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ON DISCONTINUOUS ELLIPTIC PROBLEMS INVOLVING
THE FRACTIONAL p-LAPLACIAN IN R¥

IN Hyoun Kim, YUN-HO KiMm, AND KISOEB PARK

ABSTRACT. We are concerned with the following fractional p-Laplacian
inclusion:

(—=A)pu+ V(@) |ulP"?u € A[f(z,u(2)), f(z,u(x))] in RV,
where (—A)$ is the fractional p-Laplacian operator, 0 < s < 1 < p <

P
+00, sp < N, and f : RN x R — R is measurable with respect to each

variable separately. We show that our problem with the discontinuous
nonlinearity f admits at least one or two nontrivial weak solutions. In
order to do this, the main tool is the Berkovits-Tienari degree theory for
weakly upper semicontinuous set-valued operators. In addition, our main
assertions continue to hold when (—A)ju is replaced by any non-local
integro-differential operator.

1. Introduction

In the present paper, we consider the existence of nontrivial weak solution
to the fractional p-Laplacian inclusion:

(P)  (~A)u+ V(@) ul2u € A[f(z,u(@)), F@,u(z))] in RY,
where the fractional p-Laplacian operator (—A); is defined by

(7A)S’LL(:E) — 92 lim |7.L((£) — u(y)‘p72(u(l‘) — u(y)) dy

- z e RNV,
b eNO JRN\B. (z) |z — y|N+ps ’

Here, 0 < s <1 <p< 400, sp < N, Bo(z) := {y € RN : |z —y| < &} and
the measurable functions f, f are induced by a possibly discontinuous function
f:RN xR — R at the second variable. For the motivations that lead to the
study on boundary value problems of some partial differential equations with
discontinuous nonlinearities, we refer the reader to the contribution [16,17] of
Chang. Afterward, many efforts have been devoted to the study of variational
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problems for elliptic equation with this nonlinearity; see for example [2,4,5,8,
11,12,23,34] and the references therein.

In the last years, a great deal of attention has been paid to the study of non-
linear equations involving fractional and nonlocal operators of elliptic type in
the description of the mathematical theory to concrete some phenomena such
as social sciences, fractional quantum mechanics, materials science, continuum
mechanics, phase transition phenomena, image process, game theory and Levy
processes; see for instance [9,10,15,21,25,29,30] and so on. Especially, in con-
trast with the usual elliptic partial differential equations which are governed by
local differential operators like the p-Laplace operator, discriminated character-
ization of the fractional operator in (P) is the nonlocality, in the sense that this
operator takes care of the behavior of the solution in the whole space. In this re-
spect, increasing research of elliptic equations involving the fractional Laplacian
type problems has been interesting to many people; see [6,13,22,27,32,37,41]
and the references therein. Meanwhile, most of results have been obtained by
a critical point theory, initially introduced by Ambrosetti and Rabinowitz in
[3], which is one of the main tools for finding solutions to elliptic equations of
variational type; see for example [6,18,22, 26,27, 33,36,37,41]. Especially, the
authors in [22] have been investigated the existence and multiplicity results for
the fractional p-Laplacian type problems:

(=A)ju=Af(z,u) in €,
u=0 on RM\Q,

where f satisfies a Carathéodory condition; see [33] for p = 2.

The first purpose of this paper, as observing new approach deeply different
from that studied in previous related works [6,18,22,26,27,33,36,37,41], is to
obtain the existence of at least one nontrivial weak solution for the problem
(P) without employing the variational method, in particular, mountain pass
theorem in [3]. More precisely, by using the Berkovits-Tienari degree theory
in [8] for upper semicontinuous set-valued operators of class (Sy) which is a
generalization of the single-valued version due to Browder [14], we show that
the corresponding integral operator equation to the given problem has a critical
point. To do this, we analyze some properties of an operator associated with
the discontinuous nonlinear term which plays an important role in applying the
degree theory of this type. In particular, we investigate that this operator is a
locally Lipschitz functional with compact gradient. However the main difficulty
in showing this assertion in RY arises from the lack of the compactness of the
Sobolev embedding. To overcome the difficulty of the noncompact embedding,
we utilize a new compact embedding result under suitable conditions on the
potential V' (x) which is originally introduced by Bartsch and Wang [7].

The second aim of this paper is to obtain the existence of at least two
nontrivial weak solutions for the problem (P). However, in our first main result,
no additional information is given on the existence of at least two solutions.
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We point out that the strategy for overcoming this difficulty is to utilize the
existence of a nontrivial global minimizer for the energy functional to find
another solution. As far as we are aware, there were no such existence results
for fractional p-Laplacian problems, and we are only aware of the paper [24] in
this situation.

Lastly, our main assertions continue to hold when (—A)Ju in (P) is replaced
by any non-local integro-differential operator L, defined pointwise by

Lru(x) = 2/ lu(x) — u(y) P2 (u(z) — u(y))K (z —y)dy for all z € RV,
RN
where K : RV \ {0} — (0, +00) will be specified later.

This paper is structured as follows. First we recall briefly the Berkovits-
Tienari degree theory for weakly upper semicontinuous set-valued operators of
class (S4) and some basic properties for locally Lipschitz continuous functionals
in reflexive Banach spaces. Next, using the fact that every critical point of
the energy functional associated with (P) is a weak solution for our problem,
we obtain the existence of at least one or two nontrivial weak solutions for
problem (P). Finally we present that the existence and multiplicity results
for the integro differential operator which is a generalization of the fractional
p-Laplacian are still satisfied.

2. Preliminaries and main result

We first give the Berkovits-Tienari degree theory for weakly upper semicon-
tinuous set-valued operators of class (S ) which is based on the papers [8,23].
Let X be a real Banach space and X* be its dual space with dual pairing
(-,-). Given a nonempty subset  of X, let Q and 92 denote the closure and
the boundary of Q in X, respectively. Let B,.(x) denote the open ball in X
of radius r > 0 centered at . The symbol — (—) stands for strong (weak)
convergence.

Definition 2.1. Let U be an open set in X and let Y be another real Banach
space. A set-valued operator h: U — 2V is said to be
(1) upper semicontinuous if the set h™1(A) = {u € U|h(u) N A # 0} is
closed for all closed sets A in Y.
(2) weakly upper semicontinuous if h=1(A) is closed for all weakly closed
sets Ain Y.
(3) compact if it is upper semicontinuous and the image of any bounded
set is relatively compact.
(4) bounded if h maps bounded sets into bounded sets.
(5) locally bounded if for each u € U there exists a neighborhood V of u

such that the set h(V) = J, ¢y M(u) is bounded.

Definition 2.2. Let U be an open set in X. A set-valued operator h : U —
2X7\ ) is said to be
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(1) pseudomonotone if for any sequence {u,} in U and for any sequence
{wy,} in X* with w,, € h(u,) such that u,, = v in X and
lim sup {(wp, u, — u) <0,
n— oo
we have lim, oo (Wy, U, —u) = 0 and if u € U and wj — w in X* for
some subsequence {w;} of {wy,}, then w € h(u).
(2) quasimonotone if for any sequence {u,} in U and for any sequence
{wy} in X* with w,, € h(u,) such that u, — u in X, we have

lim inf (wy,, u,, — u) > 0.
n—oo

The following lemma means that operators of class (S ) are invariant under
quasimonotone perturbations.

Lemma 2.3 ([23]). Let U be an open set in a real reflevive Banach space X .
Suppose that h : U — 2% is a set-valued operator with nonempty values and
S :U — X* is a single-valued operator. If h is quasimonotone and S is of
class (S4), then the sum h+ S is of class (S4).

Remark 2.4. Tt is known that in this case the duality operator j : X — X* is
injective, bounded, continuous, and of class (S, ), and such that (jz,z) = |z|?
and ||jz|| = ||z| for x € X; see e.g., [40].

As a crucial tool for obtaining our result, we present the Berkovits-Tienari
degree theory for weakly upper semicontinuous set-valued operators of class
(S4+) in reflexive Banach spaces.

Lemma 2.5 ([4]). Let G be any bounded open subset of X and let h : G — 2%
be of class (S41), locally bounded, and weakly upper semicontinuous such that
h(u) is nonempty, closed, and convex for each u € G. If w ¢ h(0G), then an
integer d (h,G,w) is defined, called the degree of h on G over w, and the degree
has the following properties:

(a) (Ewxistence) If d(h,G,w) # 0, then w € h(QG).

(b) (Homotopy Invariance) Suppose that H : [0,1] x G — 2% is of class
(S1), locally bounded, and weakly upper semicontinuous such that
H(t,u) is nonempty, closed, and convex for each (t,u) € [0,1] x G.
If ¢: [0,1] — X* is a continuous path in X* such that c(t) ¢ H(t,u)
for all (t,u) € [0,1] x OG, then d(H(t,-),G,c(t)) is constant for all
t € [0,1].

(¢) (Normalization) If w € J(G), then we have d(J,G,w) = 1. In partic-
ular, if 0 € G, then d(eJ,G,0) =1 for every e > 0.

Here, a homotopy H : [0,1] x G — 2% is of class (S, ) in the sense that

for any sequence {t,,,u,} in [0,1] x G and for any sequence {w,} in X* with
wy, € H(ty,uy) such that ¢, — ¢, u, — v in X, and

lim sup {(wp,, u, — u) <0,
n— oo
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we have u,, - u in X.

Next we briefly introduce the following definitions and some properties for
locally Lipschitz continuous functionals. For a real Banach space (X, | - |x),
we say that a functional h : X — R is called locally Lipschitz when, for every
u € X, there corresponds a neighborhood U of u and a constant £ > 0 such
that

(2.1) |h(v) = h(w)] < L|v —w|x forall wv,weU.

Let u,v € X. The symbol h°(u;v) indicates the generalized directional deriv-
ative of h at point u along direction v, namely

h°(u;v) := limsup hw +tv) = h(w)

w—ru,t—0t t

The generalized gradient of the function h at u, denoted by Oh(u), is the set
Oh(u) == {u* € X*: (u*,v) < h°(u;v) forall ve X},

A functional h : X — R is called Gateaux differentiable at u € X if there is
© € X*(denoted by h'(u)) such that

lim h(u +tv) = h(u) _ B (w)(v)

t—0+ t
for all v € X. It is called continuously Gateaux differentiable if it is Gateaux
differentiable for any u € X and the function v — h'(u) is a continuous map
from X to its dual X*. We recall that if h is continuously Gateaux differ-
entiable, then it is locally Lipschitz and one has h°(u;v) = h'(u)(v) for all
u,v € X. If h : X — R is a locally Lipschitz functional and x € X, then we
say that x is a critical point of h if it satisfies the inequality

he(z;y) >0

for all y € X or, equivalently, 0 € 9h(x).
We give some properties of the locally Lipschitz functional which will be
used later.

Proposition 2.6 ([19]). Let h: X — R be locally Lipschitz functional. Then
(i) (=h)°(u;2) = h°(u; —=2) for all u,z € X;
(i1) h°(u;2) = max{(u*,z)x : u* € Oh(u)} < L|z| with £ as in (2.1) for
all u,z € X;
(iii) Let j : X — R be a continuously differentiable function. Then (h +
7)°(u;2) = h°(u; 2) + (§'(w), 2)x for allu,z € X;
(iv) (Lebourg’s mean value theorem) Let u and v be two points in X. Then,

there exist a point w in the open segment between u and v, and a
u, € Oh(w) such that

h(u) — h(v) = (u},,u — V) x;
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(v) LetY be a Banach space and j : Y — X a continuously differentiable
function. Then h o j is locally Lipschitz and
9(hoj)(u) € Oh(j(y))oj'(y) forall yeY;
(vi) If h1,ha : X — R are locally Lipschitz, then
O(h1 + h2)(u) C Ohy(u) + Oha(u);

(vil) Oh(u) is convex and weakly* compact and the set-valued mapping Oh :
X — 257 s weakly* u.s.c.;
(viii) O(Ah)(u) = AOh(u) for every A € R.

Lemma 2.7 ([38]). Let h : X — R be a locally Lipschitz functional with
compact gradient. Then, h is sequentially weakly continuous, i.e., if {u,} is a
sequence in X such that u, — u in X as n — oo, then h(u,) — h(u) in X as
n — o0o.

From now on we study the problem (P) with discontinuous nonlinearity
which involves the fractional p-Laplacian. Let s € (0,1) and p € (1,4+00). We
define the fractional Sobolev space W*P (RN ) as follows:

wWesP(RY) .= LP(RM) // |dd
(B {ue RN JRN |Tf* \N“’S Ay < o

endowed with the norm
1
e (L oy

where

. Yl
||u||i,,(RN) .:/ |u|? dz and |U|W9P(1RN : /}RN /RN o |N+p6 dxdy.

Let s € (0,1) and 1 < p < 4+00. Then W*P(R¥) is a separable and re-
flexive Banach space. Also, the space C5°(RY) is dense in W*P(RY), that is
WoP(RN) = WP (RN) (see e.g. [1,31]).

Lemma 2.8 ([28,31]). Let 0 < s < 1 < p < 400 with ps < N. Then the
space WP(RN) is continuously embedded in L1(RYN) for any q € [p, p¥] where
= Np/(N — sp) is the fractional critical exponent.

Let the potential V € C(R™) be a continuous function. Suppose that
(V) V e C(RY), inf ey V() > 0, meas{z € RV : V(z) < M} < 400 for
all M e R.
When V satisfies (V), the basic space

X,RY) == {ue WPRY): V|ulP € L'(RY)}

denote the completion of C§°(RY) with respect to the norm
1

oy = (1) + 1V Pl oy
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Lemma 2.9 ([36]). Let 0 < s < 1 < p < 400 with ps < N and suppose that the
assumption (V) holds. Then there is a compact embedding X;(RY) — L4(RY)

for q € [p,py)-
Let us define a functional J : X4(RY) — R by

|u(z) —u(y) 1 p
/RN/RN |x_ |N+ps dz dy—l—];/RNV(x)m(x)\ dr.

Then the functional J is well defined on X (RY), J € C1(X,(RY),R) and its
Fréchet derivative is given by

_ u(z) — u(y) P2 (u(x) — u(y))(v(z) — v(y))
v) = /RN /RN dxdy

|z —y|NHes

+/]RN V() ju(x)|P™" v dx

for any v € X,(R™) where (-,-) denotes the pairing of X,(R") and its dual
(X (RM))*; see [32].

Lemma 2.10 ([32]). Let 0 < s <1 < p < +o00 with ps < N and suppose that
the assumption (V) holds. Let 0 < s < 1 < p < +o00. Then the functional
J Xs(RY) — (X (RN)* ds of type (S4), i-e., if up, — u in Xs(RY) and
limsup,,_, oo (J'(un) — J'(u), u,, — u) <0, then u, — u in Xs(RY) as n — oo.

Corollary 2.11 ([32]). Let 0 < s < 1 < p < 400 with ps < N and suppose
that the assumption (V) holds. Then the functional J' is strictly monotone,
coercive and hemicontinuous on Xs(RYN). PFurthermore, the functional J' is a
bounded homeomorphism onto (X,(RN))*.

Proof. Tt is obvious that the operator J’ is strictly monotone, coercive and
hemicontinuous on X. By the Browder-Minty theorem, the inverse operator
(J')~1 exists; see Theorem 26.A in [39]. If we apply Lemma 2.10, then the
proof of continuity of the inverse operator (J')~! is analogous to that in the
case of the p-Laplacian and is omitted. ([

We assume that

(F1) f is measurable with respect to each variable separately.
(F2) There exist nonnegative functions p € L’ (RN) and o € L>°(RY) such
that

|f(x,t)] < p(z) + o(x) |t‘p—1
for all (z,t) € RN x R,

Moreover, we denote by G the family of all locally bounded functions f : RN x
R — R satisfying the following conditions:

(m1) f(-, z) is measurable for every z € R;
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(mg) there exists a set Qg C RY with m(£2y) = 0 such that the set
Dy := U {z € R: f(x,-) is discontinuous at z}
z€RN\Qo

has measure zero.
(m3) for f:RY xR — R and (z,t) € RY x R, the functions
!

(z,2) := lim ‘ggszi‘rifg f(z,€) and f(z,2):= Jim, esssup f(z,€)

are superpositionally measurable, that is, when f(-,u(-)) and f(-,u(-))
are measurable on RY for any measurable function u : RY — R.

Clearly, if f € G, then f satisfies (F1). For fixed 2 € RY, as the function of ¢,
the function F is defined by

t
F(x,t) ::/ fz,&)de  for (z,t) € RN x R.
0
The generalized gradients of the function ¢ do exist, that is,
OF (z,t) := Oy F (x,t) = 0, F°(x,t;0),

where

t+h — flz,t+h
Fo (2.t 2) = limsup L0t H02) = flzt 4+ h)
h—0,740 h
Define the functional ¥ : X,(RY) — R by

U(u) = / F(z,u)dx.
RN

Next we define a functional Iy : X,(RY) — R by

In(u) = J(u) — A\ (u).
Proposition 2.12 ([17]). If f € G satisfies (F2), then F : X — R is a locally
Lipschitz functional in LP(RY) and

0% (u) € OF (z,u) = [f (2, u(z)), f(z, u(z))]

for almost all x € RV,
Definition 2.13. Let 0 < s < 1 < p < 400 with ps < N and suppose that
the assumption (V) holds. We say that u € X (RY) is a weak solution of the

problem (P) if there exists a function w € F (z,u) for almost all z € R such
that

[ [ o) = P ale) ) 06) = 00D o,
RN JRN

|z —y|NPs

+ / V(z) |u(@)]P " uvde = A wv dz
RN RN

for all v € X (RYN).
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In view of Proposition 2.12, this equation corresponds to the following op-
erator problem
0€ (J — o) (u).

Lemma 2.14. Let 0 < s < 1 < p < 400 with ps < N and suppose that the
assumption (V) holds. If f € G satisfies (F2), then ¥ : X,(RY) — R is a
locally Lipschitz functional with compact gradient.

Proof. We firstly prove that W is locally Lipschitz functional. We denote by «,
the constant of the embedding Xs(RY) — LP(RY). Let u,v € Xs(RY). Apply
Lemma 2.9 and the Holder inequality to obtain

W (u) — ¥ (v)|

/ |F(z,u) — F(z,v)| de
RN

IN

IN

/RN (p(@) + o (@) [u(@)|"™" + p(a) + o(2) [o(@) ") Ju(z) - v(z)| da

-1 -1
2l o vyt = W oy + 1ol oo ey (1l ey + [01 ey et = 0l oy

IN

—1
< 2ol o oy = 0l ) + Al poe oy (Tl ey

1
I Lt = vl )

From the above computation, it is obvious that ¥ is locally Lipschitz functional.
Now, we prove that 0¥ (u) is compact. Apply Lebourg’s mean value theorem

and Proposition 2.6(ii), for every v € X (RY) we choose an element u in

X (RY) and u* € 0¥ (u) such that

(2.2) (u*,v) < U°(u;v)

and U°(u;-) : LP(RY) — R is a subadditive function; see Proposition 2.6.
Furthermore, u* € (X4(RY))* is also continuous with respect to the topology
induced on X (R") by the norm | - |1so@~). In fact, if we set a Lipschitz
constant £ > 0 for ¥ in a neighborhood of w, then it follows from Proposition
2.6(ii) that for all z € X (R™) we obtain
(u*,2) < Llz[Lo@ny, (U, —2) < L] = 2]Lo@v),
and thus
(u*,z) < L]z| Lo @w)-

Hence, from the Hahn-Banach Theorem, u* can be extended to an element of
the dual LP(RY) (complying with (2.2)) for every v € LP(R"), this means that
u* can be regarded as an element of L¥' (RV) and write for every v € LP(RYN)

(2.3) (u*,v)y = /RN u*(x)v(z) de.

Let {u,} be a sequence in X (RY) such that |u,|x, g&v) < M for all n € N
and for some positive constant M, and take u}, € OV¥(uy,) for all n € N. From
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(F2) and (2.3) we have

(o) = [ ko) de < [ flo(a)] da

< [ @)+ o(a) fua (@) lo(a) do

< ol vy 1ol oy + 1o oo s e I gy 0] 2 )
< (L4 £p)P (1l Lot vy + ol oo @y MP ™) ol x, ey
for all n € N and for all u € X,(R"). Hence
luk, lox,@vyys < (14 )P (Il @ny + ol poe ey MPTH),
namely, the sequence {u*Fn} is bounded. So, passing to a subsequence, we have
that the sequence {u}, } weakly converges to u}, in (X(RY))* as n — co. We

will prove that {u}, } has a strong convergence in (X (R"))*. Suppose to the
contrary that there exists some g9 > 0 such that

luf, = uklx,@y)- > <o
for all n € N. Then there is a v, € B1(0) such that
(2.4) (up, — up,vn) > €o.
Noting that {v,} is a bounded sequence and passing to a subsequence, one has
v, v in X (RY), |vn = v|Lp@yy =0 as n— oo
by Lemma 2.9. So, for n large enough, we have

€0 €0
|<u>‘1}‘n7u7~"7v>| <§7 |<u*Fvvn*fU>|<§a
€0

"p”LP’(]RN) + ||U||Loo(RN)in*1Mp71) ’

n P <
Jv vl (RN) 3

Then
(U, — up,vn) = (up, — up,v) + (Up,, U0 — V) = (Up, Vp — V)
2e
<22 [l llon(e) = vle) de
3 RN "
260 —1
<250+ [0 + 0@ fun@)P (o) = v(o)] da
250
s5 + [0l o @3y lvn = VLo @)
—1
+ ”U"LOC(]RN)"un”ip(RN)”vn - U”LP(]RN)
260 _ —
<4+ (”p"LP’(IRN) 0| oo vy sip” "M v, — V] Lr )
3
< €0,

which contradicts to (2.4). O
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Now we give that every critical point of the functional I is weak solution for
our problem. The basic idea of the proof of the following consequence comes
from [12]; see also [5].

Lemma 2.15. Let 0 < s < 1 < p < 400 with ps < N and suppose that the
assumption (V) holds. Assume that f € G satisfies (F2). Then the critical
points of the functional Iy are weak solutions for the problem (P).

Proof. If ug € X4(RY) is a critical point of Iy, then one has
I,°(ug;v) = (J — A9)°(up;v) >0 forall ve XS(]RN).
Since J € C1(X,(RY),R), we have, by Proposition 2.6, in particular
0 < (J=AU)°(ug;v) = J (ug;v) + (=A¥)°(ug; v) = (J'(ug), v) + (=A¥)° (ug; v),
whence
—{(J'(up),v) < (—=A¥)°(ug;v) for all v e X (RY).
This means
—J'(uo) € (=A¥)(uo),
namely
(2.5) J' (ug) € OAW) (uog).

Since Xs(RY) is compactly embedded and dense in LP(RY), from Theorem 2.2
in [17] one has
O(=AU)(up) € A=AV Loy ) (uo).

From (F2) and because —A\f € G, we deduce that f, £ —\f, and —\f satisfy
all the assumptions in Theorem 2.1 of [17]. Thus

O Lrmr))(u0) € [£ (2, u0(2)), f(2;uo(2))]p,

where

[i("uo('))v ?('7’“0('))]?’
={we L’ RY):w(x) e [f(z,uo(2)), f(z,u0(x))] a.e. in RN}
Using (2.5),
J'(u0) € ALf (- uo()), (5 u0()]pr

and then we have
(=A)zuo + V(@) [ul" " u € A[f(-,uo(-)), F(-u0(-)]p-

Thus, Radon-Nikodym theorem implies that there exists a unique

wo(") € ALF (w0 (), F s uo())ly

such that

[ bole) = b 2teae) —to)o(e) =o0) g
RN JRN

|z — y[ NP

+ V() luo(2) [P~ u(z)v(z) do = / wo(x)v(x) d
RN RN
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for each v € X, (RN ). This means that ug is a weak solution of the problem
(=A)u+V(x) lulP?u=wy(z) in RV
This completes the proof. ([

Now we obtain the positivity of the infimum of all eigenvalues for the problem
s -2, _ -2 . N
(E) (=A)pu+ V(@) |uf""u = Au[’""u in R7.

Although the idea of the proof is completely the same as in that of Lemma 3.1 in
[20], for the sake of convenience, we give the proof of the following proposition.

Proposition 2.16. Let 0 < s < 1 < p < 400 with ps < N and suppose
that the assumption (V) holds. Then the eigenvalue problem (E) has a pair
(A1, u1) of a principal eigenvalue A1 and an eigenfunction uy with Ay > 0 and
0 < up € Xs(RY).

()P /
f p
=in {/}RN /RN - |N+ps dxdy + . V(z)|v|’ de

the infimum being taken over all v such that [, [v|’dz = 1. We shall prove
that A is the least eigenvalue of (E). The expression for A\; presented above
will be referred to as its variational characterization. Obviously A\; > 0. Let
{v,}52; be the minimizing sequence for Ay, i.e.,

Proof. Set

/ |vp|P de =1 and

dd V n|f dr = X + 6,
ANAQN |Jf—y|N+pg y+ |U| T 1+

with §,, — 0" for n — co. It follows from (2.6) that v, | x, @~y < c for some
constant ¢ > 0. The reflexivity of X,(R") yields the weak convergence v,, — u;
in X (RY) for some u; (at least for some subsequence of {v,}). The compact
embedding X,(RY) — LP(RY) implies the strong convergence v, — u; in
LP(RM). Tt follows from (2.6) and the Minkowski inequality that

1
1= lim (/ |vnpda:>
n—oo RN
1 1

< lim </ [vn, —u1|pdx> + (/ |u1pdm)

n—oo RN RN

1
_ (/ |u1|pda:) ,
RN

(2.6)
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and analogously

</ u1|pdx)p < (/ |uq —vn|pdx>p + lim (/ |Un|pda:)p =1.
RN RN n— oo RN

Hence
/ lug [P dz = 1.
RN

In particular, u; # 0. The weak lower semicontinuity of the norm in X (R%)
yields

s (@) = w (@)l A
Al </RN/RN |x— |N+ps dx dy+ V(z) lur [P do = |uq %

<
< lim inf o, [

- on(z) = va(o)P? )
_hnrr_ligf{/RN /RN |:C— |N+ps dx dy+/ V(z)|va|" dex

= hl’l’llnf()\l + 5n) = )\1,
n—o00

i.e.,

_ |ur(2) = wa ()| / P
(2.7 A1 /RN/RN |a:—y\N+P"' dxdy + NV(x) lur|” dx.

It follows from (2.7) that A\; > 0 and it is easy to see that A; is the least
eigenvalue of (E) with the corresponding eigenfunction u;.
Moreover, if u is an eigenfunction corresponding to A1, then |u| is also an

eigenfunction corresponding to A;. Hence we can suppose that u; > 0 a.e. in
RY. O

Now, we are ready to state the main result of this paper. We investigate the
solvability of nonlinear elliptic equations involving the fractional p-Laplacian,
by using the Berkovits-Tienari degree theory for set-valued operators of class

(S+).

Theorem 2.17. Let 0 < s <1 < p < +o0 with ps < N and suppose that the
assumption (V) holds. Assume that f € G satisfies (F2). If A\i|o| oo mry < 1,
then the problem (P) admits at least one nontrivial weak solution in X (RN).

Proof. Note by Corollary 2.11, Lemmas 2.7, 2.10, and 2.14 that the bounded
continuous operator J' is of class (S;) and —9¥ is quasimonotone. Hence,
taking into account Lemma 2.3 the sum J' — 9(A¥) is bounded, upper semi-
continuous, and of class (S) or pseudomonotone. For each u € X (RY), we

can express as
(w,uy = wu dz
RN
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for some w € d¥(u). Applying Hélder’s inequality, we assert that

— / wu dx
]RN

> / (p(2) + 0(@) [u(@) " Yudz
RN
3 1
> ol [ lul?de - ( [ to@r dm) ( / |u|Pdm)
RN RN RN
1
> _)\1||U||L°°(RN)||U||§(S(RN) —Af HP||LP’(RN)||U|XS(RN)
and hence

(J'(u) — Mw,u) = ||u||’;(S(RN) - )\/RN wu dx

1
2 (1 - AAl”U”Lw(RN)) ||U”1)7(S(RN) — AN HP||LP’(RN)||U|XS(RN)~

This implies, owing to A\ || vy < 1 and p > 1, that there exists a positive
constant R such that
(J'(u) — Aw,u) >0 for all u € X,(RY) with |u|x_ g~y > R and w € 0V (u).

Observe by Remark 2.4 that the duality operator j : X (RY) — (X (RM))*
is injective, bounded, continuous, and of class (S), and such that (jx,z) =
"Ilgg(RN) and [jz]x,@y)) = |z)x, @y for z € X (RY). Let e > 0 be
arbitrary but fixed. We consider a homotopy H : [0,1] x Br(0) — 2(X:®")"
defined by

H(t,u) = (1 —t)(J = 0(A\¥))(u) + eju for (t,u) € [0,1] x Br(0).

Then the operators (J'—9(AV))+ej and j are of class (S5 ), the affine homotopy
H is also of class (S4). Moreover, we have 0 ¢ H(t,u) for all (¢,u) € [0,1] x
OBR(0). The homotopy invariance and normalization properties of the degree
d imply that

d((J' — OD)) + £, Br(0),0) = d (e, Br(0),0) = 1.

Put € = 1/n for each n € N. The existence property of the degree in Lemma
2.5 yields that there exist points u,, € Br(0) and w,, € (J' — 9(A¥))(uy,) such
that

Wy, + l Ju, = 0.
n
Passing to a subsequence, if necessary, we may suppose that u, — u in X (RY)
for some u € X (RM). Then it follows from the boundedness of {ju,} that
wy, — 0 in (X, (RY))* and hence

nlgr;@ (Wn, U, —u) = 0.

Note that the weak limit u belongs to the closed convex hull of the open ball
Bg(0) and so u € Br(0) C Xs(RY). Since J’ — 9(A¥) is pseudomonotone, we
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assert that the inclusion 0 € (J' — 9(AV))(u) has a solution in X4 (R") and so
u is a critical point of Iy. In view of Lemma 2.15, the conclusion holds. This
completes the proof. (I

Next we consider the existence of two distinct nontrivial weak solutions for
problem (P). To do this, we need that the following additional condition on f:

(F3) There exists 0 > 0 such that

fla,t) > s(a)te!

for almost all z € RY and 0 < ¢t < §, where s > 0,s € C(RV,R) and
1 <y <p.

Theorem 2.18. Let 0 < s < 1 < p < +oo with ps < N and suppose that
the assumption (V) holds. Assume that f € G satisfies (F2)—(F3). Then there
exists a positive constant \* such that problem (P) admits two nontrivial weak
solutions in Xs(RN) in which one has negative energy and another has positive
energy for any A € (0, A*).

Proof. We first claim that there exists ¢ € X (RY) such that ¢ > 0, # 0 and
I\(np) < 0 for n > 0 small enough. Let ¢ € C§°(RY) such that 0 < p(z) < 1
for all x € RY; ¢(z) = 1 for all # € Bgr(xg); ¢(x) =0 for all z € RN \ Byg(xo),
where Bgr(zo) := {r € RY : |z — x| < R}. Then it is obvious that ¢ €
X, (RY). Also it follows from (F3) that for any n € (0,1),

Ix(np) = J(np) — A¥(np)

_ / / (= Zﬁ(zi)l drdy
Bar(zo) J B2r(xo0) ‘;l: - y| p

+—/ V(@) nel” dm—A/ F(a,np) da
P JBsygr(z0) Bar(zo0)

”p / / le@) = o)l” ;. dy+/ V() |l da
Bar(z0) BzR(fL’o) |$—9\N+ps Bon(zo)

= A — |3($)| ™ da
Bag(xze) 0

”p / / (@) =Wl dy—i—/ V() o da
BQR(Z.U) BzR(ﬂ"O) |£E - y‘NwLps Bar(xo)

AnYo
A / I5(z)| da.
Yo Bar(z0)

Choose a positive constant § such that

22 [pantan [5(@)] da }
le(@)—p(y)|P ’
fBzR(xU) fBzR(ﬁco) Tziy\ﬁﬂ"s dzdy + fBzR(ﬁco) V(l‘) |(‘0|p dz

| /\

I /\

O<6<min{1,
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then n < §Y/(=7) implies that
I)\ (77@0) < Oa

as claimed.
Let us define the quantity

-1
-1
A= mll’l{ <>\1|J||Loo RN)QP +p)\ ||p||Lp (]RN)) s ()‘1||0||L°°(RN)) }7

where ¢ will be chosen later. Then for any u € X (RY) and A € (0,\*) it
follows from the assumption (F2) that

Ix(u) = (U)
e = |
= dxdy — A F d
/RN/RN oy et =3 [ Pl
28 21 (lulhgny ~ Molomgu) [ fuds)

([ oo i) ’ (/. |u|pda:);’

1
» (1= X\flolpo ry)

Y

1
y AAL ”p"LP’(]RN)”u”XS(]RN)-

Since A1 o] oo myy < 1 and p > 1, we conclude that
In(u) = 400 as |ulx, @~y — +oo forall ue X,(RY) and X € (0,)\*).

This means that I is coercive for all A € (0,\*). By the coercivity of the
functional I, we get that there exists a global minimizer u; € X (RY) of I
(Theorem 1.2 in [35]). This together with the above claim yields that

I(uy) = uexsgg’)\{o} Iy(u) <0.
Hence we deduce that u; is a nontrivial global minimizer of the functional I,
in X;(RY) for any A € (0, \*).

Finally, we will establish that our problem has another weak solution with
positive energy. As in Theorem 2.17, we deduce that the functional I has a
nontrivial critical point u. Denote it by u = up with |ua|x @~y = ¢ > 0. By
the inequality (2.8), we yield

Ii(uz) > = (1= Mo pegam))

y /\)‘1;”/)"Lp’ )

S 1
p
1
= ]; (1 — Ao e RN)) o’ — )\>\ lol e "(RN)O

and thus, owing to the definition of A\*, we assert that I\(uz) > 0 for any
A € (0,\*). Therefore, we conclude that uy is another weak solution with
positive energy. This completes the proof. (I
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3. Appendix

In this section, we consider the existence of weak solutions for equations
in RN, driven by a non-local integro-differential operator of elliptic type as
follows:

(Px)  —Lxu+ V@)l 2u € Af(s,u(2), Fw,u(@)] n RBY,
where K : RV \ {0} — (0, +00) is a kernel function satisfying properties that
(K1) mK € LY(RY), where m(x) = min{|z|?,1};
(K2) there exists § > 0 such that K(x) > 0|z|~V+P%) for all 2 € RV \ {0};
(K3) K(z) = K(—=z) for all z € RV \ {0}.
By the condition (K1), the function
(z,y) = (u(z) — u(y)) K (z —y)» € LP(R*Y)
for all u € C§°(RYN). Let us denote by WP (RY) the completion of C§°(RY)
with respect to the norm

P

HUHWEP(RN) = <||u|ip(RN) + |u|1‘jV;(P(RN)) s

o0 = )PK (z — y) dady.
gy = [ [ lule) = ut)lP K@ =) dedy

Lemma 3.1 ([37]). Let K : RN\ {0} — (0,00) be a kernel function satisfy-
ing the conditions (K1)~(K3). Then if v € WP (RY), then v € WSP(RVN).
Moreover

where

_1
[vlwer@yy < max{1,077 }Hu|wer@y);
From Lemmas 2.8 and 3.1, we can obtain the following assertion immediately.

Lemma 3.2 ([37]). Let K : RV \ {0} — (0,00) satisfy the conditions (K1)-
(K3). Then there exists a positive constant Co = Co(N, p, s) such that for any
v e WRP(RYN) and p < q < p}

|P
||UHL(1(]RN <C()/ /]RN |.’IJ— |N+pa dﬂ?dy

/ / WIPK (@ — ) dedy;
RN JRN

In this section, the basic space
X5 (RY) = {ue WEPRN): V[ul € L'(RY)}

denote the completion of C§°(RY) with respect to the norm

ey = ([0l + 1V F0lEren) )

where the function V satisfies the condition (V).
Combining with Lemmas 2.9 and 3.2, we get the following consequence.
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Lemma 3.3 ([36]). Let 0 < s <1 < p < 400 with ps < N and suppose that
conditions (V) and (K1)-(K3) are satisfied. Then there is a compact embedding
X5 (RY) < LI(RY) for q € [p,p3).-

Definition 3.4. Let 0 < s < 1 < p < 400 with ps < N and conditions (V)
and (K1)-(K3) are satisfied. We say that u € X5 (RY) is a weak solution of
the problem (P ) if there exists a function w € OF (x,u) for almost all z € RY
such that

/ / YIP~2 (u(@) — u(y))(v(z) — v(y)) K (@ — y) dedy
]RN RN

+/ V() Ju(z)|" " uode = )\/ wv dz
RN RN
for all v € X3 (RY).

Let us define a functional J, ¢ : X5 (RY) — R by

/]RN /]RN Y|P K(z —y) dzdy.

Then the functional J, x is well defined on X3 (RY), J, x € C'(Xo,R) and
its Fréchet derivative is given by

=[] lute) = w2 ul) — ulw) (@) ~ @)K~ y) dody
RN JRN

for any v € X3 (RY) where (-,-) denotes the pairing of X3 (RY) and its dual
(X3 (RM))*; see [32].
Let us define the quantity

A1, = inf {/RN /]RN [v(z) —v(y)|PK (z — y) dedy + /RN V(z)|v|” dx : /RN [v|Pdz = 1}.

Arguing as in Proposition 2.6, we derive that A\; g is the least eigenvalue of the
problem

—Lgu+V(z)|ufP2u = NuP~?u in RV,

Theorem 3.5. Let 0 < s < 1 < p < 400 with ps < N and suppose that
conditions (V) and (K1)-(K3) are satisfied. Assume that f € G satisfies (F2).
If M ko] pe@yy < 1, then the problem (Pk) admits at least one nontrivial

weak solution in X3 (RY).

Proof. 1f we replace X (RY) and J by X3 (RY) and Jg, respectively, then
obvious modifications of the proofs of Lemmas 2.14 and 2.15 yield that the
same assertions hold. Therefore it follows upon proceeding the same way as
in the proof of Theorem 2.17 that the conclusion holds. This completes the
proof. (I
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Theorem 3.6. Let 0 < s < 1 < p < 400 with ps < N and suppose that
conditions (V) and (K1)-(K3) are satisfied. Assume that f € G satisfies (F2)-
(F3). Then there exists a positive constant \* such that problem (Pg) admits
two nontrivial weak solutions in X § (R™) in which one has negative energy and
another has positive energy for any X € (0, \*).

Proof. The idea of the proof is essentially the same as that of the proof of
Theorem 2.18. O
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