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Homogenization of the dislocation dynamics
and of some particle systems with two-body interactions

Nicolas Forcadel! Cyril Imbert? Régis Monneau®

May 15, 2007

ABSTRACT. This paper is concerned with the homogenization of a non-local first order Hamilton-Jacobi equation
describing the dynamics of several dislocation lines and the homogenization of some particle systems with two-
body interactions. The first objective is to establish a connection between the rescaled dynamics of a increasing
number of dislocation lines and the dislocation dynamics density, passing from a discrete model (dislocation
lines) to a continuous one (dislocation density). A first answer to this problem was presented in a paper by
Rouy and the two last authors [18] but the geometric definition of the fronts was not completely satisfactory.
This problem is completely solved here. The limit equation is a nonlinear diffusion equation involving a first
order Lévy operator. This integral operator keeps memory of the long range interactions, while the nonlinearity
keeps memory of short ones. The techniques and tools we introduce turn out to be the right ones to get
homogenization results for the dynamics of particles in two-body interaction. The systems of ODEs we consider
are very close to overdamped Frenkel-Kontorova models. We prove that the rescaled “cumulative distribution
function” of the particles converges towards the continuous solution of a nonlinear diffusion equation.

Keywords: periodic homogenization, Hamilton-Jacobi equations, moving fronts, two-body interactions,
integro-differential operators, Lévy operator, dislocation dynamics, Slepc¢ev formulation, Frenkel-Konto-
rova model.

Mathematics Subject Classification: 35B27, 35F20, 45K05, 47G20, 49125, 35B10.

1 Introduction

In this paper, we study a non-local Hamilton-Jacobi equation describing the dynamics of dislocation lines
in interaction and we apply these results to get homogenization for both the dislocation dynamics and
some one dimensional particle systems.

A model for the dynamics of a single dislocation is proposed in Alvarez et al. [1] by using the so-called
level set approach. We adapt here this model to describe the motion of several dislocation lines moving in
two-body interaction. The level set approach permits to describe such geometric motions by considering
a function u : R* x RY such that, for any (but fixed) o € [0, 1), the dislocation line I'¢ at time ¢ coincides
with

{z:ult,x) =a+k}

for k =1,..., N. After rescaling the problem, we therefore obtain the following equation
Opu® = (c (£,2) 4+ M= [L(Et")] (x)) |[Vus| in  (0,+00) x RV, (1)
uf(0,z) = ug(x) on RN
where M€ is a 0 order non-local operator defined by
Me U] (z) :/ dzJ(2)E (U(z +ez) — U(x)) (2)
RN
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where F is a modification of the integer part:

E(a):k—i-% if k<a<k+1. (3)

The non-local operator M€ describes the interactions between dislocation lines. Their interactions are thus
completely characterized by a kernel J. We assume that J € WHH(RY) is an even nonnegative function
with the following behaviour at infinity

1
3 Ry>0and 3 ge SN, g >0 such that J(z) = PaEE g (|z|) for |z| > Ro. (4)

Let us mention that such an assumption is natural for dislocations and can be (slightly) generalized. In
the special case where J has a bounded support (choose g = 0), we also assume

inf / dz min(J(z), J(z+¢€)) >0 it N> 2. (5)
e€[0,1)N JrN

As far as the forcing term ¢ and the initial datum are concerned, we assume

c(7,y) is Lipschitz continuous and ZN*!-periodic w.r.t. (7,%); (6)
Ug € WQ’OO(RN).

Our first aim is to say what happens to the solution u® of (1) as ¢ — 0.

This paper follows [17] and [18]. The main difference lies in the fact that the model we propose here
describes better the geometric motion of the dislocation lines (see Section 3). Let us explain this briefly.
In the level set approach for the motion of a single front, the initial front is described as the 0-level set
of a function ug that is used as the initial datum of a Cauchy problem. The front at time ¢t > 0 is then
defined as the 0-level set of the solution u of the Cauchy problem. If now one considers two functions wug
and vy with the same 0-level set, the geometric motion is well defined if the corresponding 0-level sets of
the solutions of the Cauchy problem coincide. Considering now the motion of a finite number of fronts,
the model in [18] did not satisfy such a property. But it does with the new model we consider in this paper
(see Theorem 4.7). We will refer to this property as the consistency of the definition of the fronts.

The technical difficulty when trying to solve (1) is: how to deal with the integer part E, since it is
discontinuous? Our first try in [18] was to regularize E, make a change of unkown function and perform
the homogenization in this framework (see also [17] for similar techniquess for local equations). Here, on
the contrary, we want to keep the model with the integer part in order to get consistency of the definition
of the fronts. We use a notion of viscosity solutions for non-local equations introduced by Slepcev [24]. It
consists in considering the simultaneous evolution of all the level sets of the function u® (see Definition 4.1).
Such a definition ensures the stability of solutions, a key property in the viscosity solution approach.

The first aim of this work is to pass from a discrete and microscopic model involving the evolution
of a finite number of dislocation lines to a continuous and macroscopic one describing the evolution of a
dislocation density. To do so, we prove a homogenization result, i.e. we prove that the limit u° of u® as
e — 0 exists and is the (unique) solution of a homogenized (or effective) equation. The function u® is
understood as a “cumulative distribution function” associated with dislocations and its gradient represents
the dislocation density. As in [18], the effective equation is

ol =T (T [uO(t,-)],Vu®) in  (0,4+o00) x RV,
{ u?(0, x) 2150(137) ) on RN : (™)

where H' is a continuous function and 7, is an anisotropic Lévy operator of order 1 associated with the
function g appearing in (4). It is defined for any function U € CZ(RY) for r > 0 by

T = e (U +2) = U(w) = V() 2) prbens ()

+ o U +2) = U@) g () d 8

~—



(notice that the latter expression is independent of r since J is even). As explained in [18], this Lévy
operator Z; only keeps the memory of the long range interactions between dislocations, as the effective
Hamiltonian H* will keep the memory of the short range interactions (see the proof of Lemma 6.1 below).
As usual in periodic homogenization, our aim is two-folded: to determine the so-called effective Hamiltonian

—0
H and to prove the convergence of u® towards u°.

The second aim of this work is to apply these techniques to get homogenization results for the following
system of ODEs
gi = F = Vi (i) — > V'(yi —y;) fori=1,..., N. (9)
Je{1,....N.\{i}
where F' is a constant given force, Vj is a 1-periodic potential and V is a potential taking into account
two-body interactions. One can think of y; as the “position” of dislocation straight lines. The key fact for
applying the results about the solution of (1) is that, under proper assumptions on Vy and V', the function

1 &
p(tx)=¢ <—2 +Y H(x - syi(t/e)))

i=1

(where H is the Heavyside function — see below for a definition) satisfies (1) for some ¢ and J well
chosen and suitable initial data. Hence, the rescaled “cumulative distribution function” p® of particles is
proved to converge towards the unique solution of the corresponding nonlinear diffusion equation (7). See
in particular [22] for interesting results concerning homogenization of some gradient systems with wiggly
energies.

We would like to conclude this introduction by mentioning that our work is focused on a particular

equation with a particular scaling in e, directly inspired from the dislocation dynamics. It would be
interesting to consider several extensions of this model. A first extension could take into account the
presence of Franck-Read sources or of mean curvature motion terms. The study of different scalings in ¢
and different decays at infinity for the kernel J is another interesting question. We also want to point out
that getting some error estimates, both for the homogenization process and for the numerical computation
of the effective Hamiltonian, would be also very interesting. To finish with, let us mention that we will
study in a future work the homogenization of classical Frenkel-Kontorova models [20] (see also [15]) which
are systems of ODEs. The main idea is to redefine the nonlocal operator M€ in (2) by truncating the
modified integer part E. Precisely, one can consider a Slep¢ev formulation of (1)-(2) where E is replaced
with T3 (E)(r) = max(—2, min(2, E(r))).
Organization of the article. The paper is organized as follows. In Section 2, we present our main results.
In Section 3, we give a physical derivation of equation (1). In Section 4, we recall the definition of viscosity
solutions for equations like (1) and (12), we give a stability result, a comparison principle and existence
results. The proof of the ergodicity of the problem (Theorem 2.1) is presented in Section 5. Section 6 is
devoted to the proof of the convergence (Theorem 2.5). In Section 7, we establish the qualitative properties
of the effective Hamiltonian described in Theorem 2.6. Finally, in Section 8, we apply our approach to the
case of systems of particles (Theorem 8.1 and 2.11).

Notation. The open ball of radius r centered at x is classically denoted B,(x). When z is the origin,

B,.(0) is simply denoted B, and the unit ball By is denoted B. The cylinder (t —7,t+7) x B,(x) is denoted
Qrr(t,z). The indicator function of a subset A C C'is denoted by 14: it equals 1 on A and 0 on C'\ A.

The quantity |z]| denotes the floor integer parts of a real number z. Let H(x) denote the Heaviside

function: Lo 0

ifr >0,

H(T)_{ 0 ifr<o.

It is convenient to introduce the unbounded measure on RY defined on RY \ {0} by:

) = e () (10)



and such that p({0}) = 0. For the reader’s convenience, we recall here the five integro-differential operators
appearing in this work:

M) = [ PG +e2) ~ V@) () ds
M U1@) = [ {BW(+2) = U@ +p-2+a) =p- 2} J(E) dz,
for a =0, M, [V} (&) = [ {BW(e+2)=Ula)+p-2) =2} d=
for =0 and p=0, M[U](@) = [ {B(W(z+2)~U@)}I(:)dz,
7, [U)(z) = /RN(U(x 4 2) - Ule) - 1. (2)V.U(2) - 2) M%Hg (é') dz.

To each operator M, we associate M which is defined in the same way but where F is replaced with
FE, defined as follows

1
E*(a):k+§ if k<a<k+1.

See Section 4 for further details.

2 Main results

2.1 General homogenization results

We explained in the introduction that our first aim is to get homogenization results for (1). In other
words, we want to say what happens to the solution u® of (1)as ¢ — 0. We classically try to prove that
u® converges to the solution u0 of an effective equation. In order to both determine the effective equation
and prove the convergence, it is also classical to perform a formal expansion, that is to write u® as u0 + cv.
One must next find an equation (E) solved by v. The function v is classically called a corrector and the
equation it satisfies is referred to as the cell equation or cell problem. In our case, such a problem is
associated with any constant L € R and any p € RV:

30, = (er) + L4 M 0 o Vel i (0,40) x (1)

where
M, [U)() :/dzJ<z> (E(U@+2)~Uy)+p-2)—p-2}.

The construction of correctors v satisfying (11) is one of the important problem we have to solve. It is
done by considering the solution w of

0w = (elr) + L+ My Lur 0) ) lp+ Wl i (040) X BY,
w(()’y) =0 on RN,

(12)

and by looking for some A € R such that w — A7 is bounded. Here is the precise result.

Theorem 2.1 (Ergodicity). Under the assumptions (4)-(5)-(6), for any L € R and p € R, there exists a
unique A € R such that the continuous viscosity solution of (12) (in the sense of Definition 4.1) satisfies:
@ converges towards A as T — 400, locally uniformly in y. The real number X is denoted by FO(L,p),

Moreover, the function " satisfies

H® is continuous in (L,p) and nondecreasing in L. (13)



Remark 2.2. Condition (5) is related to the periodicity assumption on the velocity. Indeed, assumption (5)
is crucial in our analysis and we do not know if ergodicity holds or not if this assumption is not fullfilled
in dimension N > 2.

Remark 2.3. Condition (13) ensures the existence of solutions for the homogenized equation (7) (see
Theorem 4.6).

Remark 2.4. A superscript 0 appears in the effective Hamiltonian. The reason is the same as in [18]: we
will have to study the ergodicity of a family of Hamiltonians in order to prove the convergence. With the
notation of Section 5, we have i (L,p) = H(L,p,0).

With correctors in hand, we can now prove the convergence of the sequence u°. The second main result
of this paper is the following convergence result.

Theorem 2.5 (Convergence). Under the assumptions (4)-(5)-(6), the bounded continuous viscosity solu-
tion u® of (1) (in the sense of Definition 4.1) with initial data ug € W2 (RN), converges as e — 0 locally
uniformly in (t,x) towards the unique bounded viscosity solution u® of (7).

Recall that the first homogenization problem we are trying to solve comes from dislocation theory. We
thus would like to be able to get an interpretation of the homogenization result we obtain in terms of

. . .. o . =0 Sy
dislocation theory. This is the reason why we look for qualitative properties of H . Considering the one
dimensional special case and a driving force independent of time, we obtain the following

Theorem 2.6 (Qualitative properties of ﬁo). Under the assumptions N = 1, ¢ = c(y) and f( c=0,

0,1)
the function ﬁO(L,p) 18 continuous and satisfies the following properties:

1. If c=0 then HO(L,p) = Llp|.

2. (Bound) We have

- L

—0
H (L
‘(’p) <llelles  for (L,p)€RxR.

Ip|

Co

. (Sign of the Hamiltonian)

H(L,p)L>0 for (L,p)eRxR.

. (Monotonicity in L) The function FO(L,p) satisfies for C = ||c[|oc + (|p| + 3)| |11+

=

7| oH _ [H|
> > :
(L] — C)* oL |L|+C

5. (Modulus of continuity in L) There exists a constant Cy only depending on ||Vc||s such that

Cypl
L <

0

0<H(L+L,p)—H for0 < L' <

DN | =

D

. (Antisymmetry in L) If there exists a € R such that —c(y) = c¢(y + a), then:
=0 -0
H (_L7 _p) =-H (L,p)

7. (Symmetry in p) If there exists a € R such that ¢(—y) = c(y + a), then:

H'(L,~p)=H"(L.p).



8. (0-plateau property) If c # 0, then there exists ro > 0 (only depending on |c[lcc and Jir\[-1,1))
such that: 0
H (L,p)=0 for (L,p)€ B,,(0)CR?

9. (Non-zero Hamiltonian for large p) Let us assume that c € W*>®(R), J € WH°(R) and:
ho,hy € L*(R)

where
ho(z) = sup [J(z+a)|, hi(z)= sup |J'(z + a)|.
ac[-1/2,1/2] a€[-1/2,1/2]

Then there exists a constant C > 0 (depending on ||c||w=., ||hollz1, |h1llz1r) such that:
LFO(L,p) >0 for |L|>C/lp| and |p|>C.

Remark 2.7. Notice that assuming [ ¢ = 0 is not a restriction at all.

Remark 2.8. The qualitative properties 8 and 9 of the homogenized Hamiltonian shows that there is a
cooperative collective behaviour. More precisely, increasing the dislocation density allows to move the
dislocations that were locked for small densities (and small enough L).

The 0O-plateau property for small p is related to the work of Aubry [3] on the breaking of analyticity of the
hull function. In particular, from De La Llave [7], it is possible to see that for any Diophantine number p
and for any ¢ small enough (depending on p), with ¢ and V analytic, we have

LH(L,p)>0 for L #£0.

The threshold € for large p is related to the well-known pile-up effect for dislocations in front of an obstacle.
Indeed, it is know that for an applied stress L, and a pile-up of p dislocations stuck on the obstacle, the
internal stress field created by the the obstacle is F' = pL,, (see [14] page 766 for further details). Therefore
to make the dislocations to move, we need to apply a stress of the order F'/p, which is exactly the result
we get.

Remark 2.9. In the case ¢ = 0, self-similar solutions of (7) were obtained by Head (see for instance [8, 13]).

The typical profile of o is represented in Figure 1. We also refer to Ghorbel [11] and Ghorbel, Hoch,
Monneau [12] for simulations.

Remark 2.10. The boundary of the set {FO(L,p) =0} is given by two graphs h™(p) < L < h*(p), but it
is not known if At and h~ are continuous.

2.2 Application to the homogenization of particle systems with two-body in-
teractions

As explained in the Introduction, we are able to apply the homogenization results of (1) to the system of
ODEs (9) because under appropriate assumptions the function p of (7,y) defined by

1 &
p(T,y) = —5 T Z H(y —yi(7)) (14)
i=1

(where H is the Heaviside function — see the Introduction for a definition) is a solution of (1) with e =1
and ¢ independent on time where

cly)=Vy(y) — F and J =V"on R\{0}. (15)

See Theorem 8.1 for a precise statement.



H >0

Sy

H <0

Figure 1: Schematic representation of the effective Hamiltonian

Before presenting the results for (9), let us make precise the assumptions on F, Vy and V' and make
some comments on them. We recall that F' is a constant given force and Vj is a 1-periodic potential. As
far as V' is concerned, we assume

Assumption (H)
V e Wh(R) and V" € WHH(R\{0}),

Loc

HO

H1) V is symmetric, i.e. V(—y) =V (y),

(HO)
(H1)
(H2) V is nonincreasing and convex on (0, 4+00),
(H3) V'(y) — 0 as [y| — +oo,

(H4) there exists Ry > 0 and a constant go such that V" (y)y? = go for |y| > Ry.

In (H4), V" will play the role of the function J appearing in (2) and condition (H4) is equivalent to (4). It
is possible to slightly generalize Assumption (H4) by only assuming an asymptotic behaviour of V" instead
of assuming that it coincides with go/y? outside a fixed ball. The system of ODEs (9) has some similarities

/

V(y)

Figure 2: Typical profile for a potential V satisfying assumptions (H).

with the overdamped Frenkel-Kontorova model [20], except that in the classical Frenkel-Kontorova model
only interactions between nearest neighboors are considered (see Hu, Qin, Zheng [15]; see also Aubry [3],



Aubry, Le Daeron [4] as far as stationnary solutions are concerned). We plan to study the homogenization
of the classical Frenkel-Kontorova model in a future work.

Then we have the following homogenization result for our particle system.

Theorem 2.11 (Homogenization of the particle system). Assume that Vo is 1-periodic, Vi is Lipschitz
continuous and V' satisfies (H). Assume that y1(0) < ... < yn.(0) are given by the discontinuities of the

uo ()
€

function p§(x) = eFE ( > with E defined by (3), for some given nondecreasing function ug € W2°°°(R).

Define p as in (14) and consider

Then p® converges towards the solution u®(t,z) of (7) where the operator I is defined by (8) with
g (z/)z]) = go and o s given in Theorem 2.1 with ¢ and J defined in (15).

Remark 2.12. In the case of short range interactions, i.e., go = 0 in (H4), the homogenized equation (7) is
a local Hamilton-Jacobi equation and the dislocation density %—7;0 satisfies formally a hyperbolic equation.

Remark 2.13. Theorem 2.11 is still true (with other constants depending possibly on these quantities) with
a potential Vy(¢, ) periodic in x and ¢ (see Theorem 2.5). Moreover, the regularity of the initial data wug
can be considerably weakened if necessary.

Since our first goal was to study dislocation dynamics, the following generalization is of special interest.

Theorem 2.14 (The dislocation case). Theorems 2.11 and 2.6 (excepted point 4. and point 9.) are still
true with V(z) = —In |z| and ¢ and J defined by (15).

Remark 2.15. Here the annihilation of particles is not included in (9), but our approach with equation (1)
could be developed in this case.

3 Physical derivation of the model for dislocation dynamics

Dislocations are line defects in crystals. Their typical length is of the order of 10~%m and their thickness
of the order of 107"m. When the material is submitted to shear stress, these lines can move in the
crystallographic planes and their complicated dynamics is one of the main explanation of the plastic
behaviour of metals.

In the present paper we are interested in describing the effective dynamics for the collective motion
of dislocation lines with the same Burgers’s vector and all contained in a single slip plane {z3 = 0} of
coordinates = (x1,x2), and moving in a periodic medium. At the end of this derivation, we will see that
the dynamics of dislocations is described by equation (1) in dimension N = 2.

Several obstacles to the motion of dislocation lines can exist in real life: precipitates, inclusions, other
pinned dislocations or other moving dislocations, etc. We will describe all these obstacles by a given field

c(t,x) (16)

that we assume to be periodic in space and time. Another natural force exists: this is the Peach-Koehler
force acting on a dislocation j. This force is the sum of the interactions with the other dislocations k for
k # j, and of the self-force created by the dislocation j itself.

The level set approach for describing dislocation dynamics at this scale consists in considering a function
v such that the dislocation k € Z is basically described by the level set {v = k}. Let us first assume that
v is smooth.

As explained in [1], the Peach-Koehler force at the point z created by a dislocation j is well-described
by the expression

o * L{v>j)



where 1¢,> ;) is the characteristic function of the set {v > j} which is equal to 1 or 0. In a general setting,
the kernel ¢y can change sign. In the special case where the dislocations have the same Burgers vector and
move in the same slip plane, a monotone formulation (see Alvarez et al. [1], Da Lio et al. [6]) is physically
acceptable. Indeed, the kernel can be chosen as

CO:J—50

where J is nonnegative and Jg denotes the Dirac mass. The negative part of the kernel is somehow
concentrated at the origin. Moreover, we assume that J satisfies the symmetry condition: J(—z) = J(2)
and [p, J = 1 so that we have (at least formally) [p. co = 0. The kernel J can be computed from physical
quantities (like the elastic coefficients of the crystal, the Burgers vector of the dislocation line, the slip
plane of the dislocation, the Peierls-Nabarro parameter, etc.). We set formally

% it v(x) >j:
(60 * Lpsjy)(x) =19 3 if v(x)=3j
0 it w(z)<ij

We remark in particular that the Peach-Koehler force is discontinuous on the dislocation line in this
modeling (see Figure 3).

A(J _ 60) * 1{x€R2, $1>0}

Figure 3: Typical profile for the Peach-Koeller force created by a dislocation straight line.

Let us now assume that for integers Ny, No > 0, we have —N; —1/2 < v < N3+ 1/2. Then the Peach-
Koehler force at the point 2 on the dislocation j (i.e. v(z) = j) created by dislocations for k = — Ny, ..., Na
is given by the sum

N2
((J%)* > 1{@}) () = (7 % B(o — (@) (2) (17)
k=—N;

with F defined in (3). Defining the normal velocity to dislocation lines as the sum of the periodic field
(16) and the Peach-Koehler force (17), we see that the dislocation line {v = j} for integer j, is formally a
solution of the following level set (or eikonal) equation:

vy =(c+ J*x E(v—uv(x)))|Vu| (18)

which is exactly (1) with e = 1.

We refer in particular to [18] for a mechanical interpretation of the homogenized equation and the
references therein for other studies of models with dislocation densities. See in particular [23] for the
homogenization of one-dimensional models giving some rate-independent plasticity macroscopic models.



4 Viscosity solutions for non-local equations (1) and (12)

In this paper, we have to deal with Hamilton-Jacobi equations involving integro-differential operators. For
Equations (1) and (12), we will use a definition of viscosity solutions first introduced by Slepcev [24]. As
far as Equation (7) is concerned, the reader is referred to [18] for a definition for viscosity solution and for
the proof of a comparison principle in the class of bounded functions.

Let us first recall the definition of relaxed lower semi-continuous (Isc for short) and upper semi-
continuous (usc for short) limits of a family of functions u® which is locally bounded uniformly w.r.t.
e:

limsup*u®(t,z) = limsup ©°(s,y) and liminf,u®(t,2)= lminf u°(s,y).
e—0,s—t,y—x e—=0,s—t,y—w
If the family contains only one element, we recognize the usc envelope and the Isc envelope of a locally
bounded function w:

u*(t,x) = limsup u(s,y) and w.(t,z) = liminf u(s,y).

s—ty—x s—t,y—x

4.1 Definition of viscosity solutions

In this subsection, we will give the definition of viscosity solution for the following problem

(19)

{ dpu = (c(t, x) + Mg [u(t,)](x)) [p+ Vu| in  (0,+00) x RV,
u(0,x) = ugp(x) on RN

where M is defined by

MpU)@) = [ de JEHEW+2) - Ule) +p-2+ ) =p- 2}
RN

It will be convenient to define the following associated operator

MSU(z) = - dz J(2){E«(U(x+2)-U(x)+p-z24+a)—p-z}.

where we recall that )
E*(a):k+§ if kE<a<k+1.

We now recall the definition of viscosity solutions introduced by Slepcev in [24]:

Definition 4.1 (Viscosity solutions for (19)). A upper semi-continuous (resp. lower semi-continuous)
function u : R x RN — R is a viscosity subsolution (resp. supersolution) of (19) if u(0,z) < u}(x) in
RN (resp. u(0,2) > (ug)«(z)) and for any (t,x) € (0,00) x RN and any test function ¢ € C*(RT x RY)
such that u — ¢ attains a mazimum (resp. a minimum) at the point (t,x) € (0,4+00) x RN, then we have

Orp(t, x) < (et @) + My[u(t,))(2)) [p + Vo

(resp. @t x) = (clt, @) + MTult, () Ip+ Vo).

A function u is a viscosity solution of (19) if u* is a viscosity subsolution and u. is a viscosity supersolution.

4.2 Stability results for (19)

In this subsection, we will prove a general stability result for the non-local term. The following proposition
permits to show all the classical stability results for viscosity solutions we need.
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Proposition 4.2 (Stability of the solutions of (19)). Let (un)n be a sequence of uniformly bounded usc
functions (resp. lsc functions) and let u denote limsup*u™ (resp. uw = liminf*u™). Let (tn, Tpn,Pn,n) —
(to, zo,p, ) in R x RV x RN x R be such that u,(tn, z,) — U(to, o) (resp. un(tn,zn) — u(to,xo)). Then

lim sup My [un (tn, )] (2n) < My [a(to, -)](xo) (20)

n—oo

(resp, lim inf M;: [tr, (s ) (1) > M}‘,’ [u(to, )}(wo)) .
This result is a consequence of the stability of the Slepcev definition and in particular of the following

lemma (whose proof is given in [24]):
Lemma 4.3. Let (f,), be a sequence of measurable functions on RY, and consider

f = limsup*f,
and

f =liminf" f,.
Let (an)n be a sequence of R converging to zero. Then

5({fn2an}\{720})—>0 as n — oo

and
LA{f >0\ {fn>an}) =0 as n— oo

where L(A) denotes the Lebesque measure of measurable set A.

Proof of Proposition 4.2. We just prove the result for w. Let ¢ > 0. Using the strong decay at infinity of
J and the fact that |E(r) — r| < 1, we know that there exists R such that for any n € N

9
SZ’

’/ >R J(Z){E(un(tn,mn + Z) - Un(tnaxn) +Pn -2+ an) — DPn - Z}

< Z. (21)

/| Btz +2) ~ Blto, o) + -2+ ) -2}

Moreover, using the uniform bound on the sequence (uy,),, we deduce that for |z| < R, there exists Ny € N,
Ny > 1, such that
[tn(tn, Tn + 2) — Un(tn, Tn) +Pn - 2 + an] < No

and
[@(to, zo + z) — w(to, z0) +p - z + | < Np.

‘We notice that 1
E(B) = lgs=ky — O Liper) + 3 (22)

k>1 k<0

We then get that
/ J{E (un(tn, Tn + 2) — un(tn, Tn) + pn - 2+ @n) — P - 2}
[2|<R

- /I <R J(2){E(u(to, o + 2) —u(to,z0) +p- 2+ ) —p- 2z}

No

< / o J (Z){ D (L (tnront2)—tin (b4 pn-2an 2k} = LT(to2042)—T(toe0)+p-2+ah} )
21> k=1

0
- Z (1{un(tn,zn+z)7un(tn,mn)+pn~z+o¢n<k} - 1{H(t0,zo+z)7ﬂ(t0,x0)+p-z+a<k}) } (23)
k=—No

11



Since the two sums are finite, we get, using Lemma 4.3, that for n big enough

No
€
/|<Rdz J(Z) (1{un(tn7xn+z)—un(tn7xn)+pn‘z+()tn2k} - 1{ﬁ(to,£o+z)—ﬂ(t0,$0)+p'2+02k}) < 4
k=1" 171>
0 €
/ dz J(2) (1ga(to,co+2)~a(to.c0)+p-2-a<h} = Lun (tnson-+2)—tn (bn @) +pn-2+an<k}) < T (24)
k=—No [2|[<R

Using (21), (23) and (24) we deduce that

My un (b, <)) (2n) < M [u(to, -))(zo) + €

for n big enough. This implies (20). O

4.3 Comparison principles
In this subsection, we will prove a comparison principle for (19).

Theorem 4.4 (Comparison Principle). Let T > 0 and assume that J € WLL(RYN). Consider an initial
datum ug € W2 (RYN) and a forcing term ¢ € W1>°([0,+00) x RY). Let u be a bounded upper semi-
continuous subsolution of (19) and v be a bounded lower semi-continuous supersolution. Then u(t,x) <
v(t,z) for all (t,z) € [0,T] x RV,

Proof. Suppose by contradiction that My = sup(g 7)xry (u(t,z) — v(t,x)) > 0. Forall 0 <y <1, >
0, B> 0, we define

2
z—y
o7 (t,w,y) = u(t,x) —v(t,y) —nt+p- (x—y) — " (|2fy| +B(jzl* + |y|2))

where Ky is a constant which will be chosen latter. We observe that imsup ;| oo <I>Z B(t,x,y) = —0
so @7 ; reaches its maximum at a point (%, ,7) € [0,7] x RY x RN. Moreover, the constant K, being
fixed, we have My = sup <I>Z 5= % for n and § small enough. Standard arguments show that

|7 —g* < Cov, Bl + |5*) < Co (25)
with Cy depending on ||u||so, ||¥]lcc, p and K.

We claim that there exists 0 < v < 1 such that for all 8 small enough, we have £ > 0. Indeed, if for all
0 < v < 1 there exists 3 > 0 (small) such that ¢ = 0, then the following estimates holds:

M. _
> < Mo <u(0,7) = v(0,9) +[pl|7 ~ g

<([Duolls + Ip))|Z — 7.

Using (25), we get a contradiction if v is small enough and we prove the claim. Dedoubling the time
variable and passing to the limit yields that there are a,b € R and p, ¢, qy € RY such that

_ = 2
o= b=+ Kot (L2004 e+ ).

p=e L@ =20, g, =205y,

a— (c(t, @) + M u(t, (7)) P+ ¢ <0

and
b= (e(t.9) + M@ ) 3)) b - 4, = 0.

12



Subtracting the two last inequalities, we get
R e e)
< (el @) + Mg Tut, ))(@)) 15+ | — (et.9) + N [o(E,)](@)) 15— @l (26)
We define
A={z:E(ut,z) —u(t,z) +p-(z —Z) + ) < E.(v(t,z) —v(t,9) +p- (2 —§) + @) }. (27)

Wl ) —ulf, ) 4p-(z— B)+0 < v(f,2)—v(E5) +p- (— ) +a— o ("” ‘fg 80P + 1) - 25I2|2> .

This implies that
A® C{lz] = Ry s},

where

V(=9 | 2. 0
Ry 5)?=— :
(o” = g5 (52 + 8GaF +19P)
We now distinguish two cases.
CASE 1. There exists a constant C~'7 > 0 such that for any § small enough we have
1z -9l
2y

> C,.
In this case, we have ~

{lz =2 = Ry 5} C {lz[ = Ry 5} (28)
where R, g = —|%| + R, 3 — 400 as # — 0 (see Da Lio et al. [6, Lemma 2.5]). This implies that

M u(t, -)](Z) :/ dz J(z — 2){E(u(t,z) —u(t,Z) +p- ( —Z)+a) —p- (z — )}

RN

< | 42 I@ = B 2) — ot g) +p- (2 - p) + ) —p- (2= 2)} 4 0p(D).

Using (26) we then get
1z — gl?
e aeko (20 e + i)

<(c(t,2) = c(t,y) [P+ Go| + (&, 9) (IP + G| — [P — @y1)
+ My [u(t,))(z )(Ip+qw\—|p—qu|)

+ (MpTu@ )] @) - M) @)) 16— 4|

<Ielefe = g1+ Gl + el + 3+ (2l + a+ 5 ) I sl +
([ a1 = B0 oEp - G-t @) = o)+ [ ds Sa- 2o - 9)
- [ I B o)+ ) ) e - )} ) 19~ 4

+os(1)[p — gy

7 — 1
<t I (el 209 Ty (2l + 5+ ) + 2 1em) ) +0a()
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where we have used the definition of p and that |g.|, |g,| = 0s(1). Taking

1
Ko =2||Defloo + 2D || 1wy 2lvlloo + 5 + ) + 20| L1 @),

we get a contradiction for 3 small enough.

CASE 2. there exists a subsequence (3,,, such that

|z — g

—0 as n— 4oo.
2y

In this case, we have [p+ @,| — 0 and [p — gy| — 0 as n — 4o00. Sending n — +oco in (26), we get a
contradiction.
This ends the proof of the theorem. O

4.4 Existence results

Theorem 4.5. Consider ug € W2 (RY), ¢ € WH([0,+00) x RY) and J € WHL(RYN). For e > 0,
there exists a (unique) bounded continous viscosity solution u® of (1). Moreover, there exists a constant
C independent on € > 0 such that,

[uf(t, ) — up(z)| < Ct. (29)

Proof. As it is explained in [18, Proof of Theorem 6] (see also Alvarez, Tourin [2] or Imbert [16, Theorem
3]), to apply the Perron’s method for non-local equations, it suffices to prove that there exists a constant
C > 0 (independent of ¢) such that ug £ Ct are respectively a super and a subsolution. The only difficulty
is to bound, for every C, the term ‘ME {M}

I
it suffices to remark that

by a constant C'; independent of C' and €. To do this,
o0

’LL()(') + Ct
9

up(x +ez)  uo(z)

e | } L < g1l + [ d9e) ~ Vun(e) - Z1,(2)

and to use [18, Proof of Theorem 6] to get a constant C; = C (Ro, N, ||ug||w2.) such that

/RN dz J(z)

(with Ry appearing in (4)). Then taking Cy = %||J||1 + C1 and C = (||¢]|o + C1)[|Vuo||, we get that
ug = C't are respectively a super and a subsolution. This achieves the proof of the theorem. O

uo(x + €z) N uo ()
€ 5

- VUQ(J}) . ng(Z) S él

We recall the existence and uniqueness result for (7).

Theorem 4.6 ([18, Proposition 3]). Assume that ug € W2><(RY), g > 0, g € C°(SN~!) and " is
continuous in (L,p) and nondecreasing in L, then the homogenized equation (7) has a unique bounded

continuous viscosity solution u®.

4.5 Consistency of the definition of the geometric motion

As explained in Sections 1 and 3, Eq. (1) is the rescaled level set equation corresponding to the motion of
N fronts submitted to monotone two-body interactions. The classical level set approach is well adapted
for describing the motion of fronts since it can be proved (at least for local equations) that if (1) is solved
for two initial data ug and vg that have the same 0-level set, then so have the two corresponding solutions.
It turns out that the classical proof of [5] can be adapted to our framework. Before explaining it, let us
state precisely the result.
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Theorem 4.7. Consider two bounded uniformly continuous functions ug, vy and two corresponding solu-
tions u and v of (1) withe =1. Fiz any a € [0,1), and assume that ug and vy satisfy for any k € Z

{up < k+a}={v <k+a} & {up >k +a} ={vy > k+a}.
Then the solutions u and v satisfy
fut,:) <k+a}={vlt,:) <k+o} & Ault,)>k+a}=A{v(t,)>k+a}.

The proof of this theorem relies on the invariance of the set of sub/super solutions of a level set equation
under the action of monotone semicontinuous functions. Such a result is classical in the level set approach
literature.

Proposition 4.8. Assume that 6 : R — R is nondecreasing and upper semicontinuous (resp. lower
semicontinuous). Assume also that

6(v) — v is 1 — periodic in v. (30)

Assume that € = 1 in (1). Consider also a subsolution (resp. supersolution) u of (1). Then 6(u) is also a
subsolution (resp. supersolution) of (1).

The proof of this proposition is postoned and we now explain how to use it to prove Theorem 4.7.

Proof of Theorem 4.7. We only do the proof for bounded fronts since the general case imply further tech-
nicalities we want to avoid, see for instance [19]. This is the reason why we assume that for any k& € Z
(case a = 0)

{up = k} = {vg = k} is bounded.

We now follow the lines of the original proof of [5]. Hence, we introduce two nondecreasing functions ¢
and

¢(T):{ gl(f];{;)o(y):u()(y) > r} E;E% w(r)={ fpu(%;m(y):%(y) <r} i:iﬂml

where M = sup ug and m = inf ug. It is clear that ¢ is upper semicontinuous and 1 is lower semicontinuous.
We now consider increasing extension ¢, ¢ of ¢ and v that satisfy ¥(k) = k = ¢(k) for k € Z and define

Bv) = inf {3(0 + k) — K}
Bv) = sup{(v+ k) — k}

keZ

(in fact the infimum or supremum are only on finite values of k because uo and v are bounded). By
noticing that ¢(uo) < vo < h(ug) (because vg < ¥(ug + ¢) for any € > 0) and using Proposition 4.8, we
conclude that ¢(u) < v < (u). It is now easy to conclude. O

It remains to prove Proposition 4.8.

Proof of Proposition 4.8. We just need to check that the non-local term can be handled in the classical
proof. We only treat the case of subsolutions. Consider first § € C1(R) such that 8’ > 0. Consider ¢ a
test function from above satisfying (u) < ¢ with equality at (tg, 7). Then u < 0~1(¢) and

0:(071(¢)) < clul| Vo~ ()]

with
clu] = c(to, zo) + Mlu(to, )] (xo)-

Because from (22)

E(u(to,zo + z) — u(to, z0)) < E(0(u(to,zo + 2)) — O(u(to, z0)))
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we deduce that
Op < c[0(u)][Vaepl,

i.e. 6(u) is a subsolution in the sense of Definition 4.1.
In the general case, use the following lemma whose proof is left to the reader.

Lemma 4.9. For a usc nondecreasing function 0, there exists 05 € C' such that (6°) > 0, 6° > 0 and
lim sup™ 6¢ = 6.

On one hand, one can prove that such an approximation satisfies limsup® #°(u) = 6(u). On the other
hand, 6° still satisfies (30). Hence 6°(u) is a subsolution of (1) by the previous case and we conclude that
so is O(u) by the stability result. O

5 Ergodicity

As explained in the Introduction, we will need in the proof of convergence to add a parameter a@ > 0 in
the cell problem. For the solution w of

{ Orw = (C(T, y) + L+ My w(r, )](y)) Ip+ Vyw| in  (0,+00) x RY (31)

w(07 y) = O on RN,
we prove a result that is stronger than Theorem 2.1.

Theorem 5.1 (Estimates for the initial value problem). There exists a unique A = A(L,p, a) such that
the (unique) bounded continuous viscosity solution w € C([0,T] x RN) of (31) satisfies:

lw(r,y) — At| < Cs, (32)
lw(t,y) —w(r, 2)| < C1, forally, zeRY (33)
A= (L +allJz)lpll < lellslp| =: C2 (34)
where
2||c]| o 1 . .
Cy = Clelloo + 1171l ), C3=5C1 +2Cs, co= inf / dz min (J(z —6),J(z+0)) > 0. (35)
o sef0,1/2)N Jpw

In the case N = 1, we can choose:

C1 = |pl. (36)

Theorem 2.1 is a consequence of (32). The existence of bounded solutions v(7,y) = w(r,y) — AT of
A+ 000 = (e(r,y) + L+ My [o(r,)](y)) [p + Vyo| - on (0, +-00) x RY (37)
is a straighforward consequence of the previous theorem:
Corollary 5.2 (Existence of bounded correctors). There exists a solution v of (37) that satifies:
(T, y)| < Cs,
lo(T,y) —v(r, 2)| < Ch.
Remark 5.3. To construct periodic sub and supersolution of (11) we can also classically consider
500 400 = (ex(r.) + L+ My [0 (7, )](w) Ip + V0|

and take the limit 6 — 0.

In order to solve the homogenized equation and to prove the convergence theorem, further properties
of the number A given by Theorem 5.1 are needed.
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Corollary 5.4 (Properties of the effective Hamiltonian). The real number A defines a continuous function
H:R xRN xR — R that satisfies:

H(L,p,a) — +o00 as L — Foo, (38)

H(L,p,a) > 00 as «a— *oo. (39)
Moreover, H(L,p, ) is nonincreasing in L and .

In a first subsection, we successively prove Theorem 5.1 in dimension N > 2 and Corollary 5.4. Theorem
5.1 in the case N = 1 will be proved in a second subsection.

5.1 Proof of Theorem 5.1 and Corollary 5.4

Proof of Theorem 5.1 in the case N > 2. We proceed in several steps.

STEP 1: BARRRIERS AND EXISTENCE OF A SOLUTION. We proceed as in the proof of Theorem 4.5. We
remark that w®(7,y) = C*7 with C* = (L +«l|J||11)|p| £ C2 (with Cy defined in (34)) are respectively a
super- and a subsolution of (31) (use that M,[0] = 0). Hence, there exists a unique bounded continuous
viscosity solution of (31) that satisfies:

lw(r,y) = (L +allJ|[L)lplr| < [|ellso|plT. (40)
Remark that by uniqueness, w is Z"-periodic with respect to .

STEP 2: CONTROL OF THE OSCILLATIONS W.R.T. SPACE, UNIFORMLY IN TIME. We proceed as in [18] by
considering the functions M (7), m(7) and ¢(7) defined by:

M(r) = swp w(ry), m(r)= inf w(ry) and gr) = M(r) =m(r) 2 0.

The supremum and infimum are attained since w is 1-periodic with respect to y. In particular, we can
assume that:
M(1) =w(r,Y;) and m(7)=w(r,y;) and Y;—y, [0,V

Now m, M and ¢ satisfy in the viscosity sense:

dM

) <ol ¥+ L Ml 0,) ) o

<elle + 5191z + L+ allTlenlpl + [ de TG Ve +2) = w(r Yool
@oszw»+L+M@mv»K%Qm|
>(lelloe = 3110 + L+ all)lpl + [ d2G)wlrs e +2) = wlr,ye))pl

2 (1) =Qllclloo + 11l z2)lpl + £(7)Ip]

where

/dzJ w(r, Y, +2) — /dzJ w(T,yr + 2) — w(T,yr)).

Let us estlmate L(7) from above by using the definition of y, and Y;. To do so, let us introduce ¢,
Yoovr €0, 1)V and ¢, = Y252 and write:

L(T) = /dz J(z = o) (w(r,er + 2) —w(r,Y7)) — /dz J(z 4 o) (w(T,er + 2) —w(T,y:))

< min /dz min{J(z —6), J(z + 9) Hw(7, yr) —w(7,Y;)) = —coq(7).

5€[0,5)N
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We conclude that ¢ satisfies in the viscosity sense:

dg

Z(r) < @lelloo + 1715) 6l — colpla(r)

with ¢(0) = 0 from which we obtain ¢(7) < C; for any 7 > 0 which can be rewritten under the following
form:
lw(t,y) —w(r,2)] <C; forany 7>0, y,zeRY. (41)

STEP 3: CONTROL OF THE OSCILLATIONS W.R.T. TIME. We keep following the construction of the
correctors of [18] by introducing, in order to estimate oscillations w.r.t. time, the two quantities:

MHT) = sup DT ETO =00 g A1) = it
7>0 T 720

w(r +T,0) — w(r,0)
T

and proving that they have a common limit as T — +occ. In order to do so, we first estimate AT from
above. This is a consequence of the comparison principle for (31) on the time interval [7, 7 + 7] for every
70 > 0: since w(r,0) + C1 + wt(¢) is a supersolution, we get for ¢ € [0, 7]:

w(t +t,y) <w(r,0)+C, +CTt (42)
where C* = (L + a||J||z1)|p| £ Cy. Similarly, we get

w(7,0) —Cy + C7t < w(r +1t,y). (43)
We then obtain for 7 =t =1T"

O]

C -
(L + ol JllL)lpl = C2 — 71 SAT) < AN(T) < (L+allJ[[p)lpl+ Co +

By definition of A*(T'), for any & > 0, there exists 7% > 0 such that

w(t* 4+ T,0) — w(r*,0)

NH(T) — T

<.

Let us consider 3 € [0,1) such that 77 —7~—f = k is an integer. Next, consider A = w(r™,0)—w(7~+4,0).
From (41), we get:

w(tty) <w(T™ +By) + 201 + A =w(th —k,y) +2C; + A.

The comparison principle for (31) on the time interval [r, 77 4T (using the fact that c¢(7,y) is Z-periodic
in 7) therefore implies that:

wirt+T,y) < wiErt —k+T,y)+2C +A
w(r™ + B+ T,y) +2C1 +w(r,0) —w(r™ + 3,0).

Choosing y = 0 in the previous inequality yields:
w(tt +T,0) —w(rt,0) <w(r™ + B+ T,0) —w(t™ + 3,0) +2C,
and setting t = <1land 7 =7~ 4T in (42) and 7 = 7~ in (43) finally yields:
TAT(T) <TA (T) + 25 + 2(Cy + Cs) + 2C4.
Since this is true for any § > 0, we conclude that:

< 4C4 +202.

(1) - A (1) <
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Now arguing as in [17, 18], we conclude that lim7_, o, A*(T) exist and are equal to A and:

4C1 + 2Cy

FHT) -\ <
pET) -2 < =

STEP 4: CONCLUSION. Estimate (40) implies (34). From (44), we conclude that:

w(r +7,0) —w(r,0) | _ 4Ci+2C,
T - T

which implies that:
|w(T, O) — /\T| <407 +2Cy

and finally (32) derives from this inequality and (41). The uniqueness of A follows from (32) for instance. O

Proof of Corollary 5.4. The only point to be proved is the continuity of H since (34) implies the other
properties. Let us consider a sequence (L, pn, @n) — (Lo, po, &) and set A, = ALy, pn, @pn). We remark
that by (32), we have for any 7 > 0

An

_wa(T, O)’ <O
T T
for some constant C5 that we can choose independent on n. Stability of viscosity solutions for (31) implies
that w, — wo locally uniformly w.r.t. (7,y). This implies that limsup,_ [\, — Ao| < % for any
7 > 0. Hence, we conclude that lim,, 4. A, = Ag.

Finally the monotonicity in L and « of H(L,p,a) comes from the comparison priniciple.
O

5.2 Proof of Theorem 5.1 in the case N =1
Before proving Theorem 5.1 in the one dimensional case, we need the following lemma:

Lemma 5.5. Let w be the solution of (31) in dimension N = 1. Then the function y — p(p -y + w(1,y))
is nondecreasing for any T > 0, i.e.,

p(p + wy(7,y)) > 0.

Proof. We only do the proof in the case p > 0, since the case p < 0 is similar and the case p = 0 is trivial.
We want to prove that
Mo = inf {w(r, z) —w(r,y) +p-(r —y)} 2 0
T

where Qp = {(r,z,y), 0 <7 < T, y < z}. By contradiction, assume that My < —§ < 0. For n > 0, we

consider "

T—T1

O, (1,2,y) =w(r,z) —w(t,y)+p- (. —y)+

and
M, =inf &, (1,2,y) < — (45)
Qr

for n small enough.

By the space periodicity of w, we remark that

O, (r,e+1,y+1)=0,(r,2,9)
Py(r, 2 —1,y) = (1, 2,y) —p ifx—1>y

so the minimum is reached at a point (7,Z,y) with 0 < Z — gy < 1 and 7 < T (because w is bounded
by the barrier functions). Moreover & > ¢ and ¢ > 0; indeed, otherwise we can check easily that the
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minimum would be nonnegative. Dedoubling the time variable and passing to the limit yields that there
exist (a, —p) € Eer(?,gj) and (b,—p) € D w(7,Z) with

S

such that (see equation (31))
a<0 and b>0.

Subtracting the two above inequalities yields a contradiction.
O

Proof of Theorem 5.1 in the case N = 1. Let us assume that p > 0 since the case p < 0 is proved similarly
and the case p = 0 is trivial.
Consider the solution w of (31). Lemma 5.5 ensures that u(7,y) = w(r,y) + p - y is nondecreasing;:

Vyu > 0.

To simplify the notation, let us drop the time dependence. We also know that w is 1-periodic in y, so
forall 0 <y <z <1, we have

py+w(y) <pz+w(z) <ply+1)+w(y).
This implies that
lw(y) —w(z)| < p.
The rest of the proof in the same as in the case N > 2. ]

6 The proof of convergence

This Section is devoted to the proof of Theorem 2.5.

Proof of Theorem 2.5. We consider the upper semicontinuous function & = lim sup *u®. By Theorem 4.5,
it is bounded for bounded times and w(0,2) = wug(z). As usual, we are going to prove that it is a
subsolution of (7). Similarly, we can prove that u = liminf ,u® is a bounded supersolution of (7) such that
4(0,z) = ug(z). Theorem 4.6 thus yield the result.

Let us prove that @ is a subsolution of (7). We argue (classically) by contradiction by assuming that
there exists a point (tg, o), to > 0, and a test function ¢ € C? such that u — ¢ attains a global zero strict
maximum at (o, o) and:

—0 I
8t¢(t0,170) =H (L07p)+0:H(L0ap70)+9
with

Lo = /I |<2{¢(to,xo + 2) — ¢(to, m0) — Vo(to, xo) - 2}u(dz) + / {a(to, w0 + 2) —ulto, o) pu(dz) (46)

|z|=2

and p = V¢(to,x0) and 6 > 0. By Corollary 5.4, there exists a > 0 and 8 > 0 such that:
— 0
0e(to,x0) = H(Lo + B, p ) + 5. (47)

In the following, A denotes H (Lo + 3, p, @).

We now construct a supersolution ¢ of (1) on a small ball centered at (g, xo) by using the perturbed
test function method (see [9, 10]). Precisely, we consider:

toz) _ i
= { Ghrer B e
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where 7, is chosen later and the corrector v is a bounded solution of (37) associated with (L,p,«) =
(Lo + B,p,a) given by Corollary 5.2. We will prove that ¢ is a supersolution of (1) on B,(to,xo) (for r
and e small enough — this is made precise later) and that ¢° > u® outside. In particular, 7 is chosen small
enough so that B,.(tg,zo) C (to/2,2tg) x Bi(xg).

Let us first focus on “boundary conditions”. For ¢ small enough (i.e. 0 < ¢ < eo(r) < r), since @ — ¢
attains a strict maximum at (o, zp), we can ensure that:

ua(t7$) g (b(t,x) +ev (z, :) — Nr for (t,x) S (t()/37 3t0) X Bg("Eo) \ Br(to,ibo) (48)

for some 1, = o,(1) > 0. Hence, we conclude that ¢° > u® outside of B, (to,xo).

We now turn to the equation. Consider a test function ¢ such that ¢° — ) attains a local minimum at

(t,T) € By(to,zo). This implies that v — I attains a local minimum at (7,7) where 7= £, 5 = £ and

1
F(Ta y) = g(df - ¢)(677 Ey)'
Since v is a viscosity solution of (37), we conclude that:
A+ 010 > () + L4 Mol ) o+ T3
from which we deduce:

(200(t0.20) - §) + 000(0.2) - 00962

> (( 7+ L+ Mol ->}<y>) V(E.7) — (VO(E.T) — Volto,20))|

Hence, we get:

ot > (e(L )+ tow oy [o (L)] (2) ) I90a) + ontwl+ § +o.0

where 0,.(1) only depends on local bounds of ¢ and its derivatives. Since ¢ is bounded and:
~ _ 1 1
A0 < (oscu(ry) + all ) + 31 < (Cutat 3 ) 11

where C1 is given in Theorem 5.1, we conclude that:

oL, T) > (c (i z) + Lo+ B+ M2 [v (z )] (Zj) )|V¢(t,x)|. (49)

Now recall that Lg is defined by (46) and use the following lemma:
Lemma 6.1. There exists g > 0 such that for any e < eg, r <1 and (t,x) € B,(to, zo):
. e(t. . - ¢
NI? [W} () < Lo + B+ M2 [v ()] (%) (50)
€ € €
The proof of this lemma is postponed. Combining (49) and (50), we conclude that for any € < ¢ and

e i, ) > (C (t’ x) Har {w] )W(m'

e e
We conclude that ¢° is a supersolution of (1) on B,.(tg,x¢) and ¢° > u® outside. Using the comparison

principle, this implies ¢°(¢,2) > u®(t,z). Passing to the supremum limit at the point (¢, o), we obtain:
@(to, o) > u(to,xo) + 1 which is a contradiction. The proof of Theorem 2.5 is now complete. O
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It remains to prove Lemma 6.1.

Proof of Lemma 6.1. Tt is convenient to use the notation: 7 = t/e and y = z/e. We simply divide the

domain of integration in two parts: short range interaction and long range interaction. Precisely:

e[ [, (Sl e o)

3 3

|z|<re elz|=ere

and we choose r. such that r. — +o0o0 and er. — 0 as ¢ — 0. Let us estimate from above each term. For
(t,x) € B,(tg, o) and |z| < re, we are sure that (¢t,x +ez) € (t0/2,2t9) X Bi(xo) for € small enough, and:

T
€

/ dz J(2) E, (¢€(t,x+sz)¢e(t7x)>
|z|<7e
/|Z<Ts I B <¢(t’ rre) o obs), v(r,y+z) —v(r, y)>

5
= /|< dz J(z){E* (W(t, z) - z+o(Ty+2) —v(r,y)
B +¢(t,x+€z)—¢(t,x)—5Vq/)(t,x)~z>_V(b(t’x)_z}.

g

To get the last line of the previous inequality, we used that J is even. Choose next € small enough and r.

big enough so that
d)(tvx + 52) — d)(t,l‘) — EIV(b(t,ZE) tZ < 06(7‘5)2 < %

€
/|Z>T€ dz J(z) {E* (v (-’ g + z> - (-, g) + % +z- V¢(t,x)) — . Vgi)(t,x)} < g
Hence we obtain
s (1))

We now claim that:
“ro/2 t x ~a t X
M35 ) [” <5">} (;) < M3 4(t0,20) {’U (a"ﬂ (;) +B/4
for r small enough. To see this, consider Rz > 0 such that:
/ dz J(2{E(Vo(t, ) - 2 +0(T,y + 2) —v(1,y)) = Vo(t, x) - 2} < 5/8,
|z|>Rp

/| o AT (T6l0,20) = 4 vl +2) = vlr) = Volto, ) -2} < /8.

Now for |z] < Rg and r small enough:
[(Vo(t,z) - 2 = Vo(to, x0)) - 2| < /2

and we get (52). Combining this inequality with (51), we obtain:
~ t T
Ty < M, {”U (67'):| (Z) + 6/2.
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We now turn to T,. We can choose 7. > Ry where Ry appears in (4) so that J(2) = g(z/|z|)|z| 7V ~1

for |z| > r.. Hence

_ ¢E<t’x+gz)—¢5(t’x)>
T = /5|z|257"5 dz J(z) E. ( .

with 4 defined by (10) and where E<(a) = £E, (2). Remark that |ES(a) — o < £ and use (48) to get:

- /l > p(dq) BZ(¢°(t, @+ q) — ¢°(t, 7))

o2 [ ) (@t +a) - 6 () + Su(®Y\ Bar)
lq|>ere
< / 1(dq) {6(t, + q) — $(t, ) + e oscu(r, )}
ere <|q|<2
C
[ g e+ q) = dlt.)) + o+ O
lq|>2 Te
Now use that y is even and get
T, < / j(dg) (Bt + q) — Bt z) — Vo(t,z) - g}
er:<|q|<2
[ ) e ) - o))+ O (1 - nr) |
lq|>2 Te
Now remark that:
/ u(da) {6(t,z + q) — b(t,) — Vé(t,2) - ¢}
er:<|q|<2
< / u(dg) {B(to, 0 + q) — Blto, @) — V(to, @o) - g} + Cere + 0, (1)
lq|<2
and keeping in mind that ¢(tg, o) = u(to, zo), we also have

/2<| ‘ n(dg) {u*(t,z +q) — ¢(t,2)} < /2 w(dg) {u(to, zo + q) — ulto, zo)} + or(1).

<lql

Indeed, it is equivalent to

lim sup /2§|q| u(dg) {us(t,y +q) — ¢(t,y)} < / 1(dg) {u(to, zo + q) — u(to, z0)}

y—xg,e—0 2<]q|

and such an inequality is a consequence of Fatou’s lemma.
Combining all the estimates yields:

T, < /<2 w(dq) {¢(to, o + q) — ¢(to, xo) — V(to, o) - q}

+/ u(dq) {@(to, xo + q) — U(to, 20)} + Cere +C” <1 + s> +o.(1) + B/4
2<|q| Te
< Lo+ p5/2 (54)

Combining (53) and (54) yields (50). O
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7 Qualitative properties of the effective Hamiltonian

In this section, we consider the special case of the one-dimensional space and of a driving force independent
of time: ¢(7,y) = ¢(y). Before proving Theorem 2.6 in Subsection 7.3, we establish gradient estimates in
Subsection 7.1 and then construct sub/super/correctors independent on time in Subsection 7.2.

7.1 Gradient estimates

We recall that w denotes the solution of the following Cauchy problem

0u = (clo) + L4 Mylult, o) )lp + Tl in (0, +00) x BY,
w(0,2) =0 on R

(55)

Lemma 7.1 (Lipschitz estimates on the solution). The solution w of (55) is Lipschitz continuous w.r.t.
x and satisfies:
I+ Vaw(t, )l < [pleTVel>. (56)

Proof. The function u(t,z) = p-x + w(t,x) is a solution of

O = (e(x) + L+ Mu(t, )](z)) [Vu| on (0,+00) x R. (57)
Consider the sup-convolution of u:
2 2
B _ kt|T — Yl } K| — 2]
u”(t,x) = su u(t,y) —e"'——— r =u(t,zp) — e ————. 58
() = sup {utt.0) - | = ult.0) T (59)

We claim that u” is a subsolution of the equation (57) for K large enough. Indeed, for any (n,q) €
2
DY *ub(t, ), it is classical that (77 + KeXt %, q) € DY Fu(t,zg), q = —eKt% and [z—z5| <CVp

where C' depends on ||wl|s, so that:

2
KKt|x_'rﬁ|
n—+ Ke 72ﬂ

IN

(c(zp) + Mp[w(t,-)|(2p)) |4l

(c(@) + Mpw?(t,))(2)) la] + ||VC“°°€Kt|x_;ﬁ

IN

where we used that
w(t,xg + 2) —w(t,xg) < w(t,x 4+ 2) —w’(t,z) with w®(t,z) =u(t,z) —p-=
2
(this comes from (58) and the fact that u(t, x,@—i—z)—em% < uP(t,x+2)). Choosing now K = 2| Ve| «
permits to get that u? is a subsolution. Next, remark that:

2
u?(0,2) < u(0,2) +sup{ || Viuolleor — 1o u(0,z) + 8
>0 26

Hence, the comparison principle (see Theorem 4.4 applied to u®(t,z) — p - = and w(t, z)) implies that

[V uolf?

[Vuo|”
SR

u? <u+ B
Rewrite this inequality as follows

IVuol® | ke o=y

ulty) < ult,z) + B0 =

Optimizing with respect to 8 permits to conclude.
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7.2 Sub- and supercorrectors

We give an alternative characterization of the ergodicity of (55) that complements Theorem 2.1 in the
special case ¢(7,y) = c(y). We will use it repeatedly in the proof of Theorem 2.6. More precisely, we are
interested in the following stationnary equation:

A= (cly) + L+ My[l(y)) [p+ Vyo| onRY. (59)
Lemma 7.2. The function " satisfies:

Fo(p, L) = max{\: there exists a 1-periodic subsolution of (59)}
= min{\ : there exists a 1-periodic supersolution of (59)}. (60)

Remark 7.3. Such a characterization is classical in the context of homogenization of Hamilton-Jacobi
equation. See for instance [21] for such a characterization for local Hamilton-Jacobi equations.

Proof. We first remark that we can construct A~ and A" such that v = 0 is respectively a sub- and a
supersolution of (59) so that the sets at stake in (60) are not empty. Let A™™ and A™a* denote respectively
the maximum and the minimum defined in (60). The fact that the infimum and the supremum defining
AMn and A™M2X are attained is a consequence of the stability of viscosity solutions and L a priori bounds
(that are easy to obtain).

Let w be the solution of (55) and consider the upper relaxed limit U, as n goes to infinity (resp. the

lower relaxed limit v_.) of v, (7,y) = v(7 + n,y) with v(r,y) = w(r,y) — Ho(p7 L)7. Then consider the
suppremum in time of Ty, (resp. the infimum in time of v ). This allows us to construct a subsolution
(resp. a supersolution) of (59). This implies that F (p, L) < A™® (resp. A < T (p, L)).

Now let v~ be a periodic subsolution of (59) for A™". Since (59) does not see the constants, we can
assume that v~ < 0. We have that v~ + A™"7 is a subsolution of (55). By comparison principle, we
deduce that

w > v+ ARy

where w is the solution of (55). Dividing by 7 and sending 7 — oo, we get that i (p,L) > A™in, The
proof that A™a* > " (p, L) is similar. This ends the proof of the lemma. O

The second technical lemma we need in the proof of Theorem 2.6 is the construction of sub- and
supercorrectors of (59) with some monotonicity properties and with precise estimates on their oscillations.

Lemma 7.4. (Existence of sub and supercorrectors) For any p € R and L € R, there exists \ € R,
a subcorrector v(y) and a supercorrector T(y) which are 1-periodic in y and satisfy

A< (c+ L+ MyW])|p+ V|, with p(p+Vyw)>0 on R,
A (c—&—L—&-Mp[ﬁ]) p+V,ol, with p(p+V,7) >0 on R
such that
maxy —minv < |p| and maxT— minv < [p|. (61)
There exists a discontinuous corrector v which satisfies

A= (c+ L+ M) |p+Vyvl on R, (62)

maxv —minv < 2[p| and |v|e < |p].

The unique solution w of (55) satisfies for all T >0

lw(T,y) — AT < 2[pl. (63)
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Proof. When p = 0, we observe that (59) is satisfied with A = 0 and v = 0. Hence (61) is clearly satisfied.
Let us now assume that p > 0 since the case p < 0 is similar.

STEP 1. Consider the solution w of (55), i.e., the solution w of (31) with a = 0. The proof of Theorem
5.1 in the case N = 1 implies that o(7,y) = w(7,y) — A7 satisfies
|o(7,y) —0(7,2)| < [p| and p(p+ Vy0) >0

and so
max ¥ —mind < [p|.
y y

STEP 2. Consider the upper relaxed limit T, as n goes to infinity (resp. the lower relaxed limit v_) of
U (7,y) = (T +n,y) Then consider the supremum in time of To, (resp. the infimum in time of v__). This
allows us to build a subsolution T (resp. a supersolution v) of (62) that satisfies the expected properties.

STEP 3. Finally, we have v 4+ osc v > v and v + osc v is still a supersolution of (62). Then the Perron’s
method allows us to build a discontinuous periodic corrector v which satisfy osc v < 2p. Moreover, since
the equation does not see constants, we have that v(y) — K is solution of (62) and so we can assume that
[v|oo < |p| for a good choice of the constant K.

To prove that the solution w of (55) satisfies |w — AT|oo < 2|p], it suffices to remark that v+ osc v+ AT
(resp. U+ osc T+ A7) is supersolution (resp. subsolution) of (55) and to use the comparison principle for
equation (55). This ends the proof of the lemma. O

7.3 Proof of Theorem 2.6

We now turn to the proof itself.

Proof of Theorem 2.6.
1. When ¢ = 0, notice that A = L|p| and v = 0 do satisfy (59).

2. This is a consequence of (34).

3. Using the monotonicity of ﬁO(L,p) in L (see Corollary 5.4) we only need to prove that " (0,p) = 0.
Thanks to Lemma 7.2, it is enough to construct a sub- and a supersolution of:

0=c+ M,[v].
Let us consider the solution v of:
0-v=c(y) + Mpslv(r,)](y) Rt xR
v(0,y) =0 in R
with

My s[u](y) = / dz J(2) {E (u(y + 2) —v(g) +p-2) — p- 2}

where E? is a smooth approximation of E, such that E%(z) — z is 1-periodic, E%(—z) = —E%(z) and E?
is increasing. From the 1-periodicity of ¢;, we deduce the 1-periodicity of v. It is also easy to prove (by
adaptating the proof of Lemma 7.1) that v is Lipschitz continuous in space and time for all finite time.
Let us consider p = P/Q with P € Z, @Q € N\ {0} and dropping for a while the dependence on 7, we set
u(y) = v(y) + p-y. Assuming temporarily that J decays to zero at infinity sufficiently quickly, recalling
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that J is even and using the fact that v(y) is 1-periodic in y, we compute:

/ dy/dzJ J{E° (v(y+2) —v(y) +p-2)—p- 2}
(-Q/2.Q/2)  Jr

dz J(z {E5 (y+ 2) —u(y))}

dy /
-/(Q/27Q/2) kez’ (k=1/2)Q,(k+1/2)Q)

:K+/ dy Z/ dz J(z + kQ) {E° (u(y + 2) — u(y))}
(-Q/2,Q/2) (-Q/2,Q/2)

kEZ

where

K= 2 Y kQJ(z+kQ)

dy / d
(-Q/2,Q/2) (=Q/2,Q/2) ez

=P d +kQ)J(z + kQ) — dzJ,
</<—Q/2,Q/2> ’ ;Z(Z 7 ) /(—Q/z,Q/z) ’ Q(Z)>

=P /R dz 2J (%)
=0.

Hence, with the notation

=" U=+ kQ) = Jg(~2),

kEZ
we get

/ dy/dzJ J{E° (v(y+2)—v(y)+p-2)—p- 2z}
(-Q/2.Q/2) /R

= / dy / dz Jg(z {E‘s uly + 2) — u(y))}
(=Q/2,Q/2) (—Q/2,Q/2)

= / dz JQ(Z)/ dx {E‘S (u(z) —u(z —2))}
(-Q/2,Q/2) (2—Q/2,24Q/2)

= / dz JQ(z)/ dz {E° (u(z) —u(z +2))}
(-Q/2,Q/2) (—2-Q/2,—2+Q/2)

= —/ dz JQ(z)/ dr {E° (u(z + z) — u(z))}
(-Q/2,Q/2) (—2—Q/2,—2+Q/2)

= 7/ dz JQ(Z)/ dx {E‘s (u(z + 2) —u(z))}
(-Q/2,Q/2) (-Q/2,Q/2)

(the last line is obtained by using the 1-periodicity of u(z + z) — u(z) in «). Finally comparing the second
line and the last one of the previous equality, we deduce that:

/ dy [ d I {E (ly+2) = o) +p-2) ~p -2} =0
(-Q/2,Q/2) R

By taking a limit, we deduce that this is still true without assuming that J has strong decay at infinity.
Using now the fact that the equation is satisfied almost everywhere (because the solution is Lipschitz
continuous) we get by integration of the equation and the fact that f(o He= 0:

0~ (/ dy v(r, y)) =0.
(=Q/2,Q/2)
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We deduce (by periodicity of v) that
/ dy v(t,y) =0 forany 7>0
(0,1)

for any rational p. We conclude that this is true for any p € R (just by taking a limit). On the other hand,
we deduce as in the proof of Theorem 5.1 in the case N = 1 that

max v(7,y) — minv(r,y) < [p|.
Yy Yy

and similarly that
(T, )| < C(p).

Considering the semi-relaxed limits of v(7,y) with the supremum (resp. the infimum) in time, we build a
subsolution v (resp. a supersolution ) of the following equation

O=c+ Mp75[1}].

Taking now the limit as § goes to zero, we build a subsolution v (resp. a supersolution ¥) of the limit
equation
0=c+ Mp[v]

and the proof of FO(O7 p) = 0 is complete.

4. The monotonicity of " (L,p) in L is a straightforward consequence of the comparison principle.

We next consider Ly > L1 > 0 with \; = FO(L,»,p) for i =1,2 and A\; > 0 and p # 0. The other cases
can be treated similarly. From Lemma 7.4, we get a subcorrector v, satisfying

0 <A <|p+ Vyuy|(c+ Ly + Mplvy])

such that (61) holds true. Therefore

Myl < [ ds I@E +p-2) —p- 2 < (4 3) Wl

and we get:
0<c+Li+ Myv;] and 0<d<|p+ Vyu,|

for some constant § > A1 /(L1 + Cp) > 0 with Cp, = [|c[|oc + (Ip| + 3) [[J]|22. And then
A1+ 0(Ly = Ln) < |p+ Vyuy| (¢ + Le + Mp[v,])
which implies by Lemma 7.2 that Ao > A1 + §(Lo — Ly), i.e.

Ne=M_ M
Lo—Li ~ Li+C,

More generally, we have for LyLq > 0, |Lg| > |L1| and for some universal constant C' > 0

—0 —0 —0
H (L27p)_H (Llap) > |H (Llap>|
Lo — 14 - |L1|+Cp

Similarly, let us consider a supercorrector v; given by Lemma 7.4 which satisfies:

Mz |p+ Oyl (e L+ Myfm]) (64)
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As soon as L; > C),, we get again that
C+L1 —i—Mp[ﬁﬂ >0

from which we deduce N

>
L-G, Ip 4+ V71 (65)

Next, using (64) and (65), write:

A+ (Lg — > M+ (Le — Ly)|p + V, 01

L) A1
L -C,
> |p + Vy51| (C + Lo + iup[ﬁl])

and deduce from Lemma 7.2 that:

A

A2 <A+ (Lg — Ll)ﬁ-
P

This implies the result.

5. Let T'> 0. The function w denotes the solution of (12) and w’ denotes the solution of

= (c(y) + L+ L'+ Mp[w'(7,)|(y))[p+ Vo'| in (0,+00) xR (66)
( ) =0 on R
We set A\ = H' (L,p) and X = (L + L',p). Since |p + V,w(r, )| < [pleTIVell= for 7 € [0,T)

(Lemma 7.1), we get that w(T,y) + 7L |p|eTIVel> is a supersolution of (66) on (0,T] x R. Hence, the
comparison principle implies

w'(,y) < w(r,y) + L'|p|Te"IVel= on (0,T) x R.

Using the fact that |w(r,y) — A7|, |w'(7,y) — N'7| < 2|p| and that FO(L,p) is nondecreasing in L, we
get that

0< (N =N < |p| (L’TeTWC‘oo + 4)

and so A
|)\/ _ A‘ < |p| (L/eTVc|oc + ) ]
T
Taking T = 2|H1§0LHL’ we get the result for 0 < L' < 1.

6. The following arguments must be adapted by using sub and supercorrectors in order to use Lemma 7.2.
However, we assume for the sake of clarity that there exist correctors for any (L,p). Hence, we have with

A=H'(Lp):

A=|p+ Vyu|(c+ L+ Mpyv]).
Therefore (y) = —v(y + a) satisfies:

A==+ Vi)l (~e(y +a) = L+ M, [5)(y))

and —c(y + a) = ¢(y) by assumption. Hence ﬁo(—L, —p)=—\

7. We have with \ = H (L, p):
A= |p+Vyv|(c+ L+ Myv]).
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Therefore 0(y) = v(—y + a) satisfies (because J(—z) = J(z)):
A=[=p+Vyiy)l(c(—y+a) + L+ M[i](y)).

By assumption, ¢(—y + a) = ¢(y), hence: " (L,—p) = " (L,p).

8. ANALYSIS FOR SMALL p. From the construction of sub/super/correctors satisfying p(p + V,v) > 0 (see
Lemma 7.4), we know that on one period we have for p > 0 (the analysis is similar for p < 0)

0<p-z+v(z+y)—v(ly) <p for z€][0,1]

Therefore maxv(z) — minv(z) < p in general. We will now estimate M,[v] for small p. If 0 < p < 1
and for |z| < |1/p] — 1, using the periodicity of v and the monotonicity of v(y) 4+ py, we deduce that
lp-z+v(z+y) —v(y)| <p([1/p] — 1) <1 and then

Mp[v](y) = f\z\>[1/p]—1 J(){E (v(y+2) —v(y
= s/ JEHE (w(y + 2) —o(
+ j‘|z|>L1/pJ—1 J(z) {v(y +2) —v(y)

which implies that

| Mp[v]| < (/ J(z)> (; +maxv—minv> —0 as p—0.
|l2]>[1/p] -1

Therefore for L and p small enough we see that L + ¢(y) + M, [v](y) changes sign if ¢ changes sign. This
gives a contradiction for the existence of sub and supercorrectors with non-zero .

9. ANALYSIS FOR LARGE p. We first consider the periodic solution v (with zero mean value) of

0= c(y) + Mo [v](y)
with

Maolt](y) = / dz J(2)(w(y + 2) — v(y)

which satisfies
V|00 < Clc|oos |U/|oo < C|C/‘<>07 |vl/‘oo < C|CN|L°°~

To get this result, it is sufficient to study the periodic solutions of
av® = ¢+ My [v?]

that can be obtained by the usual Perron’s method. The comparison principle (together with the properties
of J) gives the bounds on the oscillations of v*, independent on «. This implies similar bounds on the
derivatives of v®, which gives enough compactness to pass to the limit as a — 0.

For clarity, we assume that y = 0 and v(y) = 0. The other cases can be treated similarly. Let us set

u(z)=v(z)+p-z

and let us estimate for p > 0 large
Mo = / d2J(2) (E(u(2)) — u(2)).
R

Because u/(z) = v'(2) + p > 0 for p > 0 large enough, we can define u=! by v~ (u(z)) = u(u=t(z)) = =.
We can then rewrite with @ = u(z)

d L) (B8 — &
]\402/]R WJ(U (a) (E(u) —u).
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We set

u 1 (a
and write k12
My = du G(u) (E(u) —
>, e @ -0
and set

Iy =[ut(k—1/2),u " (k +1/2)].

We get for w € [k —1/2,k +1/2]
G(u) = G(k) + gr(u)

with
J'(z)  J()u"(z)|

e e swp [ @) - 172

u€lk—1/2,k+1/2]

g (w)| < sup
z€ly,

By definition of u, we also have

_1(/<;i 1/2) — W‘ < %
p p
Therefore for p large enough
_ hi(k/p) who(k/p)
lgr(w)] < 1/2- < + [0 oo 3
(p_ |’U/|c>o)2 oo(p_ ‘vl|oo)3
k+1/2 _ _ _ _ 1
and then, since [, 1o du(E(u) —u) = 0 and |E(a) — ] < 3, we get

Mol <1/2 5 4es fi)/3 du g (w)
RN AN ES p\v oo
< 1/4 ((p*\v’lao)"’ (Zkez P 1(/€/p)> + =10 0)® (ZkeZ P (k/p))) .

This implies that
|My| < C/p for p large enough

with C' depending on ||¢||w=2.0, |[hol/r1 and ||hy||z:. More generally, we get the same estimate for

/dzJ (v(y+2) —v(g) + - 2) — (v(y +2) —v(y) +p- 2)).
We now compute

(p+Vyu)(L+c+ Myv]) > (p+Vy)(L+c+ Myg[v]—C/p)
> (p— [v'|oo)(L = C/p).

This implies that
—0
H (L,p) = (p— [v|s)(L = C/p) >0

for p > 0 large enough, if L > C/p. The case L < 0 can be treated similarly.

The proof of Theorem 2.6 is now complete.
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8 Application: homogenization of a particle system

8.1 The general case

This section is devoted to the proof of Theorem 2.11. It is a consequence of Theorem 2.5 and of the
following result:

Theorem 8.1 (Link between the system of ODEs and the PDE). Assume that Vy is 1-periodic, that Vi
is Lipschitz continuous and that V satisfies (H). If we have y1(0) < ... < yn_(0) at the initial time, then
the cumulative distribution function p defined in (14) is a discontinuous viscosity solution (in the sense of
Definition 4.1) of

0ep = (c(y) + M [p(r, )] (1)) IVp] in (0,400) x R, (67)

with
c(y) =Vi(y) — F and J=V"on R\{0}. (68)

Conversely, if u is a bounded and continuous viscosity solution of (67) satisfying for some time T > 0 and
for all T € (0,T)
u(T,y) is increasing in y,

then the points y;(7), defined by u(r,y;(7)) =i — % for i € Z, satisfy the system (9) on (0,T).
Before presenting the proof of this theorem, let us explain how to derive Theorem 2.11.

Proof of Theorem 2.11. By construction, we have

(P5)"(y) = Po(y) < uoly) < (p5)«(y) +e.

Using the fact that p is a discontinuous viscosity solution of (1) (except for the initial condition) and the
comparison principle (see Theorem 4.4), we deduce that (with «® the continuous solution of (1))

Pf (1, y) < uf(r,y) < (p°)u(Tyy) +¢

and so
u(7,y) — € < p*(7,y) S ui(T,y). (69)
Sending £ — 0, we get that p° — u° which gives the result. O
We now turn to the proof of Theorem 8.1.

Remark that under Assumption (H), V' is not differentiable at 0 and in order to be sure that the
solution of (9) exists and is unique, we need to prove that the distance between two particles is bounded
from below. Precisely, we prove:

Lemma 8.2 (Lower bound on the distance between particles). Assume that the potential Vi is Lipschitz
continuous and V satisfies (H). Let y;, i = 1,.., N be the solution of (9). Then, the distance d(7) between
two particles is bounded from below by

d(r) = min{ly;(r) = y;(7)].i # j} = doe” V0 I=7,
where do is the minimal distance between two particles at initial time: doy = d(0).

Proof of Lemma 8.2. Let d; be the distance between y; and y;11: d;(7) = yit1(7) — vi(7). At 7 = 0,
d(0) > 0. Hence consider the first time 7* for which d(7*) = 0 and choose ¢ such that d(7) = d;(7) in a
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neighbourhood of 7*. Let us denote by Jj,i =d; —d; > 0. We then have

d=—(Vg(yir) = Vgw)— | D V(w1 =) =Y V' (yi — ;)

it i
i1 ) ) Ne—i—2 ) )
= —(Vo(yi+1) — VO/(yi))_{ Z V((A+k)d+do+ .. +d_y) — Z V(A +Ek)d+di+ ..+ dry1)
k=0 k=0

i—2 N.—i—1
=Y V(4R d+da+ . Adg)+ Y V’((1+k)d+Jo+..+Jk)}.
k=0 k=0

We set ) ) ) .
ap =(1+kd+dy+..+d_ >0, af =1+k)d+do+..+dy.

We then get (since dy = 0)

.
[ V)

Ne—i—2

d=—(V(ir1) — Vo () — { y (V'(ag) = V'(ay +d_—1)) + Z (V'(af) = V'(a) + dy41))
k=0 k=0
V) + Vo)
Since V' < 0 and V' is nondecreasing, we deduce that
d > —d||Vy'l|o
which gives the result. O

It remains to prove Theorem 8.1.

Proof of Theorem 8.1. Theorem 8.1 is a consequence of the following lemma.

Lemma 8.3 (Link between the velocities). Assume that Vi is Lipschitz continuous and V' satisfies (H).
Assume that (y;(7))i=1,.. ,N. solves the system of ODEs (9) with y1 < ... < yn. at the initial time. Then
for alli=1,..., Ne, we have

—i = c(yi) + Mlu(r,)|(vi) (70)

where ¢ and J are defined by (15) and u(r,y) is a continuous function such that:

U(T’y) :p*(T’y) fOT y:yj(T)v Jj= 1,., N
0<u< N (71)
U 18 increasing in Yy

where p is defined by (14).

Proof of Lemma 8.3. To simplify the notation, let us drop the time dependence.

Mlul(ys) = /wﬂamm%+a—w%»

= _ (/ dzJ(z)) (io — 1) + /dzJ(z)p(yio + 2)

= —(2V'(0-))(io — 1) 4+ J * p(yi,)-
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We now compute J * p.

1
o) = 5 [I@dz+ Y [ IR, 2wz
2 R =1
+oo +oo
= / J(z)dz + / J(z)dz
i<ig ”Yi~Yio i>ig Y Yi " Yig
= (io = D(V'(0=) = V'(04) = > _ V' (yi — o)
i#ig
= 2(io — DV'(0-) = > V'(yi — i)
i#io
This finally gives
Mul(yio) = = Y V' (yi — ¥io)
iig
The proof is now complete. O

The fact that p is a discontinuous solution of (67) is a straighforward consequence of Lemma 8.3 and
of Definition 4.1.

We prove the converse. Use Proposition 4.8 and conclude that p = E.(u) (resp. p* = E(u)) is a
viscosity supersolution (resp. subsolution) of

drp = &(r,y) dyp with &(r,y) = e(y) + M[u(r,)](y) = e(y) + Mu(T,)](y)
where ¢ is in fact a prescribed velocity for p. Using the fact that u is increasing in y, we define y;(7) =
inf{y, u(r,y) > i—1/2} = (u(r,-))"'(i — 1/2) and we consider the functions 7 ~— y;(7). They are
continuous because u is increasing in y and is continuous in (7,y).

We next show that y,; are viscosity solutions of (9). To do so, consider a test function ¢ such that

o(7) < y;(1) and o(70) = yi(70). Define next $(1,y) =i —1/2+ (y — (7)). It satisfies:

¢(70,9i(70)) = p*(70,9i(70)) and  G(7,y) = p*(r,y) foryi(r) —1 <y.
This implies, with ¢; = é(-, y;), that

¢r(10) > —Ci(m0) = F — Vg (yi) — ZV/(yi —Yj)-
J#i

This proves that y; are viscosity supersolutions of (9). The proof for subsolutions is similar and we skip
it. Moreover, since ¢; is continuous, we deduce that y; is C! and it is therefore a classical solution of

Gi(1) = —a(r) = F = Vi(y) = > _V'(yi —v))-
JFi
This ends the proof of the theorem. O

micro

Remark 8.4. In the case of particles, we have formally the microscopic energy for p = p

. 1 . )
EmZCT‘O — / §<szcro *py)py + Vb’mzcropy
R

with V™miere =V and Vg™ero = Vo — F - y. After a rescaling, we get at the limit a formal macroscopic
energy for p = p™mecre

macro 1 macro macro
E = / i(v * pz)pa + Vg Pz
R

where V™% = _goln|z| only keeps the memory of the dislocation part of V™ (the long range
interactions), and Vj"e™ = —F - ¢ 4+ fR/Z dyVo(y).
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8.2 Extension to the dislocation case V(z) = —In|z|

This subsection is devoted to the proof of Theorem 2.14.

Proof of Theorem 2.14.
STEP 1: APPROXIMATION OF V. For 0 > 0, let the regularization Vy of the potential V(z) = —In|z| be
such that Vs € C°(R) N C1(R\{0}) and defined by

Ve —In|z| if|z| >0
37\ linear if z € (—6,8)\{0}

We can easily check that Vs satisfies assumptions (H) with go = 1. Using the fact that the distance
between two particles is bounded from below, we deduce that p defined in (14) satisfies

Ou = (c(z) + L + Mu(t,)](x)) |Vu| on (0,T) x R. (72)
with
cly) =Vy(y) — F and J =V§" on R\{0} (73)

as soon as 0 < §(T) := doeVo'lT Indeed, Since Lemma 8.2 nnphes that for all ¢ € [0,T], we have
d(t) > doe=1Vo'l=T  we can replace the potential V with Vs for § < dpe~!"o'l=T and the ODEs system
remains equivalent.

In the sequel, we use the following functions

VI/(z) for zeR\{0
J‘;(Z):{ 05 for z=0 o
M

4 olU)(@) = / dz Js(2) (EU(z + )~ Ulz) +p-2) — p- 2

-0 . . . . .
and H s denotes the effective Hamiltonian associated with J;.

STEP 2: ESTIMATE FOR THE APPROXIMATE EFFECTIVE HAMILTONIAN.
Lemma 8.5 (Lipschitz continuous sub/supercorrectors). Let v denote the solution of

Hy = (c(x) + L+ Mys]) [p+Vo| in R

—Sup( ”“"_y|2>, v.(a) = inf (v(y)-i— |2 ;6y|2>.

There then exists a constant C(p) depending only on |p| such that for 6, n € (0,C(p)ve), we have

and consider

Hy(L,p) < (c(x) + L+ C(p)VE|Velloo + My[v°]) p + Voe, (74)

Hy(L,p) > (c(@) + L= Cp)VE|Velloo + Ny pfvc]) Ip + T, (75)

Proof. We just make the proof for v and we assume that

|z — . |?
€ — —
v¥(z) = v(x.) .
It is classical that v® is Lipschitz continuous and
C
Ve oo < NG (76)
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where the constant C' depends only on ||v||s < 2|p|. Hence C = C(p). Moreover, for any ¢ € DV ve(z),
it is classical that ¢ € DV Fo(z.), ¢ = 2=% and |z — 2| < C(p)y/e, where the constant C' depends on
[[v]]oo. We thus deduce that

Hy(L,p) < (c(z2) + L+ My sv)(22)) [p +d]

<
< (c(x) + L+ Cp)Ve|Velloo + My s[v%](2)) [p + g

where we have used that
v(xe + 2) —v(ze) < v°(x + 2) — 0% ().

Now using (76), we can replace M, 5[v°](x) with M, ,[v®](z) for n, 6 € (0,C(p)y/e). Indeed, for |z| < ¢ or
|z| <n, we have
[0 (2 + 2) = v*(2) = p- 2 < (C(p)e™"/? + |p|) max(d, ) < 1

as soon as max(d,1) < C(p)y/e and we obtain

/ dz Js(2)Ei(ve(z + 2) —ve(x) —p- 2) = / dz Jy(2)E(ve(x + 2) —ve(x) —p-2) = 0.
|| <max(8,n)

|z| <max(8,7)
This implies (74). O
. . —0 —0 .
We derive from the previous lemma the convergence of H; towards H,. We even get an error estimate:

Lemma 8.6 (Limit of ﬁg). There exists FS(L,p) such that

(1, p) ~ Hg(L.p)| < @
é

for & small enough.

Proof. We deduce from Lemma 8.5 that Fg(L,p) < Fg(L + L',p) for n, 6 € (0,C(p)ve) and with
L' = C\/e||Ve|ls- Since the constants are independent on L, L', we deduce that

Hy(L—L',p) <H,(Lp) <Hj(L+L,p) forall n,de(0,C(p)vE).
Setting ﬁg(L,p) = limsup, FE(L,p) and using Theorem 2.6, point 5, we then get (77). O

One can now check that ﬁg satisfies Theorem 2.6 excepted the point 4 and point 9. We now turn to
the proof of convergence itself.

STEP 3: THE PROOF OF CONVERGENCE. Let us consider 7" > 0 and try to prove that p® converges towards
u0 on (0,7) x R. In order to do so, choose for any ¢ > 0 a § = () such that p® is a (discontinuous)
solution of (1) with J replaced with Js(.y. We still have (69) but now u* is associated with Js. instead of
a fixed J. We need to check that the convergence proof of Theorem 2.5 can be adapted. This is possible
thanks to (77), that permits to pass from the exact effective Hamiltonian H® to the approximate one Fg(e),
and thanks to Lemma 8.5 that permits to prove that Lemma 6.1 is still satisfied by using a regularized
supercorrector v.. Let us give more details. We first prove that the initial condition is satisfied. Since wug
is Lipschitz continuous, we get that

M {uo(-); Ct} :/l

1
21> TougTes

& To(E (uo(x tez) — uo(:c)>

e

is independent of § if § < | , and so (29) remains true with a constant C independent of € and 4.

1
[Vuolloo
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We now turn to the equation. The idea is to use Lipschitz continuous sub/supercorrectors to control
the distance between particles. Using notation of Section 6 we now prove by contradiction that @ is a
subsolution of (7). Hence we assume that

—0 —0
at¢(t07x0) = HO(L07p) + 0/ = H5<L07p7 0) + 0

for § small enough and where we have used (77). Moreover, we can replace (47) with

0 p(to, o) = FS(LO +208,p, o) + >

We now replace the bounded corrector of Section 6 with a Lipschitz continuous supercorrector. More
precisely, we consider the solution v of

A= (c(y) + L+ Mﬁg[v](y)) Ip + Vvl

and we set
|z — z)?

ve(z) = inf (U(y) + 25) =v(ze) + -
where L = Lo + 28 and A = Hs(Lo, p,0). By Lemma 8.5, we deduce that v, is a supersolution of
A= (ely) + L= OVEVeloo + M sfoc] @) Ip + Ve
for § < C(p)y/e. We now consider e such that C'v/2||Ve||o < 8 and we get that v, is a supersolution of
A= (ely) + Lo+ B+ Mgs[oc] (@) ) [p + Vee|

Using the fact that v. is Lipschitz continuous, we get that M “s[ve] is independent of ¢ for § < C(p)y/e
and so the rest of the proof is exactly the same as the one of Theorem 2.5 with J replaced with Jj. O
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