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Abstract: We study integral operators Lu(x) = fRN Y(u(x) — u(y))J(x — y) dy of the type of the fractional p-
Laplacian operator, and the properties of the corresponding Orlicz and Sobolev-Orlicz spaces. In particular
we show a Poincaré inequality and a Sobolev inequality, depending on the singularity at the origin of the
kernel J considered, which may be very weak. Both inequalities lead to compact inclusions. We then use
those properties to study the associated elliptic problem Lu = f in a bounded domain Q, and boundary
condition u = 0 on QF; both cases f = f(x) and f = f(u) are considred, including the generalized eigenvalue
problem f(u) = Ap(u).
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1 Introduction

The aim of this paper is to study the properties of the nonlinear nonlocal operator

Cu(o) = CVu() = / P - u)J(x - y) dy, 1)
RN

where i) : R — Risanondecreasing, continuous, unbounded odd function, and J : RN — R*isameasurable
function satisfying
J(2)>0, J(z)=J(-2), J¢L'(By),
/ min(1, |z|%)J(z) dz < oo, for some gq > O. (Ho)
RN
Br denotes the ball B; = {z € R : |z| < r}. This set of hypotheses is assumed throughout the paper without
further mention. We also denote g+ = inf{gp > O : (Hp) holds }, which measures in some sense the differential
character of the operator.

The power case y(s) = k|s|P~2s for some p > 1, J(z) = c|z|™N"9P/2 for some O < ¢ < 2, is known as the o—
fractional p—-Laplacian operator. We want to consider here general functions 1 and J more than just powers,
so we are led to study some Orlicz and Sobolev-Orlicz spaces, see below, which makes the study nontrivial.
On the other hand, we are also interested in the limit case of integrability, which in our context means g« = 0,
that is, the singularity of the kernel can be weaker than that of any fractional Laplacian or p—Laplacian. Some
of the results also hold for more general kernels, J = J(x, y), satisfying only a lower estimate J(x, y) = Jo(x-y),
with ], in the above hypotheses, but we prefer to keep the proofs in a simpler way.

For problems including operators like (1.1), in particular the fractional p—Laplacian, and the motivations
for their study we refer to [9].
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1.1 The associated Orlicz spaces

Formula (1.1) makes sense pointwise for regular functions with some extra restriction on the nonlinearity
P and the kernel ], see Section 2. In order to define the operator £ in weak sense we consider the nonlocal
nonlinear interaction energy (linear in the second variable)

1

Eu; 9) = 5 / PYuG) - u)(e) - () (x - y) dxdy, (1.2)

R2N
and we put
(Lu, @) = E(u; ).

Clearly, by the symmetry properties of i and J we have &(u; ¢) = / Lu for regular functions. But the above

RN
allows to define £ also for functions in a Sobolev type space. To this end we define the functionals

F - [ ¥aue) dx, (13)
RN
B - 5 [ [ ¥0u60 ~ut)yte-y) dy, (14)
R2N

with ¥ = 1. The properties of i imply that ¥ is an strict Young function, so we can consider the Orlicz spaces

LY@®N) = {u : RY 5 R, F(u) < oo}, (1.5)

w ¥ (RN = {u e L¥®RY), E@) < oo} ) (1.6)

Observe that in general &(u; u) # cE(u) for any constant ¢ > 0, the equality being true only in the power case
Y(u) = klu|P?u, and then ¢ = p. What we have is that & is the Euler-Lagrange operator associated to the
functional E, that is,

(E'W), p) = e(w; 9)

for every u, ¢ € W/¥(RM).
The above spaces do not have good properties unless we impose some conditions on the nonlinearity .

The simplest case is when
c1sP < W(s) < cpsP 71, s>0, p>1, 1.7)

so that the space LY (RYN) coincides with LP(R"), and the Sobolev space W>¥(R") is denoted by W/-P(RV).
But we are interested in more general functions. Thus we consider the set, forsomep = g > 1,

I'pg= {‘P :R = R", convex, symmetric, satisfying ¥(0) = 0, ¥(1) = 1,

1.8
- s¥'(s) . Vs # 0} (1.8)
S Ws) Ol p .

The condition ¥(1) = 1 is for normalization purposes and simplifies some expression. We thus deal with

functions that lie between two powers, for instance a sum of powers, but we also allow for perturbation of

powers like ¥(s) = c|s|?|log(1 + s)|", min{p, p + r} > 1. The first property deduced from (1.8) is the relation

between the interaction energy € and the functional E,
qE(u) < E(u; u) < pE(u). (1.9)

Our main interest lies in studying the properties of the spaces (1.3) and (1.4) for nonlinearities ¥ in the
class I'p,q. In particular we have that LY (RY) and W’>¥ (RY) are reflexive Banach spaces, with norms defined,
for instance, in (2.1) and (2.3). On the other hand, if g > g+, see (Hy), then the functional E(u) is well defined
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and finite for functions satisfying F(Vu) < oo, see Proposition 2.3. This means the inclusion WwhH¥@RN) ¢
W/ ¥ (RY), the former being the standard Orlicz-Sobolev space of functions in LY (RV) with gradient also in
LY(RM).

When dealing with problems defined in bounded domains Q C RY, since the Dirichlet conditions must
be prescribed in the complement Q¢ = RV \ Q, instead of just on the boundary, precisely by the nonlocal
character of the operator, it is convenient to consider the space

wh¥(Q) = {u e WY¥®RY), u=0in QC}.

Without imposing any singularity condition on the kernel J at the origin, besides of course being not
integrable, that is g« may be zero, we show that a Poincaré inequality E(u) > cF(u) holds, so that we have the
embedding

w}¥(Q) c L¥(Q). (1.10)

Observe that if ] were integrable then W) ¥ (Q) = L¥(Q).

Assuming now g« > 0 (and some monotonicity near the origin, (3.5)) we obtain a better result, namely a
Sobolev embedding
N

W ifq*<N,

wh¥ @) c LY@, 1sr<r= { (1.11)

oo ifq*EN,

which is compact. The borderline r = r" when g~ < N produces also an embedding W{)’W(Q) c LY (Q),
provided J(2) > c|z|"N-%" near the origin, but without compactness. In the limit case g~ = 0, which would give
r" = 1in (1.11), we do obtain compactness of the inclusion (1.10) by assuming a minimum of singularity on
the kernel, the extra condition Izllii% . |z|N J(2) = oo. See Theorems 3.2-3.4.

1.2 Elliptic problems

With this machinery we next study the problem

(1.12)
u=0, inQ°.

{Lu =f, inQ,

This problem must be considered in weak sense with the aid of the interaction energy &, that is, any solution
u satisfies

E(u; ) =/f<p, v e wh¥(Q). (1.13)
Q

We study first the case f = f(x) in an appropriate space. We obtain existence and uniqueness of a solution,
see Theorem 4.1. We also show some integrability properties of the solution in terms of the data f when 1 is
restricted to the power-like case (1.7), see Theorems 4.3 and 4.4. In particular the solution is bounded provided
f € L™(Q)with m > N/g- if g« > 0, see Theorem 4.5. For the corresponding results in the case of the fractional
p-Laplacian see [4]. We do not address regularity issues in this paper. For H6lder regularity results in the case
of the fractional p-Laplacian we refer to [12], [13], [22], [24].

We then pass to study the case f = f(u) in problem (1.12). In Theorem 5.1 we prove existence of a non-
negative nontrivial solution in the lower range, which roughly speaking in the power-like case y(s) ~ s?~%,
f(©) ~ ct™?', means m < p. The intermediate range p < m < m" = %’ below the Sobolev exponent,
is studied in Theorem 5.2 using the Mountain Pass Theorem. We also use a Pohozaev inequality in order to
show nonexistence, in the exact power case, for supercritical powers m > m” = %, 6 > 0 being a constant
depending on the kernel J, see Corollary 5.4. We must remark that all the conditions on the reaction f are very
involved in terms of 1, and are not as clean as suggested by the above, see the precise conditions (5.2) and
(5.4). We refer to [20] for the study of nonlinear problems like the above, even with more general reactions,

for the fractional p—Laplacian case.
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We finally are interested in the limit case m = p, which corresponds to the so called generalized eigen-
value problem
{Lu =AY, inQ,

u=0, in Q€.

We prove that there exists a first positive eigenvalue and a first positive eigenfunction, which is bounded
provided g« > 0, Theorem 6.1. The fractional p—eigenvalues have been studied in [22] and [17].

1.3 Organization of the paper

We begin with a preliminary Section 2 where we study the properties of the Orlicz spaces LY (RY) and
W/¥(RN) by means of some inequalities satisfied by the nonlinearity ¥ and the functionals F and E. Sec-
tion 3 shows the Sobolev inclusions of the spaces W{)"I’(Q). Finally Sections 4-6 are devoted to the study
of problem (1.12) for the different reactions commented upon before. In what follows the letters c or ¢; will
denote some constants that do not depend on the relevant quantities, and may change from line to line.

After the writing of this paper was completed, we learned that, at the very same time and independently
of us, Fernandez-Bonder and Salort proved in [15] some properties of fractional Sobolev-Orlicz spaces defined
in a way related to ours.

2 Preliminaries

In this section we study in detail the properties of the Orlicz spaces LY (RY) and W/>¥(RY) defined in (1.5)
and (1.6), and the corresponding spaces in a bounded domain Q. We refer to [25] for instance for the general
theory of Orlicz spaces. We begin by studying the Young functions in the set I'y 4. First observe that ¥ € I'p g4,
p = q = 0, implies

min{|s|P, |s|?} < P(s) < max{|s|’, |s|?}.

Associated to any given positive function g : R* — R* we consider its characteristic functions, for s > 0,

yg(s) = inf 8(sx) yg(s) = sup g((sx)).

0 g(x)’ 0 8

These are nondecreasing functions that satisfy

Lemma2.1. Forany¥ € Ipq,p2q >0,

min{s?, s9} < yy(s) < y(s) < max{s?, s}

aq M < y‘},/(s) < yfp/(s) <

_ p yu(s)
p s q

S

Proof. 1f s > 1 we have that

SX SX

Y(sx)\ [P0 1.

log(ly(x)) = | v dtsp/ tdt—plogs,
X X

and thus ¥(sx) < s? ¥(x). The other estimates for ¥ are analogous. The inequalities for ¥’ are deduced from
the definition of I'p 4. O

The complementary function @ of a Young function ¥ is defined such that (@)~! = ¥’. If we normalize it to
satisfy @(1) = 1 we have, for every p > g > 1 ([25, Corollary 1.1.3])

Welpg & @cly,, p=--L_, q¢--9

p-1 q-1’
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These two functions satisfy the Young inequality
ab < ¥Y(a) + ©(b), a, beR,

and equality holds only if b = ¥/(]a|)sign a. From this point on we always assume g > 1.
Let ¥ € I'p,q be fixed and consider the corresponding Orlicz space L¥(RY).1tis alinear space that satisfies

PR N LIRN) ¢ LYRY) ¢ IP(RY) + LI(RY),

and in the case of bounded domains
LP(Q) c LY(Q) c LY(Q).

Also it is a Banach space with norm, called Luxemburg norm,
[ul[pr = inf{k >0 : F(u/k) < 1}. (2.1)

We recall that other equivalent norms are also used in the literature. The following result allows us to use
F(u) instead of ||u||;» in most calculations.

Lemma 2.2.
Y(lull») s F) < yp(|lullp»). 2.2

Proof. Leta = |Ju||;». We clearly have F (u/a) < 1. Then

Fu) - / W) dx < yi(a) / av (@) dx < yi(a).
RN RN

On the other hand, for every £ > 0 we have F (u/(a + €)) > 1, so that

a+é

F(u) 2 yy(a + s)/‘l’ ( u(x) > dx =z yy(a +¢).
RN

O

The dual space of L¥ (RN) is L?(RYN), where @ is the complementary function, and thus they are both reflexive
Banach spaces.
We also consider the Sobolev type space W>¥ (RY). In the same way as before it is a Banach space with
norm
llullwre = llullpy + [Wlyry = ||lullpe +inf{k >0 : E(u/k) < 1}. (2.3)

The second term is a kind of Gagliardo seminorm in the context of Young functions. For this seminorm an
analogous property as that of Lemma 2.2 also holds,

yy([ulysv) < E@) < yyp([ulyse). (2.4)

In order to show that this space is reflexive as well we consider the weighted space

LYRM, =L w:R*™ SR, / Y(w(x, y)J(x —y)dxdy < o

R2N

and put M = LY (RN) x L¥(R?V, J). Clearly, the product space M is reflexive. The operator T : W'¥*(RN) — M
defined by Tu = [u, w], where w(x,y) = u(x) - u(y), is an isometry. Since W’>¥(R") is a Banach space,
T(W ¥ (RY)) is a closed subspace of M. It follows that T(W’>¥ (RY)) is reflexive (see [7, Proposition 3.20]),
and consequently W>¥(RY) is also reflexive.

We now take a look at the properties of the space W/>¥(RY) in terms of the properties of the kernel J, in
particular its singularity at the origin, which is reflected in the exponent g+, see (Hy).
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Proposition 2.3. If ¥ € I'y g withp = q > g~ then
wh¥®Y) c wh ")
and moreover

E() < c(F(u) + F(Vu)). (2.5)

Proof. We decompose the integral

E(w) =%/ / Y(ulx) - ulx +2)J(z)dz

RN \|z|<1
; / WG - ulx +2)J(2) dz | dx = %(11 + ).
|z]>1
The far away integral is easy to estimate
L <2 / W(u(x)dx / J(2) dz = cF(u).
l2>1

As to the inner integral, we have

L ‘I’ (u(x) ulx +Z)> y*(|1zDJ(z) dzdx

]RN |z|]<1

1
lI’ (/ |[Vu(x + tz)| dt) y*(12))J(z) dzdx
]RN |z|]<1 0

/ /lP |Vu(x + t2)|) dty*(|z)J(z) dzdx

RN |z|<1 O

< / //‘I’(|Vu(x+tz)\) dx dty*(|z))](z) dz
|z][<1 O RN

:/sv(\w(xn) dx / Y (I12)J(2) dz = cF (|Vul),
]RN

|z|]<1
since y*(|z|) = y(|z]) < |z|? in the set {|z| < 1}, and using hypothesis (Ho). O
If the kernel J behaves like that of the fractional Laplacian
1)z ™V < J(2) < o)z ™V, (2.6)

then we also have the following interpolation estimate

Proposition 2.4. If] satisfies (2.6) for some a > 0, and ¥ € I'p,q withp = q > a then
a/p alq
E() < cFwmax { (F (V“)) : (F (V”)) } . @7)

F(u) F(u)

Proof. We apply inequality (2.5) to the rescaled function u;(x) = u(Ax). We first observe that by (2.6),

Ew) =+ [ o - uy)x-y) dxdy
2
]R2N
3 [ 7 w0 - w7 -y dxy
R2N
21 / AN (G0 — u(y)(x - y) dxdy = AN Ew).
RZN
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Thus
E@w) <cAN%E(uy) < AN %c(F(uy) + F(Vuy))

< AN AN FW) + yu(MATNE(VW)
< cA™%(a + bmax{A*, 17}) = cg(Q),
a = F(u), b = F(Vu). Minimizing the right-hand side in A we get

alb/a)¥?  ifa/b<qla-1,
min{g(A)} = < a(b/a)*? ifa/b>pla-1,
a(l+b/a) ifg/la-1<a/b<pla-1.
From this we easily deduce (2.7). O

In the power-like case we obtain from the above the well-known interpolation result.
Corollary 2.5. If] satisfies (2.6) for some a > 0, and V) satisfies (1.7) with p > a then
E(u) < cF*P(w)F/P (),

or which is the same
1-a/ /
[l warzr < cllullp P IVl

We now turn our attention to the operator £. The pointwise expression (1.1) does not always have a meaning.
Let us look at some easy situations where Lu is well defined.

We may take, for instance, ¥’ nondecreasing and u € C3(R"). Another less trivial exampleis g > g» + 1
and u € C*RM) N L=>(RN) with q—*l <a<1,sothat

q

|[Lu(x)| < ||ul|oo / Jx-y)dy + / Ix - y|9 % (x - y) dy < oo.

[x-y[>1 [x-y|<1

We now show some useful inequalities. The first one is a Kato type inequality, that is, the result of applying
the operator £ to a convex function of u. We refer to [21] and [10], respectively, for the well-known inequalities

-Alu| < sign(u)(-A)u, (=A)°"2(u?) < 2u(-4)°"u.
Proposition 2.6. If A is a positive convex function and Lu is well defined, then £(A(u)) is also well defined and
LAW) < yy (A" W) Lu.
Proof. We just observe that since A is convex and i is nondecreasing, we have
YAUX) - Auy))) < PA" @O W) - u®))) < yy(A" @0))Puk) - u).

Now integrate with respect to J(x — y) dy to get the result. O

As a Corollary we obtain an integral version of the Kato inequality, useful in the applications.
Corollary 2.7. Assume G > y;(A’ )A. Then

&(u, G(w)) = gE(A(w)).
Of later use are also the following two inequalities

Ew,ut) 2 e, uh), E(u) = E(Ju)), 2.8)
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whose proof is immediate just looking at the signs of the corresponding functions.

Related to those inequalities is the well known Stroock-Varopoulos inequality, see [29] for the linear case
¥(s) = |s|? and J(z) = |z| "N~ for some O < ¢ < 2, and [5] for general Lévy kernels J. It is of the type of the inte-
gral Kato inequality, but the functions for which it holds is different. In the case of powers they coincide but
for the coefficient, which is always better in the Stroock-Varopoulos inequality. We show here a generalized
Stroock-Varopoulos inequality.

Proposition 2.8. Assume § = ir>1£ y!li((ss)) > 0 and let u € W¥(RN) such that G(u), A@w) € W-¥(RYN), where A
S
Y

and G satisfy G’ > }lI’(A’ )\. Then

(u; G)) = %E(A(u)). 2.9)

Proof. The proof follows from a calculus estimate. For any d > ¢ we have that

d d
¥ (JA(d) -A(0)]) <V (/ |A"(s)] ds) <yp(d- ¥ (dic / |A"(s)] ds)

d
< % / b4 (IA/(s)\ ) ds < %y&(d_ 0)|G(d) - G(c)|

< ;iqub(d— 0)|G(d) - G(c)].

The same inequality is obtained for d < c. We now deduce (2.9) by choosing d = u(x), ¢ = u(y) and integrate

with respect to J(x - y) dxdy. O
M

For instance in the case of a sum of powers, ¥(s) = Zkisp", p1 < p» < +++ < py, wWe have yi(s) =
i=1

max{sP'"?, s"* 1} and 6 = min{kip1, kypu}-

All the above inequalities hold also, with different constants, for nonlinearities that behave like a power,
i.e., when they satisfy (1.7) instead of (1.8). In particular in that case the integral Kato inequality and the
Stroock-Varopoulos inequality coincide, but for the coefficient, both giving

r-1 rp-l
E(us [ul""u) = cE(ju| 7 ). (2.10)

We also obtain some calculus inequalities needed in proving uniqueness results in the last sections. We
borrow ideas from [23] and [18] that deal with the exact power case.

Lemma 2.9. Let i be a nonnegative, nondecreasing, continuous odd function and let i = ¥,

i)  Ify satisfies
sP'(s)

o) >1 foreverys #0, (2.11)
then
((a) - p(b)) (a - b) = 4¥ (“ =L ) . (2.12)
it)  Ifyis concavein (0, o) then
(y(a) - (b)) (a-b) = Y'(la| + b|)(a - b)>. (213)
iii)  Ify satisfies
c1lslP2 < '(s) < cos|P2 forsome1<p<2andeverys 0, (2.14)

then ,
c(¥(a-b))»

e (2.15)
(¥(a)+ ¥(b)) >

(¥(a) - (b)) (a - b) =
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Proof. i) We begin by proving a Clarkson inequality. Condition (2.11) implies that the function g(s) = ¥(\/|s|)

is convex. Therefore
a+b a-b a+b\’ a-b\’
(% )“”( : ) (45 ) 2 ((5))
a+b a—b 2\ [(d®+Dp?
2 82

% (g(az) + g(b2 ) 2 (Y@ + ¥).

Now the convexity of ¥ implies
Y(a) > ¥(b) + ¥'(b)(a - b),

and also
¥ (“ ' b) S W(b) + %‘I”(b)(a _b),
so that
‘P(a)+‘l’(b)22‘1’(a;b> +ztp<“;b) z2'1’(b)+¥”(b)(a—b)+2‘l’<a;b).
This gives

Y(a) > ¥(b) + ¥ (b)a-b)+2¥ <a;b) ,

and reversing the roles of a and b,

¥(b) 2 ¥(a) + ¥'(a)(b - a) +2¥ (a ; b) .

Adding these two inequalities we get (2.12).
ii) Developing the function ¥ around the point s = a we get

1
w(b) = ¥(a)+ ¥'(a)b -a) + (b - a)> / (1-8)¥"(a+s(b - a) ds
> W(@)+ ¥(a)b-a)+(b-a)’¥ (a+h) / (1-s)ds.

We have used that |a + s(b - a)| < |a| + |b| and V" is nonincreasing in (0, o). Observe that though ¥” is
singular at zero, the integral is convergent. We conclude as before.
iii) As ii), using (2.14) in the last step.
O

To end this section devoted to the preliminary properties of E and F, we point out a result on symmetrization
that says that the energy E(u) decreases when we replace u by its symmetric rearrangement (the radially
deacreasing function with the same distribution function as u).

Theorem 2.10. Ifu ¢ W¥(RY) and u” is its decreasing rearrangement, then
E(u) = EW).

This property is well known for the norm in Wg/ 2P(Q),0 < 0 < 2,p > 1, see [1], and is proved in [11] for
general kernels when p = 2. The same proof can be used to get the result in our situation, so we omit the
details. See also [3].
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3 Sobolev inclusions

In this section we consider a nonlinearity ¥ € I'p,q, p 2 ¢ > max{qgx, 1} fixed. As to the kernel J, besides
condition (Hg) we also consider, for some results, the singularity condition at the origin

J@@) 2 clz™N% foro<|z|<1, a>O0. (€3))

Clearly it must be a < g-. In fact in the fractional p—Laplacian case it is a = gp/2. Other kernels could also
be considered, for instance J(z) = \z\’N’” ﬁ, for0 < |z| < 1, withp 20, (and 8 = -1if u = 0). In
that case it is g« = p. If u > O then J satisfies (3.1) with a = p if 8 = 0, but if 8 < 0 it satisfies (3.1) only with
0 < a < u. A more intricate example can be constructed by the following piecewise definition of J,

|z if 272Kl <z < 272K,
J(z) =
2| NHif 272K < 7] < 272k

k = 1, u > 0. Here we have g« = p while condition (3.1) does not hold for any a > 0.
Assume now that u has support contained in Q. Then

O / Yl - u()(x - ) dxdy

/ / W) - u()(x - y) dxdy + / / W) (x - ) dxdy

0 Qc
s / WuGO)AQ: X) dx,

0
where
15 = [ J6e-y)dy.
If
u=min{J(z) : |z| <R} >0, R > § = sup dist(x, Q°),
xeQ
then

AQ;x) 2 ul{6<|z| <R} =A>0 for every x € Q.

This gives the Poincaré inequality
E(u) > AF(u), (3.2
and the inclusion W ¥(Q) ¢ L¥(Q). We remark that in the case of integrable kernel / we immediately would
get E(u) < c|/J||1 F(w), and thus W} ¥(Q) = L¥(Q).
In order to obtain better energy estimates in the case g > 0, which would yield better space embeddings,

we need a better estimate of the function A(Q; -) in terms of the kernel J. The following result is essentially
contained in [28, Lemma A.1].

Proposition 3.1.
)"
A(Q; x)>P<( > > forevery x € Q,
wN
where P(s) = f| 2pss J(2) dz. In particular, if ] satisfies (3.1) then
AQ'5%) 2 c(@)| Q'[N forevery Q' c Q.

This estimate allows us to prove, assuming condition (3.1), the Sobolev embedding W{)’W(Q) c LY'(Q) for
everyl srsr = o, ifa < N,forevery 1 < r < oo if @ 2 N. The proof uses ideas of [27] and [14]. If
a > N we obtain the result substituting @ by any number below N and close to N, since (3.1) still holds for that
exponent.
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Theorem 3.2. Assume ] satisfies condition (3.1) with 0 < a < N. Then there exists a positive constant C =
C(N, p, q, a, Q) such that, for any functionu € W5¥(Q) we haveu € LY (Q) forevery 1 <r<1" = L and

|l (u)||r < CE(w). (3.3)
Proof. We prove the inequality for r = r", and then the result for r < r* follows by Hélder inequality. We can

assume, without loss of generality, that u is radially deacreasing and Q = By, since substituting u by its
symmetric decreasing rearrangement u”, we have by Theorem 2.10,

[P@W)|r = [|¥)|r < CE") < CE(u).

We may also consider the case of u bounded, since if not, taking the sequence ur = min{u, T}, and thanks
to the Dominated Convergence Theorem, we would get the result in the limit T — co. We now define

A= {x eRY 1 u() > 2%}, ap = A,
Dy = A\ Aps1, dy = |Dy|.
We have Ay = Bg,, with Ry, < Ry < R”. Also ay = dy = 0 for all large k, say for k > M. Now we compute,
1/r

M M M
IP@lr={ > / Yu)dx | <Y v < Y w@ha,

k:—ooDk k=—oc0 k=—c0
since r > 1. On the other hand, if x € D;and y € Dj, with j <i -2, then
lu(x) - u(y)| = 21 - 27*1 = 2171,
Thus
i-2
> [ [ w0 - ure-y) dydx

=—oco j:—ooDi D,‘

> i l}’(2"’1)/ Z /](x—y) dydx

i=—co jsi-2p,

Z (2l 1)//](x y)dydx>cz v(2)a ""‘/Nd-
=c Z w(2)a 4N <ai - Z dk) = c(A-B).

i=—c0 k=i+1

The second term can be estimated as

M

Z Z w(2a N dy = Y Z v(2Ya; %N d,
1——ook 1+1 k— o0 j=—o00

M k-1 )

<> Z w(2)a N d) < Z Y(2)a N Y yt @
k=—oc0 {=—c0 k=-co j=—o0

M

IR {*4 a;“{Nd,(Z yr@m=c Z ¥(24a N dy = c(A - B).

k=—oc0 m=1 k=-oc0

We deduce the estimate

Fw 23S | [ 0 - i~y dyax

{=—eoj=—copy. D;
M
>CA=C) w2 Ya; N a;.

i=—oco
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We conclude, using [27, Lemma 5], since % =1- %,

M
Ew)>C Y w@Ya N > ¥ @)

i=—oc0

O

We also prove that the above embedding is compact provided r < r*. To this end we first show the compactness
of the inclusion for r = 1 and then interpolate with the continuity for r = r". It is important to remark that
the inclusion W{)"’U(Q) < L¥(Q) is compact even when g« = 0, which implies r* = 1, provided the following
conditions on the kernel at the origin hold

S 12|V (2) = oo, (3.4)

J(z1) = cJ(z2) for every O < |z1] < |z2| < 1, and some ¢ > 0. (3.5)

This implies some kind of minimal singularity and some monotonicity near the origin. In particular this al-
lows to consider for instance a kernel of the form J(z) = |z| ™ |log |z|[?, B > 0, for |z| ~ 0. See [11] for the case
¥(s) = |s|%.

Theorem 3.3. Assume ] satisfies (3.4) and (3.5). Then the embedding W{)’W(Q) — L¥(Q) is compact.

Proof. Theidea of the proof goes back to the Riesz-Fréchet-Kolmogorov work. We follow the adaptation to the
fractional Laplacian framework performed in [14].

Let A C W{)’W(Q) be a bounded set. We show that A is totally bounded in L¥(Q), i.e., for any € € (0, 1)
there exist B1, ..., By € L¥(B4) such that for any u € A there exists j € {1, ..., M} such that

F(u-p;j) <e. (3.6)
We take a collection of disjoints cubes Q1, ...Qy of side p < 1 such that Q C U]Af/l Q;. Forany x € Q we define

j(x) as the unique integer in {1, ..., M’} for which x € Qjy)- Also, for any u € A, let

Q) == / u(y) dy.
1Qjwl
Qi
Notice that
Q(u+v) =Q(u) + Q(v) forany u, v € A,

and that Q(u) is constant, say equal to g;(u), in any Qj, forj € {1, ..., M'}. Therefore, we can define
S@) = p" (¥(g1(W)), ..., P(qu @) € RM,

and consider the spatial 1-norm in RM "as

M/
Wis=>"lyjl,  foranyv=(y1,...,ym) e R™.
j=1
We observe that
M M
FlQu) = / ¥ (Qu)(x) dx < p™ > ¥ (g;w) = SW)|lx, 3B.7)
=1 g, j=1

and also, by Jensen inequality and (3.2),

M M 1
ISl =" [P -p" S ¥ | 5 [umidy
- A\ (3.8)

.
<> [waonay - [waoyay<c.
Q

j=1 Q



DE GRUYTER E. Correa and A. de Pablo, Remarks on a nonlinear nonlocal operator in Orlicz spaces = 317

In the same way,
F(Q) - a) = F(Q(w) - Q(a)) = [|S(w) - S(a))|l1

for every constant a. In particular from (3.8) we obtain that the set S(A) is bounded in RM and so, since it is
finite dimensional, it is totally bounded. Therefore, there exist b1, ..., bx € RM’ such that

K
S(A) (BB, (39)
i=1
where By (b;) are the 1-balls of radius 1 centered at b;. Foranyi € {1, ..., K}, we write the coordinates of b;
as b; = (b1, ..., by ) € RM . For any x € Q we set

Bi(x) = ¥ (o7 b; i),
where j(x) is as above. Notice that §; is constant on Q;, i.e. if x € Q; then
QBN =¥ (o7 by jy) = ¥ 07Dy ) = Bi(x) (3.10)
and so g;(8;) = pl(pN b; ;); thus S(B;) = b;. Furthermore, again by Jensen inequality,

M/
Flu-0w) =3 [ ¥ (160 - 00() dx
i1 g,

M
=Z/‘P %/(u(x)—u(y)) dy | dx

1 g, 4
M
1
v le:/ [ (60 - u) ay ax
Qi Q;
M/
> C
) ;Q/Q/W (u(x) - u()’))](X—y)dydx < )

where ¢ is some function satisfying ¢(z) < |z|"](z). Using (3.4), (3.5) we can take ¢ radial satisfying ¢(0*) = oo.
Consequently, for any j € {1, ..., K}, recalling (3.7) and (3.10)

Flu-By) =Fu-Qw)+FQu)-QB) +FQ®B)-B)

1
<sc | — +|S(w) - S(B; .
(15 + 1500 - S8
Now recalling (3.9) we take j € {1, ..., K} such that S(u) € By(b;), thatis
1SQ) = SBI1 = [1S@) - bjl|1 < 1.
We conclude by choosing p and r small so as to have ¢ (%(p) + rl) <e. O

As a corollary we obtain the full compactness result in the fractional case.

Theorem 3.4. Assume J satisfies (3.1) and (3.5). Then the embedding W{)’W(Q) — LY (Q)is compact for every
l<r<riifa<N,foreveryl<r<ooifa=N.

Proof. Asbeforeif a = N we obtain the result substituting a by any number below N. By classical interpolation
1P = [P P < cF)',

where % =1+ 1%" Therefore we can obtain, instead of (3.6), the estimate

/‘I"(u(x) - Bj)dx < ceV,
Q

and we are done. O
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4 The problem with reaction f = f(x)

We start with this section the study of some elliptic type problems associated to our nonlinear nonlocal op-
erator L.
Here we consider the problem

(4.1)

Lu=f(x), inQ,
u=0, in QF€.

/
Given any f € (W{;W())) , the dual space, we say that u € W{)’W(Q) is a weak solution to (4.1) if (1.13) holds.

By Poincaré inequality (3.2) we have that f ¢ (W{)"P(Q))/ for instance provided f € L?(Q), where @ is
the complementary function of V.

We next show that problem (4.1) has a weak solution. We do not know if this solution is a strong solution,
that is if Lu is defined pointwise and the equality in (4.1) holds almost everywhere. On the other hand, we
are able to show uniqueness assuming some extra conditions on the function ¥. In the exact power case
¥(s) = |s|P these extra conditions cover the full range p > 1.

/
Theorem 4.1. Foranyf € (W{)"P(Q)) there exists a solution u € Wé"p(()) to problem (4.1). If Y satisfies either
condition (2.11) or (2.14) then the solution is unique.

Proof. Existence follows by minimizing in W{)’W(Q) the functional

I(v) = E(v /fv

Clearly it is well defined, lower semicontinuous and Fréchet differentiable with

I'W),p)=Evip)- | fo
/

for every v, ¢ € W{)’W(Q). To see that it is coercive we first observe that ||v| ys» — oo implies E(v) — oo.
Actually, by (2.2), (2.4) and Poincaré inequality,

IWVliwne = Vlipy + VIgpw < € (()/@f)_l(F(V)) + ()’Ev)_l(E(V)))
< cmax { (E(v))l/p , (E(v))l/q} .

Now use Holder inequality in Orlicz spaces,

/fv s clvllyrys = sup /fw .
0
. [lwl] Wl 1
Q
li
The last quantity is known as the Orlicz norm of f in (W{)’IP(Q)) , an is equivalent to the Luxemburg norm,

see [25]. We thus get
1) 2 EW) - ¢ (EW) T — oo

as ||v||wr¥ — oo. Therefore there exists a minimum of I, attained by compactness for some function u €
W{J’IP(Q), which is a weak solution to our problem.
We now show uniqueness. Suppose by contradiction that there exist two functions uq, u, € W{)’W(Q)
such that
i) = Eurs0) Ve Wh¥(Q). (4.2)
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Assume first that (2.11) holds. We have, denoting a = u;(x) - u1(y), b = u2(x) — u(y), and using (2.12),

B -up) = / ¥(a - b)J(x - y) dxdy
RZN

<¢ / / (¥(a) - p(b)) (a - b)J(x - y) dxdy
R2N
=C (8(111; Uy —up) - E(up;ug - uz)) =

by (4.2). This implies u; = u,.
Assume now condition (2.14). We calculate, using Holder inequality and (2.15),

Fuy-up) = 5 [ [ ¥a= b=y dxdy
R2N

([ gere-re) (1

R2N

-8
(¥(@) + ¥(b)) J(x-y) dxdy)

p
2

2 1-
<c ( / ((a) - Y(b)) (a-b)(x-y) dxdy) ( / (P(a)+¥(b))J(x-y) dxdy)

R2N R2N
= ¢ (Eurs ur - wp) - E(upsuy — u))? (E(us) + E(uy)) ' % = 0.

s

O
A maximum principle is easy to obtain.
Proposition 4.2. Ifu ¢ W¥(RY) then
1% N

E(u,(p?zoc VoeW*RY), p=20 L us0in0.

uz0inQ
Proof. Since u™ = 0 and u~ € W/¥(RN), we have, by (2.8),

02-&w ,u)=2€&Ww,u)=0.

Henceu™ = 0. O

We now study the integrability properties of the solution in terms of the integrability of the datum in the
power-like case (1.7). In the exact power case of the fractional p—Laplacian these integrability properties have
been obtained in [4]. Our proofs in the more general case treated in this paper differ from theirs in that we are
using Stroock-Varopoulos inequality instead of Kato inequality, and that we allow for the limit case g» = 0
which does not make sense in the fractional p—Laplacian. All the proofs are based on the well known Moser
iteration technique for the standard Laplacian case, see for example the book [19].

The first result uses no singularity condition on the kernel J, besides being nonintegrable.

Theorem 4.3. Assume condition (1.7). If u is a weak solution to problem (4.1) with f € L™(Q) then u ¢
Lm(p—l)(_Q)_

Of course this result is not trivial only if m > since u being a weak solution it belongs to W] Q) c LP(Q).

P p-1°
Proof. Without loss of generality we may assume u > 0, and this simplifies notation; the general case is
obtained in a similar way. We define for 8 = 1 and K > O the function

B
H(s)={s’ s<K,

linear, s> K.
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We choose as test function ¢ = G(u) = fO” Y(H'(s)) ds. It is easy to check that ¢ ¢ W{)"P(Q). In fact
E(p) < yu(P(BKP)E(u) < oo.
We obtain on one hand, using the Stroock-Varopoulos inequality (2.9) and the Poincaré inequality (3.2),
E&(u; G(u)) = cE(H(u)) = cF(H(u)), (4.3)

and on the other hand, using Holder inequality,

[ £660 < [ ml| G- (4.4)
0
Letting K — oo in the definition of H, the inequalities (4.3) and (4.4) give
[ullZf < clf lmllullif 0 (4.5)

Choosing now f§ = @, we get

1
[llmp-1y < €lIfllm” -

The same proof allows to gain more integrability when condition (3.1) holds.

Theorem 4.4. Assume c?nditions (1.7) and (3.1) and let u be a weak solution to problem (4.1), where f € L™(Q),
m(p-1)N
m<N/a.Thenu € L Vot Q).

. . . .. . Np . m(p-1)N Np
Again this result is not trivial only if m > Np-N+a» Since then == e

Proof. In the previous proof, using Sobolev inequality (3.3) instead of Poincaré inequality, we obtain in (4.5)

-1 1
P < BUF ol 2

r" = 5. Choosing now j = %’ we get

1
[ull mp-vn < cllfllm" -
N-ma
O

Even more, assuming a better integrability condition on f we get that the solution is bounded. This is a well
known result for the standard Laplacian or the fractional Laplacian.

Theorem 4.5. Assume conditions (1.7) and (3.1). If u is a weak solution to problem (4.1), where f € L™(Q) with
m > N/a, thenu € L=(Q).

Proof. We change here slightly the test function used in the previous two proofs. We define for § > 1and K = k
(k to be chosen later) a @1([k, =o)) function H, as follows:

B _ 1B
H(s)={ sf -1, selkKl,
linear, s>K.

Let us also define v = u + k, and choose as test function ¢ = G(v) = fkv Y(H'(s)) ds. We obtain on one hand,
using the Stroock-Varopoulos inequality (2.9) and the Sobolev inequality (3.3),

E(u; G(v)) 2 cE(HW)) = c[| YHW) |- » (4.6)



DE GRUYTER E. Correa and A. de Pablo, Remarks on a nonlinear nonlocal operator in Orlicz spaces = 321

and on the other hand, using Holder inequality,

1
/ f6() < / B H ) ¢ / FPPH W) < 2 Il V) e “.7)
0 o) o)
since v > k. Inequality (4.6) together with (4.7), and the properties of ¥, lead to
1/p
O e S I “8)

We choose k = (c||f ||m)1ﬁ and let K — oo in the definition of H, so that the inequality (4.8) becomes

ullypg < Bllullpmep-
Hence for all 8 = 1 the inclusion u € LPm'B(Q) implies the stronger inclusion u € L’*pﬂ(_Q), since r" = % >

m' = . provided m > % Observe that u being a weak solution it belongs to W{)"’V(Q), and thusu € Le Q).
The result follows now iterating the estimate starting with = g\;["a‘)ﬂ > 1, see for example [19, Theorem 8.15]
for the details in the standard Laplacian case. This gives u € L=°(Q). In fact we get the estimate

e < CCEQ)S + [FIET).

O
5 The problem with reaction f = f(u)
We study in this section the nonlinear elliptic type problem
Lu = f(u), in Q,
u=0, w=0, inQ, (5.1)
u=0, in Q€.
We first show existence in the lower case, i.e., when f : [0, c0) — R is a continuous function satisfying
-1 .. t
Jo<u< qT : If(®)] = c1 + 2 PH(D), htrg%)r}f lI]:IE()t) >c3 > 0. (5.2)

In the power-like case (1.7) with f(¢) = t™ ! this means O < m < p. See [8] for the classical sublinear problem
for £ = -A and [11] for general £ with g« > 0, both in the case ¥(s) = |s|2.

Theorem 5.1. Under the assumption (5.2) problem (5.1) has a solution u € W{)"P(Q).

Proof. We define the energy functional I : W{)"P(Q) — R defined by

I(v) = E(v) - [ G(v),
/

where G(u) = fou f(s) ds. This functional is easily seen to be weakly lower semicontinuous, and is well defined
since

/ G| = €110 + o QI HEW < oo (53)
Q
On the other hand, this same estimate also gives coercivity since y < 1, and then

Iv)2EWv)-c (E(v))“ — oo as ||v||yry — oo.
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Let now {vn} ¢ W} ¥(Q) be a minimizing sequence for I,

liminfI(vy) =v=inf I(u).
n—reo uew)’ ()

This sequence is bounded in W{)’W(Q), and therefore we can assume that there is a subsequence, still denoted
{vn}, such that v, — uin W{)"F(Q). Therefore v, — u in LY (Q). We thus deduce by (5.3)

! Gvn) Q/ G,

so that

v < I(u) < liminf | E(vy) - / Gwn) | = liminf I(vy) = v.
n—oo n—oo
Q

This shows that I(u) = v and u is a global minimum for I, hence a solution to (5.1). It is easy to see that we
can replace u by |u| since I(ju|) < I(u). In order to show that u is nontrivial let us check that I(u) < 0. In fact,
given any v € W) ¥(Q) we have

Iev) < Yy @B0) - ¢ (r3(@)" [ 6 < B0 -7 [ 6w <o,
Q Q

for small € > 0, since g > 1 + pu. We deduce that v < 0 and /= 0. O

Unfortunately we are only able to prove uniqueness in the exact power case ¥(s) = |s|P. In fact uniqueness
follows in that case using a standard argument by means of a Picone inequality proved in [16], see [8] and [11].
Though a Picone inequality could be obtained also assuming that (1.7) is satisfied, it is not sharp enough to
prove uniqueness. In the more general case of ¥ € I'p,q such Picone type inequality is not even known to
hold.

We now assume condition (3.1) and consider nonlinear functions f in the intermediate range, that is above
the power p — 1 but subcritical in the sense of Sobolev, see Theorem 3.2. The precise conditions on f are

dp>p: tf(t) = pG(t) Y t>O0;
J1<r<r,to>0 : tf) <cp’() Yt to; (5.4)
FA>0 : f(AL) 2 AP£(t) vit>0,A> A,

where G’ = f. When f(t) = t™"! these condition hold with p = m provided p < m < %.

Theorem 5.2. Assume ] satisfies (3.1), Y satisfies either (2.11) or (2.14), and f is a nondecreasing function sat-
isfying (5.4). Then problem (5.1) has a solution u € Wé’lp(()).

Proof. As before we consider the functional

1) = E() - / 6(v),

Q

whose critical points are the solutions to our problem. This functional is well defined in Wé’q'(()) thanks to the
Sobolev embedding and the second condition in (5.4). We therefore apply the standard variational technique
based on the Mountain Pass Theorem [2]. We only have to prove that the functional satisfies the Palais-Smale
condition and has the appropriate geometry.

We first prove that any Palais-Smale sequence has a convergent subsequence. Let {v,} be a sequence
satisfying )

I(vn) = v, (I'(vn), @) =0 Yoe (W{J’W(Q))
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By the first condition in (5.4), and using (1.9), we have

<I/(Vn),Vn> =8(Vn;Vn)—/an(Vn) SPE(Vn)—P/G(Vn)-
Q Q

On the other hand, for all large n such that ||I'(vn)|| < 1 we have
[(I'(Vn), vi)| < |[Val g

Therefore 1
+ E<II(Vn), Vn)

vl 2I(va) = I(ve) - ll)a'(vn), V)
s (1 _ 7)) E(vy) - %annw

p . 1
: (1 - ;,) i ([l [V} = 5 il

— 323

Thisimplies ||vn||yy.v < k for every n, so that there exists a subsequence, still denoted {v, }, converging weakly
to some u ¢ W{)"P(Q), and by Theorem 3.4 it is vy — Veo strongly in L*' (Q) for every 1 < r < r*. The second

condition in (5.4) implies Vnf(Vn) = Veof (Veo) in L1(Q). Now write,

EWn3 Vin = Voo) = EWVeo; Vn = Veo) = (I'(Vn), Vin = Vo) = (I' (Veo), Vi — Voo

+ / (Fn) = Fves)) (¥ = vee) — 0.
0]

Using inequalities (2.12) or (2.15) as in the proof of uniqueness in Theorem 4.1, we obtain
E(Vn - Voo) — O,

thatis vh — Ve in W{)’W(Q), and Palais-Smale condition holds.

Let us now look at the behaviour of I close to the origin and far from it. First I(0) = 0. Also, given any

Ve W{)’W(Q), we have by Poincaré inequality and the second condition in (5.4)

IV)=EW)- [ GW)2c1 [ p(V)-c2 [ Y'(v) 2 c1F(v) - c3F'(v) >0
Jowsawmal

for every F(v) small. But ||v||yyy.» small implies F(v) small. We have obtained
Je,6>0 : I(v)>100)+6 Vve WL (Q), |[v|ww =&

On the other hand, if A > 0 is large, using the third condition in (5.4), we get

IA) < PE(v) - A° / Gv) <0,
0

since p < p. Thus
3v e Wh(Q), |[VIwy > e : 1) <1(0).

This ends the proof by an application of the Mountain Pass Theorem. Actually, if we define
0 ={h e c(o, 1]; W} ¥(Q)) : h(0) =0, h(1) =V},

then
n = inf max I(h(t))
heo telo,1]

is a critical value with I(u) = n for some u W{)’W(Q), which is a solution to our problem.
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The exponent r" in (5.4) is sharp in the fractional p-Laplacian case. In fact, in the fractional Laplacian case
p = 2 this has been proved in [26] by means of a Pohozaev identity when Q is star-shaped. Their proof was
adapted in [11] for more general kernels again with ¥(s) = |s|?, obtaining an exponent which depends on
the kernel and is presumed not to be optimal. The proof of this last result works verbatim for general powers
¥(s) = |s|?, but not for other functions, since homogeneity is crucial in the argument.

Let, for A > 1,

(5.5)

Y J(z/ )
u) =2 zseuﬂg OR
z#0

and assume p(A) < oo for A close to 1.

Theorem 5.3. If u is a bounded solution to problem (5.1) with ¥(s) = |s|P and Q is star-shaped, then

/ ufe < 2o [ G,

Q Q

where § = u'(1*) and G’ = f.

Corollary 5.4. Problem (5.1) with f(u) = u™!, ¥(s) = |s|P and Q star-shaped has no bounded solutions for any
exponent m > m« = 2.

We observe that this nonexistence result depends not only on the behaviour of the kernel at the origin, but
on its global behaviour, see (5.5). In fact when the kernel is

J2) {|z|‘N“"1 if|z] < 1,

|z N2 if |z > 1,

aj < p, ay >0, we get 0 = max{ay, a,}. It will be interesting to know if only the singularity of J at the origin
determines by its own the existence or nonexistence of solution. If this is the case we would get, in the critical
singularity exponent g« = 0 in (Hy), that there is no solution for any m > p. This, together with the existence
result for m < p of Theorem 5.1, leaves only the case m = p to be studied. We dedicate next section to this
task.

6 The generalized eigenvalue problem

In this last section we study the parametric problem

{Lu =APw), inQ, 6.1)

u=0, in Q€.

Though the problem is not homogeneous due to the presence of the non homogeneous function i, since
it is precisely this same function i that defines both, the operator and the reaction, it can also be called
generalized eigenvalue problem, as is usual for the p—Laplacian or the fractional p—Laplacian, see [22], [23].
The first (generalized) eigenvalue and eigenfunction are obtained minimizing

_E() ¥
I(v) = o)’ ve Wy (Q)\{0}.
In fact, if u is a minimum, the function g(t) = I(u + tg), for any admisible function ¢ satisfies g(0) = % =Aq,

g'(0) = 0, that is,
(E'(w), @) = AL (F'(w), p),

which is the associated Euler-Lagrange equation, the weak formulation (1.13).
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Theorem 6.1. Define
Al = inf I(V).
vewl ¥ (@)\{o}
Then A, is positive and is achieved by some u € Wé"‘v(_()) \ {0}. Moreover, the function u is a weak solution to
problem (6.1). The solution does not change sign, and it is moreover bounded if (1.7) and (3.1) holds for some
a > 0.

Proof. The inequality (3.2) immediately gives A; > 0. Consider M = {v & W{)’W(Q) : F(v) =1}.Let {vy} bea
minimizing sequence for I in M, that is

lim I(vn) = Ay = inf I(v) > 0.
n—oo veM

Then {vn} is bounded in W{)"P(Q), so there exists a subsequence, still denoted by {vn}, such that v, — u
in W{)""(Q). As usual, by Theorem 3.4 there exists a subsequence converging to u in LY (), so F(u) = 1 and
u € M. This gives
A < I(w) = E(u) < lim E(vy) = lim I(vy) = A4,
n—oo n—oo

and then I(u) = A;. The functionals E and T are differentiable, and so is I, and we have

0= ('), ) = %@ ('), ) - 1) (F' (), 9)) .

Therefore

&(us 9) = (E'(w), @) = I) (F'(w), @) = Ay / Yo,
0]

for every ¢ € W{)’W(Q). The fact that the eigenfunction is nonnegative or nonpositive follows by (2.8) which
implies I(t|u|) < I(u). The boundedness of u assuming (3.1) is easily proved again by the Moser iterative
scheme as performed in [6]. The key point is the use of the Stroock-Varopoulos inequality (2.10) and condi-
tion (1.7), and finally apply Theorem 4.5. See also [17]. O
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