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Abstract

In this paper, we consider a class of non-cooperative critical nonlocal equation system with
variable exponents of the form:

—(=A)pgu— Ju[P@) =2y = F,(x,u,v) + |u|?®) 24y, in RV,
(=A)y v+ [o|P@) =2y = F, (2, u,v) + |[v]2®) 2y, in RV,

u,v € WPE(RN),

where VF = (F,, F,) is the gradient of a C'-function F' : RY x R? — R* with respect to the variable
(u,v) € R%. We also assume that{x € RY : g(x) = p’(z)} # 0, here p*(z) = Np(z,z)/(N — sp(z, x))
is the critical Sobolev exponent for variable exponents. With the help of the Limit index theory and
the concentration-compactness principles for fractional Sobolev spaces with variable exponents, we
establish the existence of infinitely many solutions for the problem under the suitable conditions on
the nonlinearity.

Keywords: Fractional p(-)-Laplacian; Limit index; Fractional Sobolev spaces with variable
exponents; Concentration-compactness principles; Variational method.
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1 Introduction and main results

In recent years, problems involving nonlocal operators have gained a lot of attentions due to their
occurrence in real-world applications, such as, the thin obstacle problem, optimization, finance, phase
transitions and also in pure mathematical research, such as, minimal surfaces, conservation laws (for
more details see for example [2, 12] and the references therein). The celebrated work of Nezza et al. [16]
provides the necessary functional set-up to study these nonlocal problems using variational method. We
refer [40] and references therein for more details on problems involving semi-linear fractional Laplace

* E-mail address: songyql6@mails.jlu.edu.cn(Y. Song), shisy@mail.jlu.edu.cn(S. Shi).
' Corresponding author at: Scientific Research Department, Changchun Normal University, Changchun 130032, Jilin,
PR China.



operator. In continuation to this, the problems involving quasilinear nonlocal fractional p-Laplace op-
erator are extensively studied by many researchers including Squassina, Palatucci, Mosconi, Radulescu
et al. (see [41, 42]), where the authors studied various aspects, such as existence, multiplicity and
regularity of the solutions of the quasilinear nonlocal problem involving fractional p-Laplace operator.

On the other hand, in the recent years, the investigation on problems about differential equations
and variational problems involving p(-)-growth conditions has been the center of attention because
they can be presented as a model for many physical phenomena that arise in the research of elastic
mechanics, electrorheological fluids, image processing, etc. We refer the readers to [15, 17] and the ref-
erences therein. The Lebesgue-Sobolev spaces related to the p(-)-Laplacian are called variable exponent
Lebesgue-Sobolev spaces and were studied in [20, 29].

While this was happening, it is a natural question to investigate which results can be recovered when
the p(-)-Laplacian is changed into the fractional p(-)-Laplacian. In this regard, Kaumann et al.[28]
recently introduced a new class of fractional Sobolev spaces with variable exponents, and elliptic prob-
lems involving the fractional p(-)-Laplacian have been investigated [3]. The authors in [4] gave some
further elementary properties both on this function space and the related nonlocal operator. As appli-
cations, they investigated the existence of solutions for equations involving the fractional p(-)-Laplacian
by employing the critical point theory in [1]. Very recently, Ho and Kim [25] obtained fundamental
embedding for the new fractional Sobolev spaces with variable exponent that is a generalization of
well-known fractional Sobolev spaces. Using this, they demonstrated a priori bounds and multiplicity
of solutions of some nonlinear elliptic problems involving the fractional p(-)-Laplacian. We refer to
[44, 45] fractional Sobolev spaces with variable exponents and the corresponding nonlocal equations
with variable exponents.

To the authors’ best knowledge, though most properties of the classical fractional Sobolev spaces
have been extended to the fractional Sobolev spaces with variable exponents, there are few results for
the critical Sobolev type imbedding for these spaces. The critical problem was initially studied in the
seminal paper by Brezis-Nirenberg [10], which treated for Laplace equations. Since then there have
been extensions of [10] in many directions. Elliptic equations involving critical growth are delicate due
to the lack of compactness arising in connection with the variational approach. For such problems,
the concentration-compactness principles introduced by P.L. Lions [38, 39] and its variant at infinity
[6, 7, 14] have played a decisive role in showing a minimizing sequence or a Palais-Smale sequence is
precompact. By using these concentration-compactness principles or extending them to the Sobolev
spaces with fractional order or variable exponents, many authors have been successful to deal with
critical problems involving p-Laplacian or p(-)-Laplacian or fractional p-Laplacian, see e.g., [8, 9, 11, 13,
21, 23, 25, 32, 7, 34, 35, 46| and references therein. Recently, Ho and Kim [26] proved the concentration-
compactness principles for fractional Sobolev spaces with variable exponents and obtained the existence
of many solutions for a class of critical nonlocal problems with variable exponents.

The present paper is devoted to the solvability of non-cooperative critical nonlocal equation system
with variable exponents:

_(_A);( )’LL - |u’p(x)—2u = Fu(l‘a U, U) + |u‘q(x)—2u’ in RNa
(—A);(_ Jo+ [o[P@) =2y = F,(z,u,v) + |v|9®) 2y, in RV, (1.1)

u,v € WP (RN),

where VF = (F,, F,) is the gradient of a C''-function F : RN x R? — RT with respect to the variable
(u,v) € R?, p € C(RN x RY) is symmetric, i.e., p(x,y) = p(y, ) for all (z,y) € RV x RV, ¢ € C(RY)



satisfies
Np(z, )

N — sp(z, x)

The main aim of this paper is to obtain the existence results of a sequence of infinitely many solutions
to the problem (1.1). The strategy of the proof for these assertions is based on the applications of the
Limit index theory, which were initially introduced by Li [31] for local problems with subcritical growth
condition in bounded domains, in view of the variational nature of the problem considered. We also
refer the works related to those papers [27, 36, 37]. Motivated by the contribution cited above, we
shall study the existence of solutions for (1.1) with the help of the Limit index theory. We can see
that there are two main difficulties in considering our problem. Firstly, problem (1.1) involves critical
nonlocal which prevents us from applying the methods as before. To overcome the challenge we use
the concentration-compactness principles for fractional Sobolev spaces with variable exponents due to
[26] in order to prove the (PS). condition at special levels ¢. The second difficulty is that the energy
functional associated to the problem is strongly indefinite in the sense that it is neither unbounded from
below or from above on any subspace of finite codimension. Therefore, one cannot apply the symmetric
mountain pass theorem on the energy functional. To our best knowledge, there are no existence results
about the critical nonlocal problems with variable exponents (1.1).

In the rest of this paper, we always assume that the variable exponents p, ¢ and the function f satisfy
the following assumptions:

p(x) ==p(z,z) < q(x) < pi(x) = for all z € RY.

(P) p:RY x RN — R is uniformly continuous and symmetric such that

, N
1<p:= inf  p(z,y) < sup  p(z,y) =:p < —;
(z,y)ERN xRN (z,y)ERN xRN S

there exists g € (0,%) such that p(z,y) = p for all z,y € R
)

SupyeRNp(w,y) = p for all x € RN; and ’{w c RN . pu(
inf v p(z,y) for 2 € RN,

N satisfying |z — y| < o and

# P} < oo, where p.(z) =

(Q) ¢ :RY — R is uniformly continuous such that p.(x) < g(x) < p% for all z € RN and C := |{z €
RY : q(z) = pi} # 0.

(Ex) There exist lim p(x,y) =pand lim ¢(x) = ¢ for p given by (P) and some g € (1,00).

|z, y|—o0 || —o00

(F) (F1) F € CYRY x R%R*), here Rt = {z € R|z > 0}; and there exist two positive constants
C1,Cy > 0, the function r with r» € C(RY,R™T), inf,cpn[g(x) — r(x)] > 0 and r~ > P such that
|[Fo(rys, )] + | Fi(r,s,)] < Cu(@)]s[" @7 + Co(a) 1],
(F2) there exist p < 6 < ¢~ such that 0 < 0F(r,s,t) < sFy(r,s,t) + tF(r,s,t), for any (r,s,t) €
(RN x RZ RY).
(F3) sFs(x,s,t) >0 for all (z,s,t) € RY x R2.
(F4) F(z,s,t) = F(z,—s,—t) for all (z,s,t) € RN x € R2,

The main result of this paper is as follows.

Theorem 1.1. Let (P), (Q) and (Ex) hold. If F satisfies (F1)—(F4) are fulfilled. Then problem (1.1)

possesses infinitely many solutions.



The rest of our paper is organized as follows. In Section 2, we briefly review some properties of the
Sobolev spaces with fractional order or variable exponents. Moreover, we introduce the Limit Index
Theory due to Li [31]. In Section 3, we prove the Palais-Smale condition at some special energy levels by
using the concentration-compactness principles for fractional Sobolev spaces with variable exponents.
The proof of the main result Theorem 1.1 is given in Section 4.

2 Fractional Sobolev spaces and Limit Index Theory

This section will be divided into three parts. First, we briefly review the definitions and list some basic
properties of the Lebesgue spaces. Second, we recall and we establish some qualitative properties of
the new fractional Sobolev spaces with variable exponent. Finally, we recall the Limit Index Theory
due to Li [31].

2.1 Variable exponent Lebesgue spaces and fractional Sobolev spaces

In this subsection, we recall some useful properties of variable exponent spaces. For more details we
refer the reader to [17, 18, 29], and the references therein.
Set
Ci(Q)={h e C(Q): minh(z) > 1}.

e

For any h € C(Q) we define

hy =suph(z) and h_ = inf h(x).
z€Q €

We can introduce the variable exponent Lebesgue space as follows:

PY(Q) = {u: u is a measurable real-valued functionsuch that / |u(z)[P®) do < 0o},
Q

for p € C4(Q). Defining the norm on LP*)(Q) by

p(z)

u@) dr < 1},

W

|u\p() = inf {/J >0: /Q

then the space Lp(x)(Q) is a Banach space, we call it a generalized Lebesgue space.

Proposition 2.1. [17, 19] (i) The space (LP™)(Q),] - lp()) is a separable, uniform conver Banach
space, and its conjugate space is LP<()(Q), where 1/p.(x) + 1/p(z) = 1. For any u € LP®)(Q) and
v e LP+@)(Q), we have

1 1
| [ wde] < (o= + =)l ol (2.1)

(i) If 0 < || < oo and p1, pe are variable exponents in C(Q) such that py < po in §, then the
embedding LP2()(Q) — LPrO)(Q) is continuous.

Proposition 2.2. [17, 19] The mapping py. : LPO(Q) — R defined by
= f

4



Then the following relations hold:
[ulpy <1 (=1;>1) & ppy(u) <1(=1; >1),
- +
ulpy > 1 = \u|g(_) < pp(y () < |u\§(.),
+ —
|U|P(~) <l = |u|£(.) < pp(.)(u) < |u\§(.),
[un, — ulpey = 0 & ppey(up —u) — 0.

Let s € (0,1) and p € (1,00) be constants. Define the fractional Sobolev space WP () as

WeP(Q) = {u € LP(Q): /Q Mdmdy < oo}

|z — y|N+sp

endowed with norm

1
ule) —u@)
fullps = (we 226 [ utapao+ [[ P  dedy

We recall the following crucial imbeddings:

Proposition 2.3. [16] Let s € (0,1) and p € (1,00) be such that sp < N. It holds that
(i) WoP(Q) —— LY(Q) if Q is bounded and 1 < g < N Sp =:pi;

(ii) W*P(Q) — L(Q) if Q is bounded and p < q <

sp_ pS

2.2 Fractional Sobolev spaces with variable exponent

In this subsection, we recall the fractional Sobolev spaces with variable exponents that was first in-
troduced in [28], and was then refined in [25]. Furthermore, we will obtain a critical Sobolev type
imbedding on these spaces.

Let © be a bounded Lipschitz domain in RY or @ = R, In the following, for brevity, we write p(z)
instead of p(z,r) and with this notation, p € C (Q). Define

wer)(Q) = {u e LrO(Q) : / jut) — u(y) " dx dy < +00}

oo |z —yNterlzy)

endowed with the norm u
lullsp = inf {3 > 05 Ma(3) <1},

_ p(z,y)
w) —/ |u[P(®) dx—i—/ [u(z) — u(y)| dz dy.
Q

o Ja |x_y|N+sp(w,y)

where

Then W*?()(Q) is a separable reflexive Banach space (see [3, 4, 28]). On WP ()(Q), we also make
use of the following norm

|ulsp.0 == ||“HLP<~>(Q) + [u]sp.0;

u(y)e)
[u] s p.0 —1nf{)\>0 //)\p o) |$_ |N+sp(x’y)dxdy<1 .

5

where




Note that || - ||sp.0 and | - |spq are equivalent norms on WP () (Q) with the relation

1
5”“ lspr Y ueWPE)(Q), (2.2)

50,2 < ‘U|s,p79 <2[u

Remark 2.1. It is clear that if p satisfies (P), then p(x,x) =P for all x € RN. Hence, by Theorem
3.3 in [26], we have ~
WP U RNY s LPEO(RN). (2.3)

On the other hand, by (P) we have that for any u € LP(RY),

/ luP@de = / |u|p*(x)d:v—|—/ P @) dx

< / |u|Pdx +/ [1+ |ul] do
p+(2)=p p«(x)#p

= ‘{ajeRN:p*(fL‘);ép}‘jL/ lulPdx < occ.
T€RN

Hence, LP(RN) ¢ LP<)(RN). From this and (2.3) we obtain
werC(RNY s LHO(RN). (2.4)

for any t € C(RY) satisfying ps(z) < t(x) < pt for all x € RN. In particular, (Q) yields

Sq = inf % (25)
weWws» RN} (|l pac) mavy

In what follows, when § is understood, we just write || - ||sp , | - |sp and [-]sp instead of || - ||sp0 ,
|- |lsp.o and []spa , respectively. We also denote the ball in RV centered at z with radius e by B.(z)
and denote the Lebesgue measure of a set £ C R by |E|. For brevity, we write B, and B¢ instead of
B.(0) and RN \ B.(0), respectively.

Proposition 2.4. (/25]) On W*?()(Q) it holds that

(i) foru € Ws’p("')(Q), A = ||ullsp if and only if MQ(%) =1;

(i) Mq(u) > 1(=1;< 1) if and only if ||ullsp > 1(= 1; < 1) , respectively;
. - +

(iii) if llullsp 2 1, then ||ullsp < Mo(u) < [lullsp;

(iv) if [lullsp < 1, then [ullfp < Ma(u) < [Julfs,.

Theorem 2.1. (Subcrtitical imbeddings, [25]). It holds that

(i) WsPC)(Q) s L'O(Q), if Q is a bounded Lipschitz domain and r € C4(Q) such that r(z) <
Np(z) . & O-

Nosp() = pi(x) for all x € Q;

(i) WePCHRNY — LTORN)Y for any uniformly continuous function r € C(RN) satisfying p(x) <

r(z) for all x € RN and inf cpn (pX(x) — r(z)) >0 ;

(i) WP EIRN) s LZTO(;) (RN for any r € CL(RN) satisfying r(x) < pi(z) for all z € RV,




2.3 Limit Index Theory

In this section, we recall the Limit Index Theory due to Li [31]. In order to do that, we introduce the
following definitions.

Definition 2.1. [31, 43] The action of a topological group G on a normed space Z is a continuous map
GXxZ—Z:gz— gz
such that
1-z=2, (gh)z=g(hz) zw> gz islinear, ¥ g,h € G.

The action is isometric if
lgzll =lzll, Vge@G, z€Z

And in this case Z is called the G-space.
The set of invariant points is defined by

Fix(G):={z€Z:92=2, VgeG}.

A set A C Z is invariant if gA = A for every g € G. A function ¢ : Z — R is invariant ¢ o g = ¢ for
everyg € G, z€ Z. Amap f:Z — Z is equivariant if go f = f o g for every g € G.
Suppose that Z is a G-Banach space, that is, there is a G isometric action on Z. Let

Y:={ACZ:Ais closed and gA = A,V g € G}
be a family of all G-invariant closed subsets of Z, and let
I':={heC%Z 2): higu) =g(hu), g € G}
be the class of all G-equivariant mappings of Z. Finally, we call the set
O(u) = {gu: g € G}
the G-orbit of u.

Definition 2.2. [31] An index for (G,%X,T) is a mapping i : ¥ — Z; U {+oo} (where Z, is the set of
all nonnegative integers) such that for all A,B € ¥, h € I, the following conditions are satisfied:

(1) i(A)=0«< A=10;

(2) (Monotonicity) A C B = i(A) < i(B);

(3) (Subadditivity) i(AU B) < i(A) +i(B);

(4) (supervariance) i(A) <i(h(A)),V h €T

(5) (Continuity) If A is compact and AN Fie(G) = 0, then i(A) < 400 and there is a G-invariant
neighbourhood N of A such that i(N) = i(A);

(6) (Normalization) If x & Fiz(G), then i(O(z)) = 1.

Definition 2.3. [5] An index theory is said to satisfy the d-dimensional property if there is a positive
integer d such that
(VNS =k

for all dk-dimensional subspaces VI € 3 such that VI N Fiz(G) = {0}, where Sy is the unit sphere in
Z.



Suppose that U and V' are G-invariant closed subspaces of Z such that
Z=U@aV,

where V' is infinite dimensional and
(e.)
= U v
j=1
where Vj is a dnj-dimensional G-invariant subspace of V, j =1,2,--- ,and Vi C Vo C--- CV, C---.
Let
Z=UaV,

andV A € X, let
A=A Z;.

Definition 2.4. [31] Let i be an index theory satisfying the d-dimensional property. A limit index with
respect to (Z;) induced by i is a mapping

i3 — ZU{—o00, 400}

given by

i*°(A) = limsup(i(A;) — nj).

J—00

Proposition 2.5. [31] Let A, B € ¥. Then i* satisfies:
(1) A=0=i® = —oc0o;
(2) (Monotomczty) A C B=i*(A) <i®(B);
(3) (Subadditivity) i*°(AU B) < i®(A) 4+ i*(B);
(4) If v ﬂle( ) = {0}, then i (Sp NV) =0, where S, ={z € Z : ||z|| = p};
(5) If Yo and Y() are G-invariant closed subspaces of V' such that V = Yy & %, % C Vj, for some jo
and dim(Yy) = dm, then i*°(S, N Yy) > —m.

Definition 2.5. [/3] A functional I € C*(Z, R) is said to satisfy the condition (PS)* if any sequence
{un, }, un, € Zy, such that

I(up,) — ¢, dlp, (upg) — 0, ask— oo

possesses a convergent subsequence, where Z,, is the ny-dimensional subspace of Z, I, = I\an.

Theorem 2.2. [31] Assume that

(B1) I € CY(Z, R) is G-invariant;

(B2) There are G-invariant closed subspaces U and V' such that V is infinite dimensional and Z = U®V ;
(Bs) There is a sequence of G-invariant finite dimensional subspaces

VicVeC--CV;C-o,  dim(V;) = dnj,

such that V = u°31v;,

(B4) There is an index theory i on Z Satzsfymg the d-dimensional property;

(Bs) There are G-invariant subspaces Yy, YO, Y1 of V' such that V =Yy @ Yo, Yl,Yo C Vj, for some jo
and dlm(YO) =dm < dk = dim(Y7);



(Bg) There are a and 3, o < 3 such that f satisfies (PS):, V ¢ € [, B];

(a) either Fix(G) cU @Yy, or Fix(G)NnV ={0},
(B7) (b) there is p > 0 such that ¥V u € YoN Sy, f(2) > a,
(c)VzeUaY, f(z) <8,

if 1°° is the limit index corresponding to i, then the numbers

c; = inf su u), —-k+1<75<—m,
! iOO(A)ZjZGBf( ) ’
are critical values of f, and a < c_py1 < -+ < ¢y < B. Moreover, if c=c; =+ = ¢4y, 7 > 0, then
i(Ke) >r+1, where Ko ={z¢€ Z :df(z) = f()_c}

3 Verification of (PS). condition

In this section, we perform a careful analysis of the behavior of minimizing sequences with the aid of
concentration-compactness principles for fractional Sobolev spaces with variable exponents due to [26],
which allows to recover compactness below some critical threshold.

Let M(R™) be the space of all signed finite Radon measures on RY endowed with the total variation
norm. Note that we may identify M(RY) with the dual of Cy(RY), the completion of all continuous
functions u : RY — R whose support is compact relative to the supremum norm || - ||« (see, e.g., [22]).

Theorem 3.1. Assume that (P) and (Q) hold. Let {u,} be a bounded sequence in WP )(RN) such
that
Uy —u in WPEIRY),

p ’un(x) - un(y)‘p(m,y) * . N
p N
’uTL’ + /]%N ’w _ y’N-l-sp(s,y) dy /’[/ m M(R )7

lup|?® 2 p in M(RY).

Then, there exist sets {u;}icr C (0,00), {vitier C (0,00) and {x;}icr C C, where I is an at most
countable index set, such that

p [u(@) — u(y) [P
P E
pz ful+ /RN |z — y|NFsp(zy) dy+ D pida:,

el
v = |u|q(z) + Z Vilg, s
iel

1 1

Sl/ps <,U,;, Viel.
For possible loss of mass at infinity, we have the following.

Theorem 3.2. Assume that (P), (Q) and (Es) hold. Let {u,} be a sequence in WP )(RN) as in
Theorem 3.1. Set

R—o0 p—oo

Voo := lim limsup/ |up|7®) da,
®



R—oo pnooo

o [ Jun() — ()
p
il [t ) 4

Moo 1= hm lim sup /
R

Then
lim sup/ |t |7®) dzz = V(RN + v,
n— oo RN
: . Ju(z) — u(y)|P) N
P —
hﬂsolip/ﬂw [\un\ + /RN 7 — o) dy| dz = p(R™) + pico-
Then

1 1

Squooo < Ngo-

Now, we turn to prove (PS). condition for J. In order to apply Theorem 3.1 and 3.2, let us
denote G; = O(N) is the group of orthogonal linear transformations in RY. E = WP G)/(RN),
Eq, = WS(N) = {u € WPEIRN) : gu(z) = u(g'z) = u(z),g € O(N)}. Gy =7y, Y = E x E,
X =Yg, = Eg, X Eg,. c denotes a positive constant and can be determined in concrete conditions.

To determine solutions to problem (1.1), we will apply Theorem 2.2 for Y endowed with the norm
| (u, v)||sp = ||tlls,p + ||v]|s,p- Consequently, by [3, 4, 28], we know that (Y, || - ||s,) is a reflexive Banach

space. Let us consider the Euler-Lagrange functional associated to (1.1), defined by J : Y — R

p(x,y) 1
// uly ])V’ dxdy — 1/ |u|P®) da: — / |u|9®) da:
r2N p(x,y ’37 — y[N+sp@y) p(z) Jrr q(z) Jrn
— v(y)[P@y) 1 / () 1 / a()
//pra: Py Wt o [ e = e [ el e

= on F(z,u,v)dx. (3.1)

It is clear that under the assumptions (F), J is of class C1(Y,R). Moreover, for all (u,v), (21,22) € Y,
its Fréchet derivative is given by

(T (u,v), (21,22)) = —[u,zl]—/ ]u\p(x)_Quzldx—/ |u|9®) =20z, da
RN RN
+[v,22]+/ |U’p($)_2’022d1}—/ |0]9®) =20 29 da
RN RN
—/ Fu(x,u,v)zldx—/ Fy(x,u,v)zodx = 0,
RN RN

where

_ ()P 2(¢(x) = C(y) (z:(x) — 2i(y)) -
(€, 2] : //sz dxdy fori=1,2.

|z — y|N+sp(y)

It is easy to check that J € C! and the weak solutions for problem (1.1) coincide with the critical
points of J. By conditions (P) and (Fy), it is immediate to see that J is O(N)-invariant. Then by
the principle of symmetric criticality of Krawcewicz and Marzantowicz [30], we know that (u,v) is a
critical point of J if and only if (u,v) is a critical point of J = j|X:EG1 xEg, - Therefore, it suffices to
prove the existence of a sequence of critical points of J on Y.

10



Lemma 3.1. Assume that (P), (Q), (€x) and (F) hold. Let {(un,,vn,)} be a sequence such that
{(uny, vny) } € Xy,

11 I
Jnk(unk,vnk)—>6<<6—q> mln{SgT+,S§T }, dJn, (Un,,Vn,) — 0, ask — oo,

where Jy,, = ‘7|X”nk' Then {(un,,vn,)} contains a subsequence converging strongly in X.

Proof. First, we show that {(up,,vs,)} is bounded in X. If not, we may assume that ||uy,||s, > 1 and
|Un, ||s,p > 1 for any integer n. We have by condition (F3),

0(1)Hunk”s,p > dJnk(unk7vnk) (tny,0))

_ |t () =, (y) [PV 5
- //Rw |x_y|N+spw) dxdy + o [tn,, |Pda

+/ |unk\ dx—i—/NFu(x,unk,vnk)unkdx

[ty () = i, () [PV P
> p
= //]R?N |z — y|Nsp@y) dudy + RN [tn [P

> un, 12 (3.2)

Since p~ > 1, from (3.2), we know that {uy,, } is bounded. On the one hand, we have by condition (F3),

1
C+0(1)ank||87p = Jﬂk(oavnk) 9<d‘]nk(unk’vnk) (0 Unk

) I, L[] bl e
R2N p T,y |l‘ |N+3p(x7y) y 9 R2N |N+3p z,y) y

1 1 1
- _Z . |Pd - IRCIOR|
+(p 9>/ [on “<0 q<m>>/RN’”' g

1
_/ [ (x,0,vn,) — GFU(x,O,vnk)vnk} dx

[0n () = vy, () PV 11 / _
= 573 dedy + (2 -+ - Pa
- ( >//]RN o — gV roren) Y TNG T8 fan |on, [Pda

1 1 _
(G-5) Touzs

This face implies that {v,, } is bounded in E. Thus ||un,||sp + [|vn,||sp is bounded in X.

Next, we prove that {(upn,, v, )} contains a subsequence converging strongly in X.

On the one hand, we note that {uy,,} is bounded in Eg,. Hence, up to a subsequence, u,, — ug
weakly in Eg, and uy,, () — ug(z), a.e. in RY. We claim that u,, — ug strongly in Eg,. It follows
from condition (F3) that

v

0 — (=dJn,(un, — uo,vn,), (un, —uo,0))

= [up, — Ug, Un, — U] +/ |tn, — uo\p(x)dx
RN

—i—/ [tn, — uo\Q(x)dx +/ Fu(x, up, — uo, vp,)(Un, — uo)dx
RN RN

> lun, — uollZ,-
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This fact imply that
Up, — uo strongly in Eg,. (3.3)
In the following we will prove that there exists v € Eg, such that
Up, — Vo  strongly in Eg,. (3.4)

Since {vp, } is also bounded in E. So we may assume that there exists vy and a subsequence, still
denoted by {vy,, } C E such that

Up, (z) — vo(z) for ae. xe€RY,
Up, =g in WHPEI(RN),

Vo, () = > Vo(z) + Z Oz, 1i  weak*-sense of measures in M(RY), (3.5)
el
[, |1®) = v = | ?®) 4 Z Oz, vi weak*-sense of measures in M(RY), (3.6)
i€l
=N 1
Sqv* <pf for iel, (3.7)
where (o)
P |vny (%) — o, (y) [P
— p k k
Vnk(l‘) = ’Unk (JU)| + /IRN |x — y|N+sp(x,y)
and

_ vol(z) — v p(z,y)
Vola) = )P+ [ = DI,

‘;[; — y‘N‘i‘SP(%y)

for n € N and = € RYN. Moreover, we have

lim sup/ Vi (@)dz = p(RY) + pioo, (3.8)
n—oo RN

lim sup/ |, |1 da = v(RY) 4 Vo, (3.9)
n—»oi RN ,

Sqvss® < péo. (3.10)

First, we will prove that I = (). Now, we suppose on the contrary that I # (). Let ¢ € I and we can
construct a smooth cut-off function ¢.; centered at z; such that

. € . 4
0 S d)e,i(x) S 1) QZ)e,i(f) =1inB <ZZ" 5) ) ¢6,i(x) =01in RN \ B (Zi,E), |V¢G,Z(x)‘ S E
for any € > 0 small. It is not difficult to see that {vy, ¢.;} is a bounded sequence in E. From this, we

can obtain that limy, oo (dJp, (Un,, Un, ), (0,Un, @) = 0, that is, i.e.

[ onle) = e P )t e 0)es) = bl
R2N

’l’ — y|N+sp(a:,y)

_/ Vo (@) deidx — / Fv($,unk,vnk)vnk¢e’idaz—/ \vnk]q(x)gée,idx—l—on(l). (3.11)
RN RN RN

12



Note that the boundedness of {v,, } in F implies the boundedness of {v,, } in LI")(RY) due to Theorem
3.3. Hence, from (F}) and the Lebesgue dominated convergence theorem we have

/ Fy(x, tuny , Uny, ) Un, Gei(x)d —>/ Fy(x,uo, v0)vodei(x)de  as n — oo. (3.12)
RN RN

From the definition of ¢¢;(z), we obtain

/ Fv(xv UQ, UO)U0¢€7id$
RN

< / |Fy(x, ug, vo)vglde — 0 as e — 0. (3.13)
Be(0)

On the other hand, let § > 0 be arbitrary and fixed. By the boundedness of {v,, } in LIO(RN) and the
Young inequality, we have

[ L) o P, 0) e )esl) s
R2N

|z — y|N+sp(z.y)

|Unk — Unk( )|p @) p z,y) |¢€ Z( ) ¢€,i (y) p@y)
< 6//R2N ’x — o) dxdy + C// Y)| 7 — gV dxdy
0ei(@) = deily) [Py
p z,y) )
<Cé+ C//RQN [Un, (9)] & — [N dx. (3.14)

Taking limit superior in (3.17) as n — oo then taking limit superior as € — 0 with taking Lemma 4.4
into account in [29], we have

, (z,y)
lim lim // ‘ nk ’p xy ’¢e z( ) ¢e,z(y)|p Y de — 0. (315)

e—0n—oo ’[1} ’N"!‘SP(%ZI)

Since d > 0 was chosen arbitrarily we obtain

// |vnk (:U) — Up, (y)|17($,y)—2(vnk (x) — Unk( ))Unk( )(¢e z( ) ¢6’Z(y))d$dy — 0(316)
R2N

|33 _ y|N+Sp(x y)

lim sup lim sup
e—0 n—00

Since ¢.; has compact support, letting n — oo and € — 0 in (3.11), we can deduce from (3.15) and
(3.16) that
i < V;.

Inserting this into (3.7), we deduce

q(zz)p

v; > Saz)-7 > min {SpT+ ST } . (3.17)

It follows from (3.17) that

. 1
c¢= lim <Jnk (0, U’flk) - §<dJnk (unka Unk)7 (07 vnk)>>

n—oo

: [0 (%) — v, () P 11 P

> I p
2 | (5-5) [ it (5-5) [ b

+ L / v ]‘J(:”’dx—/ F(z,0,v )—EF(QJOU Yon, | dx

0 q(.’]}') RN Nk RN y Yy Unyg 0 v y Yy Ung JUny
1 1 1 1 1
> - = q@) g > (2 - / q@) gy de> (2 ),
- /]RN (9 q(ﬂﬁ)) Fony [ 2 <9 cr) o |l T e = A= v
1n{

1
11 e

13



as € — 0, which is a contradiction. Hence I = ().

Next, we prove that v, = 0. Suppose on the contrary that o, > 0. To obtain the possible
concentration of mass at infinity, we similarly define a cut off function ¢r € C’E)’O(RN ) such that
¢r(z) =0on |z| < R and ¢r(z) =1 on |z| > R+ 1. We can verify that {v,, ¢r} is bounded in E,
hence (dJy, (un,,, vn, ), (0,05, ¢r)) — 0 as n — oo, which implies

// [0 (%) = Vn, )P 2 (0 () — vn (1)) 0, (W) (SR(2) — DR(Y))
R2N

|1; — y|N+5p( z,y)

_/ ()¢Rda;—/ Fv(a:,unk,vnk)vnkgﬁgda:—/ U, 1P prdz + 0n(1).  (3.18)
RN RN RN

dxdy

Note that v,, — vo weakly in W*PC)(RN), then Jen Fo(@, u, v)(vp, —vo)prdr — 0. As

/N(Fv(x,unk,vnk) — Fy(x,u0,v0))vn, rdx
R

< e (Fo(m, tuny s Uny, ) — Fo(T,10,00)) PR | (p2) [Vny, | p2

< | (Fy(, tuny s vny,) — o2, u0,00))] (o2 ) RN\ B (0)5

by condition (F}), for any & > 0, there exists Ry > 0 such that

‘(F”U(x7unk7vnk> - F’U(x:uO?’UO))‘(p;)’,RN\BR(O) <€

as R > R; and n € N. Note that / F(x,up,vp)voprdr — 0 as R — oo. Thus we obtain that
RN

lim lim sup Fy(z,up,, Un,, )Un, pRrAT
R—oo p—oo RN

= lim lim Sup/N[(Fv(x,unk,vnk) — Fy(x,u0,v0))n, R + Fu(x, uo, vo)(vn, —v) + Fy(x, ug, vo)vopr)ds
R

R—oco p—oo

= lim (limsup/ (Fy(x,unk,vnk)—Fv(x,uo,vo))vnkgoRd:c—&—/
]RN

R—o0 n—oo RN

Fv(xyumUO)UOSORdQ?)

= lim hmsup/ (Fy(z,un,, vn,,) — Fy(z, w0, v0))vn, prde + lim Fy(x,ug, vo)voprdx
RN

R—o0 n—oo R—oo JpN

=0.

Moreover, we proceed as in (3.16) to get

M/ [0y () = Vg ()P =2 (0, () = U, (1)) 00, () (SR(2) — DR (Y))
R2N

’.’I; — ’N+sp( 73/) dxdy
) |¢r(x) — ¢r(y) Py
< 05+C// U, () [PEY) =g e dx (3.19)

for each § > 0 arbitrary and fixed. Taking limit superior in the last estimate as n — oo and then taking
limit as R — oo, we obtain

mmmmﬂywwwwwmmww%m%mm>mm

R—o0 n—oo |3§' — y|N+Sp(x y)

dzxdy = 0,(3.20)
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since 0 > 0 can be taken arbitrarily. Letting R — oo in (3.18), we can deduce from (3.19) and (3.20)
that

Hoo < Veo- (3.21)

Combining (3.10) with (3.21) gives

Vo > S1225 > min {sr s} (3.22)

If (3.22) holds. Thus

. 1
c= lim (Jnk (0,vp,) — §<dJnk (Uny,> Uny ) (O,vnk)>>

11 11 11
> Loy g, s (oL / 1@ gpdr > (Lo L)
- /]RN <9 Q($)> fon, [ d 2 (9 q‘) RN o[ onde = 0 ¢ )"
11N . (s e

as R — oo, which is a contradiction, we can prove that vo, = 0. Combining the facts that I = () and
Voo = 0, we obtain

limsup/ ]vnk]q(x)dx—/ |vo|1®) daz.
n—oo JRN RN

By a Brézis-Lieb Lemma type result for the Lebesgue spaces with variable exponents (see e.g., [[24],
Lemma 3.9]), we have

/ |, — v0|"®dz — 0,

RN

i.e., Un, — vo in LIO)(RYN). Consequently, we have
/ |, |1 20, (v, — vo)dz — 0, (3.24)
RN

by invoking Proposition 2.3 and the boundedness of {uy, }, in LI)(RY). Also, we easily obtain
/RN Fy(z, up, , vn,, ) (Vn, —vo)dz — 0. (3.25)

Let us now introduce, for simplicity, for all v € E the linear functional L(v) on E defined by

v(z) — v(y)[PEY2(v(z) — v w(zx) —w
(o) = [ ) O 0) ) 0l) 00D g [ -2

|z — y|N+sp(@y)

for all w € W) (RN). Obviously, from the Hélder inequality, we deduce that L is also continuous
and satisfy

(L (v),w)| < max{[|o]|”", [[v]|*" Hw]| for all w € E.

15



Hence, the weak convergence of {v,, } in E gives that

lim (L(wvp),vpn, — vo) = 0. (3.26)

n—oo

Clearly, (L(vp, ), Vn, —vo) — 0 as n — oo. Hence, by (3.26), one has

lim (L(vyp, ) — L(vo), vp, — vo) = 0. (3.27)

n—oo
Let us now recall the well-known Simon inequalities:

s —t]P < {Cp (‘3‘17_25 - ’t’p_zt) (s—1) for p>2

3.28
Cp” [(]s\pﬁs — |t|p*2t) (s — t)]p/2 (|s|P + \t\p)@*p)/z forl <p<2, ( )

for all s,t € RN, where Cz/) and C),” are positive constants depending only on p.
By (3.27) and (3.28) we get

: [0y, () — w0 () [P ¥) P
nlln;o <//RQN 7 = [N dxdy + o |Up,, — vol|Pdx

- nh—>Holo (<L(Unk)7vnk —vo) — <L(U0)’Unk —0)) = 0.

This fact implies that {v,, } strongly converges to vy in E.
In conclusion, we get {(uy, ,vn,)} contains a subsequence converging strongly in X. Hence the proof
is complete. O

4 Proof of Theorem 1.1

Proof of Theorem 1.1 Now we shall verify the conditions of Theorem 2.2. Set
Y=U®V, U=Eg x{0}, V={0}x Eqg,,

Yo={0} x B, Yi={0}x EL),

where m and k are to be determined. It is clear that Y{, Y7 are G-invariant and codimy Yy = m, dimY; =
k. Obviously, (B1), (B2), (B4) in Theorem 2.2 are satisfied. Set V; = Egl) = span{ei,ea, - ,e;}, then
(B3) is also satisfied. In the following we verify the conditions in (By). Since Fix(G) NV = 0, (a)
of (By) holds. It remains to verify (b), (¢) of (By). Next, we focus our attention on the case when
(u,v) € X with |lullsp < 1 and |Jv||sp < 1.

(i) If (0,v) € Yo NS, (where pp, is to be determined) then by (f1) and (f3), for any v € E with
|v]|sp < 1, we find that

J(0,v) = // vl dxdy+1/ ]v|pd$—1/ \vq(x)dx—/ F(z,0,v)dx
’ r2N (2, Y \96' y[NFsple) p Jrv q(x) Jry RN

5

> :HU
p

2y —cllvllEs — ellollz,

since p < r* < pt, there exists p > 0 such that J(0,v) > « for every |[v||s, = p, that is (b) of (Br)
holds.
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(ii) From (H;) we have

// u(y)" dx dy—l/ |u|Pdz — 1/ u|9®) da:
r2N P(Z, Y |JU— |Nsp(@) p Jrn q(x) Jry

—/ F(z,u,0)dx
RN

< 0.

Therefore, we can choose « such that

a> sup J(u,0).
uEEGl

For each (u,v) € U @ Y7, we have

J(u,v) = // u(y) P dxdy — 1/ |u|Pdz — 1/ || da
7 r2N p(z Z/ |$* |N+sp(@y) D Jrw q(z) Jrv
v(y)|PEY) 1/ _ 1 /

drdy + - Pdr — — (=)q

//pr (,y |:c g W TPy Je

—/ F(x,u,v)dz (4.1)
RN

1 - 1 .
< Pl = S plf) + e
P q 1

Because of the fact that on the finite-dimensional space Y7 all norms are equivalent, we can choose
k > m and O > a,, such that

Juey: < B,

so we get (c) in (By). By Lemma 3.1, for any ¢ € [ay, Bk, J(u,v) satisfies the condition of (PS)¥, then
(Bg) in Theorem 2.2 holds. So according to Theorem 2.2,

c¢j= inf supJ(u,v), —k+1<ji<—m, am,<cj<py,
i%°(A)>j ze A

are critical values of J. Letting m — oo, we can get an unbounded sequence of critical values ¢;. And
because the functional J is even, we obtain two critical points +u; of J corresponding to ¢;. O
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