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Abstract

We provide an asymptotic analysis of a fractional Fisher-KPP type equation in periodic non-
connected media with Dirichlet conditions outside the domain. After showing the existence and
uniqueness of a non-trivial bounded stationary state n., we prove that it invades the unstable
state zero exponentially fast in time.
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1 Introduction

1.1 Model and question
We focus on the following equation :
om(x,t) + (=A)*n(z,t) = n(x,t)(1 — n(z,t)) for (x,t) € Qx]0, 00,
n(x,t) =0 for (z,t) € Q° x [0, 00|, (1)

n(z,0) = no(z),

where 2 is a periodic domain of R? that will be specified later on, ny a compactly supported initial
data and (—A)* the fractional Laplacian with « €]0, 1| which is defined as follows :

n(z,t) = n(y,t)
|z — y|dt2e

4°T(4 + )
2
w2 [[(=a)

Y(z,t) € R¥x]0,+00[, (=A)*n(z,t) = C, PV/ dy where C,, =

Rd

The main aim of this paper is to describe the propagation front associated to (1). We show that the
stable state invades the unstable state with an exponential speed.

Equation (1) models the dynamic of a species subject to a non-local dispersion in a periodically
hostile environment. The quantity n(z,t) stands for the density of the population at position z
and time t. The fractional Laplacian describes the motion of individuals, it takes into account the
possibility of "large jump” (move rapidly) of individuals from one point to another with a high rate,
for instance because of human activities for animals or because of the wind for seeds. The term
(1 —n(x,t)) represents the growth rate of the population at position = and time ¢. The originality of
this model is the following,the reachable areas for the species are disconnected and periodic. Here,
we assume that the regions where the species can develop itself are homogeneous.

Many works deal with the case of a standard diffusion (o = 1, see [9] for a proof of the passage
from the non-local to the local character of (—A)®) with homogenous or heterogeneous environment
(see [13], [19], [1] and [16]). Closer to this article, Guo and Hamel in [18] focus on a Fisher-KPP
equation with periodically hostile regions and a standard diffusion. The authors prove that the
stable state invades the unstable state in the connected component of the support of the initial
data. In our work, thanks to the non-local character of the fractional Laplacian, contrary to what
happens in [18], we show that there exists a unique non-trivial positive bounded stationary state,
supported everywhere in the domain. Moreover, this steady state invades the unstable state 0 with
an exponential speed.

1.2 Assumptions, notations and results

The domain € is a smooth non-connected periodic domain of R?

ie. Q= U Qo + ag, with Qg a smooth bounded domain of R? and a;, € R% (2)

kezd



We assume that
(Q+a)N(Q+a;)#0 if and only if ¢ = j.

Moreover, if we denote e; the " vector of the canonical basis of R? then we assume that for all
k € Z% there holds Akte;, — Q= Qe,. Moreover, we assume that the principal eigenvalue A\; of the
Dirichlet operator (—A)® — Id in € is negative

i.e. )\1 < 0. (Hl)

We also introduce the eigenvalue problem associated to the whole domain €2. It is well known (thanks
to the Krein Rutman theorem) that the principal eigenvalue \g of the Dirichlet operator (—A)*—1d in
Q) is simple in the algebraic and geometric sense and moreover, the associated principal eigenfunction
®o, solves
((=A)* = 1d) ¢o = Xotho in §Q,
ie. ¢ po=0 in Q°, (3)
¢ has a constant sign that can be chosen positive.

The first result of this paper ensures the existence and the uniqueness of a positive bounded
stationary state n, of (1):
—A)ny =n, —n2 in
o (TR = mmy . (4)
ny =0 in Q°.

Theorem 1. Under the assumption (H1), there ezists a unique positive and bounded stationary state
ny to (1). Moreover, we have 0 < n, <1 and n, is periodic.

The existence is due to the negativity of the principal eigenvalue of the Dirichlet operator (—A)® —
Id in Qg which allows to construct by an iterative method a stationary state (see [24] for more details).
As for the uniqueness, the main step is to prove that thanks to the non-local character of the fractional
Laplacian, any positive bounded stationary state behaves like

d(z)* = dist(x, 0Q)*1q(x). (5)

Then, a classical argument (see [2] and [3]) relying on the maximum principle and the Hopf lemma
provides the result. We should underline that the uniqueness is clearly due to the non-local character
of the operator (—A)%, and it does not hold in the case of a standard diffusion term (o = 1). A
direct consequence of the existence of a stationary solution is

Corollary 1. The principal eigenvalue Ao of the Dirichlet operator (—A)* — Id in Q is negative.

Once we have established a unique candidate to be the limit of n(x,t) as t tends to +00, we prove
the invasion phenomena. First, we prove that starting from

no € CP(Q)NC(RY and ng#0 (H2)

the solution has algebraic tails at time ¢ = 1. To prove it, we provide an estimate of the heat kernel
at time ¢t = 1 for a general multi-dimensional domain which satisfies the uniform interior and exterior
ball condition:



Definition 1 (The uniform interior and exterior ball condition). A set O C R? with d > 1 satisfies
the uniform interior and exterior ball condition if there exists ry > 0 such that

Vo € 00, 3y, € O such that x € 0B(y,, 1) and B(y,,r1) C O,
and ¥z € O°, Jy, € O° such that z € B(y,,r1) and B(y.,r) C O°.

Theorem 2. Let O be a smooth domain of R? with d > 1 satisfying the uniform interior and
excterior ball condition. If we define p as the solution of the following equation

Op(z,t) + (=A)p(x,t) =0 for all (z,t) € Ox]0, +o0],
p(z,t) =0 for all (z,t) € O° x [0, 400, (6)
p(e,t =0) = no(z) € C°(O,RT) N CJ(RY),

then there exists ¢ > 0 and C' > 0 such that for all x € O,

¢ x min(d§(x)*, 1)
1+ |x|d+2a

C' x min(6(z)*, 1)

<p(z,t=1) <

Once Theorem 2 is established, we are able to state the main result of the paper.

Theorem 3. Assume (H1) and (H2). Then for all > 0 there exists a time t, > 0 such that:

(1) for all ¢ < d'j:—g'@ and all (z,t) € {|z| < e} x]t,, +oo[

[n(z,t) = ny ()] < p.

(i1) for all C > d‘i—gla and all (z,t) € {|z| > e“'} x]t,, +o0]

n(z, )] < p.

We detail the general strategy to prove Theorem 3 in the next section. Our last result concerns
the level sets of the solution n.

Theorem 4. Let v > 0 and §, := {z € Q| §(x) > v}. There exists a constant ¢, which depends
only on v, ng, Q@ such that for all p €]0,¢,], there exist t,,,C,, > 0 such that

{(z,t) € Q,x]t,, +oo] | n(z,t) = pu} C {(x,t) € Q, x]t,, +ool | C’;lel)‘o‘t < |4 < C’”el’\()'t}.

1.3 Discussion on the main results

Theorem 2 is an application of general results about the fractional Dirichlet heat kernel estimates
given for instance in [7] or in [5]. Both of the two cited articles use a probabilistic approach. We
propose in this work a deterministic proof of the lower bound of the fractional Dirichlet kernel
estimates. Our proof is quite simple but the result is not as general as those presented in [7] and
[5]. In particular, it is only valid for finite time. It relies on a well adapted decomposition of the
fractional Laplacian. We do not provide the proof of the upper bound of the fractional Dirichlet
kernel estimates since there is no difficulties to obtain such bound.



Theorem 3 can be seen as a generalisation of the results of [8] or [20]. Indeed, if we study a non-local
Fisher KPP equation in the whole domain R? with a reaction term depending on a parameter such
that the reaction term becomes more and more unfavorable in Q¢ then we recover Theorem 3. This
is fully in the spirit of [18]. In fact, if we study the equation:

om + (=A)*n = ps(x)n —n?  in R?x]0, +o0l,
n(z,t =0) = no(x),

with
1 it z € Q)
. . . 1
ps(r) = 1—(6+ Ddist(z, Q) if 0 < dist(z,Q) < 5
- % if % < dist(z, Q).

Then, denoting by As the principal eigenvalue of the operator ((—A)* — us) we claim that
As — do. (8)

It is then possible to obtain the result of Theorem 3 from such approximate problems in the spirit
of [18]. Although we do not use such method, similar difficulties would arise to treat the problems
with this approximation procedure. Our method can indeed be adapted to study those problems in
a uniform way.

2 Strategy, comparison tools and outline of the paper

2.1 The general strategy
The general strategy to establish the results of Theorem 3 is the following:

A- Identify the unique candidate to be the limit. This is the content of Theorem 1.

B- Starting from a compactly supported initial data, the solution n has algebraic tails immediatly
after t = 0. This is the content of Theorem 2.

C- Establish a sub and a super-solution which bound the solution n from below and above.

D- Use the sub-solution to ”push” the solution n to the unique non-trivial stationary state n in

Inglt , , , Inglt
{]a:\ < ed+2a} and use the super-solution to ”crush” the solution n to 0 in {]a:\ > edtaa }

The proof of C can be done with two different approaches. The first one is introduced in [6] by
Cabré, Coulon and Roquejoffre. The idea is to consider the quantity

v(z,t) = go(r(t)z)~'n(r(t)z,t)

where the eigenfunction ¢q is introduced in (3) and r(¢) decreases exponentially fast. Next, the
problem can be formally reduced to a transport equation leading to the fact that v is of the form

%. The idea is therefore to look for a sub-solution v and a supersolution v of the form

B ago()
1 +b(t)|m|d+2a

_ ago(x)
and  ©(z,t) = ! +l;(t0)|x|d+2a

v(w, 1)



(where the positive constants a, @ and the function b, b have to be adjusted).

The second approach is introduced in [21] by Méléard and Mirrahimi (in order to extend the
Geometric optics approach of [14] and [15], put to work in the PDE framework in [12]). The main
idea is to perform the following scaling on equation (1)

1 x t
r,t) = | |z|]c—, -], € > 0 small. 9
.0 (122 )
One of the interest of this scaling is to catch the effective behavior of the solution. Indeed, this
scaling keeps invariant the set

B={(z,t) e RxR" | (d+2a)log|z] <[]t}

where )\ is defined by (3). In the region B, we expect that the solution 7 is close to the stationary
state n, and in the region B¢ we expect that the solution n is closed to 0. Then, we look for
sub/super-solutions on the form
oo(z) x G(z,1)

where G needs to be determined. Taking GG with an algebraic tail gives that, once the scaling is
performed, the fractional Laplacian of G vanishes as the parameter € tends to 0. Indeed, the sub
and super solutions are just perturbations of a simple ODE and are valid only for small €.

We choose the second method for the two reasons. First, the scaling reveals two invariant regions
(B and B°) which catch the effective behavior of the solutions. The alternative approach does not
account for these features as clearly. Secondly, this method gives very clear indications to construct
sub- and super-solutions. It highlights the important terms in the equation to establish sub- and
super-solutions. Once the scaling is performed, the fractional Laplacian terms in the computations
vanish as the parameter ¢ tends to 0. This means that the only role of the fractional Laplacian
in determining the invasion speed is at initial time where it determines the algebraic tails of the
solution. This is indeed very different from the classical Fisher-KPP equation where the diffusion
not only determines the exponential tails of the solution but it also modifies the invasion speed in
positive times (see [21]). This is why in the asymptotic study of the classical Fisher KPP equation,
one obtains a Hamilton-Jacobi equation [12] while in the fractional KPP equation the limit is a
simple ordinary differential equation. Thus scaling the equation as in (9) is not a mere artefact, it
really helps in the understanding of the phenomenon. Moreover, we improve the precision of the
sub and super-solutions compared with the ones obtained in [21]. Therefore, the exhibated sub and
super-solutions and the ones that could be obtained with the alternative approach have the same
level of precision.

x

t
The proof of D can be achieved with the rescaled solution n (]x|iﬂ, —) using the method of
x| €

perturbed test functions from the theory of viscosity solutions and homogenization (introduced by
Evans in [10] and [11] and by Mirrahimi and Méléard in [21] for the fractional Laplacian). Since
the proof is technical, long and not easy to grasp (the domain moves also with the parameter ¢),
we prefer to drop the scaling and to perform the inverse scaling on our sub and super solutions.
Therefore, we provide a direct proof of D by adapting the proof of Theorem 1.6 in [8]. In this proof,
the author proves thanks to a subsolution that there exists ¢ > 0 and ¢, > 0 such that

o< inf n(z,t).
(INgl=9)t
(x,t)E{x|<e d+2a }X]to—,Jroo[



This last claim is obviously false in our case since the solution vanishes on the boundary. This is
the main new difficulty that we will encounter. We overcome it by establishing the same kind of
estimates away from the boundary.

Theorem 4 is the consequence of the precision of the sub and super-solutions established in step
C. Note that such level sets can not be established with the sub and super-solutions involved in [21]
or [20]. However, the new ingredients presented here to establish the sub and the super-solutions
can be adapted to the framework of [21] or [20]. In the framework of [20], we recover Theorem 1.1.5
of [8].

2.2 The comparison tools and some notations

All along the article, we will use many times the comparison principle. We recall here what we mean
by comparison principle.

Theorem (The comparison principle). Let f be a smooth function, a € [0, 400 and b €]0, +oc]. If
n and m are such that

V(z,t) € Qx]a,b], On+ (—A)*n < f(n), and om+ (—A)*n > f(n),
V(z,t) € Q°xla,b], n(z,t) <n(x,t), and Vr eRY n(xt=a)<7(z,t=a)
then

V(z,t) € Qxla,b], n(x,t) <n(z,t).
In the same spirit, we recall the fractional Hopf Lemma stated in [17].

Lemma (The fractional Hopf Lemma [17]). Let O C R? be an open set satisfying the uniform interior

and exterior ball condition at z € 00 and let ¢ € L>(O). Consider a positive lower semi-continuous

function u : R +— R satisfying (—A)%u > c(x)u point-wise in O. Then, either u vanishes identically
in O, or there holds

lim inf

T2 5(x)a

zeO

All along the article, for any set & and any positive constant v, we introduce the following new
sets :

U, = {z eU| dist(z,0U) > v}, U, ={ze R dist(z,U) <v}. (10)

The constants denoted by ¢ or C' may change from one line to another when there is no confusion
possible. Also, we drop the constant C', and the Cauchy principal value P.V. in front of the fractional
Laplacian for better readability.

2.3 Outline of the paper

In section 3, we demonstrate Theorem 1. Next, section 4 is dedicated to the proof of Theorem 2.
The first part of section 5 introduces the scaling and provides the sub and super-solutions. Finally,
the second part of section 5 is devoted to the proof of Theorems 3 and 4.



3 Uniqueness of the stationary state n_

First, we state a proposition which gives the shape of any non-trivial bounded sub and super-solution
to (4) near the boundary. Then, we use this result to prove the uniqueness result. Since the proof of
the existence is classical we do not provide it.

Proposition 1. (i) If u is a smooth positive bounded function such that u(x) =0 for all x € Q° and
(—A)u(z) < u(x) —u(x)? for all x € Q, then there exists C' > 0 such that for all x € R?

u(z) < CH(x)”.

(i) If v is a smooth positive bounded function such that v(x) = 0 for all x € Q°, (=A)*v(x) >
v(z) —v(x)? for all z € Q and v # 0 then there exists ¢ > 0 such that for all v € R?

co(x)* < w(z).

Proof of Proposition 1. Proof of (i). Let u be a continuous positive bounded function such that
u=0in Q° and (—A)* < u —u? in Q. Let z be a point of the boundary. Let z, € R and r; > 0
be the elements provided by the uniform exterior ball condition such that

B(zy,m) CQ°  and  x € B(z,,7r1) N OS2

We rescale and translate a barrier function (provided for instance in Annex B of [23]). This barrier
function ¢ satisfies the following properties:

(—A)*¢ >1 in B(zg,4r1)\B(zz,71),

gbzg in B(z,,71), (1)
0<¢<C(lze —x| —7)* in B(zy,4r1)\B(zs,71),

max u < ¢ < C in RN\ B(z,,471).

We prove that u < ¢ in R% By construction we have u < ¢ in (B(z,, 4r1)\B(2z,71))¢. Assume by

contradiction that there exists xg € (B(2s,4r1)\B(2z,71)) N2 such that (¢—u)(xo) < 0. Then, there

exists x1 € (B(zg, 471)\B(24,71)) N §2 such that (¢ — u)(z1) = mln( u)(x) < 0. Thus, we obtain
R4

(=A)* (¢ —u)(z1) <0 and (=A)*(¢ —u)(x1) > 1 — u(zy) + u(z)* >0,
a contradiction.

Proof of (ii). Let v be a continuous positive bounded function such that v = 0 in Q°¢ and
(=A)*v > v — v in Q. An easy but important remark is the following: thanks to the non-local
character of the fractional Laplacian, since v Z 0, we deduce that v > 0 in the whole domain 2.
Otherwise, the following contradiction holds true :

Jz € Q such that v(z) =0 and (—A)%(z) —v(z) +v(z)* = — /Rd P—T

Next, let k be any element of Z¢. We introduce wy, : (x,t) € R? x [0, +oo[— w,(x,t) € R as the

solution of
Orwy + (=A)wy, = wy, —wi  in (o + ax)x]0, 400,

wy(x,t) =0 in R\ (Qg 4 az) x [0, +o0[ (12)
w, (z,0) = v(z) in (0 + ay).



where €y and a; are introduced in (2). Thanks to the remark above, and recalling (H1), we deduce
thanks to Theorem 5.1 in [4] that w,(.,t) — wg,(.) with w,, the solution of

{400 —stat —stat

(_A)awstat = Wypar — w?mt? n (QO + ak)? (13)
Wetar = 0 n Rd\(QO + ak)'

Note that the above w,,,, does not depend on the choice of k, i.e. w,(-,t) converges as t tends to
+00 to the same w,,,, (up to a translation). Then, we conclude thanks to the comparison principle
that

wstat(x) S ’U(l’), Va € Rd-
Since, (2o + ax) is bounded, we apply the results of [23] to find that there exists a constant ¢ > 0

such that
c6(2)L(ptay) (T) < Wi () < v(2).

The previous analysis holds for every k& € Z?. We conclude that

co(x)* < wv(z). (14)

]

Proof of Theorem 1. The argument relies on the fact that two steady solutions are comparable ev-
erywhere thanks to Proposition 1. This is in the spirit of [2] and [3] in the context of standard
diffusion. Let u and v be two bounded steady solutions of (4). By the maximum principle, we easily
have that for all z € R?,

u(z) <1 and v(z) < 1.

We will assume that
v(zo) < u(wg) where zy € (. (15)

Thanks to Proposition 1, we deduce the existence of two constants 0 < ¢ < C' such that:
cd(x)* <wu(x) < CH(x)* and cd(z)* <wv(x) < CH(x)*.
Thus there exists a constant A > 1 such that for all x € R¢,
u(z) < Av(zx). (16)

We set [y := inf {\ > 1| Vo € R, u(z) < Av(z)}. The point is to prove by contradiction that lo = 1.
It implies that x( is a contact point, and will allow us to conclude thanks to the fractional maximum
principle that v = v.

We assume by contradiction that [y > 1. Next, we define :

@ = inf (lov — u)(z) > 0. (17)
xef) (S(I)a
There are two cases to be considered.

Case 1: w > 0.
We show in this case that we can construct I; < 1 such that u(z) < Lilgv(z) for all z € R? : a



contradiction. If w > 0, we claim that there exists u €]0,1] and v > 0 such that for all z € Q\Q,
(we recall that €2, is defined by (10)),

(plov — w)(2)

w

— < 18
2 d(x)« (18)
Indeed, if there does not exist such couple (u, v), we deduce that for all n € N, there exists (2, )nen €

Q, such that d(z,) < = and

(1= 1)lgv — u)(zy) _ w
§(xp)e 2
Passing to the liminf we get the following contradiction :
. w
< —.
O<w< 5
And so, the existence of the couple (u,v) implies that
(ulov — u)(z) > 0, Vo € Q\Q,. (19)
Next, we claim that
dp > 0 such that Vz € Q,, we have p < (lopv — u)(z). (20)

Indeed, if such p does not exist then there exists a sequence (x,)nen € Q such that §(x,) > v and
(lov — u)(x,) —> 0. Then we obtain

n——+oo

(lov —w) () _ (lov —u)(xy)
5(zn)® < — 0

e n—4o0o
which is in contradiction with the hypothesis w > 0. The existence of such p implies that for all
e,

((1 - ma}[:lov)lov - u) (z) > 0. (21)

Finally, if we define [; = max(u,1 —
this case cannot occur.

————) then we obtain the desired contradiction. Therefore
ov+1

Case 2: w = 0.
We consider (z,),eny @ minimizing sequence of w. There are 3 subcases : a subsequence of (z,,)nen
converges to xy € 2, a subsequence of (x,,),en converges to x, € 02 and any subsequence of (z,,)nen
diverges.

Subcase a:  There exists xq € €2, such that % =0.
Since zp € Q we deduce that (lov — u)(zg) = 0. Hence, by the maximum principle, u = lpv. We
deduce that lyv is a solution of (4) and we conclude that :

lo(v —v?) = lo(—=A)*(v) = (=A)*(lpv) = lpv — (Ipv)*. (22)

This equation leads to o = 1, a contradiction.

10



Subcase b: There exists x;, € OS2, such that lim inf (ZOZ;;M = 0.

T—Tp, ( )a
z€Q
Here is a summary of what we know:

(Z) l(ﬂ) —Uu > 0
(13) (=A)*(lov — u) > —lo(lpv — u),
(7i1) (lpv — u)(zp) = 0.

According to the fractional Hopf Lemma, the previous assumptions leads to lim inf % > 0.
T—Tp,
€]
However, we have assumed that lim inf % = 0, a contradiction.
T—rTp,
e

Subcase c: There ezists a minimizing sequence (Ty)nen Such that |x,| tends to the infinity.
First, we set

T = T — Az ]

where |z| € 7% is s_uch that o € Qy + a|,|. Since T}, € Qy, we deduce that up to a subsequence T,
converges to To, € {29. Then we define:

up(x) = u(x + T) and vg(z) = v(x + Tg).
We also define the following set :
={reR|x+7Tx €N}.

By fractional elliptic regularity (see [22]), we deduce that up to a subsequence (uy)neny and (vy,)nen
converges to us and v, solutions that verifies

VI € Qooy (—A)Ueo (T) = Uoo (T) — Uso(7)?, (—A)* Voo (T) = Voo (7) — Voo ()?
and Vo € Q5, ux(r) = veo(z) = 0.

Remark that
= 0.

e (lovee — uso) (2)
lovoe = ttog > 0 -and Timinf ~3 o2

€N

Hence, if T, € Q) then 0 € €, and we fall in the subcase a). If T, ¢ Q then 0 € 0, and we fall
in the subcase b). Both cases lead to a contradiction.
Thus, we conclude that [y = 1. [

Remark. Noticing that for all (x,k) € Q x Z2, we have

(=A)*(ny (- +ar))(x) = / ne(e £ ap) —nely + )

B |7+ ar = (y+ a)| T dy =n (v +ar) = ni (v +a)’,

we deduce by uniqueness of the solution of (4) that n, is periodic.

11



4 The fractional heat kernel and the preparation of the ini-
tial data
We first introduce some requirements in order to achieve the proof of the lower bound of Theorem

2. Once we have established Theorem 2, we apply it to the initial data. Let u € C*(R¥x]0, +oc]),
then we set for all (x,t) € R¥x]0, +-00]

’y|d+2a

Lo(u)(z, t) = /

B(0,v)

dy. (23)

We also introduce 5,, as the principal positive eigenfunction of the operator L® associated to the
principal eigenvalue p,,

La&, = /m?y in B(0,v)
ie. {, =0 in B(0,v)°,
auzoa ||$I/||oo:1'

Next, we state two intermediate technical results.
Lemma 1. Let w be the solution of the equation

Ow+ L% =1 in B(0,v)x]0,+00]
w(x,t) =0 in B(0,v)¢ x [0, 400], (24)
w(z,t=0)=0 n B(0,v).

Then there exists a constant ¢, > 0 such that

¢, X o) < wlz, t =1).

1
Proof. We define 7(t) = —(1 — e #') such that
thy

Thanks to this choice of 7(t), the application w(z,t) = 7(t) x ¢,(z) is a sub-solution to (24).
Actually, we have

(at + LQ)(M) —1= 7—/51/ + MuTgu —1 S 7-/51/ + ,u,ﬂ'g,, - 51/ = 51/(7—/ + HuT — 1) = 0.

Since w(t = 0) = 0 < w(t = 0), we can conclude thanks to the comparison principle that for all
(z,t) € R?x [0, +00[, we have w(x,t) < w(x,t). Setting the time ¢ = 1 in the last inequality leads to

w(z,1) = (1 — )b, (2) = cybu(z) < w(z, 1).

v

Next, we establish a barrier function for L in the spirit of the one introduced in [23].
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Lemma 2. There exists a function ¢ such that

fmggo mBmwABm%%
Y=0 in B(0,v)¢,
Jy<i in B0, g), (25)
o(v—Ja))" <@ in B(0,v),
ﬁNMWMWMMB@meé)

Proof. Choose C' large enough such that the first point and the third point of (25) holds true with
the following ¢

(x) := (%(ﬂ — 2+ %13(072)(@) Lo ().

Indeed, defining f(z) := (v* — |z[*)*, we have for C' large enough and x € B(0,v)\B(0, %)

<

sup  |Lo] e
Lof(z) 1 / 1 BOW)\B(0.%) m(B(0,§) 4\
Le < - dy < — x [ = < 0.
y<x> - O 2 B(O,%) |.ZU — y|d+2a y - C 2 1%
The other conditions follow. O

Proof of Theorem 2. The aim is to prove that there exists a constant ¢ > 0 such that

cmin(d(z)®, 1)
1+ |z[dt2e

Vo € O, we have < p(x,1). (26)

To achieve the proof, there will be 4 steps.

First, up to a translation and possibily a scaling of n, we prove (26) in {|z| < 1+ 2v} where v =
min(%, r1) (with r; the radius provided by the uniform interior ball). Next, we introduce a suitable

decomposition of the fractional Laplacian (involving L%) to prove the existence of ¢; > 0 such that

Hl;ﬁ < Op(x,t) + L(z,t) + Ap(x,t)  for all (x,t) € (O\ {|z] > 1+ v}) x]0,1],
p(x,t) >0 for all (z,¢) € (O\{|z| > 1+ v})° x [0,1], (27)

pla,t = 0) = no() € C42(O,RY) 1 Cu(RY)

where L® is defined by (23) and A = f]Rd\ B(0w) Wdy. In a third step, we will show that

Jeg > 0 such that (x,t=1) forall z € (O, N{|z] > 1+ 2v}). (28)

Co <
1 + |x|d+2a =p

Finally, we prove the same kind of result near the boundary :

csd(@)* p(x,t =1) for all x € (O\O, N {|z| > 1 +2v}). (29)

des > 0 such that W <

Step 1. First, note that thanks to a translation and possibly a scaling, we can suppose the
following hypothesis:
do > 0 such that o < ng(z) for all z € B(0,2). (30)

13



Next, we claim that
inf t) > 0. 31
Anf () (31)
z€B(0,1+2v)
Indeed, let ¢y be the first positive eigenfunction of the Dirichlet fractional Laplacian in B(0,2) and
Ao the associated eigenvalue

(=A)%s = Xagp for x € B(0,2),
Le. ¢a =0 for 2 € B(0,2)°,
[f2lloe = 1.

Then the function

p(z,t) == 0 X ¢o(x) x e 2!

is a sub-solution to (6) (where ¢ is defined by (30)). According to the comparison principle, we have
for all (z,t) € B(0,1+ 2v) x [0, 1]

0< i =0 X i x e~ M2l < t) < t).
2y B9 =0 i, e T S R0 <2l

y€B(0,1+2v)

We deduce that if ¢ is small enough, then (26) holds true for all = € B(0,1 + 2v).
Step 2. In this step we prove (27) which is a key element to prove (26) for x € {|z| > 1+ 2v}NO

Then, we focus on {|z| > 1+ v}. We split the fractional Laplacian into 2 parts:

X, t) — T + s t a o
vmw@wz/‘ o )1ﬁay)@+LM%U:h@ﬂ+LM%ﬂ (32)
R4\ B(0,v) |yl

For I;, we obtain :

t) — t t
no= [ HROZPEERD g - [ 2EERD,,
RN\ B(0,v) Y| R4\ B(0,v) Y

Since |z| > 1+ v, we have

. 1 p(z +y,t) p(z +y,t)
inf p(z,t)/ - dz < / ————=dy < ————=dy. (33)
t€(0,1) B(0,1) |z — z|dt2e B(—,1) |y|d+2e R\ B(0,v) |y|d+2e
2€B(0,1+v)

Equation (33) ensures the existence of a positive constant ¢; > 0 such that we have for all (x,t) €
(O {2l > 1+ v}) x [0,1]
¢ §/ prtyt),
1+ |z]d+2e RA\BOw) Y]

C1
1+ |x|d+2o¢'

It follows that

Ii(z,t) < Ap(z,t) — (34)

14



Equations (32) and (34) lead to (27). Moreover, if we define v(x,t) = e x p(x,t), we find the
following system:

W < Ol t) + Lv(x,t)  for (2,t) € (O N {|jz| > 1+ v}) x]0, 1],
w(z,t) > 0 for (z,1) € (O N {|z] > 1+ v})° x [0,1], (35)

v(z,t =0) =ne(x) € C°(O,R™).
Step 3. By uniform continuity of <$ > W) in R?, we deduce the existence of ¢; > 0 such

that for all zg € (O, N{|z| > 1+ v}) and all (z,t) € (O, N{|z| > 1+ 2v}) x]0, 1] we have

ch o .
T |72 B0 (@ = %0) < Topms < Gl 1) + Lol ). (36)

Inequality (36) gives that for all (z,t) € (O, N {|z| > 1+ v}) x]0, 1]

1+ T d+2a N 1+ T d+2a
e e )
1 1

Then, according to the comparison principle and Lemma 1, we deduce that

~ 1+ |$0’d+2a
Ve e (O,N{lz| >1+v}), cou(x—x) < C—,v(w,t =1). (37)
1
If we evaluate (37) at x = zo, we obtain
I =T
@A 00 < plag,t = 1)

1+ |zo|@F2e =
Defining ¢s = ¢,¢;e ¢, (0) leads to (28).

Step 4. As in the proof of Proposition 1, we can show by contradiction that there exists a
positive constant ¢, such that for all z € R,

cotp(7) < ()
where 1 is defined in Lemma 2. Then we take z; € (O\O,) N {|z| > 1+ 2v}. Since O satisfies
the uniform interior ball condition, there exists zo € 00, such that z; € B(zo,v), B(zg,v) C

On{lz| > 1+ v} and v — |x; — x| = d(z1). Thanks to (37) and the fourth point of Lemma 2, we

deduce
(‘-1'0‘ + 1)d+2a

cycoerd (1) < cpcop(xy — x0) < (11 — T9) < - v(zy,t =1).
Y J
We deduce that there exists ¢3 > 0 such that (29) holds true.
Combining (28), (29) and (31) yields the conclusion of the Theorem. O

We apply Theorem 2 to show that starting from n(z,0) € C5°(Q2) N C°(R), the solution of (1)
n(-,t = 1) has algebraic tails.

Proposition 2. There exists two constants ¢, and cy; depending on ng such that for all x € Q, we
have 5\ 5(2)e
_mOAL) (z) <n(z,1) < _CMOE) (z) :
14+ |$‘d+2a 1+ |£If|d+2°‘
Proof. Defining M := max(maxny, 1), the solution n belongs to the set [0, M] (0 is a sub-solution
and M is a super-solution).

(38)
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We begin with the proof that % < n(z1).
Let n be the solution of :

omn(z,t) + (=A)*n(x,t) = —Mn(x,t) for all (z,t) € 2x]0, 400,
n(x,t) =0 for all (z,t) € Q° x [0, +o0], (39)
n(x,0) = ng(x) for all € R?,

Thanks to the comparison principle, we deduce that for all (x,t) € R x [0, +o00[, we have
n(z,t) < n(z,t).

Moreover, if we define p(z,t) = eM'n(x,t), we find that p is solution of (6). Since Q fullfies the
uniform interior and exterior ball condition, we deduce thanks to Theorem 2 that there exists ¢, > 0
such that

cm6(x)®
The proof works the same for the other bound. [

5 The proof of Theorem 3

5.1 Rescaling and preparation

The aim of this subsection is to establish the following Theorem.

Theorem 5. We assume (H1) and (H2) then for all v > 0, the following holds true

1. For all c < dlig‘oﬂ there exists a constant o > 0 and a time t, > 0 such that

V(z,t) € (0 N {|z| < e’}) x]t,, +00[ we have o < n(z,1). (41)

2. For all C > d'ig'(l, there exists three constants C1,Cy, k > 0 such that we have for all (x,t) €

{|z] > €'} x]1, 00|

Cy
)< — 42
ot < (42)

First we establish sub and super-solutions by performing the rescaling (9). Finally, we prove
Theorem 5 by performing the inverse of this rescaling on the sub and super-solutions.
We rescale the solution of (1) as follows :

no(z,t) = n (mi v t) | (43)

2] e
Next, the equation becomes

edne + (=A)en. =n (1l —n.)  for (x,t) € Q°x]0, +ool,
ne(z,t) =0 for (x,t) € QO x]0, +-o0], (1.)
ne(x,0) = no(z) € C(F,RT).
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where (—A)%n.(z,t) = (—A)*n (miﬁl, g) and Q° = {x eRY | |zt e e Q}
Next, we set

()= —
x) = .
'g 1 + ’x‘d—i-Qoz

We state the behavior of g under the fractional Laplacian in the spirit of [6].
Lemma 3. Let vy be a positive constant in 0, af such that 2 — v < 1. Let x € C*(R?) be a periodic
positive function. Then there exists a positive constant C, such that we have for all x € R:
(1) for all a > 0,
|(=A)%g(az)| < a**Cy(ax),
(1) for all a €]0, 1],

~ Ca?>=
K (g(a.), x)(z)| < W

where K (u,v)(z) = Je (“(m)fr;(fi/ﬂ%fg*”(y))dy is such that

= Ca**g(alz]),

(—A)*(u xv) = (=A)%(u) x v+ux (=A)*(v) — K(u,v).

Since, the same kind of result can be found in the appendix A of [20], we do not provide the
proof of this lemma. Note that here, the lemma is stated with less regularity on x such than in [20].
Nevertheless, there is no difficulty to adapt the proof.

Notation. As we have introduced (—A)%n.(z,t) = (=A)*n <|x\ é), we introduce

R, 0)(2,1) = R, 0)(Jal 7, 2),

For any application h : R — R, we define
h.: R = R
z — h(|z|F2).

For any set U, we will denote

U = {x e RY [zt 1z e u}. (44)
For reasons of brevity, we will always denote (U,)° by UE.

In the following, we denote by ¢q and Cy the positive constants provided by [23] such that
co0 () < ¢p(z) < Cod(x)®. (45)

Proposition 3. We assume (H1) and (H2). If we set C,, = min(m,é—%,l) and Cy =
ﬂ;\ﬂ% where ¢y, Cm, Cy and Cyy are introduced in (45) and (38) then there ezists g > 0 such that

for all € < gy, the following holds true.
1. Fort €]0, ;%[, if fI' is defined as

Cppmin(e =%, 1)

—(Xol—e?)t 1 d+2a
1+e E E

]
then it is a sub-solution of (1.) in QFx]0, %|.

fsm(l’,t) =

X (¢o(z) +¢),
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2. For t €%, 400|, if fI" is defined as

Cm

1+ €7| olt +sarctan(t7— +3

[ (1) =

d+2a (¢0,E(x) + 5)7

o]
then it is a sub-solution of (1) in QFx]%, +ool.

3. If fM s defined as

faM(%t): _ SMX¢OE( )

14 e%—samtan(t _7|I|

d+2a
then it is a super-solution of (1.) in QFx]0, 4+o0|.
4. For all (z,t) € R x [0, +00[, fm™(x,t) < n.(x,t+¢)+e andn(x,t+¢e) < fM(x,t).

Remark. 1. In the establishment of the sub and the super solutions, the choice of arctan is not
primordial. We only need a positive increasing and smooth function h which satisfies

e <eh(t)

for all t > ty and ¢ small enough. In [21], h(t) =t but it does not allow to recover the level
set of the solution as precisely as in [8]. The choice of a bounded function h (such as arctan)
allows to recover the same level of precision in the establishment of the level sets.

2. The study (and the definition) of fI* is split into two parts. For small time, the term et in
the denominator is necessary in order to control the term (—A)*f™ for small time. But, to use
the comparison principle (and establish 4.), we have to check that the initial data are ordered
wn the right way. This is why, the term e= is needed in the numerator. However, this last
term is an obstacle to establish the level sets result. Therefore, the trick is to "kill” this term
for large time by replacing it by min(e%_%, 1). This is why, we split the study of fI* into two
parts: when t is small (i.e. t < %) and when t is large (i.e. t > 5 ).

Proof. We begin by proving (1). Let (z,t) be in Q°x]0, 5[. We define:

¢ ( t) C C ( 7t<|>\0d|+72€2)71 ) (t)
s == mq e o X and a = e
c ’ 1 _f_e_*(l)\o‘ ‘52)_7|x|d+2a c

thus  f7(2,8) = a(t) x u(a, 1) x (Goe(x) +<).

First, we bound 0,1, from above:

o=
+
NI

Cm(p‘ol_82) *£(|A0| 5 —= T d+2a
O (x,t) = € e ‘2|2

(1+ e~ £ (Ihol—¢?) —f|$|d“a)2

—£(1Xol—¢?

d+2a
€

= e (z,t) | (|Xo] — €
w ('1'7 ) (‘ 0‘ € )1+€_£(|)\0| 62 _,‘x|

< ez, t)[|No] — % — Yol t) (g0 () +€)]
< ¢5($7t)[|)‘0| - 52 - fa(l‘,t)].

e ||

(46)

d+2a
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d+2a

The last inequalities hold because a(t) < 1 and denoting by D = e~ (M==")=2|2|“Z* and using the

definition of C,,, we obtain for all ¢ < min(4/ @, 1)

D o |/\0| _52 _Cm<¢0,s+5>

Dol — 2 — Yo + ) — (Jho| — %)

1+D 1+D
[ho| — 2 = 15
- 1+ D
> 0.

Next, we compute (—A)% f*(x, t)

(—A)2 (1) = a(t) (G (x) +6) (=) 20w, )+ a()e (2, £) (D)2 do () — a(t) Ke(i, (G0 +€)) (2, 1).
Combining (46) and the above equality we find:
e fIM (@, 1) + (=) I (1) — [ (@, 1) (1 — fI(2,1))

< [z, ) (| Ao] — 3% — [, 1) + a(t)(Poe(x) + ) (—A)2e (2, 1) + a(t)pe(z, 1) (—A)2 Poe(2)
— a(t) K (¥, ¢o + €)(x,1) — [ (2, 1) (1 — f"(x,1))
3e?

= f (@, 0)([dol = =) + alt) (9o (2) + ) (= A)ve(2, ) + alt) (Ao + 1)vbe(2, )0 (2)

— (. t) — alt) K (¢, o + ) (z, 1)
3e2

= J8 (2 ) (1ol = =) + alt) (@0 () + ) (=A)Z¢e(x, 1) + a(t) Ao + 1)tbe (2, 1) (G0 (2) + ) (2, )

—a(t)e(No + De(z, t) — f7(x, 1) — a(t) K. (1, o + ) (x, 1)

- _%f?(w, t) + a(t)(@o. (@) + ) (=2)2¢:(x, 1) — a(t)e(Ao + )tu(w,t) — alt)Ke(v, do +£)(z, t).

(47)
Thanks to Lemma 3, we obtain

(A (2,8)] = [Con(—A)2 (g (5 ) ()

@ _e2 _ _ .2
<[ T (g (T A ),

We deduce that there exists €; > 0 such that for all ¢ < &;:

[\

(=220, 0)] < (). (48)

Since (¢g + €) is periodic, positive and C* according to [23] (Proposition 1.1), we conclude from
Lemma 3 that there exists v €]0, af and a constant C' such that

[t(12gl—2) +1](2a—7)

K. (1, o + &), 8)| < Ce™ @ ¢ (x,t).

We deduce the existence of €5 > 0 such that for all £ < €5, we have

_ 3 2
Relw b0+ )] < Tl t) = T (49
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Noticing that (Ao + 1) > 0, inserting (48) and (49) into (47), we conclude that for all ¢ < gy :=
;1) an

min(eq, €9, 0 d (z,t) € Q°x]0, [ we have:

€O f2" (. ) + (= A) [ (@, t) — [, ) + [ (2, 1)

< —3—€2f’”(x D)+ a(t)(90s + ) (@)(=A)*W(2.1) = alt)e(o + De(a,1) = a(t) Ke(, 6o + €) (2, 1)
< e+ )+ S L
S _Zfam(x7t)

<0.
Therefore, f is a sub-solution of (1.) for (z,t) € 2°x]0, %[. It concludes the proof of (1).

We continue by proving (2). Let (z,t) be in QFx]%, +00[. We define:

O |)\O|t+£2 arctan(t—fg)-ki’)
m = C e d+2a T
mdJe

Ve(x,t) =

d+2a

—olt 3
1+e ~0 +5arctan(t7— +2 |£I§"

thus oz, t) = Yo(2,t) X (¢oe(T) +¢).

First, we bound 0,1, from above:

2

(Ihol= m) _MO‘ +earctan(t— -5 )+2 || 4+2a
0 t) = Cm € ¢ : |ZE| -
€ twe(aj’ ) =< —Ix 0‘ +earctan(t— + dt2a g
(1+e a2
2 M+z—:arctan( 2)+3 2o
e = !1’ €
= ) [ (|Ao| —
77/15<£L‘ ) (| 0| 1+ (t _ ;%)2)1 n 67_‘20‘t+5arctan(t— +2 |x|d+% (50)
2
£
< e, t)[|No] — [ENT=EST Ve (2, 1) (do.(2) + )]
52
R
< e Dl = =g~ M0
~Ixglt
Denoting by D = e = ** arctan(t—5)+ |x|d+2 and using the definition of C,,, we obtain indeed for

all € < mm(\/%, 1)

[ Ao| —

52

beldoe ) — (ol - —= D
- We e € -
1+ (t—4)? o iy @-42)1+D
_|)‘0|_@_ m(¢0,a+5)
B 1+D
| — 2 — Bl
1+D
> 0.

m
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Next, we compute (—A)® f"(x, 1)

(=D)2fI"(w,1) = (doe + ) (2) (= A)20e(w, ) + Yelw, ) (= D)2 b0 (x) — Ke(, (90 +€)) (@, 8).

Combining (50) and the above equality we find, following similar computations as in (1),

e 1" (1) + (=A)2 [ (. 1) = 2 (2, ) (1 = fI"(x, 1))

< —ﬁf%w + (f0e(x) + ) (—A)20c(z,£) — Ko (. ¢ + &) (x, 1). (51)

Thanks to Lemma 3, we obtain

[—t\)\o\t+82 arctan(t—%)+3]

[(=A)20(2, )] = [Crn(=A)Z (ge(e ) (@)]
2a[—|Ag|t+e? arctan(t— ;%)4'3] [—|Agt+e2 arctan(t— ;45)+3]
<|[Cpe” s(d+2a) (ge)(e a2 z)|.

Noticing that since t > ;12, there exists €3 > 0 such that for all ¢ < e3

4 —[Xolt 2|\ —[Aolt
—|)\0|t—|—52arctan(t—?)—|—3§ ’20’ - ’520’ +62g+3§ %.
We deduce the existence of ¢4 < e3 such that for all ¢ < g4:
—alAglt 2
[(=A)2¢e(w,1)| < es@2(z,1) < Ve(, 1). (52)

31+ (t—%)?)
Following similar computations, we deduce the existence of 5 > 0 such that for all € < 5, we have

g3 _ 2min(¢o. +€)
30+ - oy ) T s Ay (53)

|K.(1), ¢ + ) (x,1)] <

Inserting (52) and (53) into (51), we conclude that for all £ < gy := min(es, 4,5, 1/ 22, 1) and

2
(z,1) € Q°x] 5, +00[ we have:

O S (@, 1) + (A2 fI (@, t) — 2 (@, 1) + [ (2, 1)

g2 . ) _
S - (1 + (t _ ;%)Z)fE (‘T7t) + (¢0,6 + M)(x)(_A) ¢s($7t) - Ke(% ¢0 + 5)(I,t>
g2 .
S st =Tl @Y
<0.

Therefore, fI™ is a sub-solution of (1.) for (z,t) € Q°x] %, +o0l.

The proof of (3) follows the same arguments as the proof of (2).
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For the proof of (4), we have to check that the initial data are ordered in the right way. According
to (38), (45) and the definition of C,,, we have that for all x € Q°,

_ Crn(Poe(x) +¢) < Cm0c ()

M (x,0) 6%+|x|d+52a < 1+|a:|d+52a +e < n.xe)+e.

Furthermore,

V(z,t) € (Q°)° x [0, 400, we know that fI"(x,t) < e < n.(z,t+¢)+e. (54)
Thus we conclude from the comparison principle that for all (z,t) € R? x [0, ;%[, we have

Mz, t) < n.(x,t+¢€) +e. (55)
Since, we have that for all x € R?
lim fM(z,t) = lim  f"(z,t)
t= 5, 1<% toh, t>%

and recalling that f is also a subsolution in Q° x]%;, +oo[ and the inequality (54), we deduce thanks
to the comparison principle that for all (x,t) € RY x [0, +00]

[ t) < nuot+e) +e. (56)
The other inequality can be obtained following similar arguments. O]

A direct consequence of (56) is that if ¢ fulfills the assumption of Proposition 3 then

V(z,t) € ]Rdx]i +o0| Crn X o ()

27 —[2olt _43y43,  dt2o
£ l4+e - +e arctan(t 62)—|—E|x|T

<ng(z,t+¢e)+e. (57)

Next, we establish some consequences of Theorem 3 on the solution n without the scaling (9).

Proof of Theorem 5. First, we prove the first point by using the sub-solution fI*. It is sufficient to

prove it for v < ry (where 7 is the radius of the uniform interior ball condition satisfied by ).

Proof of 1.  Set v > 0, ¢ < d‘igla and 9 > 0 provided by Proposition 3. we deduce that for
min<50, 4<Aowf;2a>c>,ijﬁ“¢°>

€= : and for all (z,t) € (N {|z| < e}) x]5, +oo[ we have

1

Cm¢0<|x’§_lgj)

2
—IXqlt 4y43 d+2a
1 e s +earctan(t 52)+E|x| =

<n.(r,t+e)+e

which implies
Om Hfllln ¢0

1+ 62((d+20¢)c—|/\0\)+aarctan(t—§)+§ < ne (.I', t+ €> +e.

%ﬁkﬁ;m)c), it follows that for all ¢t > ;ig
4 3
t(c(d + 2a) — |Xo|) + e arctan(et — ?) +- < 0.

If we perform the inverse scaling to (9), since € <

We deduce that for all (z,t) € (Q, N {|z| < e}) x]F + 1, 400]

C,, min ¢y C,, min ¢q
i i <n(z,t+1)+¢
2 - 1+ et(c(d+2a)—|)\0\)+aarctan(st—g%)—l—% - ! ’
Cm rgin b0 4
If we define 0 = ——*— and t, = 5 + 1, we conclude that (41) holds true.
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We prove the second point by using the super-solution f.
Proof of 2. Let C' > dli—ya and we fix € = g such that Proposition 3 holds true. It implies that
V(z,t) € R¥x]0,+00[, ne(z,t+e) < fM(x,t).
If we perform the inverse scaling to (9), it follows that

Cn X
n(z,t+1) < M X X go

1+ €f|)\0\t76arctan(st)fé ’Qj‘dJrZa'

Then for all (z,t) € {|z| > Ct} x]0,4+o00] we have

Chy X max ¢

em 1

1 4+ e~ 2 ~=etlld+20)C—|Ao]]

n(x,t+1) <

em 1

Defining O := 2Cy; max ¢p, Cy := e~ 2 ~< and & := (d+2a)C —|\o| then the conclusions follows. [

5.2 The final argument

Proof of Theorem 3. We will prove (i) by splitting the proof into two parts : the upper bound and
the lower bound. We will not provide the proof of (i) since it is a direct application of 2. of Theorem
5.

Proof of (7). Let p be a positive constant. We want to prove that there exists a time ¢, > 0 such

d‘igla we have for all (z,t) € {|z| < e®} x]t,, +00]

that for any ¢ <
n(z,t) — ny ()] < p.
First we establish that there exists a time ¢t; > 0 such that
V(z,t) € Qx]ty, oo, n(z,t) —ni(z) <p (58)
Next, we prove the existence of a time t5 > 0 such that
V(z,t) € Qxlty, +oo[, —p <n(z,t)—ny(x) (59)

The difficult part will be to establish (59). This is why, we do not provide all the details of the proof
of (58).
Proof that (58) holds true. Thanks to (38) and Proposition 1, we deduce the existence of a
constant C' > 1 such that
n(z,t =1) < Cny(z).

Moreover, the solution 7 of

om+ (—A)*n=n—-n in Qx]1, 400,
n(x,t) =0 in Q° x [1, +o0l,
n(x,t=1)=Cnyi(z) inQ

is a super solution of (1). According to the comparison principle we deduce that

V(z,t) €e R x [1,400], n(x,t) <7n(z,t). (60)
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One can easily observe that 7 is periodic, decreasing in time and converges uniformly to ny in the
whole domain €2 as t — +00. Thus there exists a times t; > 1 such that

V(z,t) € Qx]ty, +oo], 7(x,t) —ny(z) < p.

The conclusion follows.
Proof that (59) holds true. We split this part of the proof into two subparts, what happens
on the boundary and what happens in the interior.
The boundary estimates. Since T is decreasing in time and thanks to (60), we deduce that for all
(x,t) € Q x [1,+00]
In(x,t) —ny(x)] < n(z,t) +ny(z) <z, t) +ny(z) < (C+ 1ny(x).
According to Proposition 1, we deduce that for all (z,t) € Q x [1, 00|

In(x,t) —ny(z)] < C(C+1)d(x)".
We conclude that for all (z,t) €  x [1,+o0] such that §(x) < <L> := 11 we have

In(z,t) —ny(x)| < p.

The interior estimates. Thanks to Theorem 1, we know that n, < 1 thus it is sufficient to prove
the existence of ¢35 > 0 such that

n(z,t)

z.t) € ({W <ect}mQy2> X|ta, oo 1—p < (@)

where vy = min(vy,71)

where v is provided by the previous step and r; by the uniform interior ball condition.

The idea is to approximate n, by the solution of (4) on a ball of radius M. Noticing that thanks
to (H1), there exists My > 0 such that for M > My, there exists a unique bounded positive solution
N+ of

(=A)*narg = nye —ni . in QN B0, M), (61)
ny+ =0 in (2N B(0,M))°
We claim that
IM; > My, such that VM > M;, Vx € Qq,,, (1— ,u)% < . () (62)

ni(z)

The proof of this claim is postponed to the end of this paragraph. Next, we approach n,, 4+ by the
long time solution of the following equation:

O + (—A) Ny, = nars — ”?\m in (2N B(0,M)) x]0, +o0],
narz(z,t) =0 in (2N B(0, M))*x]0, +o0l, (63)

nars (7.t =0) = olp »2) ().
where o is provided by Theorem 5 and z € €, o will be fixed later on. We claim that

narz(x,t)
nM,+<5U> '

[

Jt, > 0, such that Vz € Q =, V(z,1) € Qo X]t,, +00f, (1 —p)> < (64)
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Again, the proof of this claim is postponed to the end of this section. Next, we define
L=t + 1, (65)

where t, is defined by (64) and ¢, by Theorem 5. Let (z,t) € (S, N{|z| <e“}) x]t,, +o0[ and
j € Z% be such that € Qy + a;. Since v5 < 71 (the radius of the uniform interior ball condition),
we deduce the existence of z, € € o such that

x € Bz, + aj, %) and Yy € B(z, + a;, %) there holds y € (Q +a;)z N {|y| <e”}. (66)
Remarking that Zix(;g = nf((j’fi‘), we are going to control each terms of the following decomposition:
J
t t —a;,t—t —a;
n(l‘7 ) — n(l’, ) % nMvzx('Z‘ a]? 0') % nM7+(x a]) — I % II X III
ni(x)  nae,(x—ajt—t;) nu (T — aj) ny(r — a;)

where nyy ,, is defined in (63).
Control of I.
Thanks to (41) and (66), it follows that

Yy € B(zy + aj, v

4)7 O-Sn(y7t0')

Recalling that nyy ., (2,0) = olg,, o y(x), we conclude thanks to the comparison principle that

Y(y,s) € R x [ts, +00[ we have nyr ., (v — aj, s —t,) < n(y,s).

Since t > t,, we conclude that
n(z,t)

1< . 67
T N, (T —aj,t —t,) (67)
Control of II.
Since t — t, > t,, we deduce thanks to (64) that
= Z - Wy, l— ta
(1t < M2 0t o) (63)
nu (T — aj)
Control of III.
Since x — a; € Qy, we deduce thanks to (62) that
(1t < Malr =), (69)
T gz —ay)

Combining (68), (69) and (67), we conclude that for all (x,t) € (2, N {|z| < e“}) x]t,, +-00], we
obtain

) < n(z,t) nare, (T —aj,t —ts)  nyg(x—a;)  n(x,t)  n(w,t)
Pt —t) T =) n@—g)  ne—a)  ng(@)
This concludes the proof of Theorem 3. O
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It remains to prove the claims (62) and (64). The proof of (62) relies on the uniqueness result
stated in Theorem (1).

Proof of (62). The map (M €]My, +oo[— nr+) is increasing as nyy is a sub-solution to the equation
for nyy for M’ > M. Tt converges to a weak solution of (4). By fractional elliptic regularity, the
limit is a strong solution of (4). We conclude thanks to the uniqueness of the solution of (4) stated
in Theorem 1. O

The proof of (64) relies on a compactness argument.

Proof of (64). For a fixed z € Q,, the proof of convergence of nys . to ny 4 is classical thanks to
(H1). For each z € Q,, there exists ¢, > 0 such that

narz(x,t)
nM,+<x> .

N

V(z,t) € R¥x|t,, +oo], (1—p)2 <

We claim that sup t, < +oo. This assertion is true by compactness of ﬁoy (otherwise there exists
ZEQO,U

zZE 507,, such that ¢z = +o00 which is a contradiction). O

5.3 The result on the level sets
In this section, we use the sub and super-solutions established in Section 5.1 to prove Theorem 4.

Proof. Let v > 0 be such that €, # (). We define

v — Cm i
c ;gg}cbo(y)

C)yn min -
where the function C,, is defined in Proposition 3. Let p €]0,¢,[ and € = min(w,so, 1)
where &g is provided by Proposition 3. Next we define t, = % + 1. Let (z,t) € Q,X]t,, +oo[ such
that n(z,t) = p. First, we prove that there exits ¢ > 0 (independant of the choice of (z,t)) such
that cel*l* < |z|92¢. Next, we prove the existence of C' > 0 (independant of the choice of (z,t))
such that |z[¢t2e < Cellt. Defining €, = max(C, ¢™t), the conclusion follows.

FEzistence of c. Thanks to Proposition 3, after the inverse scaling of (9), we obtain

Cin(po(x) +¢)

1+€7|)\0|(t71)+€arctan(s(t71)7§)+g|x|d+2a

= Cmigglcbo(y) —u+ €(Cm o 1) < 2’ue—\)\ol(t—l)—‘rearctan(s(t—l)—g%)—l—%|x|d+2a

<n(z,t)+e=p+e

Cin min -
g O sl
- 2 e|)\o\t < ’z‘d+2a
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3
(Com min o (y)—p)e” 3 ~= ol
S

If we define ¢ = then the conclusion follows.

dp
FEzistence of C. Thanks to Proposition 3, after the inverse scaling of (9), we obtain

=n(x,t) < Crndo()
2 v = 1+ e—\)\0|(t—1)—aarctan(a(t—l))_%’I|d+2a.
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It follows

(Chr max ¢ — p)ess =1l

|J}|d+2a < €|)\o\t‘
L
e 5ol .
If we define ¢ = (Caumaxdo : Je"2  then the conclusion follows. O
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