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THE FRACTIONAL SCHRODINGER-POISSON SYSTEMS
WITH INFINITELY MANY SOLUTIONS

TIANKUN JIN AND ZHIPENG YANG

ABSTRACT. In this paper, we study the existence of infinitely many large
energy solutions for the supercubic fractional Schrodinger-Poisson sys-
tems. We consider different superlinear growth assumptions on the non-
linearity, starting from the well-know Ambrosetti-Rabinowitz type condi-
tion. We obtain three different existence results in this setting by using
the Fountain Theorem, all these results extend some results for semelinear
Schrédinger-Poisson systems to the nonlocal fractional setting.

1. Introduction

In this paper, we consider the following system

(1.1) (—=A)*u+V(z)u+ ¢u= f(z,u) inR3

(—A)%¢ = u? in R?,
where 3 < s < 1 and (—A)* is the fractional Laplace operator which can be
defined as
u(z) — u(y) , u(@) — u(y)
—AYu=C(s)PV. | ———=dy=C(s) 1 ———"dy.
ayu=cery. [ TOsRay =6 tm [ G0y

Here P.V. stands for the Cauchy principal value, and C/(s) is a positive constant
depending only on s, f is a continuous nonlinear function which satisfies differ-
ent supercubic conditions and V is the real valued external potential function.

In recent years, this kind of systems were studied in some papers, due to the
fact that solutions (u(z), ¢(x)) of (1.1) correspond to standing wave solutions
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(e~ Fty(x), ¢(x)) of the time-dependent system

12) i0 = (—A)V 4+ V(2)¥ + oW — f(z, [¥))¥  in R? xR,
" (—A)¢ = |v]? in R?,

where i is the imaginary unit, V(z) = V(z) + E and f(z, |u|)u = f(z, ).

The first equation in (1.2) was introduced by Laskin [15,16], which is the
so-called fractional Schrodinger equation, describes quantum (nonrelativistic)
particles interacting with the electromagnetic field generated by the motion.
An interesting Schrodinger equation class is when the potential ¢(z) is deter-
mined by the charge of wave function itself, that is, when the second equation
n (1.2) (Poisson equation) holds. For this reason, (1.2) is refereed to as a frac-
tional nonlinear Schrédinger-Poisson system (also called Schrodinger-Maxwell
system).

In the local case that s = 1, we have the semilinear Schrodinger-Poisson
system

(1.3) {—Au +V(z)u+ ¢u=g(u) inR3,

' —A¢ = u? in R3,

which was proposed by Benci and Fortunato [6] in 1998 on a bounded domain,
and is related to the Hartree equation ([18]). In the past several years, the
existence and multiplicity of solutions to the systems similar to (1.3) has been
studied extensively by means of variational tools, we refer the interested readers
to see [1,3,34,35] and the references therein.

When s € (0, 1), as pointed out in [24], the fractional Laplacian operator is a
nonlocal one. This makes the system (1.1) different with the local one (1.3) with
s = 1. Therefore, there are only few references on the existence of solutions
to the fractional Schrédinger-Poisson systems, see [21, 23,27, 30-33], maybe
because the standard techniques that were developed for the local Laplacian
do not work immediately.

Motivated by an evident and increasing interest in the current literature on
fractional elliptic problems, the aim of our paper is finding infinitely many large
energy solution (i.e., high energy solutions) under different supercubic growth
assumptions on f € C(R? x R,R) and

F(m,t):/o f(z,7)dr

for every (z,t) € R3 x R. Such a type of problems is classical and one of the
main difficulties is the lack of compactness for Sobolev embedding theorem for
the whole space R? case. To overcome this difficulty, motivated by the approach
used in [26], we will establish the existence results for (1.1), under the following
assumptions for potential V:

(Vo) V(z) € C(R%,R) and 0 < Vp = inf,eps V().
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(V1) For any M > 0, there exists r > 0 such that

lim meas{z € R®: |z —y| <r,V(z) < M} =0,
ly|—o0
where meas denotes the Lebesgue measure.
Moreover, the nonlinearity f satisfies the following assumptions:

(f1) there exist ¢; > 0 and p € (2,2}), where 2 = 3%, such that

[f(z, )] < a1+ [tP7).

(f2) lims—o @ = 0 uniformly for any € R3.
(f3) f(x,—t) = —f(x,t) for any x € R3 and t € R.
(f1) there exists p > 4 such that

0 < pF(z,t) <tf(x,t).

We note that (fy) is a variant Ambrosetti-Rabinowitz type condition (AR
for short) which was originally introduced by Ambrosetti and Rabinowitz in [2],
where, as an application of the famous Mountain Pass Theorem, they obtained
the existence of nontrivial solutions of problem

—Au= f(z,u) in Q,
u=20 on 0,

under superlinear and subcritical growth conditions on the righthand side.

A lot of works concerning superlinear elliptic problem have been written by
using this usual (AR) condition (see, for instance, [10,25,28] and the references
therein), whose role consists in ensuring the boundedness of the Palais-Smale
sequences of the energy functional associated with the problem under consid-
eration. However, there are many functions which are supercubic at infinity,
but for which condition (f,) fails. Indeed, from (f4) it follows that for some
co,c3 >0

(1.4) F(z,t) > cot|" — cs.
Obviously, it is easy to see that the function
(1.5) F(a,t) = £ log(1 + [1)

does not satisfies the growth condition (1.4). At this purpose, we would note
that from (1.4) and the fact that g > 4 mean that

(fs) limpy o0 % = 400 uniformly for any = € R3.

It is easily seen that the function (1.5) satisfies the condition (f5) but does
not verify (f4). In recent years, such a condition was often applied to the
existence of nontrivial solutions for superlinear problem without (f;) condition.
See, for instance, [7,19,20] and references therein. Jeanjean introduced in [13]
the following assumption on f:
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(f6) there exists 6 > 1 such that
OF (z,t) > F(z,(t)
for every (z,t) € R? x R and ¢ € [0, 1], where we set
(1.6) Flz,t) := f(x,t)t — 4F (z,1).

Note that (fs) is a global condition and the function (1.5) also satisfies (f).
Another interesting condition which is stronger than (fg) is the following one
(see e.g. [20]).

(f7) The function t — @ is increasing on (0,400) and decreasing on
(—00,0), a.e. x € R3.

After this overview on the assumptions on nonlinearity f, we can state our
main result as follows.

Theorem 1.1. Assume that (Vy)-(V1) holds and let f : R3 x R — R be a
function verifying (f1)-(f3) and one of the following assumptions

(a) (fa),

(b) (f5) and (fe),

(c) (fs) and (f7).

Then the system (1.1) has infinitely many solutions {(uy, ¢r)} in H*(R3) x
D*2(R3) satisfying

§/<|< Ayt + V@l = [ 1(=8)ionlds

/ oy, Uk dm—/ F(x,ug)dx — +oo.

From the viewpoint of variational method, the system (1.1) is a strongly
indefinite variational problem (see Section 2.2 below for more details). The
proof of Theorem 1.1 rely on the similar arguments for a single fractional equa-
tion as used in [7,22]. More precisely, the strategy of our proofs consists in
looking for infinitely many critical points for the energy functional associated
with problem (1.1), namely here we apply the Fountain Theorem proved by
Bartsch in [5]. For this purpose, we have to analyze the compactness prop-
erties of the functional and its geometric features. As for the compactness,
when the nonlinearity satisfies the (AR) assumption (f4), we shall prove that
the Palais-Smale condition is satisfied; when f is assumed to satisfy conditions
(fs) and (fs) or (f7), the Cerami condition will be considered. In both cases the
main difficulty is related to the proof of the boundedness of the Palais-Smale
(or Cerami) sequence. Finally, we would note that Theorem 1.1 represents the
nonlocal counterpart of [11,17,29], where the limit case as s — 1 (that is, the
Laplace case) was considered.

The remaining part of this paper is organized as follows. Some preliminary
results are presented in Section 2, including the functional space setting and
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some useful Lemmas. In Section 3, we are devoted to a completion the proof
of Theorem 1.1.
2. Variational settings and preliminary results

Throughout this paper, we denote | - ||, the usual norm of the space LP(R?),
1 < p < 00, B.(x) denotes the open ball with center at x and radius r, ¢ or
¢i (i =1,2,...) denote some positive constants may change from line to line.
an, — a and a,, — a mean the weak and strong convergence, respectively, as
n — oo.

2.1. The functional space setting

Firstly, fractional Sobolev spaces are the convenient setting for our problem,
so we will give some sketchs of the fractional order Sobolev spaces and the
complete introduction can be found in [12]. We recall that, for any s € (0, 1),
the fractional Sobolev space H*(R?) = W*2(R?) is defined as follows:

) = {ue PR s [ (6170 + Fwl)ds < oo}
whose norm is defined as
2 iy = 2s ]: 2 f’ 2 d ,
[[wll 7= g3 /RS(IEI |F(w)|” + [F(w)]*)dg

where F denotes the Fourier transform. We also define the homogeneous frac-
tional Sobolev space D*2(IR?) as the completion of C§°(R?) with respect to the

norm
DS’Q(R?’ = // ( )‘Qd dy)% = [’U,}Hs(RS).
R3 X R3 |l’ —y[>t2s

The embedding D*?(R3) — L2 (R3) is continuous and for any s € (0, 1),
there exists a best constant S > 0 such that

[[ul

. ”“‘Daz (R3)

s

u€D52(R3) ||U 2% (R3) .

The fractional Laplacian, (—A)%u, of a smooth function u : R3 — R, is
defined by
F((=A)u)(€) = [€**F(u)(€), &R’
that is

FOI©) = g [, 0@

for functions ¢ in the Schwartz class. Also (—A)®u can be equivalently repre-
sented [12] as

(—A)u(z) = —%C(s) /]R3 u(z +y) +|Z|(f+2—gy) — 2u(x) dy. Vo € RS,
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where
B (1-cos&) .1 .
C(S) - (/]R3 |§|3+2$ dg) ) g - (51752753)’
Also, by the Plancherel formula in Fourier analysis, we have
2 s
ol ) = o (=) Pl

As a consequence, the norms on H*(R3) defined above

2 u(y)|?
i—) d — 7 dxd 5
u » |ul x+//R$XR3 iz —y|3+2§ Y)2;

ur— (/3(|€|25\f(1t)|2 + | F()[?)de)?;

[N

uH</ w2z + [ (~A)rulD)

are equivalent.
In view of the presence of potential V(z), we introduce the subspace

o {u € H*(R) : /]R V(2)ulde < +oo},

which is a Hilbert space equipped with the inner product

(u,v)Ez/ (—A)gu(—A)évdaj—F/ V(z)uvdz,
R3 R3
and the norm
Julfy = (o) = [ (-8 uPdo+ [ Vit
R3 R3

We denote || - ||g by || - || in the sequel for convenience.
For the reader’s convenience, we review the main embedding result for this
class of fractional Sobolev spaces:

Lemma 2.1 ([12]). Let 0 < s < 1, then there ezists a constant C = C(s) >0
such that
||UHL2* (R3) < C[ ]HS (R3)

for every u € H*(R3), where 2 = % is the fractional critical exponent.

Moreover, the embedding H*(R3) < L"(R3) is continuous for any r € [2,2%]
and is locally compact whenever r € [2,2%).

We recall the following embedding properties of E.

Lemma 2.2 ([26]). The embedding E — L"(R3) is continuous for r € [2,2%]
and is compact whenever r € [2,2%).
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2.2. A reduced problem

It is clear that the system (1.1) is the Euler-Lagrange equations of the func-
tional J : E x D*2(R?) — R defined by

2.1) J(u,¢) = f|| ||2—7/ (—A)3|2dz + / ¢u2dg;—/w Fla, u)dz.

Evidently, the energy functional J € C*(E x D*?(R?),R) and its critical
points are the solutions of (1.1). It is easy to show that J exhibits a strong
indefiniteness, namely it is unbounded both from below and from above on
infinitely dimensional subspaces. This indefiniteness can be removed using the
reduction method described in [6]. First of all, for a fixed u € E, there exists
a unique ¢ € D*?(R3) which is the solution of

(—A)¢p =u? in R®.
We can write an integral expression for ¢ in the form

u?(y)

s(z) = C, —-dy, VzeR’
¢u(m> RS |$*y|3725 Y T
which is called s-Riesz potential (see [14]), where
3—2
(. LIB=2)
vl 22 F( )

Then the system (1.1) can be reduced to the first equation with ¢ represented
by the solution of the fractional Poisson equation. This is the basic strategy of
solving (1.1). To be more precise about the solution ¢ of the fractional Poisson
equation, we have the following Lemma.

Lemma 2.3 ([27]). For any u € E, we have
(i) ¢;, = 0;

(ii) 193]l < cllul|®12_, where ¢ > 0 does not depend on u. As a consequence
3+2s
there exists M > 0 such that

[ ot < Mt

Putting ¢ = ¢ into the first equation of (1.1), we obtain a semilinear elliptic
equation

(=A)su+ V(z)u+ ¢Su = f(xr,u) in R?

with a nonlocal term. The corresponding functional Z : £ — R is defined by

1 s 1 1
= / |(—A)2ufdx + = V(x)uld + i utdr — / F(z,u)dz.
2 R3 2 R3 4 R3 R3
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Note that if s > 2, there holds 2 < % < 2% and thus £ — L%(R:‘), then

by Holder inequality and Sobolev inequality, we have

s, 2 2 Sd2e s 2% o
piudr < ( luls+2dz) ¢ ( |p5 | d) %=
R3 R3 R3
_1 12 3+2s
<sH( [ i) o
]RS

< Cllul|¢3llp-2 < oo

Therefore, the functional Z is well-defined for every u € E and belongs to
C(E,R). Moreover, for any u,v € E, we have

(T'(u),v) :/]RS(—A)%u(—A)%vdx—i— / V(x)uvdz

(2.3) R
+/ s uvdr —/ flz,u)vde.

R3 R3
It is standard to verify that a critical point u of the functional Z corresponds
to a weak solution (u,¢) of (1.1) with ¢ = ¢5. Hence in the following, we
consider critical points of Z using variational method.

3. Proof of the main result

In order to prove our main results, we shall apply the Fountain Theorem
due to Bartsch (see [5]), which, under suitable compactness and geometric
assumptions on a functional, provides the existence of an unbounded sequence
of critical value for it. The compactness condition assumed in the Fountain
Theorem is the well-known Palais-Smale condition (see, for instance, [28]),
which in our framework reads as follows:

Definition. Assume functional I € C*! and ¢ € R, if any sequence u,, satisfying
I(u,) — c and I'(u,) — 0 has a convergence subsequence, we say I satisfies
Palais-Smale condition ((PS) in short) at the level c.

In [8,9] Cerami introduced the so-called Cerami condition, as a weak version
of the Palais-Smale assumption. With our notation, it can be written as follows:

Definition. Assume functional I € C*! and ¢ € R, if any sequence u,, satisfying
I(uy) — cand (14 ||un |||’ (un)|| — 0 has a convergence subsequence, we say
I satisfies Cerami condition ((C) in short) at the level c.

We would remark that Cerami condition is weaker than the Palais-Smale
condition. However, it was shown in [4] that from Cerami condition a deforma-
tion lemma follows and, as a consequence, we can also get minimax theorems.
Hence, the Fountain Theorem holds true also under this different compactness
assumption.
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Theorem 3.1. Let X be a Banach space with the norm || - | and let X; be
a sequence of subspace of X with dim X; < +oo for each j € N. Further

X = @ Xj, the closure of the direct sum of all X;. Set

JjEN
k S
Wi =EPX;, Z=X;,neN
=0 j=k

Consider an even functional I € CY(X,R) (i.e., I(—u) = I(u) for all u € X).
If for ever k € N, there exist px, > rr, > 0 such that

(A1) ap = max I(u) <0,

[lull=pr
(A2) b := inf I(u)— 0o,k — oo,
s
=7k

(A3) I satisfies the (PS). or (C). condition for every ¢ > 0,

then I has an unbounded sequence of critical values.

We choose an orthogonal basis {e; } of X := E and define Wy, := span{es, .. .,
ek}, Zy = W}i'—r In order to perform the proof of Theorem 1.1, we first need
the following result:

Lemma 3.2. For any 2 < p < 2%, we have that

Br:= sup |lul[, =0 ask — oo.
UEZ, |lull=1

Proof. Since the embedding from E into LP(R?) is compact, then Lemma 3.1
can be proved by a similar way as Lemma 3.8 in [28]. O

3.1. The case (f4) holds

This section is devoted to the problem (1.1) in presence of a nonlinear term
satisfying condition (fy). In this framework we shall prove the following result
about the compactness of the functional Z:

Lemma 3.3. Let f : R3 xR — R be a function verifying conditions (f1)-(f1).
Then T satisfies the (PS) condition at any level ¢ € R.

Proof. We split the proof into two steps. First, we show that the sequence
{tn }nen is bounded in E and then that it admits a strongly convergent subse-
quence in F.

Step 1. The sequence {uy,}nen is bounded in E. From (fy), for n large
enough we have

1
I+ec+ ”unH > I(un) - ;<I,(un)7un>

11 , 11 )
= (- — — n _ — — S d
Gl + (G =) [ ot de



498 T. JIN AND Z. YANG
1
+ —f(x, up)un — F(2,up)dz
R3 M
1 1 1 1
> (2 - = n 2 - = s 2(1 .
> (= Dlhual+ (G =) [ ot uida
Since p > 4 and ¢ > 0, it follows that {uy }nen is bounded in E.

Step 2. Up to a subsequence, {u,}nen strongly converges in E. Since
{tn }nen is bounded in E, we may assume that there exists u € E such that

Uy — w in F|
U, — uin L™ (R?), 2 <r < 2%,
un () — u(x) a.e. in R?

as n — +00. Observe that
[, — ul® = (T'(un) = I'(w), un — u) + /R3 (f(z,un) — fz,u)(up — u)dz
— / (b5, Un — Ppu)(Uup — u)da.
R3

It is clear that
(T'(up) — ' (u), up — u) = 0 as n — +oo.

According to assumptions (f1)-(f2) and the Hélder inequality, we obtain

/ (@ n) — £, 0)) 1t — w)da
RS

IN

/ er(lun] + Jul + a4 [aP~ oty — ulde
RS

IN

ca([unllz + l[ull2)llun — ullz + ca(llunlB ™ + [fulls ™) un — ullp.
Since u,, — u in L"(R3) for all r € [2,2%), we have that
/ (f(zyup) — flz,u)(up —u)dx — 0 as n — +o0.
R3
By Holder inequality, the Sobolev inequality and Lemma 2.3 we have
[, 8hunlien = w)da| < 67,
R3
< csl|n, [lp=2 [[unl s [un — ull2

2
12
3+2s

2% Un”%”“n —ull2

< cscallunl|Zaz_llunlls fun = ullz,

where ¢; > 0 is a constant. Again using u,, — u in L"(R?) for any r € [2,2%),
we have

@5 Up(Up —u)dz — 0 as n — oo,
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where we need s > %. Similarly, we obtain
dru(un, —u)dr — 0 as n — oo.
R3

Thus

/ (¢, Un — Ppu)(un — u)dx — 0 as n — oo,
R3
so that ||u, — u|| — 0. Thus, we get Z(u) satisfies Palais-Smale condition. [

Proof of Theorem 1.1 under assumption (a). By Lemma 3.2 we have that 7
satisfies the Palais-Smale condition, while by (f3), we get that Z(—u) = Z(u)
for any v € E. In order to apply the Fountain Theorem 3.1, it remains to study
the geometry of the functional Z. For this purpose, we will verify Z satisfies
the remaining conditions of Theorem 3.1.

Step 1. We verify that Z satisfies (A;). Observe that assumption (f1)-(f4)
implies there exist ¢y, co > 0 such that

F(z,u) > c|ul* — colul?

for all z € R? and u € R. Hence we have
1 M
T(u) < Sl + Tl = el + cofjul}.

Since, on the finitely dimensional space Wy all norms are equivalent, p > 4
implies that

ar = max Z(u) <0
wEWp,|lull=px

for some p > 0 large enough.
Step 2. We prove Z satisfies (A). It follows form (f;) and (f2) that for
every € > 0 there exists ¢, > 0 such that

[f (@, u)| < elul + cclul’™!
for all x € R3 and u € R. By the equality F(z,t) = f(f f(z, 7)dT we obtain
F(x,u) < elul* + c.|ul?

for all 2 € R® and z € R. Hence, we have

Z(u)

Y

1
Slull® = ellullz — ecllul?
2
1 €
(5 - VO)IIUII2 — 3By |ull?,

where V; is a lower bound of V' (z) from (V;) and S, are defined in Lemma 3.1.

Choosing 7y, := (c;;pﬁz)ﬁ, we obtain
b : = inf Z(u)
wEZ, |lull=rk
1 €

> inf - wll2 — c2BPlullP
_ueZk,Hu”:rk[(Z Vo)” I 3B llull”]
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1 €
> (5 - o = )espB)) ™
Because B — 0 as k — 0 and p > 2, we have
1 € 1 2
b = (5 T 5)(03175%)2*” — F00

for enough small . This prove (Ag).

The proof of theorem under assumption (a) is completed and we would like to
emphasize that in the verification of the geometric structure of the functional Z
the Ambrosetti-Rabinowitz condition (namely, (f4)) was used only for proving
Step 1. (I

3.2. The case (f5) and (fs) hold

In this section we shall deal with the problem (1.1) when superlinear con-
ditions on the term f different from the Ambrosetti-Rabinowitz are satisfied.
Now, we show that the functional Z satisfies the Cerami condition.

Lemma 3.4. Under the assumptions (f1)-(f2) and (f5)-(fe), the functional
Z(u) satisfies the Cerami condition an any positive level.

Proof. We suppose that {u, }nen is the Cerami sequence, that is for some ¢ > 0

1 s 1 1
Z(up) = = |(—A)2u,|*dz + 7/ V(2)|un|*dx + f/ ®5 |un|*dx

2 Jgps 2 Jrs 4 Jgs

(3.1)
—/ F(z,up)dz — c as n — 00,

R3
and
(3.2) (1 + [Jun|)Z' (up) — 0 as n — oo.

From (3.1) and (3.2), for n large enough, we have

1
1+c>Z(uy) — Z<I/(u")’ Up)
1 9 1
= 7””“” + = f(w7un)undx - F(I’,Un)dl'
4 4 Jgps RS

We claim that {uy, }nen is bounded. Otherwise there should exist a subsequence
of {un }nen satisfying [|un|| — 0o asn — co. Set vy, = pi=r, then vy, is bounded.
Passing to a subsequence, for some v € E, we obtain

(3.3)

v, —vin E|
v, — vin L'(R?), 2 <r < 27,
vp(z) = v(z) a.e. in R3

as n — +oo and there exists h € L"(R?) such that

(3.4) |vn (x)] < h(z) ae. in R® forany n € N
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(see [28]). In the sequel we will consider separately the cases when v = 0 and
v #Z 0 and we will prove that in both these situations a contradiction occurs.

Firstly, let us suppose that v # 0 in E. Dividing by |u,||* in both side of
(3.1) and Lemma 2.3(i) we have that

(3.5) lim 7)dx — lim 2[|un||? + f]Rs. ¢inu%dx — 47 (uy,)

n=oo Jga  [lun* n—o0 [[n[|*

<C.

Let Q := {z € R3 : v(x) # 0}, then meas(2) > 0 and lim,, o, |u,(z)| — oo for
a.e. ¢ € ). By (f5) and Fatou’s Lemma, for large n we have

4F n AF (z, uy )02
lim (x’li )dac > lim de
n—00 Jgs  ||un| n=oo Jo o (Ul
4F vt
z/liminf(m’iull)vndz%oo
qQ n—oo |Un|

as n — oo. This contradicts (3.5).
Now, suppose that v = 0. As in [13], we can say that for any n € N there
exists t,, € [0,1] such that

3.6 Itnn: Itn-
(3.6) (tnun) fél[aa,’i](“)

Since |Juy, || — oo, for any m € N, we can choose r,, = 24/m such that
(3.7) Fmlun ]~ €(0,1),

provided n is large enough.
By the continuity of the function F', we get that

F(x,rmvn) = F(z,r,v) ae x€R?
as n — +oo for any m € N. Moreover, by (f1) and (f2), we have

|F(x, rmon)| < €|rmvn|2 + ce|rmuon|?

(3:8) < e(rmh(x))? + c(rmh(x))? € LY(R?),

a.e. * € R and for any m,n € N. Hence, (3.7), (3.8) and the Dominated
Convergence Theorem yield that
(3.9) F(z,7mvn) = F(2,7mv) in L' (R?)

as n — +oo for any m € N. Since F(x,0) = 0 for any z € R? and v = 0 holds
true, (3.9) gives that

(3.10) F(z,rmv,)de — 0
R3
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as n — +oo for any m € N. Thus, (3.6), (3.7) and (3.10) yield
I(tnun) > I(TmHun”ilun)
=Z(rmuvn)

1 1
(3.11) :7||rmvn|\2+f/ o \rmvn|2dx—/ F(z,rmu,)dx
2 4 Jgs "m0 R3

> 2m — F(x,rpu,)dz > m,
Rf}

provided n is large enough and for any m € N. From this we deduce that
(3.12) Z(tnun) = +00

as n — 4o0. Since Z(0) = 0 and Z(u,,) — ¢, then 0 < ¢, < 1 if n large enough,
we have

ltntin]| + / 6 lttin 2 — / F(@, bt ntinds
R3 R3

dtl,_,
Thus, by (fs) we obtain
Ttn) — 3T ) 1)
1 9 1
= Jlunl®+ [ [ f @ un)un = F(o,up)|da
R3
1

(3.13) ! :

> — v+ — | H

> llinunll? + 3o /R (@, btiy )
1

1 , 1
= TlitnlUn 7 n annnn_F s Inn
49Ht Un | +9/RS[4f(xtu Vtnu (z, thun)]dz

1 1
-7 7 .
7 (tnun) 49< (tntn), tntn) = +00

This contradicts (3.3). So {up }nen is bounded. In order to prove the Lemma
from now on we can argue as in Step 2 of the proof of Lemma 3.2. O

Proof of Theorem 1.1 under assumption (b). Due to Lemma 3.3, Z(u) satisfies
Cerami condition. Next, we verify that Z(u) satisfies the rest conditions of
Theorem 3.1. The verification of geometric assumption (Az) of the Fountain
Theorem follows as in Step 2 in Section 3.1. It remains to verify that Z(u)
satisfies (A41).

Indeed, it following from (f5) that for any ¢; > 0, there exists § > 0 such
that

F(z,u) > cful*
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for all x € R?, and all |u| > 6. From (f1)-(f2), there exists c; > 0 such that for
all z € R?, 0 < |u| < §, we have

|f (2, u)u

|u|2 S Co.

Denote ¢z = ¢1]6]* + £ we have
F(x,u) > erful* — cslul?.

Hence, we have

et
4
Since, on the finitely dimensional space Wj, all norms are equivalent, we have
that

1 1
T(u) < Slull® + - lull* = Jeallulls + esllull3.

1 C 1
T(u) < S llull® + Fllull* = Jereallull® + eses[lul?,

4
where ¢; is a constant. Now take ¢y sufficiently large such that
c 1
Z - 16104 < 07
it follows that
ay = max  Z(u) <0

u€EWy,||ull=px

for some pp > 0 large enough. This proves that Z satisfies condition (A;) of
Theorem 3.1 and the proof of Theorem 1.1 is completed. O

3.3. The case (f5) and (f7) hold

In this setting we need the following Lemma, which will be crucial in the
proof of this subsection.

Lemma 3.5 ([20]). If (f7) holds, then for any x € R3, the function F(x,t) =
fla, )t —4F (x,t) is increasing when t > 0 and decreasing when t < 0. That is

F(z,s) < Fx,t), YO0<s<tort<s<O forzecR>

Lemma 3.6. Under the assumptions (f1), (f2), (f5) and (f7), the functional
Z(u) satisfies the Cerami condition an any positive level.

Proof. We can argue exactly as in the proof of Lemma 3.3. We only have to
modify the proof of inequality (3.13). Here we will show the validity of (3.13)
by making use of assumption (f7) and Lemma 3.4. We point out that our
notation is the one used in the proof of Lemma 3.3. In view of Lemma 3.4 we
have that

1

Z(un) — Z<I/(“n)a Up)

1 1
= qlhunlP+ [ v = P, un)lds
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1 1
= Zlhual + Z/RBH(;E,un)dx
> P+ 5 [ Hthua)d
= nUn 4 Jps L, tnUn )AL
1

1
= —|[tpun|* + / [= f(x, thun)tnty, — F(x, tyuy,)]de
1 Y

1
I(tpun) — Z(I'(tnun),tnun> — 400

as n — oo. Thus, we get a contradiction. Combining the arguments in Lemma
3.3, the proof of this Lemma is completed. (I

Proof of Theorem 1.1 under assumption (c). The functional Z satisfies the Ce-
rami condition by Lemma 3.5, as for the geometric features of Z, condition (As)
of the Fountain Theorem follows as in Step 2 of the proof of Section 3.1, whereas
condition (A1) can be proved as in the proof of Section 3.2. Hence, the assertion
of Theorem 1.1 under assumption (c) is obtained. O
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