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where the potential V is continuous and is allowed to be sign-changing. By using a
variant fountain theorem, we obtain the existence of infinitely many high energy
solutions under the condition that the nonlinearity f(x, u) is of super-linear growth at
infinity. The super-quadratic growth condition imposed on F(x,u) = fou f(x,t)dtis
weaker than the Ambrosetti-Rabinowitz type condition and the similar conditions
employed in the references.
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1 Introduction and main result
In the present paper, we are concerned with the existence of infinitely many nontrivial
solutions for the following semilinear Schrédinger equation:

—Au+ V(xX)u=Ff(xu), xecRV, (L.1)

ue H'(RN). '
Due to the strong background of (1.1) in many fields, such as physics, optics, etc., it has
attracted a great deal of interest in the past several decades. Here we point out that a
variety of types of existent results on solutions for (1.1) have been considered by different
assumptions on potential V(x) and nonlinearity f(x, ) by applying variational methods.
For the case of V(x) and f(x) being nonperiodic, many authors have studied the existence
of nontrivial solutions for problem (1.1) with f(x) being superlinear in [1-3], sublinear
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in [4], and asymptotically linear in [5]. Some special types of solution to (1.1) have also
been considered in this direction. For instance, the existence of bound state solutions was
considered in [6]. Bump type nodal solutions and sigh-changing solutions were studied in
[7-10]. For the case of V(x) and f («, ) being periodic, the authors in [11, 12] obtained the
existence of nontrivial solutions for (1.1).

In this paper, we focus on the existence of infinitely many nontrivial solutions of (1.1) by
applying variational methods. In variational theory, lots of tools can be used to obtain mul-
tiple solutions for equations which have variational structures, such as D.C. Clark’s theory
for functionals bounded below [13, 14] and mountain pass theorem for even functionals
[15]. Among these tools, fountain theorem is an important one. Fountain theorem and
its dual form were established by Bartsch in [16] and by Bartsch and Willem in [17] (see
also [18]) respectively. They are powerful tools to find multiple critical points for vari-
ational functionals. Zou in [19] (see also in [20]) established variant fountain theorems
without (P.S.) condition, which is a crucial condition for fountain theorem and its dual
form. By using the variant fountain theorems given in [19, 20], Zhang and Xu obtained
the existence of infinitely many nontrivial solutions of (1.1) in [21], where they did not
suppose the common used condition that f(xT") — 0 as # — 0, which was used in [19].
Then in [22], Tang weakened some conditions in [21] and gave some more general super-
quadratic conditions near infinity for the primitive of f(x, ), and finally showed that (1.1)
possesses infinitely many nontrivial solutions by applying a result in [15]. Motivated by the
work in [21, 22], we try to establish the existence of infinitely many high energy solutions
of (1.1) under a more general super-quadratic condition than those in [21, 22]. So-called
infinitely high energy solutions for (1.1) are solution sequences {u,} of (1.1) such that the
corresponding energy denoted by the energy functional of (1.1) goes to infinity as n — oo.

To state our result of the present paper, we make the following assumptions on the po-
tential V and nonlinearity f:

(V1) V(x) € C(RN,R) is bounded below.

(V3) For every M >0,

meas({x € R : V(x) < M}) < oo,

where meas(-) denotes the Lebesgue measure in R,
(S1) f(x,u) € CRN x R) and f(x, —u) = —f (x, u), ¥(x,u) € RN x R.
(S2) There exist constants ¢1,¢; >0, p,g € (1,2) and 2 < p < 2* such that

[f e, u)| < cilul + colulP™,  Y(xu) e RN x R.

(83) limyo0 L2 = 00,

(S4) There exist a constant > 2 and a function v(x) > 0 with |v|;o < 0o such that
WE(x, u) < uf (x,u) + vx)u?, V(x,u) e RN xR.
Then the main result of this paper can be read as follows.

Theorem 1.1 Assume that V and f satisfy (V1), (Vo) and (S1)—(S4). Then problem (1.1)
possesses infinitely many high energy solutions.
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Remark 1.2 Comparing with the multiple existent results on nontrivial solutions of (1.1)
in [21, 22], Theorem 1.1 obtains infinitely many high energy solutions for (1.1) not only
for infinitely many nontrivial solutions. Moreover, we do not make more assumptions on
primitive F(x, u) of f(x, u). Specifically, Zhang and Xu in [21] assumed that F(x, z) > 0 for

V(x, u) € RY x Rand limjy)— o Fl(ule") = 00.In [22], Tang improved the conditions in [21] and

employed a condition that F(x,) > 0 for |u| > ro > 0 and lim— F‘ (’i‘lf) = 0o. However,
we only assume the condition in this paper that
X, U
lim ]u = o0. (1.2)

|u|— o0 u

Fl(;cl';‘) = 0o was also used in [12]. It was

was strictly increasing and f (%, t) = o(|¢]) as |¢| — O uniformly

It is worth mentioning that the condition limy,—, «
ft)

Izl

also supposed there that
for x e RN,

Remark 1.3 To obtain the boundedness of (PS) sequence, Zhang and Xu in [21] introduced
that there exists a constant ¥ > 1 such that

OF(x,u) > F(x,su), VY(x,u)eRN xR,se0,1], (1.3)

where F(x, u) = uf (x, u) — 2F(x, ). Then Tang in [22] improved the super-quadratic con-
ditions in [21] and supposed that there exist ¢y > 0 and « > max{1, %} such that

|F(x,u)| < colu™ Flx,u), Vx,u) e RN xR, |u| > ro, (1.4)

where F(x,u) = %uf(x, u)—F(x,u) > 0.

In [22], Tang also imposed another super-quadratic condition that there exist two con-

stants ;& > 2 and p > 0 such that
WF(x, 1) < uf (x,u) + pu®, V(x,u) e RN xR, (1.5)

Condition (1.5) can be weakened. Thus in this paper we assume condition (S;) where v > 0
is a function instead of p > 0 being a constant.

Remark 1.4 1t is not difficult to verify that the functions
flx,u) = a(x)uln(l + |u|), (1.6)
flx,u) = a(x) (u% + 1’ cos u) (1.7)
satisfy (S1)—(Sa), where a(x) is a continuous bounded function with positive lower bound.

Remark 1.5 By (V1), V(x) is bounded below. Thus there exists a positive constant V such
that V(x) = V(x) + V > Vi > 0. Let f(x, 1) = f (x, u) + Vu for all (x, 1) € RN x R. Consider
the following system:

—Au+VE®u=[f(xu), xcRN,

1.8
u e HY(RN). (18)



Cheng and Wu Boundary Value Problems (2020) 2020:60 Page 4 of 9

It is easy to check that (1.8) is equivalent to (1.1). Therefore, in what follows we always
assume that V(x) has a positive lower bound.

2 Proof of Theorem 1.1
We work in the Hilbert space E = {u € H'(RY) : [pn(IVul?* + V(x)u?) dx < +00} equipped
with inner product (u,v) = fRN(VuVV + V(x)uv)dx. The associated norm is |u| =
(Jan (IVul* + V(x)u?)dx)?, which is equivalent to the standard norm in H*(RY) by (V)
and Remark (1.5). We will find solutions of (1.1) in E. In what follows, we use || - || and
|l - Il to denote the norms in E and L? (RYN), respectively.

For A € [1,2], we define a functional on E

L) = %LN(|VM|2 + V(x)u?) dx—k/RN F(x,u)dx

1

= —||u||2—A/ F(x,u)dx
2 RN

= A(u) — AB(u). (2.1)
Since 2 < p < 2%, E can be imbedded continuously into L7 (RY). By conditions (S;) and (S,),

I, (u) is well defined. By [23], B(u) € C}(E,R) and B'(u) : E — E* is compact, where E* is
the dual space of E. Thus one has I, () € C*(E,R), and for u,v € E,

L (u)v = (u,v) — AB' (u)v = (u,v) — A / fx, u)vdx. (2.2)
RN

By (2.2), solutions of (1.1) correspond to critical points of I with A = 1.

Let {e; : j € N} be an orthogonal basis of E. Vj € N, write X; = span{e;}, then E = EB/eNXj.
Let Yy = @}]leXj, Zi = @75, X;. Notice that dim Y < 0o. Now we rewrite Theorem 2.1 of
[19], since the existence of infinitely many nontrivial solutions of (1.1) is based on it.

Theorem 2.1 Suppose that the functional I, satisfies:
(F1) Y(Au) € [1,2] X E, L, (~u) = L,(u), I, maps a bounded set to a bounded set.
(F;) Yu € E, B(u) > 0, and |u|| — oo, A(u) — o0 or B(u) — oo.
(F3) There exist ry > px > 0 such that, for all » € [1,2],

ar(A) = inf  L(u) > Bi(A) = max I (u).
ueZy, \|ull=px ueYpllull=rg

Then VA € [1,2], one has
k(M) < &) = inf max 1, (y (),

y €l ueBy

where By = {u € Yy : lull <ri}, Ik ={y € C(Br,E): y isodd, y |sp, = id}. For A € [1,2], there
exists a sequence {ufn(k)}il such that

sup|| u’,‘n(k) || <00,
m

and as m — 00,

Lk () =0, L(uk0) = &0



Cheng and Wu Boundary Value Problems (2020) 2020:60 Page 5 of 9

Now we give several useful lemmas. The first lemma on compact imbedding is well

known and its proof can be found in [15].
Lemma 2.2 By condition (V,) and 2 < p < 2*, the imbedding E — L”(RN) is compact.

Lemma 2.3 Assume that (V1), (V3), and (S1) hold, then there exist a number ki € 2 and

a sequence {py} such that, as py — oo (k — 00), it has

or(A) = inf  L(u)>0, Vk>ky, (2.3)

* ueZplull=pi
o} X ¥ -
where ax(A) > =, Zx = EB;‘:kX/' = span{ey,...}.
Proof Observe that by conditions (V1), (V3) and Lemma 3.8 of [18], it holds

k@)= sup |lully— 0, k— oo (2.4)
ueZy, ||ull=1

By condition (S,), there exists a constant c3, ¢4 > 0 such that, for V(x, ) € RN,
|F(x,u)| §c3(|u|2+|u|1’). (2.5)

(2.5) and (2.1) imply that, for V(1 u) € [1,2] x R,

1
L(u) = —||u||2—,\/ F(x,u)dx
2 RN

1
> —IIMIIZ—)\/ cslul® + calul? dx
2 RN
> 1” 2_9 2 p
= Sl - (calluellz + callulh)
1
=3 lluell® = 2(csl (k) [Juell* + c4l§(k)||u||”). (2.6)

By (2.4), there exists k; such that, for any k > k;, one has l;(k) < ﬁ. Now we take

11
Pk = 2(1GC4z§(k)

Moreover, by lz (k) = 0, it holds py — o0 as k — oc. (|

1 2
)72, Then a direct computation implies I, () > %’( for u € Zi with |lu|| = px.

Next we prove the following lemma.

Lemma 2.4 Suppose that (V1), (V2), (S1)—(S3) hold. Then, for ky € Z* and the sequence

{ok} in Lemma 2.3, there exists ry > 0 such that, for ry > py,

B(A)= max Li(u)<0, Vk=ki, (2.7)

u€Yy,|ull=ri

wherek €N, Y; = @LXI» = span{ey, ..., ex}.
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Proof By the proof of Lemma 2.6 in [21], for any finite dimensional subspace E C E, there
exists a constant € > 0 such that

meas{x € RV : |u(x)| > ellull} > ¢, VueE u0. (2.8)

Therefore, by the fact that the dimension of Y% is finite, there exists a constant €; > 0 such
that

meas(Qf) >e€, YueYi,u#0, (2.9)

where .Q,’; = {x € RN : |u(x)| > e|lu||} for all k € N. By (S3), for each k € N and m; > %,
there exists a constant ¢ > 0 such that

2miu
flx,u) > 631 , VxeRN jul = &, (2.10)

k

which yields that

myu?

3 )
€k

F(x,u) > Vx e RN, |u| > . (2.11)
Then, for any k € N and A € [1,2], one has

1
L(u) = —||u||2—k/ F(x,u)dx
2 RN

1 iy |ul?
< Dy oa [ e g,

2 Q,li Ek

1 meas($25)
< Sl = Py T

€

< Dy =t = = (my = 2\ u? (2.12)
=3 lul|® ==\ m 2|Iu||, .

where u € Y with ||u| > g—i Choose r; > max{¢y, g—i} for any k > k;. Then, by m; > %, it
holds

Br(A)= max L(u) < —(m1 - 1)r,% <0. (2.13)

ueYpllull=ri 2

Now we are ready to give the proof of Theorem 1.1.

Proofof Theorem 1.1 Firstofall, by (2.1), (2.2), and (2.5), I, maps bounded sets to bounded
sets uniformly for A € [1,2]. By (S1), we have I, (—u) = L, (u) for (A, u) € [1,2] x E, which
implies that condition (F;) of Theorem 2.1 holds. It is easy to see that (F;) holds by (S3) and
(2.1). Condition (F3) is also true due to Lemma 2.3 and Lemma 2.4. Thus, by Theorem 2.1,

there exists a sequence {u’,‘n()»)}fno=1 for every k > k; and A € [1, 2] such that

sup | uk, (1) < oo, L (uf, (1) — 0, L(uh,(1) > &(1), ae.onRY  (2.14)
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as m — 00, where &(A) = inf,cr, maxyep, L(y (), Bk = {u € Yy : ull <}, I = {y €
C(Bi,E) : y is odd, y |3, = id}. By (2.14), one can choose a sequence {1, } satisfying 1, — 1
for each k > kj. Moreover, we obtain a sequence {u’fn()\,q)}j’n":1 which satisfies as m — oo

sup||up, ()| <00, I (uh, (1)) = 0. (2.15)

Note that {u (1,)}%°, is bounded for m. So it follows from the compactness of B’ that
{uX (1)), has a strongly convergent subsequence. We denote it still by {uX,(1,)}. We
can suppose that

lim uf (\,) =k € E, VneNk>k. (2.16)
m—00
Then by (2.15) it holds

Pi

2 (2.17)

L, (uﬁ) =0, L, (uﬁ) > pr =

Now we claim that {#X}%°, is bounded. We prove the claim by contradiction. For conve-
nience, we write uX = u, for n € N. Suppose that ||u,| — co. Write v, = HZ_:H Then it is
obvious that ||v,|| = 1 and [|[v,l, < T|lv.ll = T for 2 < p < 2*, where 7 is a positive constant
by Lemma 2.2. Then by (2.1), (2.2), (2.14), (2.15), and assumption (S4), one has, for # being

large,

1
c+1 > IA(Mn) - _I;L(”n)un
12

nw—2 1
= 26 ]I* + / (—f(x, Uty — F(x, un)> dx
RN \ M
n—2 [Vzeo
> —|lual* - 213, (2.18)
"
which means
2|v| 00
1< 2 i cup v, 12 2.19)
-2 n—00

Passing to a subsequence, we can assume that

VvV, — Vo InkE;
vy — vy inIP(RN) for2 < p < 2% (2.20)
Va(x) = vo(x) a.e.on RV,

Therefore it follows from (2.19) and (2.20) that vy # 0, which implies that meas(X) > 0,

where X = {x € RN : vy(x) # 0}. Since ||u,| — 0o as n — oo, we get |u,| — 00 as n — 00
on the set X'. Then, by (S3) and (2.17), one has

0(1) = I} (ttn )ity = litall® — o /R s d (2.21)

Page 7 of 9



Cheng and Wu Boundary Value Problems (2020) 2020:60 Page 8 of 9

which implies that

S 1)t

12

ol)+1=21, dx

RN luy
/fmwmn
[ ]2

/f(x'u" v d

nl®

=Anf1£91&2hmﬂdx—>oo, (2.22)
P Uy

as n — oo. This contradiction concludes the boundedness of {u,};°;. Thus we get the

claim. By the claim and (2.17), it can be shown by a standard way that there exists a strongly
convergent subsequence of {uX}. Suppose that ¥ — u& as n — oo. Then by (2.17) one
has I} (uo) =0, ie, u’é is a critical point of ;(«). By (2.17) again, one has I; (i é) > Pk —
0o as k — oo. This fact means that equation (1.1) possesses infinitely many high energy

solutions. The proof of Theorem 1.1 is complete. d
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