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ABSTRACT. In this paper we show existence of solutions for some elliptic
problems with nonlocal diffusion by means of nonvariational tools. Our
proof is based on the use of topological degree, which requires a priori
bounds for the solutions. We obtain the a priori bounds by adapting
the classical scaling method of Gidas and Spruck. We also deal with
problems involving gradient terms.

1. INTRODUCTION

Nonlocal diffusion problems have received considerable attention during
the last years, mainly because their appearance when modelling different
situations. To name a few, let us mention anomalous diffusion and quasi-
geostrophic flows, turbulence and water waves, molecular dynamics and rel-
ativistic quantum mechanics of stars (see [I1], 20, 29, 57] and references
therein). They also appear in mathematical finance (cf. [3, 9 28]), elastic-
ity problems [51], thin obstacle problem [I5], phase transition [Il, 13, [55],
crystal dislocation [31], 58] and stratified materials [46].

A particular class of nonlocal operators which have been widely analyzed
is given, up to a normalization constant, by

2u(z) —u(z +y) —u(lx —y

(~A)jeute) = [ 2D == ey,
where s € (0,1) and K is a measurable function defined in RN (N > 2). A
remarkable example of such operators is obtained by setting K = 1, when
(—A)j reduces to the well-known fractional Laplacian (see [56, Chapter 5]
or [30, B9, B2] for further details). Of course, we will require the operators
(—A)j% to be elliptic, which in our context means that there exist positive
constants A < A such that

(1.1) A< K(z) <A inRY

(cf. [I8]). While there is a large literature dealing with this class of opera-
tors, very little is known about existence of solutions for nonlinear problems,
except for cases where variational methods can be employed (see for instance
[l 6, [7, 47, 49, [50] and references therein).

But when the problem under consideration is not of variational type, for
instance when gradient terms are present, as far as we know, results about
existence of solutions are very scarce in the literature. Thus our objective
is to find a way to show existence of solutions for some problems under this
assumption. For this aim, we will resort to the use of the fruitful topological
methods, in particular Leray-Schauder degree.
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It is well-known that the use of these methods requires the knowledge of
the so-called a priori bounds for all possible solutions. Therefore we will be
mainly concerned with the obtention of these a priori bounds for a particular
class of equations. A natural starting point for this program is to consider
the problem:

(1.2) {(_AWUZUP+M%U)inQ

u=0 in RV \ Q,

where Q C RY is a smooth bounded domain, p > 1 and ¢ is a perturbation
term which is small in some sense. Under several expected restrictions on
g and p we will show that all positive solutions of this problem are a priori
bounded. The most important requirement is that p is subcritical, that is
N + 2s
N —2s
and that the term g(z,u) is a small perturbation of u” at infinity. By
adapting the classical scaling method of Gidas and Spruck ([35]) we can
show that all positive solutions of are a priori bounded.

An important additional assumption that we will be imposing on the
kernel K is that

(1.4) lim K(z) = 1.

x—0

(1.3) l<p<

It is important to clarify at this moment that we are always dealing with
viscosity solutions v € C(RY) in the sense of [I§], although in some cases
the solutions will turn out to be more regular with the help of the regularity
theory developed in [I8, [19].

With regard to problem , our main result is the following:

Theorem 1. Assume Q is a C? bounded domain of RV, N > 2, s € (0,1)
and p verifies (1.3)). Let K be a measurable kernel that satisfies (1.1) and

[T.4). If g € C(Q x R) verifies
lg(z,2)| < Clz|"  z2€Q, z€R,

where 1 < r < p, then problem (1.2) admits at least a positive viscosity
solution.

It is to be noted that the scaling method requires on one side of good
estimates for solutions, both interior and at the boundary, and on the other
side of a Liouville theorem in RY. In the present case interior estimates are
well known (cf. [18]), but good local estimates near the boundary do not
seem to be available. We overcome this problem by constructing suitable
barriers which can be controlled when the scaled domains are moving. It is
worthy of mention at this point that the corresponding Liouville theorems
are already available (cf. [60} 25] 43, [32]).

Let us also mention that we were not aware of any work dealing with the
question of a priori bounds for problem ; however, when we were com-
pleting this manuscript, it has just come to our attention the very recent
preprint [24], where a priori bounds for smooth solutions are obtained in
problem with K = 1 and g = 0 (but no existence is shown). On the
other hand, it is important to mention the papers [12] [14] 26] 27], where a
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priori bounds and Liouville results have been obtained for related operators,
like the “spectral” fractional laplacian. To see some diferences between this
operator and (—A)?®, obtained by setting K = 1 in the present work, see for
instance [48]. In all the previous works dealing with the spectral fractional
Laplacian, the main tool is the well-known Caffarelli-Silvestre extension ob-
tained in [I7]. This tool is not available for us here, hence we will treat the
problem in a nonlocal way with a direct approach.

As we commented before, we will also be concerned with the adaptation of
the previous result to some more general equations. More precisely, we will
study the perturbation of equation with the introduction of gradient
terms, that is,

(1.5) {(_Aﬂuzuy+M%mvm in Q,

u=0 in RV \ Q.

For the type of nonlocal equations that we are analyzing, a natural restric-
tion in order that the gradient is meaningful is s > % However, there seem
to be few works dealing with nonlocal equations with gradient terms (see
for example [2], [4, [10} 20}, 221 23, 37, 53], 54, [59]).

It is to be noted that, at least in the case K = 1, since solutions u are
expected to behave like dist(z, 9€2)® near the boundary by Hopf’s principle
(cf. [45]), then the gradient is expected to be singular near 0€2. This implies
that the standard scaling method has to be modified to take care of this
singularity. We achieve this by introducing some suitable weighted norms
which have been already used in the context of second order elliptic equations
(cf. [36]).

However, the introduction of this weighted norms presents some problems
since the scaling needed near the boundary is not the same one as in the
interior. Therefore we need to split our study into two parts: first, we obtain
“rough” universal bounds for all solutions of , by using the well-known
doubling lemma in [41]. Since our problems are nonlocal in nature this forces
us to strengthen the subcriticality hypothesis and to require instead

(1.6) l<p<

N —2s
(cf. Remarks |l (b) in Section 3). After that, we reduce the obtention of the
a priori bounds to an analysis near the boundary. With a suitable scaling,
the lack of a priori bounds leads to a problem in a half-space which has no
solutions according to the results in [43] or [32].

It is worth stressing that the main results in this paper rely in the con-
struction of suitable barriers for equations with a singular right-hand side,
which are well-behaved with respect to suitable perturbations of the domain

(cf. Section [2)).

Le us finally state our result for problem ([1.5)). In this context, a solution
of (T.5) is a function u € C*(Q2) N C(RYN) vanishing outside Q and verifying
the equation in the viscosity sense.

Theorem 2. Assume Q is a C? bounded domain of RN, N > 2, s € (%, 1)
and p verifies (1.6). Let K be a measurable kernel that satisfies (1.1) and
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(T4). If h € C(2 x R x RN) is nonnegative and verifies
Wz, z,8) < C(lz" +1€]"), z€Q, zeR, £€RY,

where 1 <r <pandl <t< p+2285—1’ then problem (1.5) admits at least a
positive solution.

The rest of the paper is organized as follows: in Section 2 we recall some
interior regularity results needed for our arguments, and we solve some linear
problems by constructing suitable barriers. Section 3 is dedicated to the
obtention of a priori bounds, while in Secion 4 we show the existence of
solutions that is, we give the proofs of Theorems [1] and

2. INTERIOR REGULARITY AND SOME BARRIERS

The aim of this section is to collect several results regarding the con-
struction of suitable barriers and also some interior regularity for equations
related to and . We will use throughout the standard convention
that the letter C' denotes a positive constant, probably different from line
to line.

Consider s € (0, 1), a measurable kernel K verifying (1.1) and (1.4) and
a C? bounded domain 2. We begin by analyzing the linear equation

(2.1) (—A)gu=f inQ,
where f € L (2). As a consequence of Theorem 12.1 in [I8] we get that

loc
if u € C(2) N L®RY) is a viscosity solution of (2-1) then u € C2 () for
some « € (0,1). Moreover, for every ball Br CC  there exists a positive

constant C' = C (N, s, \, A, R) such that:
(2.2) o gy < Cll ey + Il peqany-

The precise dependence of the constant C' on R can be determined by means
of a simple scaling, as in Lemma [5| below; however, for interior estimates
this will be of no importance to us. When s > %, the Holder estimate for the
solution can be improved to obtain an estimate for the first derivatives. In
fact, as a consequence of Theorem 1.2 in [38], we have that u € C’ﬁ)’f (Q), for
some 3 = B(N,s, A\, A) € (0,1). Also, for every ball B CC € there exists a
positive constant C' = C(N, s, A\, A, R) such that:

(2.3) lllors @) < € (1 o) + lullzmam ) -

Both estimates will play a prominent role in our proof of a priori bounds for
positive solutions of (1.2)) and (|1.5)).

Next we need to deal with problems with a right hand side which is
possibly singular at 9. For this aim, it is convenient to introduce some
norms which will help us to quantify the singularity of both the right hand
sides and the gradient of the solutions in case s > %

Let us denote, for x € Q, d(x) = dist(z,99Q). It is well known that d is
Lipschitz continuous in € with Lipschitz constant 1 and it is a C? function
in a neighborhood of 9€2. We modify it outside this neighborhood to make
it a C? function (still with Lipschitz constant 1), and we extend it to be
zero outside ).
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Now, for # € R and u € C(f2), let us denote (cf. Chapter 6 in [36]):
lull§” = sup dz)’lu()]
When u € C1(Q) we also set
(2.4) Jul = sup (d(a)’}u(e) + d(a)" ! [Vu(2)]).

Then we have the following existence result for the Dirichlet problem asso-
ciated to (2.1)).

Lemma 3. Assume Q is a C? bounded domain, 0 < s < 1 and K is a
measurable function verifying (L.1) and (L.4). Let f € C(Q) be such that

Hf”ég) < 400 for some 6 € (s,2s). Then the problem

{ (=A)u=f inQ,

2.5
(2:5) u=0 in RN\ Q,

admits a unique viscosity solution. Moreover, there exists a positive constant

C such that

0—2s 0
(26) luly > < Clf1S-
Finally, if f > 0 in Q then u >0 in .

The proof of this result relies in the construction of a suitable barrier in a
neighborhood of the boundary of 2 which we will undertake in the following
lemma. This barrier will also turn out to be important to obtain bounds
for the solutions when trying to apply the scaling method. It is worthy of
mention that for quite general operators, the lemma below can be obtained
provided that 6 is taken close enough to 2s (cf. for instance Lemma 3.2 in
[34]). But the precise assumptions we are imposing on K, especifically (1.4),
allow us to construct the barrier in the whole range 6 € (s, 2s).

In what follows, we denote, for small positive &,

Qs = {z € Q: dist(x,00) < d},
and K, (z) = K(ux) for p > 0.

Lemma 4. Let Q be a C? bounded domain of RNV, 0 < s < 1 and K be

measurable and verify (1.1) and (1.4). For every 6 € (s,2s) and py > 0,
there exist Cy,d > 0 such that

(—A)5, d* 70 > Cod™  in Qj,
if 0 < p < po.

Proof. By contradiction, let us assume that the conclusion of the lemma is
not true. Then there exist 6 € (s,2s), pg > 0, sequences of points x,, €
with d(x,) — 0 and numbers p,, € (0, po] such that

(2.7) lim d(z,)’ (=A%, d**%(z,) <0.

n—-+4o0o
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Denoting for simplicity d,, := d(z,,), and performing the change of variables
y = dpz in the integral appearing in (2.7)) we obtain

d(xn+dnz 259 d(xn—dnz 250
(2.8) / 2_( ( o )) _( ( o )) K(pndpz)dz < o(1)
S R )z < o(1)

Before passing to the limit in this integral, let us estimate it from below.
Observe that when z,, +d,,z € €2, we have by the Lipschitz property of d that
d(xy + dpz) < dy(1+|z]). Of course, the same is true when x,, + d,,z & 2
and it similarly follows that d(x,, — d,z) < d,,(1 4 |z|). Thus, taking L > 0
we obtain for large n

d(@p+dnz) ) 2s=0 (M) 25—0
K(

2- ( d d
- - pndpz)dz
(2.9) /|z|>L Eha o
1 2s—0
Lo [ QR
lo>L |2Vt

On the other hand, since d is smooth in a neighborhood of the boundary,
when |z| < L and z,, + d,z € €2, we obtain by Taylor’s theorem

(2.10) d(zy 4 dpz) = dp + d,Vd(z,)2 + 0,(dy, 2)d2|2)?,
where ©,, is uniformly bounded. Hence
(2.11) d(xy 4 dpz) < dp + d,Vd(z,)z + Cd?|2|2.

Now choose € (0,1) small enough. Since d(z,) — 0 and |Vd| = 1 in a
neighborhood of the boundary, we can assume that

(2.12) Vd(zy) — e as n — 400 for some unit vector e.

Without loss of generality, we may take e = ey, the last vector of the
canonical basis of RY. If we restrict z further to satisfy |z| < 1, we obtain
14+Vd(xp)z ~ 142y > 1—n > 0 for large n, since |zy| < |z| < 7. Therefore,
the right-hand side in (2.11)) is positive for large n (depending only on 7),
so that the inequality (2.11)) is also true when x,, + d,z & 2. Moreover, by
using again Taylor’s theorem

(1 + Vd(zn)z 4+ Cdy|2|?)>*7? <1+ (25 — 0)Vd(zn)z + C|2|%,
for large enough n. Thus from ,

d(xn + dpz)
dn

for large enough n. A similar inequality is obtained for the term involving
d(xy, — dpz). Therefore we deduce that

/ 9 <d(x$ndnz))25—9 - <W>28_0K(
|z1<n

25—0
) <14 (25— 0)Vd(zn)z + C2%,

2| N+2s findnz)dz

(2.13)

1
> —2AC ———dz.
- I2]<n ‘Z|N_2(1_S) o
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We finally observe that it follows from the above discussion (more precisely

from (2.10) and (2.12)) with e = ey) that for n < |z| < L

d(zy, £dpz2)
dn

Therefore using (2.9)), (2.13)) and (2.14)), and passing to the limit as n — 400
in (2.8)), by dominated convergence we arrive at

(2.14) = (1x2n)+ as n — +o0.

oA (Sl )R / il U 2l Ul RS
p>r |2V n<|zl<L 2|V +2s
1
—2AC ——dz < 0.
|Z|§77 |Z|N_2(1_S) -

We have also used that lim,—, oo K(pndypz) = 1 uniformly, by (1.4 and the
boundedness of {y,}. Letting now n — 0 and then L — +o00, we have

/ 2- (L+2n)P ™" = (1—2n) 3™
RN

\Z|N+25 dz <0.

It is well-known, with the use of Fubini’s theorem and a change of variables,
that this integral can be rewritten as a one-dimensional integral

-0 —0
2— (142" — (1 -t
R |t|1+25

(2.15) dt < 0.

We will see that this is impossible because of our assumption 6 € (s,2s).
Indeed, consider the function

2— (1465 —(1—1)%
F(r)= /R ‘t‘fws tdt, T€(0,2s),

which is well-defined. We claim that F' € C*°(0,2s) and it is strictly concave.
In fact, observe that for k& € N, the candidate for the k—th derivative F(*)(r)
is given by

_/ (L+6)7 (log(1 +1)f + (1~ )7 (log(1 — 1))k
R |t|1+2s ’

It is easily seen that this integral converges for every k > 1, since by Taylor’s
expansion for ¢t ~ 0 we deduce (1 +1)"(log(1 +1))* + (1 — )" (log(1 — t))* =
O(t?). Therefore it follows that F is C™ in (s,2s). To see that F is strictly
concave, just notice that

7 (lo 2 _TO_2
re(e) = | CLEDRoR 01 07 g~

dt < 0.

Finally, it is clear that F'(0) = 0. Moreover, since v(z) = (z4)°, = € R
verifies (—A)*v = 0 in Ry (see for instance the introduction in [16] or
Proposition 3.1 in [45]), we also deduce that F'(s) = 0. By strict concavity
we have F'(1) > 0 for 7 € (0, s), which clearly contradicts if 6 € (s,2s).
Therefore is not true and this concludes the proof of the lemma. [
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Proof of Lemma([3 By Lemma @ with po = 1, there exist Cy > 0 and § > 0
such that

(2.16) (=A)3:d?7% > Cod=? in Q.
Let us show that it is possible to construct a supersolution of the problem
{ (—A)sv = Cod™? in Q,

2.17
(2.17) v=0 in RV \ Q,

vanishing outside Q.

First of all, by Theorem 3.1 in [34], there exists a nonnegative function
w € C(RY) such that (—A)jw =1 in Q, with w = 0 in RV \ Q. We claim
that v = d**~% 4 tw is a supersolution of if t > 0 is large enough. For
this aim, observe that (—A)%dzs*a > —C in Q\ Qs, since d is a C? function
there. Therefore,

(—A)sv>t—C>Cod™?in Q\ Qs

if ¢ is large enough. Since clearly (—A)%v > Cod% in Qs as well, we see
that v is a supersolution of , which vanishes outside (2.

Now choose a sequence of smooth functions {#,} verifying 0 < #,, < 1,
Py =11in Q\ Qy/,, and ¥, = 0 in Qy,,. Define f, = fi)y,, and consider the
problem

218) { (—A)u=fn inQ,

u=20 in RV \ Q.

Since f, € C(Q2), we can use Theorem 3.1 in [34] which gives a viscosity

solution u, € C(RY) of (2.18).
On the other hand, |f,| < |f] < ||f||(()0)d_9 in Q, so that the functions

vy = £C Y| f||(()0)v are sub and supersolution of (2.18). By comparison (cf.
Theorem 5.2 in [1§]), we obtain

—CHAD < un < G AP0 in Q.

Now, this bound together with , Ascoli-Arzeld’s theorem and a standard
diagonal argument allow us to obtain a subsequence, still denoted by {u,},
and a function v € C(£2) such that u,, — u uniformly on compact sets of 2.
In addition, u verifies

(2.19) ul < M1 in

By Corollary 4.7 in [I8], we can pass to the limit in (2.18)) to obtain that
u € C(RV) is a viscosity solution of ([2.5). Moreover inequality (2.19)) implies
that |u| < C|| £ d?=0 in Q\ Qj for some C' > 0, so that, by (2.5), (Z.16)
and the comparison principle, we obtain that

[ul < CIIf§d* inQ
which shows ([2.6]).

The uniqueness and the nonnegativity of u when f > 0 are a consequence
of the maximum principle (again Theorem 5.2 in [I8]). This concludes the
proof. O
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Our next estimate concerns the gradient of the solutions of (2.5)) when
s > 3. The proof is more or less standard starting from (2:3) (cf. [36]) but
we include it for completeness

Lemma 5. Assume QQ is a smooth bounded domain and s > % There exists
a constant Cy which depends on N, s, X\ and A but not on Q such that, for

every 6 € (s,2s) and f € C(Q) with ||f||(()6) < 400 the unique solution u of
(12.5) verifies

0—2s+1 0 0—2s
(2.20) I9ully = < CotllA1l6” + ully ).
Proof. By (2.3 with R =1 we know that if (—A)%u = f in B then there
exists a constant which depends on N, s, A and A such that ||Vul|pe(p, ,) <

Clflizee(y) + llullpeemay). By a simple scaling, it can be seen that if
(—A)ju= fin Q and Bg CC Q then

RHVU||LOO(BR/2) < C(R2S||f”Loo(BR) + ||UHL<>O(RN))-

Choose a point x € Q. By applying the previous inequality in the ball
B = Bj(y)/2(7) and multiplying by d(x)?=2% we arrive at

A(@)" 2 Tu(e)| < C (@)’ fllws) + d@)’ >l o))

Finally, notice that @ <d(y) < %(x) for every y € B, so that d(x)?| f(y)| <

0 . . 0 .
2d(y)? f(y) < 22|£" this implying d(@)? || =(5) < 22|75 A sim-
ilar inequality can be achieved for the term involving |[ul|pec@ny. After
taking supremum, ([2.20)) is obtained. O

Our next lemma is intended to take care of the constant in when we
consider problem in expanding domains, since in general it depends on
Q. This is the key for the scaling method to work properly in our setting.
For a C? bounded domain €2, we take £ € 99, > 0 and let

O ={y e RV : &+ puy € Q).

It is clear then that d,(y) := dist(y, 9) = p~'d(€ + py). Let us explicitly
remark that the constant in for the solution of posed in QO will
depend then on the domain €2, but not on the dilation parameter u, as we
show next.

Lemma 6. Assume  is a C? bounded domain, 0 < s < 1 and K is a

measurable function verifying (1.1) and (1.4). For every 6 € (s,2s) and
wo > 0, there exist Cy,d > 0 such that

(A5, d27% > Cod,®  in ()5,
if 0 < p < pg. Moreover, if u verifies (—A)%ﬂu < C’ldlje in QF for some
Cy > 0 with uw =0 in RN \ Q*, then
u(z) < C2(C1 + [[ul| Loo (my) dff*a for z € (")s.

for some Cy > 0 only depending on s, §, 6 and Cy.
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Proof. The first part of the proof is similar to that of Lemma [ but taking a
little more care in the estimates. By contradiction let us assume that there
exist sequences &, € 99, u, € (0, up] and

T, € W= {y e RN : &, + pny € Q},
such that d,(x,) — 0 and
dn(an)" (= D)k, d " (z0) < 0(1).
Here we have denoted
dn(y) = dist(y, 0Q") = p," d(&n + piny)-
For L > 0, we obtain as in Lemma letting d,, = d, ()

dn (T +dn2) ) 270 (w) 250
K(

[l
|z|>L |Z’N+2S

1 2s—0
> —2A / %dz
AN EIRAE

dn

pndnz)dz

Moreover, we also have an equation like (2.10)). In fact taking into account
that ||D2d,|| = us||/D?d|| is bounded we have for |z| < n < 1:

dp(2n £ dp2) < dy + d,Vdy(x,)z + Cd2 |2

with a constant C' > 0 independent of n. Hence

5 _ (M)QH} _ (M)QH
dn, dn,

K

/|z|§77 ‘Z|N+28 (

1
> —2AC —dz.
Z 1<y 2V 209) z

tndpz)dz

Now observe that d,,(z,) — 0 implies in particular d(&, + ppx,) — 0, so
that |Vd(&, + pnn)| = 1 for large n and then |Vd,(z,)| = 1. Asin (2.12),
passing to a subsequence we may assume that Vd,(x,) — ex. Then
dp(zy £ dp2)
dn,
for n < |z| < L and the proof of the first part concludes as in Lemma

— (1x2n)+ as n — +00,

Now let u be a viscosity solution of
(—A)ﬁ(uu < C’ld;(’ in QH,
u=0 in RV \ Q.
Choose R > 0 and let v = Rdff*(’. Then clearly
(A, v > RCyd,? > Cd,,? > (—A)j,uin ()5,

if we choose R > C1C;*. Moreover, u = v = 0 in RN \ Q# and v >
R6%70 > w in O\ ()5 if R is chosen so that R6* ™% > [|u|| oo (qu). Thus
by comparison u < v in (2*)s, which gives the desired result, with, for
instance Cy = 69725 4+ Cy . This concludes the proof. O
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We close this section with a statement of the strong comparison principle
for the operator (—A)j, which will be frequently used throughout the rest
of the paper. We include a proof for completeness (cf. Lemma 12 in [40] for
a similar proof).

Lemma 7. Let K be a measurable function verifying (1.1) and assume
u € C(RY), u >0 in RN verifies (—A)S-u > 0 in the viscosity sense in Q.
Then u >0 oru=0 in .

Proof. Assume u(xg) = 0 for some xp € ©Q but v # 0 in Q. Choose a
nonnegative test function ¢ € C?(RY) such that u > ¢ in a neighborhood
U of zp with ¢(x¢) = 0 and let

| ¢ inU
v= { u in RN\ U.
Observe that 1 can be taken to be nontrivial since v is not identically zero,
by diminishing U if necessary. Since (—A)j-« > 0 in Q in the viscosity sense,
it follows that (—A)%(z9) > 0. Taking into account that for a nonconstant
1 we should have (—A)%1 < 0 at a global minimum, we deduce that v is
a constant function. Moreover, since ¥(xg) = ¢(z¢) = 0 then ¥ = 0 in RV,
which is a contradiction. Therefore if u(zg) = 0 for some zy € Q we must
have © = 0 in €2, as was to be shown. O

3. A PRIORI BOUNDS

In this section we will be concerned with our most important step: the
obtention of a priori bounds for positive solutions for both problems (|1.2])

and (1.5). We begin with problem ([1.2)), with the essential assumption of
subcriticality of p, that is equation (1.3) and assuming that g verifies the

growth restriction
(3.1) lg(z,2)] <C(1+12]"), z€Q, z€R,
where C' > 0 and 0 < r < p.

Theorem 8. Assume Q is a C? bounded domain and K a measurable func-

tion verifying (1.1) and (1.4). Suppose p is such that (1.3) holds and g
verifies (3.1). Then there exists a constant C' > 0 such that for every posi-

tive viscosity solution u of (|1.2)) we have
|l Loy < C.

Proof. Assume on the contrary that there exists a sequence of positive solu-
tions {uy} of (1.2)) such that My = |lug||p(q) — +00. Let zx € Q be points
with ug(zx) = M}, and introduce the functions

U (T + g
nly) = I g gh,

p—1

where pg = Mk_ = — 0 and

QF = {y e RN : oy + iy € Q).
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Then vy, is a function verifying 0 < v, < 1, vx(0) = 1 and
(3.2) (=A)y, vk = v}, + hy in QF

where Ky (y) = K(ugy) and hy € C(Q2F) verifies |hy| < CM, *.
By passing to subsequences, two situations may arise: either d(zy) ,u,?l —
+o0 or d(zx)pyt — d > 0.

Assume the first case holds, so that 9 — RY as k — 4o00. Since the right
hand side in is uniformly bounded and v < 1, we may use estimates
with an application of Ascoli-Arzeld’s theorem and a diagonal argument
to obtain that v — v locally uniformly in RY. Passing to the limit in
and using that K is continuous at zero with K(0) = 1, we see that v solves
(—A)*v = vP in RY in the viscosity sense (use for instance Lemma 5 in [19]).

By standard regularity (cf. for instance Proposition 2.8 in [52]) we obtain
v € C%H(RY) for some o € (0,1). Moreover, since v(0) = 1, the strong
maximum principle implies v > 0. Then by bootstrapping using again
Proposition 2.8 in [52] we would actually have v € C>°(RY). In particular
we deduce that v is a strong solution of (—A)%v = vP in RY in the sense of
[60]. However, since p < %f%i, this contradicts for instance Theorem 4 in
[60] (see also [25]).

If the second case holds then we may assume x; — zg € 9€2. With no loss
of generality assume also v(zg) = —ey. In this case, rather than working
with the functions vy, it is more convenient to deal with

wnly) = HELI) ¢
where &, € 0f) is the projection of x; on 02 and
(33) DY :={y e RN : & + uy € Q.
Observe that
(3.4) 0 € D",
and

Dt 5 RY ={y e RN : yy >0} as k — +oo.
It also follows that wy verifies in D* with a slightly different function
hy, but with the same bounds.
Moreover, setting
rp — &k
Y i= ——
Hk
so that |yx| = d(zx)p; ", we see that wg(yr) = 1. We claim that d =
limg—s 400 d(:pk)ugl > 0. This in particular guarantees that by passing to a
further subsequence yx — yo, where |yo| = d > 0, thus yp is in the interior
of the half-space Rf .

Let us show the claim. Observe that by (3.2, and since r < p, we have
(—A)j,wp < C < C1dy?  in D*

for every 6 € (s,2s), where di(y) = dist(y,0D*). By Lemma @, fixing
any such 6, there exist constants Cp > 0 and 6 > 0 such that wi(y) <

Cody(y)**7% if dy(y) < . In particular, since by (B.4) |yr| > di(yr), if
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di(yx) < 6, then 1 < Cody(yx)**~? < Colyk**~°, which implies |ys| is
bounded from below so that d > 0.

Now we can employ (2.2) as above to obtain that w; — w uniformly
on compact sets of Rf, where w verifies 0 < w < 1 in Rf, w(yo) = 1 and
w(y) < C’yf\f*(g for yn < 6. Therefore w € C(RY) is a nonnegative, bounded
solution of

(—A)*w=wP inRY,

w=0 in RV \ RY.
Again by bootstrapping and the strong maximum principle we have w €
C"O(Rf), w > 0. Since p < %fgz < %jfgz, this is a contradiction with
Theorem 1.1 in [43] (cf. also Theorem 1.2 in [32]). This contradiction proves
the theorem. O

We now turn to analyze the a priori bounds for solutions of problem
. We have already remarked that due to the expected singularity of the
gradient of the solutions near the boundary we need to work in spaces with
weights which take care of the singularity. Thus we fix o € (0,1) verifying

(3.5) 0<0<1—§<1
and let
(3.6) E,={uec (@) |Ju]" < 400},

where || - Hg_a) is given by (2.4) with 8 = —o. As for the function h, we
assume that it has a prescribed growth at infinity: there exists C° > 0 such
that for every z € Q, z € R and ¢ € RV,

(3.7) h(z,2,6)] < COL+ |2 + [€]"),

where 0 < r < pand 1 <t < p+22?_1

of generality in assuming ¢ > 1). We recall that in the present situation we
require the stronger restriction ((1.6) on the exponent p.

< 2s (observe that there is no loss

Then we can prove:

Theorem 9. Assume §Q is a C? bounded domain and K a measurable func-

tion verifying (L.1) and (1.4). Suppose that s > %, p verifies (1.6) and h is
nonnegative and such that (3.7)) holds. Then there exists a constant C' > 0

such that for every positive solution u of (L1.5)) in E, with o satisfying (3.5)

we have

)i < C.

We prove the a priori bounds in two steps. In the first one we obtain
rough bounds for all solutions of the equation which are universal, in the
spirit of [41]. It is here where the restriction (|1.6)) comes in.

Lemma 10. Assume Q is a C? (not necessarily bounded) domain and K
a measurable function verifying and . Suppose that s > % and p
verifies . Then there exists a positive constant C = C(N, s, p,r,t,C° Q)
(where v, t and C° are given in ) such that for every positive function
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u € CHQ) N L®(RN) verifying (—A)3u = uP + h(z,u, Vu) in the viscosity
sense in ), we have

u(w) < C(1+dist(z, 09)771), | Vu()] < C(1+ dist(z, 99) 71 )
for x € Q.

Proof. Assume on the contrary that there exist sequences of positive func-
tions ux € C1(Q) N L®(RY) verifying (—A)jur = uf + h(z, ug, V) in Q
and points yi € ) such that

(38)  we(yn)F + |[Vur(ye) 75T > 2k (1 + dist(yp, 02) 7).

— -1
Denote Ni(x) = uk(x)stl + |Vuk(:z)\f'f2s—1, xz € Q. By Lemma 5.1 in [4]]
(cf. also Remark 5.2 (b) there) there exists a sequence of points xj € 2 with
the property that Ni(xx) > Ni(yr), Ni(zx) > 2k dist(xy, 0Q) ! and

(3.9) Ni(2) < 2Ng(z) in B(wg, kNg(xp)7h).

Observe that, in particular, (3.8) implies that Ny(xg) — +oo. Let vy :=
Ni(x1)~t — 0 and define

2s

(3.10) o(y) = v up(p +vky), v € Bri={y e RY : |y| < k}.

Then the functions v;, verify (—A)%kvk = vf + hy in By, where Ki(y) =
K (pry) and

2sp 2s 2s4+p—1

hi(y) = v (& + vy, vy, " o), vk(@k) T 2T Vop(y)).
Since h verifies ([3.7), we have |hy| < Cov}l (1 + v + [Vug|") in By, where

25(p — 1) 2ps — (2 — 1)t
s(p ﬂ’ps (2s+p—1) >0
p—1 p—1

Moreover by (3.9) it follows that

*y:max{

— —1
(3.11) k() T+ [Vop(y)[77 7 <2, y € By
Also it is clear that
— —1
(312) ’l}k(o)% —+ |Vka(0)|p-f25—1 =1.

Since v, — 0 and vg and |Vug| are uniformly bounded in By, we see that hy
is also uniformly bounded in B. We may then use estimate to obtain,
again with the use of Ascoli-Arzeld’s theorem and a diagonal argument, that
there exists a subsequence, still labeled vy such that vgy — v in CL_(RY) as

_ —1
k — +o00. Since v(O)pT:1 + |Vv(0)|1’f25—1 =1, we see that v is nontrivial.
Now let wy be the functions obtained by extending v; to be zero outside
By.. Then it is easily seen that (—A)ﬁ(kwk > w} in By. Passing to the
limit using again Lemma 5 of [I9], we arrive at (—A)%v > vP in RY, which

contradicts Theorem 1.3 in [33] since p < %% This concludes the proof.
O
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Remarks 1.

(a) With a minor modification in the above proof, it can be seen that the
constants given by Lemma can be taken independent of the domain §2
(cf. the proof of Theorem 2.3 in [41]).

(b) We expect Lemma [10[ to hold in the full range given by . Unfor-
tunately, this method of proof seems purely local and needs to be properly
adapted to deal with nonlocal equations. Observe that there is no informa-
tion available for the functions v, defined in in 2\ By, which makes
it difficult to pass to the limit appropriately in the equation satisfied by vy.

We now come to the proof of the a priori bounds for positive solutions of

(L)

Proof of Theorem[9. Assume that the conclusion of the theorem is not true.
Then there exists a sequence of positive solutions uy € E, of (1.5 such that

Hung_J) — +00, where o satisfies (3.5)). Define
My (z) = d(z)“ug(2) + d(x)' 7| Vug(2)].

Now choose points zj € Q such that My (zx) > supg M —% (this supremum
may not be achieved). Observe that our assumption implies My (x) — +o0.
Let & be a projection of z; on 92 and introduce the functions:

uy (& + pry)
v = 7
-1
where pp = Mk(xk)_%:’@—l) — 0 and DF is the set defined in (3.3). It is
not hard to see that
(—A)ﬁ(kvk =} +hy in Dk,
where Kj(y) = K(ury) and

y € D",

(3.13)

_ 2s 2s 2s+p—1
hi.(y)=Mp(zx) TF o) h(&k+ry, My(xg) 2o @-D g, My (2) Zetoln-1) V).

By assumption (3.7)) on h, it is readily seen that hj verifies the inequality
|hi| < O My ()7 (140 +|Vog|") for some positive constant C independent
of k, where

2sp max{2sr, (2s + p — 1)t}
2s+o(p—1) 2s+o(p—1)
Moreover, the functions vy verify

= > 0.

M
HR (& + puy) " o(y) + 7 (G + )7 Vor(y)| = W

Then, using that M;ld(fk + ury) = dist(y, 9D*) =: di(y) and the choice of
the points x, we obtain for large k
(3.14) di(y)""or(y) + d(y) 7 [Vor(y) <2 in D

and
(3.15) i (y) ™ok (yk) + di(ye)' 7 | Vor(ye)| = 1,
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where, as in the proof of Theorem [8] yx := M;;l(xk —&)-
Next, since ug solves (|1.5]), we may use Lemmato obtain that My (zy) <

Cd(xk)*"(l—i—d(xk)_%) for some positive constant independent of &, which
implies d(mk),u;l < C. This bound immediately entails that (passing to
subsequences) = — zo € 02 and |yi| = d(xk)ugl — d > 0 (in particular
the points & are uniquely determined at least for large k). Assuming that
the outward unit normal to 9 at zg is —en, we also obtain then that
Dk—HRiV as k — +00.

We claim that d > 0. To show this, notice that from and we
have (—A)j vg < C’d,(f*l)t in D*, for some constant C' not depending on k.
By our choice of o and t, we get that

t—2
(3.16) o> — i

That is, we have
(3.17) s<(1—o)t<2s,

so that Lemma [6] can be applied to give § > 0 and a positive constant C
such that

(3.18) vp(y) < Cdi(y)> TVt when di,(y) < 6.

Moreover, since 1 < ¢t < 2s, (3.16)) in particular implies that
t—2s

3.19 i

(3.19) N

and, therefore, —o +2s+ (¢ — 1)t = o(t — 1) +2s — ¢t > 0. Thus, by (3.14)

we have

Uk(y) < 2dk(y)" < 250—25—(0—1)tdk(y)25+(a—1)t when dk(y) > 5.

Hence HkaSQS*(U*l)t) is bounded. We can then use Lemma |5, with § =
(1 — o)t, to obtain that

(3.20) \Vor(y)| < Cdy,(y)> eVt in Dk,

where C' is also independent of k. Taking inequalities and in
, we deduce

1< Cdk(yk)_a+28+(a_1)t,
thus, by we see that di(yx) is bounded away from zero. Hence, by
, lyr| also is, so that d > 0, as claimed.

Finally, we can use together with Ascoli-Arzeld’s theorem and a
diagonal argument to obtain that v — v in Clloc(Rf ), where by (3.15), the
function v verifies d=%v(yg) + d'~7|Vu(yo)| = 1 for some yq € Rf, hence it
is nontrivial and v(y) < C’yi}gﬂg*l)t if 0 < yny < 0. Thus v € C(RY) and
v = 0 outside Rf . Passing to the limit in with the aid of Lemma 5
in [19] and using that K is continuous at zero with K (0) = 1, we obtain

(—A)*v =P in RY,
v=0 in RV \ RY.

Using again bootstrapping and the strong maximum principle we have v > 0
and v € C’OO(Rf ), therefore it is a classical solution. Moreover, by Lemma
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_ _2s
we also see that v(y) < Cy,” ' in RY, so that v is bounded. This

is a contradiction with Theorem 1.2 in [32] (see also [43]), because we are

assuming p < NJX 55 < %jtgz . The proof is therefore concluded. O

4. EXISTENCE OF SOLUTIONS

This final section is devoted to the proof of our existence results, Theorems
and 2] Both proofs are very similar, only that that of Theorem [2]is slightly
more involved. Therefore we only show this one.

Thus we assume s > % Fix o verifying and consider the Banach
space F,, defined in , which is an ordered Banach space with the cone
of nonnegative functions P = {u € E, : w > 0in Q}. For the sake of
brevity, we will drop the subindex ¢ throughout the rest of the section and
will denote E and || - || for the space and its norm.

We will assume that h is nonnegative and verifies the growth condition
in the statement of Theorem 2t

(4.1) h(z,2,6) < C(1z[" +[¢"), z€9Q, z€R, £€RY,
where 1 <r <pand1<t<5 S_Qflf_l. Observe that for every v € P we have
(4.2) h(z,v(x), Vo(e)) < C(|Jof|)d(w) D",

Moreover, by (3.17)) we may apply Lemma [3[ to deduce that the problem
(=A)jeu = vP + h(z,v,Vv) inQ,
u=0 in RV \ Q,
admits a unique nonnegative solution u, with HUH((]_U) < +o00. By Lemma

we also deduce HVuH(()l_U) < 4o00. Hence u € E. In this way, we can define
an operator T': P — P by means of u = T'(v). It is clear that nonnegative
solutions of (1.2)) in E coincide with the fixed points of this operator.

We begin by showing a fundamental property of 7'
Lemma 11. The operator T : P — P is compact.

Proof. We show continuity first: let {u,} C P be such that u, — u in E.
In particular, v, — v and Vu,, — Vu uniformly on compact sets of €2, so
that the continuity of h implies

(4.3) h(-, un, Vuyn) — h(-,u, Vu) uniformly on compact sets of 2

Moreover, since u,, is bounded in E, similarly as in (4.2) we also have that
h(:y tun, Vuy) < Cdl=VDt in Q, for a constant that does not depend on n
(and the same is true for u after passing to the limit). This implies

(4.4) sup d°|h (-, tn, V) — h(-,u, Vu)| = 0,
Q

for every 8 > (1 — o)t > s. Indeed, if we take € > 0 then
d|h(-, un, V) — h(-,u, V)| < CdP~ =0t < 00— (=)t < ¢
if d < 4, by choosing a small §. When d > 4§,
|-, tn, Vg) — h(-,u, V)| < (Slép ) h(-, tn, Vun) — h(-,u, Vu)| < e,
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just by choosing n > ng, by (4.3]). This shows (4.4)).
From Lemmas [3| and 5| for every (1 — o)t < § < 2s, we obtain

sgp d0_28|T(un) —T(u)| + d6_25+1|V(T(un) —T(u))| — 0.

The desired conclusion follows by choosing 6 such that
(1-0o)t<bh<2s—o0.

This shows continuity.

To prove compactness, let {u,} C P be bounded. As we did before,
h(-, tn, Vug) < Cd@=Dtin Q. By we obtain that for every Q' CcC Q
the O norm of T'(u,) in € is bounded. Therefore, we may assume by
passing to a subsequence that T'(u,) — v in CL_(9).

From Lemmas [3{ and |5| we deduce that T'(u,) < Cd@~VH25 |V T (u,)| <
Cdle—Dt+25=1 in O and the same estimates hold for v and Vv by passing
to the limit. Hence

sup d 7 |T(un) — v| + '~ |V(T () = v)| = 0,
Q

which shows compactness. The proof is concluded. O

The proof of Theorem [2] relies in the use of topological degree, with the
aid of the bounds provided by Theorem [} The essential tool is the following
well-known result (see for instance Theorem 3.6.3 in [21]).

Theorem 12. Suppose that E is an ordered Banach space with positive cone
P, and U C P is an open bounded set containing 0. Let p > 0 be such that
B,(0)NP CU. Assume T : U — P is compact and satisfies

(a) for every p € [0,1), we have u # pT(u) for every u € P with
[ull = p;

(b) there exists ¢ € P\ {0} such that w — T (u) # t), for every u € OU,
for every t > 0.

Then T has a fized point in U \ B,(0).

The final ingredient in our proof is some knowledge on the principal eigen-
value for the operator (—A)%. The natural definition of such eigenvalue in
our context resembles that of [8] for linear second order elliptic operators,
that is:

there exists u € C(RY), u > 0 in Q, with
(4.5) Aq :=sup {)\ER: N . }
vw=01in RY \ Q and (-A)%u > Au in Q
At the best of our knowledge, there are no results available for the eigen-
values of (—A)j, although it seems likely that the first one will enjoy the
usual properties (see [42]).
For our purposes here, we only need to show the finiteness of Ay:

Lemma 13. A\ < +o0.
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Proof. We begin by constructing a suitable subsolution. The construction
relies in a sort of “implicit” Hopf’s principle (it is to be noted that Hopf’s
principle is not well understood for general kernels K verifying (|1.1]); see for
instance Lemma 7.3 in [44] and the comments after it). However, a relaxed
version is enough for our purposes.
Let B’ cC B cC Q and consider the unique solution ¢ of
(-A)é=0 inB\B,
p=1 in B,
$=0 in RV \ B.

given for instance by Theorem 3.1 in [34], and the unique viscosity solution

of
(-A)jv=¢ in B,
v=0 in RV \ B.

given by the same theorem. By Lemma |7| we have both ¢ > 0 and v > 0
in B, so that there exists Cy > 0 such that Cov > ¢ in B’. Hence by
comparison Cov > ¢ in RY. In particular,

(4.6) (=A)jv < Cyv in B.

We claim that Ay < Cy. Indeed, if we assume A1 > Cj, then there exist
A > Cp and a positive function u € C'(RY) vanishing outside 2 such that

(4.7) (—A)jeu > Auin Q.
Since u > 0 in B, the number
v
w = sup —
B U

is finite. Moreover, wu > v in RY. Observe that, since we are assuming

A > Cy, by (4.6) and (4.7) it follows that
(—A))(wu—v)>0 in B,
wu —v >0 in RV \ B.
Hence the strong maximum principle (Lemma [7)) implies wu — v > 0 in B.

However this would imply (w — €)u > v in B for small ¢, contradicting the
definition of w. Then \; < Cy and the lemma, follows. U

Now we are in a position to prove Theorem

Proof of Theorem[9. As already remarked, we will show that Theorem [12]is
applicable to the operator T"in P C E.

Let us check first hypothesis (a) in Theorem Assume we have u =
wuT'(u) for some p € [0,1) and w € P. This is equivalent to

(=A)jeu = p(uP + h(z,u, Vu)) in Q,
u=20 in RV \ Q.
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By our hypotheses on h we get that the right hand side of the previous
equation can be bounded by

plu? + h(z,u, V) < dPllull? + Co(d |[ul|” + d= 1 |ul|*)
< Cd I ((lull? + flull” + ul).
Therefore, by Lemmas [3] and [f| and (3.17)), we have |ju| < C(||u||? + |ju|" +
lul|!). Since p,r,t > 1, this implies that |u| > p for some small positive p.
Thus there are no solutions of u = pT'(u) if ||ul| = p and p € [0,1), and (a)

follows.
To check (b), we take 1) € P to be the unique solution of the problem:

(A% =1 inQ,
b =0 in RV \ Q

given by Theorem 3.1 in [34]. We claim that there are no solutions in P of
the equation u — T'(u) = t if t is large enough. For that purpose we note
that this equation is equivalent to

(—A)5eu =uP + h(z,u,Vu) +t in Q,
u=20 in RN\ Q.

Fix p > A1, where \q is given by . Using the nonnegativity of h, and
since p > 1, there exists a positive constant C such that uP+h(z,u, Vu)+t >
pu—C +t. If t > C, then (—A)%u > pu in Q, which is against the choice
of p and the definition of A\;. Therefore t < C, and does not admit
positive solutions in F if ¢ is large enough.

Finally, since h + t also verifies condition (3.7)) for ¢ < C, we can apply
Theorem |§| to obtain that the solutions of re a priori bounded, that
is, there exists M > p such that ||u|| < M for every positive solution of
with ¢ > 0. Thus Theorem [12]is applicable with U = Bj;(0) N P and the
existence of a solution in P follows. This solution is positive by Lemma [7}
The proof is concluded. O
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