t,x) := 0 u(t,[Nz]) is a solution of
(P?). Tt is not difficult to see that u(t) € Kg for any t > 0. Now, for a given & € Kg, let us prove
that

(4.49) J = / — Oyul(t, ac)) (u(t,x) - 5(:1:)) dz > 0.

For any i € Z?, let us denote

(4.50) I; ={z € R*; [Nz] =i}.
Since for any = € I;, u(t,x) = d a(t,4), f(t,z) =& f(t,4) and |I;| = €2, then
J = Z/ft:r 8tutx)( )dx
i€ Z?
oy o L 1
— Iy ezzj (5 7(t.0) — 8 dyir(e.)) (3 (e, i) \Ii\/zf(m) dz)
= 22 Y (fiti) - dace ) (alt.i) - £0)),
i€Z?

where

i) = 5 [ @) da

It is not difficult to verify that é € K, so that by using the fact that @ is a solution of (4.48),
we deduce that J > 0. [ |

The connection between the stochastic model and the discrete model for growing sandpile is
given by the following result :

Proposition 1 Assume that f € BV (0,T;12(Z?)), f >
Z*, for any te [0,T). Let u be the solution of (4.48) and
generated by f. We have

) has a bounded support in

0 and f(t
(n(t ) > 0) be the stochastic process

(4.51) E[Z(n(t,z)—utz ] / Zfsy ds,  for anyt > 0.

iC X2 JEZ?
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Recall that the proof of Proposition 1 (cf. [25]) is based on the following inequality
(4.52) S clymt) (n(tg) — w(i) < 3 F(t) (k1) — w(i)), Vw e R.
JEZ? i€ 2>

To prove (4.52), the authors of [25] defined two types of sets (set of type I and set of type II) and
proved (4.52) by separating the calculation with respect to each case. Here, we use essentially
the remark below and give a direct and short proof of (4.52).

Remark 4 For a given £ € S, if p(i,j,&) > 0, then there exists at least one staircase ig = i ~
i1~ ...~ iy = J, such that &(ip) = &E(ipt1) + 1 for any p = 0,1,..m — 1. Let us denote this
staircase by C(i,7) ; i.e.

C(i,5) = [iyi1, ey im—1, |-
In addition, for k € C(i,j), we denote by k, the adjacent side to k satisfying u(k) = u(/;:) + 1.
It is clear that for any i, j € Z* such that p(i,§,€) > 0, C(i,j) is not empty and may be not
unique.

Lemma 9 Under the assumptions of Proposition 1, (4.52) is fulfielld.

Proof : Thanks to (2.9), we have
Yo clmit) (nt,5) —w(d)) = Y pli,4n(t) f(t,4) (n(t, 5) — w(i))

JEZ? JACZ?
= > pligont) F(t9) (i) — w(i))
A
+ 3 pligin(t) F(t,) ((w(i) = w(i)) = (it ) = n(t,5))
JiEZ?
= Li+1

Since Z p(i,§,n(t)) = 1 for any (t,i) € Z* x (0,00), then
JEZ?
L= 3" f(t.0) (n(t 1) —w(i).
i€Z?

Let us prove that Is < 0. Thanks to Remark 4, we have

L= Y plign®) ft) Y ((wk) —w(k) - (k) = (k1)

J#i keC(i,9)\{7}
< SopGan@) ft) Y ((wk) - w(k) 1)
J#i keC(i,5)\{7}

(4.53) < 0,
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where we used the fact that |w(k) — w(k)] < 1 (since w € K and k ~ k).
||

Remark 5 In the proof of (4.53), we take an arbitrary staircase C(i,j) associated with
p(i,7,m(t)) > 0. The proof is independent of the choice of such C(i,7).

Now, the rest of the proof of Proposition 1 follows the same ideas of [25]. For completeness,
let us give the arguments.

Proof of Proposition 1 :
Claim 1. For any w € S and t > 0, we have

P L 5 (10 - w)) < 3 ftd) aied) —u) + DI}

JEZ?

1€

By definition of £;, we have

1:% S el t) (X (T —w@) = X (n(t.d) - wi)’).
jez? icZ2 i€Z?
So,
1= 3% i) X (B0 —n) (T ) +n6) — 2u(i)

jeZQ VA

= 5 X i) @n() +1-2u(j)
jez?

= Y et (n0) —w(@) + £ Y i),

jeZ? JEZ?

Thanks to (2.10), we deduce that
. . . 1 .
1=3" cint) (n0) —w(@) +5 X f(t).
JEZ? JEZ?

Thus, the claim follows from Lemma 9.
Claim 2. For any w € W*°(0,T; H) such that, for any ¢ € [0,T), w(t) € K, we have

5 S i —ww)? < [

i Z? 0

t { Z ws(i,S) (w(z, 8) — 77(273))

1€ >

£ Fd) (s 9) —wls, )+ 5 3 Fls.5)] + M)

JEZ? JEZ?
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where L is given by (2.11) and (M (t)>t>0 is a martingale satisfying

E(M(t))=0 for any t > 0.

As in [25], we use the following stochastic integral equation : for any F' : S x (0,00) — IR
Lipchitz continuous in ¢ and F'(n(.,0),0) = 0, we have

t (OF
(4.59) F(t).0) = [ (5o + £ F) (o) + M)
where (M(t))t>0 is a martingale satisfying IE(M(t)) = 0 for any ¢ > 0. Let F' be given by
1 . )2
F(& 1) = QZZJ (€6) —w(t, )", for any (&%) € S x (0, 7).

Then,
%1;(5, s) == Y wili,s) (£6) —w(i,5)), forany (&) € S x (0,7),

i€Z?
and (4.54) implies that, for any ¢ > 0,

53 (e )~ w(t, i) = / (X waios) (w(i,5) = (i, s) + Lu(F (), ) ds + M),

i€ Z? i€Z?

Then, by using the first step, the second part of the lemma follows.
Claim 3. We have (4.51). Since @ is a solution of (4.48) and 7n(t) € K, for any ¢ > 0, we have

> (i) (@i s) —n(iss) + D fls.4) (n(s.5) —ils, ) <0 for any t > 0.

i€Z? JjEZ?

Then, using Claim 2. with w = 4, where @ is the solution of (4.48), we deduce (4.51). [

Proof of Theorem 3 : Let us consider usy the solution of the PIDE associated with f5

given by
fsn(tz)=f (t, Wﬂ) for any (t,z) € (0,00) x IR?.

Setting

1
i (B[ luttn) - 50 ¥ a)P] )
R2
and using Jensen inequality, it is not difficult to see that

wss) 1< (B[ ntn—ane D))+ ([ st —ateo)’
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For the last term of (4.55), we use the second part of Theorem 1 to obtain

/ [u(t, z) — us y(t,z)* doe < /t/ \f(t,x) — fsn(s,2)* deds.
R? 0 JIR?

As to the first term of the right hand of (4.55), since f5n satisfies (2.15), by using Lemma 8
and the fact that |I;| = €2, we get

E { /B2(5 n(t, [Na)) — us Nt 2))? dx] - Y E [ /1 (@0t INa)) g (1.)° d:r]

i€ Z?
= 82 F [Z (n(t,7) ﬁ(t,i))2] .
i€Z?

So, by using (4.51), we obtain

JE[/RQ(én(t, [Nx])—u(t,x))de] < e /Ot S f(s.) ds

JEZ?

t
< 5// fs.n(s,2) dxds.
0 JIR?
Thus, (4.55) implies

<63 (/Ot/m2 fo.n(s,x) dxds)% + (/ot/ﬂ# |f(t,z) — f57N(S,$)|2 al;vals)é

and the proof is complete.
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