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Abstract
We study a generalization of the fully overdamped Frenkel-Kontorova model in dimension n > 1. This model
describes the evolution of the position of each atom in a crystal, and is mathematically given by an infinite
system of coupled first order ODEs. We prove that for a suitable rescaling of this model, the solution converges
to the solution of a Peierls-Nabarro model, which is a coupled system of two PDEs (typically an elliptic PDE
in a domain with an evolution PDE on the boundary of the domain). This passage from the discrete model to
a continuous model is done in the framework of viscosity solutions.
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1 Introduction

In this paper we are interested in two models describing the evolution of defects in crystals, called
dislocations. These two models are the Frenkel-Kontorova model and the Peierls-Nabarro model. The
Frenkel-Kontorova model is a discrete model which describes the evolution of the position of atoms in
a crystal. On the contrary, the Peierls-Nabarro model is a continuous model where the dislocation is
seen as a phase transition. The main goal of the paper is to show rigorously how the Peierls-Nabarro
model can be obtained as a limit of the Frenkel-Kontorova model after a suitable rescaling.

1.1 Peierls-Nabarro model

Let us start to present the Peierls-Nabarro model. We set

Q={x=(r1,....,24,) € R", x, > 0},
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and for a time 0 < T' < 400, we look for solutions u" of the following system with 3 > 0:

Bul(z,t) = Aul(z, 1) (z,t) €Q x (0,7)

uwd(z,t) = F(u(x,t)) + g—go(:n,t) (z,t) €9 x (0,T), (L)

where the boundary 02 is defined by:
N ={z = (z1,...,zy) € R", z,, =0},

and the unknown u’(x,t) € R is a scalar-valued function with the initial data

€Q:=0QuUQ if B3>0
u’(x,0) = up(x) for v 1 b (1.2)
x € 0N if g=0.
We assume the following conditions on the function F': R — R and on the initial data ug :
uy € W3°(Q if 3>0
F e W?*®(R) and ’ 3 “) ] B (1.3)
uy € W=°(09) if g=0.

For simplicity we have taken a high regularity on the initial data, but this condition can be weaken.
The classical Peierls-Nabarro model corresponds to the case § = 0 with a 1-periodic function F' (see
Section 2). For a derivation and study of the Peierls-Nabarro model, we refer the reader to [22] (and
[30, 28] for the original papers and [29] for a recent review by Nabarro on the Peierls-Nabarro model).
Let us mention that a physical and numerical study of the evolution problem (1.1) has been treated
in [27].

In this paper we consider the general case 8 > 0, since the case 8 = 0 is natural in the Frenkel-
Kontorova model (see Section 2), and mathematically the case 5 > 0 is easier to study. In the special
case § = 0, this problem can be reformulated (at least at a formal level) as a nonlocal evolution
equation written on 0f2 in any dimension. See in particular [18] for such a reformulation in dimension
n = 2 and a limit of the Peierls-Nabarro model to the discrete dislocation dynamics (see also [26] for
a homogenization result of the Peierls-Nabarro model). We refer the reader to [10] for the study of
stationary solutions of our model when F' = —W"'.

1.2 Frenkel-Kontorova model

We now present the Frenkel-Kontorova model. This is a discrete model which contains a small scale
€ > 0 that can be seen as the order of the distance between atoms. We set the discrete analogue of

Q:
QF = ()"t x e(N\ {0})

with discrete boundary
00 = (eZ)" ! x {0},

and we set
0° = Q°UaNe.

We look for solutions u(x,t) with x € O, t >0, of the following system for 5 > 0:

Bui (x,t) = A%[u®](x, ), (z,t) €Q° x (0,T)
ui (z,t) = F(u(z,t)) + D [u’](x,t), (z,t) €0Q° x (0,7T),



with initial data o
e if >0

. (1.5)
x € 00° if =0,

u(z,0) = up(x) for {

where we have used the following notation for the discrete analogue of A and % respectively:

M)t == S (et ey t) — s (m,1)

y€eZ", |y|=1

> (W (z + ey, t) — u®(z, 1))

yeZ™, lyl=1,yn=>0

(1.6)
D[] (x, t) =

™ | =

In this model, the function u(x,t) describes the scalar analogue of the position of the atom of index x
in the crystal. The classical fully overdamped Frenkel-Kontorova model is a one dimensional model.
It corresponds to the particular case n = 2 where u®(z,t) = 0 if x € QF, and therefore only the
uf(ex,t) for x € Z x {0} can be non trivial (we refer the reader to [9]). Remark that in the case
B > 0, we can consider classical solutions using the Cauchy-Lipschitz theory, while at least in the
case # =0, it is convenient to deal with viscosity solutions (see Section 3).

More generally, Frenkel-Kontorova are also used for the description of vacancy defects at equi-
libruim, see [20]. See also [19], where the authors study the problem involving a dislocation inside
the interphase between two identical lattices. Their model corresponds to our model (1.4) at the
equilibrium with F' = —W' where the potential W is a cosine function. For other 2D FK models, see
[12, 13]. For homogenization results of some FK models, we refer the reader to [17].

1.3 Main result

Our main result is the following theorem which establishes rigorously (for the first time up to our
knowledge) the link between the two famous physical models: the Frenkel-Kontorova model and the
Peierls-Nabarro model.

Theorem 1.1 (Existence, uniqueness and convergence)

Let e >0, >0 and 0 < T < +oo. Under the condition (1.3) there exists a unique discrete viscosity
solution u® of (1.4)-(1.5). Moreover, as € — 0, the sequence u® converges to the unique bounded
viscosity solution u® of (1.1)-(1.2). The convergence u® — u® has to be understood in the following
sense: for any compact set K C Q x [0,T), we have:

A formal version of this result has been announced in [16]. We refer the reader to Section 3 for
the definition of viscosity solutions. The proof of convergence is done in the framework of viscosity
solutions, using the half-relaxed limits. The uniqueness of the limit u? follows from a comparison
principle that we prove for (1.1), using in particular a special test function introduced by Barles in
[5]. Most of the difficulties arise here from the unboundedness of the domain, and in the non standard
case 3 = 0, where the evolution equation is on the boundary of the domain instead of being in the
interior of the domain. Let us notice that because system (1.4) can be seen as a discretization scheme
of system (1.1), then Theorem 1.1 can be interpreted as a convergence result for such a scheme. In
the literature on numerical analysis of finite difference schemes, we find other results of convergence
for different equations (see for instance [8] and [7]). Let us mention that an estimate on the rate of
convergence of u® to u” is still an open question for our system.



Remark 1.2 From the proof of Theorem 1.1, it is easy to see that the result still holds true if I
is replaced by a sequence (F¢). of functions which converges in W2>°(R). For such an example of
application, see (2.3) at the end of Section 2; see also [16].

1.4 Organization of the paper

This paper is organized as follows. In Section 2, we present the physical motivation to our problem.
In Section 3, we present the definitions of viscosity solutions for the discrete and continuous problem
(1.4)-(1.5) and (1.1)-(1.2) respectively. Section 4 is dedicated to construct uniform barriers of the
solution u® of (1.4)-(1.5). Using those barriers, we prove in Section 5 the existence of a solution for
the discrete problem (1.4)-(1.5). Section 6 is devoted to the proof of Theorem 1.1. Sections 7 and 8
are respectively devoted to the proofs of the comparison principle for the discrete problem (1.4)-(1.5)
and the continuous problem (1.1)-(1.2), that were presented in Section 3 and used in the whole paper.
Finally, in the Appendix, we give a convenient corollary of Ishii’s lemma, that we use in Section 8.

2 Physical motivation

2.1 Geometrical description

We start to call (e, e, e3) an orthonormal basis of the three dimensional space. In the corresponding
coordinates, we consider a three-dimensional crystal where each atom is initially at the position of a

node I of the lattice )

This lattice is simply obtained by a translation along the vector %63 of the lattice Z3, and will be
more convenient for the derivation of our model. We assume that each atom I € A of the crystal has
the freedom to move to another position I + uyes where uy € R is a unidimensional displacement.
In particular, we will be able to describe dislocations only with Burgers vectors that are multiples
of the vector es (see [22] for an introduction to dislocations and a definition of the Burgers vector).
Moreover we introduce the general notation

I

(I',—1I3) forall I=(I'I3)cZ?x <% + Z> with I' = (I1,1,) € Z?

and will only consider antisymmetric displacements uy, i.e. satisfying
uj =—uy forall IeA. (2.1)

We also introduce the discrete gradient

J u[-l—el —ur
(Vou)r = | urse, —ur
u[—i—eg —ur

Generally, the core of a dislocation is localized where the discrete gradient is not small. In our model,
screw and edge dislocations will be represented as follows.



Screw dislocation
For I = (I1,15,13), we can consider a dislocation line parallel to the vector es, with a displacement
uy independent on Iy, i.e. such that u; = s(Iy,I3). We will assume for instance that

s(Il,+%):—s(Il,—%)—>0 as I} — —o0
s(I,+3) = —s(I1,—3) =& as I} — +oc.

Moreover, if there is no applied stress on the crystal, then it is reasonable to assume that
dist ((Vdu)I,Z?’> —0 as |([1,I3)] — +o0

which means that the crystal is perfect far from the core of the dislocation.

Edge dislocation

For I = (I1,12,I3), we can consider a dislocation line parallel to the vector e;, with a displacement
uy independent on I, i.e. ur = e(I9,I3). We will assume for instance that

e(I2,+3) = —e(Is,—3) =0 as Iy — —o0
e(I2,+3) = —e(Is,—1) — 3 as Iy — 4oo.

Moreover, if there is no applied stress on the crystal, then it is reasonable to assume that
dist ((Vdu)I,Z3) —0 as |(2,I3)| — +oo.

Remark that this model can also describe more generally curved dislocations, which are neither screw,
nor edge, but are mixed dislocations.

2.2 Energy of the crystal

We assume that each atom [ is related to its nearest neighbors J by a nonlinear spring, whose force is
derived from a smooth potential W7 ;. Then formally the full energy of the crystal after a displacement

u = (ur)rea is

E(u) = = Z Wiy(ur —uy).
LJEA, |I-J|=1

We assume that the dislocation cores are only included in the double plane I3 = :l:%. We also assume
e W(a) |I3] = | 3] = 3
9 a if 13 = J3 =3
Wriy(a) = . 2

1te) { Wa)  if [I3]#5 or |Ja]#35.

Here € > 0 is a small parameter. This means that the springs lying between the two planes I3 = :l:%
are very weak in comparison to the other springs. This will allow the core of the dislocation to spread
out on the lattice as € — 0 and will allow us to recover the Peierls-Nabarro model in this limit, after
a suitable rescaling.
Notice that, to be compatible with the antisymmetry (2.1) of the crystal, it is reasonable to
assume that
W(—a) =W(a) forall ae€R.

Recall that each line of atoms I° + Zey only contains atoms of identical nature (i.e. surrounded by
a similar configuration of springs). Therefore for uy = s(I1,13), a lattice of atoms at the position



I + uyes and another lattice of atoms at the position I + ujyeq + k(h,lg)eg with arbitrary k(11,13) €7
are completely equivalent. = Therefore their energy should be the same, and it is then natural to
assume that the potential W is 1-periodic, i.e. satisfies

W(a+1)=W(a) forall acR.
We will also assume that non-deformed lattices minimize globally their energy, i.e. satisfy
W(zZ)=0 and W >0 on R\Z.

Let us now assume that a constant global shear stress is applied on the crystal such that it creates
a global shear of the crystal in the direction es with respect to the coordinate I3. This means that
there exists a constant 7 € R such that

dist ((vdu)f - Teg,z?’) 0

as I goes far away from the core of the dislocation. Remark that this assumption is compatible with
the antisymmetry (2.1) of w. If there is no dislocations, we can simply take for instance uy = 713.

2.3 Fully overdamped dynamics of the crystal

The natural dynamics should be given by Newton’s law satisfied by each atom. This dynamics is very
rich and for certain shear stress 7, it is known (see [14, 21]) in 2D lattices that certain edge dislocations
can propagate with constant mean velocity. This is due to the fact that part of the energy is lost by
radiation of sound waves in the crystal. This phenomenon is similar to the effective drag force created
by the surrounding fluid on a boat or an air plane. The resulting behaviour is a kind of dissipative
dynamics that we modelise here by a fully overdamped dynamics of the crystal. See [23, 25, 24])
for a fundamental justification of overdamped type dynamics based on explicit computations in a
1D Hamiltonian model. For general physical justifications of the dissipative effects in the motion of
dislocations, see also [22, 1].

We recall that we assume that the dislocation cores are only contained in the double plane I3 = i%.
For this reason, we will artificially distinguish the dynamics inside this double plane and outside this
double plane. We consider the following fully overdamped dynamics (where the velocity of each atom
is proportional to the force deriving from the energy) which is written formally as:

1 i |3 =

1
o i |Is £ 1 (2:2)

aruy = —VUIE(U) with aj = {
27

for some constant o« > 0. Here 47 denotes the time derivative of the displacement u; and

Vo, E(u) == Z Wi (ur —uy).
JeA, |J-I|=1

Remark in particular that this dynamics preserves the antisymmetry (2.1) of u. For slow motion of
dislocations (i.e. small velocity with respect to the velocity of sound in the crystal), it is reasonable
to assume that o = 0, i.e. the lattice is instantaneously at the equilibrium outside the double plane
I3=+1.

We also assume that the potential is harmonic close to its minima, i.e. satisfies

2
1
W(a):% for |a\§5<§



and assume that the strain is small enough in the crystal outside the double plane I3 = i%, i.e. we
assume that

1 1
lug —ur| < forany J,I €A suchthat |[J—I|=1 and |13|7£§ or |J3|7£§

This assumption allows us, in the region I3 # i%, to consider forces that can be expressed linearly
in terms of the displacement. We also set

T=¢c0 forsome oc€R and vy =u;—eols.

Using the antisymmetry of the solution (2.1), we deduce that we can rewrite the dynamics (2.2) with
a=0 as

1
0= — 5
Z (UJ ’U]) for I3> 5
JeA, |J-I|=1
. ! 1
vy =co — W (21)1—1-50)—1— Z (UJ—UI) for I3 = 5-
JEN, |J-I|=1, J3>1

\

Then we see that
t

(@ t) = vz gy <E>
solves (1.4) with § = 0 and F replaced by

F*(a) =0 — W'(2a + e0). (2.3)

Remark 2.1 At the level of modeling, we could also consider more general lattices than Z™ with
more general nearest neighbors interactions, but this case is not covered by the result of Theorem 1.1
and would require a specific work.

3 Viscosity solutions

In this section we present the notion of viscosity solutions and some of their properties for the
discrete problem (1.4)-(1.5) and then for the continuous problem (1.1)-(1.2). For the classical notion
of viscosity solutions, we refer the reader to [3], [4], [15].

3.1 Viscosity solutions for the discrete problem

Before stating the definition of viscosity solutions for the discrete problem (1.4)-(1.5), we start by
defining some terminology. Let €, > 0 and 0 < T" < 400. Given a point Py = (xq,ty) € Q" x [0,7),
the set N5 (tg) C Q x [0,7) is defined by:

NE(Py) ={P = (y,t) e Q" x [0,T); |y — x| <& and |t —to| < 5} (3.1)
The spaces USC(Q° x [0,T)) and LSC(Q" x [0,T)) are defined respectively by:

USC(QY x[0,7)) = {u defined on Q° x [0,T); V2 € O, u(z,-) € USC(]0,T))} (3.2)



and
LSC(Q° % [0,T)) = {u defined on Q" x [0,T); V& € O, u(x,-) € LSC([0,T))}, (3.3)

where USC([0,T)) (resp. LSC(]0,T))) is the set of locally bounded upper (resp. lower) semi-
continuous functions on [0,7). In a similar manner, we define the space C*(Q° x [0,T)), k € N,
by:

CHQ° % [0,T)) = {u defined on Q° x [0,T); Vz € O, u(z,-) € C¥([0,T))}. (3.4)

Next, given 8 > 0, we present the following definition:

Definition 3.1 (Viscosity sub/super solutions)
1. Viscosity sub-solutions. A function u € USC(Q x [0,T)) is a viscosity sub-solution of problem

(1.4)-(1.5) provided that:
e if 8>0

() u,0) < () for { oo ol
(ii) for any o € C*(Q x[0,T)), if u— has a zero local mazimum at a point Py = (x9,t9) € Q& x[0,T)
(i.e. 36 > 0 such that VP € N§(Fy), we have (u — ¢)(P) < (u— ¢)(Py) = 0) then

R for Py € QF x (0,T) if 8>0
590t(P0) <A [‘P](PO) for P(O] c OF x [O,T) if =0 (3‘5)
et(Po) < F(p(P)) + DFlp)(Po)  for Py € 09 x (0,T).

2. Viscosity super-solutions. A function u € LSC(Q" x [0,T)) is a viscosity super-solution of
problem (1.4)-(1.5) provided that:

ze if >0

x € 08)F if =0,
(ii) for any ¢ € CY(Q x[0,T)), if u— ¢ has a zero local minimum at a point Py = (xq,to) € O x[0,T)
(t.e. 30 > 0 such that YP € N§(Py), we have (u — ¢)(P) > (u® — ¢)(Py) = 0) then

(i) u(x,0) > ug(x) for

R for Py € Q° x (0,7) if 8>0
Ber(Po) 2 A71¢l(R) for Pe @ x [0,T)  if B0 (3.6)
ei(Po) = F(o(Po)) + De[e|(Py)  for Py € 0Q° x (0, 7).

3. Viscosity solutions. A function u € CO(Q° x [0,T)) is a viscosity solution of problem (1.4)-(1.5)
if it is a viscosity sub- and super-solution of (1.4)-(1.5).

Definition 3.2 We say that u is a viscosity sub-solution (resp. super-solution) of (1.4) if u only
satisfies (ii) in the Definition 3.1.

Remark 3.3 Note that a function u is a viscosity subsolution of (1.4) if it satisfies the viscosity

inequalities on Q& x (0,T) if 3 >0 and on (ﬁe x (0,T)) U (Q° x {0}) if B=0.

Theorem 3.4 (Comparison principle in the discrete case)
Letu € USC(Q x[0,T)) (resp. v € LSC(QX x[0,T))) be a viscosity sub-solution (resp. super-solution)
for the problem (1.4)-(1.5) where 0 < T' < oo, such that HUHLOO(ﬁEx[O,T))’ ||U||L°°(§5x[0,T)) < 4+00. Then

u(x,t) <v(z,t) forall (z,t) € Q x[0,T).

Theorem 3.4 will be proved in Section 7.



3.2 Viscosity solutions for the continuous problem

Similarly as in subsection 3.1 we denote by USC(Q x [0,7)) (resp. LSC(Q x [0,T))) the set of
locally bounded upper (resp. lower) semi-continuous functions on Q x [0,7). We also denote by
C*(Q x [0,T)) the classical set of continuously k-differentiable functions on Q x [0, 7).

Definition 3.5 (Viscosity sub/super solutions)
1. Viscosity sub-solutions. A function u € USC(Q x [0,T)) is a viscosity sub-solution of problem
(1.1)-(1.2) provided that:

Q x {0} if B3>0

o0 x {0} if B=0.

(ii) for any ¢ € C2(Q x[0,T)), if u— has a zero local mazimum at a point Py = (xo,t) € Qx[0,T)
then

Bei(Po) < Ap(F)

(i) u < wug on

for Py € Q x (0,7) if 8>0
for Py € Q x [0,T) if 6=0
min{ B (75) = AglF)  e(Fo) = Flplth) = 5E1) | <0 for By € 00 % (0.7)

(3.7)
2. Viscosity super-solutions. A function u € LSC(Q x [0,T)) is a viscosity super-solution of
problem (1.1)-(1.2) provided that:
, Q x {0} if 8>0
(1) u > up on .
o0 x {0} if B=0.
(ii) for any p € C*(Qx[0,T)), if u— has a zero local minimum at a point Py = (zo,t9) € Q2 x [0,T)
then

Beor(Po) > Ap(Py) for BpeQx(0,T) if >0

for By eQx[0,T) if B=0
0

max { B 15) = Ap(P) . (Po) = Fol?h) = 5570) | 20 for By € 00 x (0.7)

(3.8)
3. Viscosity solutions. A function u € C°(Q x [0,T)) is a viscosity solution of problem (1.1)-(1.2)
if it is a viscosity sub- and super-solution of (1.1)-(1.2).

Theorem 3.6 (Comparison principle in the continuous case)
Letu € USC(Q2x[0,T)) (resp. v € LSC(Q x [0,T))) be a viscosity sub-solution (resp. super-solution)
of problem (1.1)-(1.2) where 0 <T' < o0, such that |[ull Lo @ixo.1)) V]| Lo @x o)) < F00- Then

u<v on Qx][0,T)
This theorem will be proved in section 8.

Remark 3.7 Remark that in the case = 0, the problem can be reformulated (at least for smooth
solutions) as a monlocal evolution equation written on the boundary 0. See for instance the work
[11] on the relation bewteen fractional Laplacian and harmonic extensions. Note that there is also a
viscosity theory for nonlocal operators (see [6]).

4 Construction of barriers

This section is devoted to the construction of barriers for the solution u® of (1.4)-(1.5) for all 5 > 0.



4.1 Discrete harmonic extension

Here we construct the discrete harmonic extension of ug on ﬁa, i.e. we prove the existence of a
solution of the following problem

Dy .
{ — A =0, in Q! (4.1)

ué) = Uy, on o0,
where Al = A® for ¢ = 1 is defined in (1.6). We note here that, for the sake of simplicity, we have
taken ¢ = 1, while otherwise it can be treated in the same way (or simply deduced by rescaling). We

will say that a function u is a sub-solution (resp. super-solution) of (4.1) if the symbol “="in (4.1) is
replaced by the symbol “<”(resp. “>").

Lemma 4.1 If ug € L>®(90}), then there exists a unique (viscosity) solution of (4.1) on Q.

Proof.
Step 1: Existence.
Define

uw=supug and wu = inf ug,
01 ot

then u (resp. @) is a sub- (resp. super-) solution of (4.1). Consider now the set
S = {u 0 - R, subsolution of (4.1) s.t. u < u < ﬂ} ,
and in order to use Perron’s method, we define

uOD ‘= supu.
ueS

Using the fact that the maximum of two sub-solutions is a sub-solution, it is possible to show that uOD
is a sub-solution of (4.1). Hence, it remains to prove that u{’ is a super-solution for (4.1). Suppose

that there exists xzg € Q' such that

— A'ul)(x0) <0, ifze Q!
or

ud (z0) < uo(zo), if 29 € 0O
Then we construct a sub-solution w € S such that w > ug) at xg. Two cases are considered.
Case —Aud](x) < 0 for xg € 2. Let w be defined by

0

YT o) + A Wl 0) @ =

<

We check that v < w < w, and we compute

> AYul)(x) >0 if z#x

0 if z=x,

Alfw](z) = {

10



where we have used the fact that w > uOD to deduce the inequality. Therefore, we have w € S and
w(wg) > ul’ (o) which is a contradiction.

Case uf (xp) < up(xg) for xp € 0. Let w be defined by

D .
w(z) :{ ug (x) if @ # @,

ug(zo) if == xg.

By construction, we have u < w < u. Moreover, as w > uOD it follows that Al[w] > Al[uOD | > 0on
QL. Therefore w € S and w(wg) = up(zo) > uf (z0); this implies a contradiction.

Step 2: Uniqueness.
We simply adapt case 1 i) of the proof of the comparison principle (Theorem 3.4), given in Section
7. O

4.2 Continuous harmonic extension

For the case 3 = 0, we need to consider the harmonic ”extension” ug : Q — R of the initial data ug.
This function is the solution of

{—Auon on (4.2)

UG = U on Of.

This section is devoted to recall the existence of the continuous harmonic extension and to show
some of its properties. Let z = (2/,2,) € Q where 2’ is identified to an element of 9Q and z, > 0,
and let H be a new function defined by

2z,

! ——

where w,, is the measure of the (n — 1)-dimensional sphere in R"”. Now, we define uf by

ug(z) = - H(z' — 2, xp)ug(2)d2 for all x = (2',z,) € R" ™ x (0, +00). (4.4)

Note that H(z' — 2, x;,) is the Poisson kernel. We have the following three lemmas:

Lemma 4.2 (Ezistence of a continuous harmonic extension)
If ug(2') is bounded and continuous for 2" € 0Q, then the function uf(x) defined by (4.4) belongs to
C>®(Q2) and is harmonic in Q0 and extends continuously to ) such that u§ = ug on O€.

Proof. See [2, Section 7.3, p. 129]. O

Lemma 4.3 (Estimate on the harmonic extension)
If ug € W32°(0R), then we have

| Dug(z)| < for allz = (2, z,) € R"™ x (0, +00). (4.5)

D2 C <
= 1+xn7 ‘ UO(Z')‘

— 1422

n

Proof. Since ug is bounded, then by adding an appropriate constant to uy we can always assume,
without loss of generality, that uy > 0. From (4.4) and from the following property (see [2, p.126])

H(zx' — 2 2,)d2' =1 foralz= (2 2,) €,
[2/9]

11



we have:

lug| < /8Q H(x' — 2 2n)|uo(2)] d2’ < |lugl| Lo /8Q H(x' — 2 x,)d2 = ||lugl|pee,

and then
l[ullLoe < lluollzoe- (4.6)
Next, for z = (2/,2,) € R" ! x (0, 400), using (4.3) and (4.4), we have, on the one hand with p = %:
7 S J—C RV g - )
Wm0~ Joo @@ — TPV oo @B+ (@ — 2Ry
then we obtain .
Oug | _ Nuollee | ol - €
8!En Tp Tn L,
where we have used (4.6). On the other hand, we have:
w Oz’ oq (22 + (af — 2/)2)n/2+1
then, using Young’s inequality:
1
zala’ = 2 < S(an + (@ = )7, (4.9)
we conclude that
C /
8uO < %/ UO(Z) dZ/S LHUOHL“’ < g
oz’ 2 Joq (@2 + (af — 2/)2)n/2 2y, Tn,
Therefore
. C
Do) < =

n

In order to prove the second inequality in (4.5), we differentiate (4.7) and (4.8), we get

Lo [ _wEmnl] g, [ a0 ) o o)
noxe ~ Joo @+ @ =P oa T (@ @ |

where I’ is the identity matrix of R"~!, then, as 1/(22 + (2/ — 2/)?) < 1/22, we obtain

2

uo (2 )y, , / ug (2 )y (2 — 2) ,
d 2 dz'.
n/{m (3:% n (:E/ o Z/)2)n/2$% z —I—n(n—i— ) 50 (:E% + (3:/ o z/)2)n/2($% + (gj/ _ z’)2)2 c

1| 9%u§
| 0x'ox’ | —

Thus, using the following inequality

1
—,
‘TTL

we deduce that

<=2, (4.10)




Moreover, we have

o5 _ [ @ =) [ uEedmn e )

el s r K M e
o w()en(mana' =) w2 )
ST e rarir R Tl M et

Then, using (4.6) and (4.9), we infer that

0*ug C
< —.
02’ 0xy | — a2
Next since,
1 0%u uo(2")z ug (23
— =-3 n ds' 2 n ds
p 0z Oy, ! /89 (2 + (¢/ — 2)2)n/2H1 @ +nlnt )/aQ (22 + (2! — 2)2)n/2+2 i

we use similar arguments as above in order to obtain

0*ug C
< —.
Orn0xy, | — 22

Notice that this last inequality also follows from (4.10) joint to the harmonicity of wg.
Finally, we use Schauder’s estimate near the boundary 052 :

4Gl 20 @ rogna < C (1AUG]ca (B @r0)n0) + [Uolc2a(s, (@ 0)n00)) = Cluolcza(s, @ 0nan),

for all 2’ € R"7! where C® and C%®, o € (0,1), are the Holder spaces of order a and 2 + a,
respectively. The ball B,.(z',0), r = 1,2, stands for the ball of center (2’,0) and radius r. We finally
conclude that:

sup |u0|c2 (B (z/,0)NQ) <C sup |u0|C’2 1% (Ba(z',0)N0N) s
z'eRn—1 2/ eRn—1

and the result follows. O

Lemma 4.4 (s-uniform bound)
Under the assumption (1.3) we have

D° ) ()] < —

< Tia |A®[ug](z)| < G for all x = (2, x,) € QF, (4.11)

14 a2

where Cy > 0 is a positive constant independent on e.

Proof. Let us set p, = 0 and p* = 1 otherwise. Then using Taylor’s expansion, we have for x € °:

eDe[uf]( Z Z p; (ug(x £ee;) — ug(x Z Z p; / dtDug(z + ete;)(£ee;),

+ =1 + =1
where e; = (0,...,0,1,0,...,0) is the unit vector in R with respect to the ¢ component. Then, using
(4.5), we get
1
|D[ugl(z)] < (2n —1)  sup / dtpF | Du§(z + ete;)| < 1 .
1<i<n’o + T
+

13



Then, in order to terminate the proof, it is sufficient to write A¢ [uOD | using Taylor’s expansion as

2 A[u ZZ o(x £ ee;) — ug(x))

+ =1

— ZZ (iEeZVuO / dt / dsD*ug wissei)(isei)(isei)) (4.12)

noopl t
= £ ;Z/O dt/o dsD*u§(x + ese;) - (es, ;).
i=1

Thus, thanks to (4.5), we finally obtain:

C
ATug)(@)] <20 sup /dt / ds| D%l (@ & se)| < —CL_
1<i<n 1+ 27

and the proof is done. O

4.3 Uniform barriers for 3 > 0

In this subsection, we show uniform barriers for the solution u® of (1.4)-(1.5) for all 5 > 0 in the
special case where uy = ug.

Proposition 4.5 (Uniform barriers in ¢ for all 5> 0 for uy = uf)
Under assumption (1.3), there exists a constant C' > 0 independent on e >0, 3 >0 and T such that
if
ut(z,t) = uf(z) + C(V1I+z, —1+1) =¢
{ T (2,1) = uf (@) — C(yTF o — 1 — 1) for (x,t) € Q x[0,T), (4.13)
then w" (resp. W) is a supersolution (resp. subsolution) of (1.4)-(1.5). However, if u is a bounded
viscosity solution of (1.4)-(1.5), then we have

- <ut<ut on QO x[0,T), (4.14)
and moreover:
€
|u®(z,t)] < ||luol|lree + t||F||ree  for (x,t) € Q x[0,T).

Proof.

Step 1: sub/supersolution property

We first check that u™ is a super-solution of (1.4)-(1.5). Indeed,
o If (x,t) € O x {0}, then Tt (z,t) > u§(z) = uo(x).

o If (z,t) € 09° x (0,T), then we take C' > 0 such that

C > F@" (2,0) + Dul(a) + CDWIF @l = T (e.8) 2 F(@*(a,t)) + D[], ).

Using the fact that D*[\/T + 2,)(z,, = 0) < 3, we see that such a constant C exists.
o If (z,t) € Q° x [0,T), then we can use Lemma 4.4. We get

Cy C
A& C < <
kol (@) < 7707 < qa g e

14



where the last inequality is true for C' > 0 large enough. Moreover, by repeating the same computa-
tions as in (4.12), we easily get with f(a) =+/1+ a:

1 ¢ 1 ¢
1
e _ 7 < " < " _
A*[V1+ xy) /0 dt/o ds gi f(xy, £es) _/0 dt/o ds.2.f"(xn) < f"(zp) 0T )2
(4.15)
where we have used the concavity of the function f”. Then we have
C
€ C < — < — € vV
Alualle) = g = —CA VIRl

hence
pu; (z,t) = BC >0 > A%[ut](z,t).

As a consequence, we finally deduce that u™ is a super-solution. In a similar way, by taking in
addition the following assumption on C' :

C > —F(u (x,t)) — D[ug](x) + CD°[V/1 + ]

we can prove that ™ is a sub-solution.

Step 2: bounds on u°
Let us call v(xz,t) := |Jug||pee + t||F||re~. It is easy to check that v is a super-solution of (1.4)-(1.5).
Then

min(a ", v)
is still a super-solution and is bounded. Therefore, if u¢ is a bounded viscosity solution of (1.4)-(1.5),
we can then apply the comparison principle (Theorem 3.4) to conclude that

u® < min(ut,v).
This shows the upper bounds. For the lower bounds, we proceed similarly with max(a~, —v). O

4.4 Barriers for > 0
We have the following

Proposition 4.6 (Barriers for 3> 0)
Under the assumptions of Theorem 1.1, for every 3 > 0, there exists a constant Cz > 0 such that for
all e, if u® is a bounded viscosity solution of (1.4)-(1.5), then we have

[uf (x,t) —ug(z)| <tCs for (x,t) € Q x [0,T).

Proof.

Using in particular the fact that F is bounded and that ug € W2°°(Q), we simply check that
up(z) + tCp is a super-solution for a suitable constant Cg> 0 and apply the comparison principle.
We proceed similarly for sub-solutions ug(z) — tCjg. 0

15



5 Existence and uniqueness of a solution for the discrete problem

The aim of this section is to prove the existence of solutions of problem (1.4)-(1.5). Cauchy-Lipschitz
method is the main tool used to prove the existence of solutions for 5 > 0, while in the case § =0
we need barriers to prove the existence.

Theorem 5.1 (Existence and uniqueness, [ > 0)
Ifug and F satisfy (1.3) and 3 > 0, then there exists a unique bounded solution u®* € C’l(ﬁ€ x [0,T))
of problem (1.4)-(1.5).

Proof. The proof is done using the classical Cauchy-Lipschitz theorem. Let B := L>®°(Q°) be the
Banach space with the norm

llu|| g := sup |u(x)], for every u € B,
zeQ’

and F : B — B be the map defined, for every u € B and z € [ by

P = 5@, z €,
F(u(z)) + D[u](z), x= € 0Q°

where Af[u](z) and D[u](x) are defined as in (1.6), dropping the variable ¢ on both sides of (1.6).
Then, for every u,v € B and x € {1, we have two cases; either z € Q°, and hence we obtain

[Flu](z) = Fll(@)]s < H%As[u —ol(@)l|5

4n
— v =B,

<
= Be

or x € J€)F, then:

[Flul(z) = Flol(=)l[s

IN

[1D%[u = v(z) + [F(u(z)) = F(v(@))|]5

2(2n —1
(2= 1P e ) = ol

IN

In all cases we conclude that F is globally Lipschitz continuous. By the Cauchy-Lipschitz theorem,
we get the existence and uniqueness of a solution u?¢ € C*(Q° x [0,T)) satisfying

(1) = F[u”<]( 1),
such that u®¢(-,0) = ug(-). O

Theorem 5.2 (Existence and uniqueness, (3 =0)
Q‘uo and F satisfy (1.3) and 3 = 0, then there exists a unique bounded continuous solution u
Q" x [0,T) of the problem (1.4)-(1.5).

0,e on

Proof. We consider the solution u?¢ given by Theorem 5.1 for the choice uy = ug. Let
@ = limsup*u®® and @ = lirﬁn igf*uﬁ75.

B—0
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Then, using Propositon 4.5, we obtain

u <a<a<u and |af[a] < fluollpee + ] F L. (5.1)
Using standard arguments similar to those in Step 1.1 of the proof of Theorem 1.1 in Section 6, we
can show that @ (resp. i) is a super- (resp. sub-) solution of the problem (1.4). The only difficulty is
to recover the viscosity inequality on QF x {0}. This last inequality follows from the fact that u*° is
a classical solution and then satisfies the equation also at ¢t = 0. Finally, using (5.1), we deduce that
@ (resp. @) is a super- (resp. sub-) solution of the problem (1.4)-(1.5). Then the comparison principle
(Theorem 3.4) implies that @ < @. So @ = @ =: u®¢ is a continuous bounded solution of (1.4)-(1.5).
The uniqueness of this solution follows again from the comparison principle. O

As a conclusion, there exists a unique (viscosity) solution u* € CO(Q° x [0,T)) of problem (1.4)-
(1.5) defined by:
u?e it B> 0,
ut = (5.2)
u?e if 3 =0.

Remark 5.3 The existence of a solution could also be proven by Perron’s method.

6 Proof of Theorem 1.1

This section is devoted to the proof of Theorem 1.1. Note that in the sequel, we use the following
notation:

Qr :=Qx(0,T), 9'Qr:=00x(0,T), Qr:=Qx]0,T),

and
7:=0° x (0,7), 819% =00 x (0,T), ﬁeT =0 x [0,7),

where 0" denotes the lateral boundary.
Proof of Theorem 1.1. The proof is divided into two steps.
Step 1: u and u are, respectively, sub- and super-solution of (1.1)-(1.2).

Let u® be the bounded viscosity solution of the problem (1.4)-(1.5). We define, for (z,t) € Qr, the
functions w and u as follows:

u(x,t) == lim sup u(y, s) and  wu(x,t) = lim inf u(y, s). (6.1)
y—ax,8—=te—0 y—x,s—te—0
ye®, sel0,7) ye, se0,7)

We start by showing that @ is a viscosity sub-solution of (1.1)-(1.2).

Step 1.1: Proof of 1 (ii) in Definition 3.5.
Let o € C?(Qr) and Py = (wg,t0) € Qp such that @ — ¢ has a zero local maximum at Py. Without
loss of generality, we can assume that this maximum is global and strict. Therefore we have

Vr >0, 36 = 6(r) > 0 such that ¢ —u > § > 0 in Qp\B,.(P), (6.2)
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where B,(Py) C R™ x R is the open ball of radius r and of center Fy. Now, let w® := ¢ — u® for some
e > 0. Then, using the definition of @, and inequality (6.2), we infer that

1) —
w'>5  in O7\B,.(Py), (6.3)

for all » > 0 and for e > 0 small enough. Using [4, Lemma 4.2], it is then classical to see that there
exists a sequence P* = (z,t%) € Q7 N B,.(Py) such that, as € — 0, we have

P — Py, u*(PY) — u(FPy) and u® — ¢ has a local maximum at PZ. (6.4)
Two cases are then considered.
Case 1: Py € Q x [0,T). We argue by contradiction. Assume that there exists a positive constant
~v > 0 such that

for PpeQx(0,T) if >0

for PpeQx[0,T) if =0 (6.:5)

Bi(Po) = Ap(Fo) +

Moreover, using (6.4) and the fact that u® is a viscosity sub-solution of problem (1.4)-(1.5), we
conclude that

Be(P) < A%[p)(PF), (6.6)
and by Taylor’s expansion, this inequality (6.6) implies
Bi(PY) < Ap(PL) +0:(1). (6.7)

Combining (6.5) and (6.7) yields:
7 < =Blei(PZ) = i(Ro)) + Ap(F2) — Ap(Po) + o=(1),

where the right hand side goes to zero as ¢ — 0. This contradicts the fact that v > 0.

Case 2: Py € 9'Qp. We repeat similar arguments as in Case 1. Suppose that

min {5%(130) —Ap(Ry) , wi(Po) = Fe(Po)) — g—i(Po)} =7 > 0. (6.8)
Inequality (6.8) implies
Be(Po) — Ap(FPo) = 71, (6.9)
and
au(Po) = F(p(Fo)) = 22(Py) 2 . (6.10)

On the one hand, if P € QF, then, using (6.7) and (6.9), we obtain a contradiction by using the
same reasoning as in Case 1. On the other hand, if P* € 9'Q%., then using (6.4) and the fact that u®
is a subsolution of (1.4)-(1.5) we obtain:

pi(P7) < Fp(F2)) + D[l (FL),

and then, using Taylor’s expansion, we obtain

auP2) < 2E(P2) + Flp(P2)) +0(e)

18



Finally, subtracting this inequality from (6.10), we conclude, after passing to the limit as ¢ — 0, that
v1 < 0; contradiction.

Step 1.2 : Proof of 1(i) in Definition 3.5.
From Propositions 4.5 and 4.6, we can pass to the limit and get from the barriers

o er it 5> 0
u(z, t) uo(oc)\S{C(tJr TTao-1) if A=0 and wp= uS

Therefore for ¢ = 0 we recover 1(i) in Definition 3.5 for all 5 > 0.

for all (z,t) € Qr.

Step 2: Existence and convergence.
From Step 1 we conclude that @ is a viscosity sub-solution of (1.1)-(1.2) and by a similar manner, we
can show that w is a viscosity super-solution of (1.1)-(1.2). Moreover @ and u are bounded, because
Proposition 4.5 implies

[, [u] < fluollzee + ¢ Fll Lo

Then by the comparison principle for problem (1.1)-(1.2) (Theorem 3.6), we have @ < u. On the
other hand, by the definition of 7 and u, we have u < 7. As a consequence, we deduce, for (z,t) € Qr,
that:

u(x,t) = u(x,t) = lim uf(y, s) =: u’(x, 1) (6.11)

e—0,y—x,5—1

0 is unique, still by

as € — 0 is locally

where 4" is then a continuous viscosity solution of problem (1.1)-(1.2). Moreover u
the comparison principle. Finally, we also observe that the convergence u® — u
uniform in the following sense:

||u5—u0||Loo(Km§;) —0 as e—0,

for any compact set K C Qp. Indeed, suppose that there exists § > 0 such that for all k& > 0 there
exists € satisfying 0 < g, < % with

.0
0% = ul e e @ x(0,7)) > 0
Then, there exists a sequence P, € K N (27 x [0,T)) such that
[uf (Py) — u®(Py)| > 6. (6.12)

Now, since K N (ﬁek x [0,T)) C K with K compact, there exists a subsequence, denoted for simplicity
by Py, such that P, — P, as k — oo. Finally, taking the liminfy_,o p,—p._ in the inequality (6.12)
and using (6.11), we obtain 0 > # which gives a contradiction. (]

6.1 Other barriers and comments on another possible approach for § =0

Let us notice that for § = 0, we have natural barriers for the e-problem, which are:
uOD “(z) £ Ct

where ug) ° = uf is the discrete harmonic extension (we make its dependence explicit on €) associated
to the operator Af, and with the constant C. satisfying

Ce > D*[ul)) + || F| 1.
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Then another possible approach to show the convergence of u¢ to u°, could be to control the solution
as € goes to zero, showing that:

1) the constant C. can be taken independent on € (using the regularity of uy on 052).

2) the discrete harmonic extension uOD “ converges to the continuous harmonic extension u as € tends
to zero.

Then we could also introduce a (more classical) notion of viscosity solution in the case § = 0, assuming
that at t = 0, we can compare the sub/super-solution to the initial data (taken to be equal to the
harmonic extension ug)  for the e-problem and uf for the limit problem). Nevertheless, this other
approach would require some additional work (to show 1) and 2)), and would not simplify the proofs.

Remark 6.1 (Convergence of the discrete harmonic extension to the continuous har-
monic extension)

Notice that point 2) is a consequence of our convergence theorem (Theorem 1.1) in the case 3 = 0.
Indeed, in the case 3 = 0, the bounded solutions satisfy

|u(z,t) — ug)’a(a:)] < C.t
and then
ut(x,0) = uOD’€($).
On the other hand, the functions
ug(z) £ Cot
are barriers for the limit problem if
on

Then bounded solutions of the continuous problem satisfy

Co > 50 o + |1 Fl .

]uo(x,t) —ug(x)] < Cot

and then
u®(z,0) = u§(z).

Finally from the (locally uniform) convergence of u® to u® in particular for t = 0, we deduce that uOD o
converges, locally uniformly, to ug.

7 Proof of Theorem 3.4

In order to emphasize the main points, we perform the proof in several steps.

Step 1: Rescaling. We want to reduce the problem (1.4)-(1.5) to the case ¢ = 1 and with a
nonlinearity F' replaced by a monotone one. To this end, we introduce the new functions

U(x,t) == e Mu(ex,et), Tla,t) =e Mu(ex,et), (z,t) €Q x [0,T),

where T'= T'/e and A > 0 is a constant to be determined later. We see easily that u (resp. v) is a
sub-solution (resp. super-solution) of the following problem

Buy = A'[a] — frau in Qb x (0,7),
(7.1)
T = F(u,t)+D'm] on 0Q'x (0,T),
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and
u(x,0) = ug(ex) for {

with _
B=¢eB and F(u,t)=ece MF(eMu)— M.

We argue by contradiction assuming that

M:= sup (u—7v)>0.
Q' x[0,T)

From the definition of M, there exists a sequence P* = (2%, %) € Q' x [0, T) such that u( P*)—v(P*) —
M > 0 as k — oo. Let us choose an index kg such that

w(PR) —(Ph) > L
At this stage, if we write x = (2/,x,,) with 2’ = (x1,...,2,-1), we define
U(z,t,8) = 1 ;5s|2 + Tn— ot alg' 2+ VI an, (z,ts) e x[0,T)2
where 0,7, «,y > 0 will be chosen later, and we consider
M = Mgy 0= sup  (u(x,t) —v(z,s) — ¥(x,t,s)). (7.3)

2€Q" t,5€[0,T)

Step 2: A priori estimates. Now, if we choose 1, a,~ such that:

T, k0/2 ko %
T_tkOJra\(a: )12+ 1+ < 1

we conclude that

_ M
M > (PR — 5(PRo) — (o, tho ko) > 5 >0
Moreover, from the definition of M, there exists (T,%,3) € Q' x [0,7)? such that
u(z,t) —v(z,3) — ¥(,1,5) =M >0 (7.4)
and _ 9
s
=5, " P riTE < C (7.5)
20 T—1t
where
C= ||U||Loo(ﬁlx[0yf)) + ||v||Loo(§1X[O7T))'

Step 3: Getting contradiction. In this step, we have to distinguish two cases:

Case 1. (t >0 and 5 > 0)
In this case, we have two sub-cases:
(i) If 7 € Q'. From the definition of (%,7,3), we see that

u(z,t) < " (T,t) := M +7v(%,3) + ¥(7,t,3).
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Even if @ has not the required regularity, we see by a simple approximation argument that we can
choose B
o(x,t) =u(x,t) for x #T.

Then ¢ is a test function for @ at (Z,%) and we deduce the following viscosity inequality

B(T S + B(% ; 5) < A'[a)(z,1) — B u(Z, 1). (7.6)

Similarly, we have

(T, s) > ¢'(T,s) := —M +u(z,t) — ¥(T,t,s),

and we choose -
©'(x,s) =v(x,s) for x#T.

We then get the viscosity inequality

i E 5) > Alfp|(z,5) - BA(E.3). (7.7)

Subtracting the two viscosity inequalities and setting w(xz) = u(x,t) — v(z,3), we get

OSB(Tﬁz)z < A'[w)@) - Brw(@)
< AYM+9(-.7,39))(@)
< a Y WP+ Y. (VHu—VIi+E,) = A+ B,
ly—z|=1,yez" ly—=|=1,y€Z"

where in the second line we have used the fact that w(y) — ¥(y,%,5) < M for all y € Q' with equality
for y = Z. Remark that, B = v((T,) with, for a > 1,

Cla)=fla+1)+ fla—1) —2f(a) with  f(a) = V1 +a,

hence we get as in (4.12) or (4.15)

1 t
<<a>=§ij/0 dt/o dsf"(a+5) < f"(a)

where we have used the concavity of f”. Using moreover the a priori estimate (7.5) we have /1 +T,, <
C'/v, and we deduce that

1
4 . _
B § —C/')’ with Cl = 4—m
On the other hand, we have
A=a Y (-7 +7) < 201+ 2T)) < 2n(a +2V/aV0), (7.8)

ly—z|=1,yez"

where we have used the a priori estimate (7.5) (a|Z’|? < C). Finally, if we take o,y small enough so
that 2n(a + 2\/a/C) < C'4*, we conclude that 0 < A+ B < 0, and hence a contradiction.
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(ii) If 7 € 9N, This is a similar case of the latter one where we use the same arguments. After the
same choice of the test function, we arrive at

and

S|

-5
5
Subtracting (7.9) and (7.10), we infer that

> F(9(%,3),5) + D'[0)(Z,3). (7.10)

@ﬁaszVWﬁ—U+ > a(ly'* - [7°) + [F(u(z,7),7) — F(0(z,5),5)]
ly—T|=1,y€L" ,yn >Tn
< v+ Y. alP -7+ [FEE ).t - FEE,i),s))
ly—=|=1,y€Z"
+ [F(ﬂ(f7 Z)7§) - F(W(f’ E)’E)]. (7.11)

Now, if we take A > e[| F”|| oo (m), we get F,, <0 and
F(u(z,t),5) — F(v(z,3),5) <0, (7.12)
thanks to the fact that u(z,?) — (Z,5) > 0. Moreover, as [F;| < Co = Co(e, A, || Flly1.00(r)), we get
[Fu(z,?),7) — Fu(z,1),3)| < Colt — 5| < CovV205, (7.13)

where we have used the a priori estimate (7.5) (|f —3/|?/(26) < C). Now, substituting (7.8), (7.12)
and (7.13) into (7.11), we infer that

0< 7 1 3 < 2l 2/av/C) +~ + CovV2C3.

Finally, for n > 0 fixed, we get a contradiction by choosing d, & and + small enough.

Case 2. (t=0or 5=0)
For 7, o, v fixed, we assume that there exists a sequence § — 0 and (Z,t,35) = (E‘;,Z&, ) e Q' x [0,T)?
such that Z = 0 or 3 = 0. We deal with the case 2 = 0 as the other case 3 = 0 is similar. Then

— M
w(@,0) —0(7°,3%) = M + 9(7°,0,3) > 7 >0

From (7.5), we deduce that, up to an extraction of a subsequence, we have (z°,5°) — (Z,0) €
Q' x [0,T) as § — 0. Therefore for 3 > 0 we have

M _ _

0< - <limsup @@,0) —v(z’,3°)) < u(T,0) — v(T,0) <0,
6—0

where we have used the comparison to the initial condition. This leads to a contradiction in the case

B>0o0r f=0and T € 9. For the case f =0 and T € Q!, we get a contradiction exactly as in

case 1 1).

It is worth noticing that, in the whole proof, we first fix 1, and then we choose respectively v, «
and § small enough. O
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8 Proof of Theorem 3.6

In this section we first present the construction of an auxiliary function £ which plays a crucial role
in the proof of Theorem 3.6.

Lemma 8.1 (Auxiliary function)

Let u € USC(Q x [0,T)), v € LSC(Q x [0,T)) such that u < Cp, v > —Cp, Cop > 0, and let
M := supﬁx[QT)(u —wv) > 0. Then for all ¢ > 0, there exists a C°-function & : R™ x [0,T) — R with
€] < 3Co and a positive constant a. > 0 such that for every z,y € Q and s,t € [0,T) :

oo e (T2 E)

L) <ulae),

if u(z,t) —v(y,s) =2 M —ac, |[v —y| + |t — s| < ac and |z|, [y < c.

Proof. We essentially revisit the proof of Lemma 5.2 in Barles [5]. Without loss of generality, we can
extend the proof of our result on [0,7] by defining the end point of u and v as follows:

u(z,T) = lim sup u(y,t), v(z,T)= lim inf v(y,t).
t<T7 (y’t)—>(x7T) t<T7 (y,t)—>($,T)

Let M := Supﬁzcx[oﬂ(u — v) with By := {z € O |z| < 2¢} Let F = {(=,t) € By x [0,T]; u(z,t) —
v(z,t) = M}. We have u < Cp, v > —Cpy and u —v = M on F. This implies that

lul,|v] < Co+ M <3Cy on F. (8.1)

Moreover it is easy to check that F is a closed subset of Ba. x [0, T and that the restriction of u and
v to F are continuous. Therefore, the restriction to F of the function (z,t) — (u + v)/2 is also a
continuous function on F which satisfies (8.1). We may extend this function as a continuous function
in R" x R (still bounded by 3Cp) and then, by standard regularization arguments, there exists a
C*°-function £ such that

~ u(x,t) +v(z,t M ~
E(x,t) — (’)2 (’)'§§ on F and [/ <3Cy on R"xR. (8.2)
In order to show the lemma, we now argue by contradiction assuming that there exist two sequences
(Ta,sta.)s (Yag, Sa.) such that for a. small enough, u(z,,,te,) — v(Ya.s Sa.) = M — a. and |xq, — Yo | +
~( Tq, + tg. + S

lta. — Sa,| < ac and such that, say, u(zq,,te,) —& | =% 5 yac, e 5 Ze
subsequences, we may assume without loss of generality that (x,.,%4,), (Ya., Sa.) — (T,t). Then it
is easy to show the convergence of u(zq4,,tq,) — V(Ya,, Sa,) to M = u(T,t) — v(T,t). By considering
the upper semi-continuity of u and the lower semi-continuity of v, this implies, on the one hand,
w(zq,,ta,) — WZT,t), V(Ya,, Sa,) — v(T,t). On the other hand, by using the continuity of £, we obtain

< 0. Extracting, if necessary,

I iy I = Qe a ta- a
uf@,h) — .7 = lim <u($ac,t%) _¢ <”“’ c ;y c c;s )) <0. (8.3)

o 7.7 1) M o M 7
u(T, )—2|-U($7 )—’_? :u(f,t)—% < u(T, 1),
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which contradicts (8.3). Finally, we arrive to the result by taking &. as the restriction of 5 on [0,7)
multiplied by a cut-off function 1) € C°°(R™) such that ¢» = 1 on B, and zero outside Ba. O

Proof of Theorem 3.6. The proof is divided into three steps.
Step 1: Test function. In order to replace the nonlinearity F' by a monotone one, we define the new
functions

ui=e My and v:= e_)‘tfu,
where A > 0 is a constant which will be determined later. Obviously, @ (resp. ¥) is a sub-solution
(resp. super-solution) of the following problem

fuy = Alu) — fA\u in Qx(0,7),

o _ (8.4)
ﬂtza—xn—FF(ﬂ,t) on aQX(O,T),
and _
r e if >0
u(x,0) = fi 8.5
W(,0) = uolx) for {memz P il (35)
with

F(u,t) = e MF(eMu) — \u.
Let us assume that M := supg, (o 7 (uw — ) > 0 and let us exhibit a contradiction. By the definition
of the supremum, there exists P = (zko ¢k0) € ) x [0,T'), for some index kg, such that

M
a(PR) — g(Pko) > 5 (8.6)
Let us introduce the following constant:

Cs =l e @xpo,ry) + 17l e @x o)
We now take the following notation: = = (2, ;) with 2’ = (21,...,2,-1), and for a, v, > 0 (to be

fixed later), we can approximate the functions u, ¥ by the functions:
a(z,t) =1z, t) — alz'|? — W1+, — % < C, (8.7)
8(y, 5) =By, 8) + aly|* + 7/ T+ g + 7 > ~Cl (8:8)

and define .
M:= sup (u(z,t) — o(z,t)).

x€Q,t€[0,T)
In order to dedouble the variables in space and time, following the proof of Theorem 3.2 in [5], we
define the function ® : (Q x [0,7))? — R by:

2 2 2
- T—y B(xn — Yn t—s 2(t — s)(Tn — Yn
Blatys) = 62) L B( = ) 52) et )(22 )

— r+y t+s\ t+s
_(xn_yn)F<§< 5 9 >7 5 >7
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where the parameters B,e,0 > 0 will be chosen later. Moreover ¢ > 0 is a constant that will be
defined later (only depending on v, A, Cy, || F'|[ L (r)) and the smooth function

é‘ = gc (89)

is the auxiliary function associated to % and 9, and given by Lemma 8.1, which shows in particular
the following estimate
€] < 3C. (8.10)

We note that ®(z,t,z,t) = 0. Then we set

M = Mpes = sSup (ﬂ(l‘,t) - 27(yy S) - i)($at)y’ S)) > M. (811)
x,y€Q, t,5€[0,T)

Step 2: A priori estimates. By choosing 7, o, v small enough such that
n koy/|2 / k M
m+a|($ 0)| + v 1+$n0§§>

L~ M
M > M > a(P*) — a(PM) > - >0 (8.12)

Hence, from the definition of M, there exist sequences Z*,7* € Q, fk,gk € [0,T) such that

it follows from (8.6) that

a(@, 1) — o7, 5") - o, 75,775 — M >0 as k- oo,

and, by taking k large enough, we deduce that

_ - _ M
a(@, ™) — oyt ) — o, T, gF, ) > 5 >0. (8.13)

From (8.10), it follows that

gt 1 +§’“> 74 sk
2 72 T2
Then if we take ¢ < d < 1, Young’s inequality yields

[F((

)| < C1=Ci(\ O, [|[Fll oo (m))-

Tyt st st @i gk O @h-m)’ |, O

—k _ kT < '
(@ — I FE () =5 < 0 i S o (819)
and N .
20" —sM) (@ —wn)l _ 1 3" (@, - 7n)
< —
5 S5 2 = (8.15)
Using (8.14), (8.15), we deduce that for B > 3
Bk 7k ko o @2 (B3)(we—ye)? | (t—s)? CF2 _ CFo°
> - > — .
(T E.Y5) 2 2 g2 T 4 = 4
Using (8.13), we conclude that
(Ek - ?k)2 (%k - 5k)2 —k\/(2 —k\/|2 —k —k n n
ot g @GP 1R 1T e <G
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with (for § < 1)
2

C
Cix = Cs + Il = Cox (N, O, [ Fll oo (m))-

Then, up to an extraction of a subsequence, we have

@, 1,755 — 7,1,7,%) € ()2 x [0,T)? as k — oo,

with
_ < - - C362
(@, 1) — 9(7,3) — ®(7,L,7,5) =M >0 and &(7,1,7,5) > — 14 (8.16)
and the same a priori estimate
(T — ?)2 (t— 5)2 N2 | /2 = n n
1 n 1 —— 4+ ——— < Oy 1
R ¥ +o(|ZT "+ 7 °) +v1+T, + 0t +T___C (8.17)

Step 3: Getting contradiction. In order to get a contradiction, we have to distinguish two cases:

ase 1. (£ >0 and 5> 0)
(i) If 7 € 92 or § € 00. We only study the case T € 9 as it is similar for § € 99Q. Let
:Q x [0,T) — R be the function defined by

" (2,t) := M +0(,5) + (2, £,7.5) + ala/[* + 1T+ an +

Using (8.16), we see that ¢ is a test function for 7 and hence we obtain

u

il (Po)} <0,

Tn

i {w?@w L AG(Po) — BN, GT(Po) — (" (Po). )

where Py = (Z,t). We note that the case So¥(Py) — Ap“(Py) — fAu < 0 can be treated as in the

sub-case (ii) below, so it is sufficient to study the case where o} (FPy) — F(¢%(Ry),t) — m(PO) <0,
which implies, with Z,, = 0:

n Z(En _gn) i il z
(T —7)? 52 _2\/1+§n+F<£< 2’

£2 2 une 2
where _ - -
/ r(TH+Y T+ — — T+Yy t+5 t+3s
= P, =(F 1
g-¢ (T2, <>t<>t<s<2,2>,2) (5.19)
and _ - _
/ r (TH+Y T+ — — T+y t+35 t+3
= F), =(F 2
c-o (515 @=el(o(BLE) 5 (5.20)
are the first partial derivatives of ¢ and F. On the one hand, from (8.16) and (8.11), we deduce that
- ~ 252
a(Z,t) — 0(7,3) > M — CZ (8.21)
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From (8.17) we deduce that

7|, 7| < Co = Co(a,7,Chi) and |T—7| <ey/Chs, [t—3| <6v/2Css. (8.22)
Then in (8.9), we can choose
c= C(Oéa% /\a C*v ||F||L°°(]R)) = 02

and Lemma 8.1 gives the existence of a number a. > 0. Then choosing 0 < ¢ < § small enough, we
deduce from (8.21) and (8.22) that

a(T,t) — 0(7,5) > M —a., [T—7|+|I—-3<a. and [7],[7]<ec

Therefore, we deduce from Lemma 8.1 that

On the other hand, for the choice A > [|F'|| Lo (r)), we have F; < 0 and then we can estimate

F (5 (E;g %Jf) ,z;§> — F(u(z,t),t) > —C|t — 3. (8.23)

Now, as the terms in (8.19) and (8.20) are bounded, we conclude from (8.18), (8.23) and (8.17) that
€

n_a
___<O(52

73— 5 < O0(55) +0(e) + 0(0).

Moreover, for n > 0 fixed, we get the contradiction if we take ¢, d,~ small enough so that ¢ = £(§) <
8% < 1and v < n/T?. We note that in the case of (Z,7) €  x 9, the test function for ¥ is given by

n
T—5s

(’DU(y’ S) = _M+ ﬂ(f’f) - (i)(fv %73/7 8) - Oé|y/|2 - 1 + Yn —

(ii) If T € Q and 7 € Q. We know from (8.16) that u(z, t) —v(y,s) — ®(Z, t, 7y, 5) has a local maximum
at (Z,7,t,5), where

©(7.57.5) = A@LT,5) + a7+ 72 +7 (VIF T+ VI+T,) + s + ==

Then it is natural to apply the classical Ishii’s Lemma in the elliptic case with the new coordinates
(Z = (x,t),y = (y, s)) and this is what we do. Indeed, we only use a corollary of Ishii’s Lemma, namely
Corollary 9.3 which is given in the Appendix. Applying Corollary 9.3, we get for every pu > 0 satisfying
pA < T, (with A defined in (9.2) and T is the identity matrix of R2™+1)) the existence of symmetric
n X n matrices X,Y such that

X — - Y —
(Tlapla ( % : >) € D+ﬂ(fvt)v (7—27p27 < * : >) €D 6(?75)7 (824)
and
1 — - (X 0 ) T
—(; HIADI<{ ) _y ) SA+2u(AT+ A AY), (8.25)
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where I is the identity matrix of R?" and where all the quantities are computed at the point (Z,#,7, 3):
71 := 0P, p1 := D, ®, 7 := —0,P, pp := —Dy®, and

D2 & D2 & D2,®d D2
A= < 57 id > and A = ( vk 5° >
D2.® D ® D2® D2

A simple computation shows that

1
2 (I |-I\, 2B( L, |-1I rioN o ( gayel| O
A‘?(-I I>+g_2<—fn In>+20‘<0 I'>_Z< 0 | ol

1+y,
0 0
. P’ . _p’
0 0 ~ ~
_ ( 7’ 21%)‘ ( P 0 ) — (= —§)<D2F D2F>
n .
( o . ) ( © o ) "'\ D?F | D’F
0 0
—P’ 0 —P’ —2P,

Here [ is the identity matrix of R™ and for all ¢, j € {1,...,n}, (I,);; = 1 if i = j = n and 0 otherwise,
and (I'); j :=1if i = j <n—1 and 0 otherwise. Moreover

~ = 5 x4y T4+5
Fla,y) =FE(—— —5)

), P :=DyF=DyF, P,:=D,F=D,F,

for all z = (2/,2,) € R ! xR and y = (v,y,) € R*! x R. Then we can write the viscosity
inequalities for the limit sub/superdifferentials D (7, 3) and §+ﬂ(f, t). This gives

BT+ BNU(Z,T) — tr(X) <0
and
Bra + BXO(,5) — tr(Y) >0,

where tr is the trace of the appropriate matrix. Substracting these viscosity inequalities and using
(8.16), we get
B(0y® + 0sP) + NP+ M) < tr(X —Y),

i.e.

8 ((T Lty @ T <F>;s§>) +BA@ + ) < (X — V).

Moreover, using the definition of ®, we conclude that

5 <(T i Z)2 + (T 17 5)2 - (fn - @n)((ﬁ); + (F);§£)> + BA(M - (En - yn)F)

Tn—Tn)?  (E-32 20-3)(Tn—7

< tr(X - Y). (8.26)

Using the fact that B > 1 and M > 0, we deduce that
2.0 — 3@~ 7,) (F); + (FY,&f + AF) < tr(X )

From (8.22), we deduce that
n
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On the other hand, taking the matrix inequality (8.25) on the vectors < 2 ) and < g >, we get

(X -Y)E <K + K,

with

K—<§>TA<§>—4a\§’y2—1 S — & =A@, —7,)" DF¢
le) )T \arzgf wegd)

T
K2=2M<§> <A2+A1-A1T><§>s4u||A2+A1-A1Tu P

and

Using again the a priori estimate (8.17), we have

Y 1 1 ! 4
_ ! < -C
4 {(1 +Tp)3/2 " (1 +§n)3/2} =

and we conclude that
tr(X —Y) < 4da(n —1) — C'v* — 4@, — 7,)tr(D*F) 4 4unl||A? + A, - AT (8.28)
From (8.27) and the bounds on F in W% (R), we deduce that
25% <da(n —1) — C'y* + O(e) + 4un|| A% + A, - AT,

Because all the terms are independent on u, we can first take the limit 4 — 0. Recall that g > 0,
and then we can not use 7 to get a contradiction as usual. We then have to get a contradiction only
using the following inequality:

0 <da(n —1) — C'v* + O(e).
To this end, for given v > 0, we get a contradiction choosing «, ¢ small enough such that ¢ < v* and
Sa(n —1) < C'y%

Case 2. (t=0or 5=0)

By fixing the parameters v, n and a, we assume that there exists a sequence 6 — 0 and (7, t,7,3) =
(f‘s,f(s,gé,g‘s) € (Qx[0,T))? such that 3° =0 or # = 0. It is sufficient to study the case £ = 0 as the
other case can be deduced similarly. Thus

w(@,0) - 9(7°,3°) = M + (@°,0,7°,5°),

and we deduce from (8.17) (with & < 8% < 1) that, up to extraction of a subsequence, we have
(x°,0,7°,3°) — (Z,0,%,0) € (A x[0,7))? as § — 0. Hence in the case 3 > 0, we conclude that (using
(8.16))

0 < M < limsup (M + ®(@°,0,7°,35°)) = limsup (a(z°,0) — 8(7°,5°)) < u(Z,0) — v(T,0) <0,
§—0 50

where we have used the comparison to the initial condition. This gives a contradiction in the case
B> 0 and in the case 3 = 0 if T € 9. In the case § = 0 and T € 2, we get a contradiction exactly
as in the case 1 1).

In the whole proof, we first fix n and B. After that, we fix respectively v, «, 0, € (and p). O
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9 Appendix

This appendix is dedicated to the proof of a corollary of Ishii’s lemma (Corollary 9.3), which is used
in the proof of Theorem 3.6. First, we recall the elliptic sub and superdifferentials of semi-continuous
functions and the classical Ishii’s Lemma. In all what follows, we denote by S™ the set of symmetric
n X n matrices.

Definition 9.1 (Elliptic sub and superdifferential of order two)
Let U be a locally compact subset of R"™ and u € USC(U). Then the superdifferential D u of order
two of the function u is defined by: (p, X) € R™ x S™ belongs to D u(z) if v € U and

uly) < u(z) + .y — 2+ (X (y 2,9~ 2) +olly — 2P

as U 3y — x. In a similar way, we define the subdifferential of order two by D~u = —DT(—u). We
also define:
(p,X) e R" x S", I(xpn,pn, Xn) €U xR" x §"
§+u(az) =< such that (pn, X,,) € DV u(z,)
and (zp, u(xn), pn, Xn) — (z,u(z),p, X)

The set D u(x) is defined in a similar way.

Now recall the classical elliptic version of Ishii’s Lemma.

Lemma 9.2 (Elliptic version of Ishii’s lemma)

Let U and V' be a locally compact subsets of R", uw € USC(U) and v € LSC(V). Let ¢ : U x V — R
be of class C2%. Assume that (z,y) — u(z) —v(y) — ¢(x,y) reaches a local mazimum at (T,7) € U x V.
We note p1 = Dyp(T,7), p2 = —Dyo(Z,7) and A = D*p(T,y). Then, for every u > 0 such that
A < I, there exists X,Y € S"™ such that:

(1, X) €D u(@), (p2.Y) €D v(y),

X 0

1 . ) (9.1)
“Goalapis (5 S ) s

where 1 is the identity matriz of R*. The norm of the symmetric matriz A used in (9.1) is
I[A|| = sup{|\| : Ais an eigenvalue of A} = sup{| < A, & >|:[¢| < 1}.

For the proof, we refer the reader to Theorem 3.2 in the User’s Guide [15].
Then we have:

Corollary 9.3 (Consequence of Ishii’s lemma)

Given T > 0. Let U and V' be a locally compact subsets of R", uw € USC(U x [0,T)) and v €
LSC(V x [0,T)). Let ® : U x [0,T) x V x [0,T) — R be of class C?. Assume that (x,t,y,s)
u(z,t)—v(y, s)—P®(x,t,y,s) reaches a local mazimum in (T,¢,7,35) € Ux[0,T)xV x[0,T). Computing
the following quantities at the point (T,t,7,5), we set 71 = 0P, 70 = —0s®, p1 = Dy ®, po = —D,®
and

— (A A , _( D2,® D;® _ ( D%® D9 _( Di® Dio

AT A D, ® D2® D;® D&

(9.2)
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Let T be the identity matriz of R2"Y | Then for every u > 0 such that nA < T, there exists X,Y € S™
such that (where we denote by x some elements that we do not precise):

X — - Y S
o (T L) eDu@n, (e (] L)) €D un).
and .
— 0 p X 0
~Grapis () s Aas e el

where I is the identity matriz of R2™.

Proof. Because ® € C? and u(z,t) — v(y,s) — ®(z,t,5,s) admits a local maximum in (Z,%,7,3),
we can then apply the elliptic Ishii’s Lemma (Lemma 9.2) with the new variables Z := (7,¢) and
i := (7,5). We obtain, for every p satisfying pA < T with the 2(n + 1) x 2(n + 1) matrix A = D2,
that there exists X,Y € S"*! with

X:<X C), ?;(Y f) with X, Y €S", C.DeR" and 6,pcR

tc§ tD
such that: 3 3 B
<(p1771)7X> € D u(z,1), <(p2772)7Y> €D v(y,3)
and
X C
L to§ ‘ 0 . .
—(=+IAINT < | <A+ A (9:3)
0 — —
‘ —D -

We first remark that the matrix A (defined in (9.2)) is obtained from A by relabeling the vectors of
the basis (going from coordinates (z,t,y,s) for A to coordinates (z,¥,t,s) for A). Therefore we have
| A|| = || 4| and the condition uA < T is equivalent to yA < T.

Next, for £, € R™, applying the vector V = (£,0,1,0)" to the matrix inequality (9.3), yields with

V=(&n)"
—(%+\|Z\|)<f-v,v> < < ( x 0 )-V,V>
< < (A+pA?) .V, V> = (9.4)
Remark that using the relabeling of the vectors of the basis, we have

1%
Oge

() ()

v A AN [V
( 0 ) < AT A1 > ( 0 > =VIAV + VI ATV +2 < AV, ATV >< 2 (JAV)? + |AT V)
1 2

< AR,V >=< AV, V >  with V:( ) for k=1,2

We compute

and
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This gives

J<VTAV +2u (JAV ]2 + |ATV]?)

and then (9.4) implies

1 — i p X 0
“GalApE < () ) S Ak e+ A aD)

which achieves the proof. O
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