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EXISTENCE OF SOLUTIONS TO QUASILINEAR
SCHRODINGER EQUATIONS WITH INDEFINITE POTENTIAL

ZUPEI SHEN, ZHIQING HAN

ABSTRACT. In this article, we study the existence and multiplicity of solutions
of the quasilinear Schrédinger equation

—u" + V(@) — (Ju*)"u = f(u)
on R, where the potential V' allows sign changing and the nonlinearity satisfies
conditions weaker than the classical Ambrosetti-Rabinowitz condition. By a
local linking theorem and the fountain theorem, we obtain the existence and
multiplicity of solutions for the equation.

1. INTRODUCTION

We study the existence and multiplicity of solutions for the quasilinear elliptic
equation
"+ V(2)u— (|u*)"u = f(u), z€R. (1.1)
Solutions of the equation are related to standing wave solutions for quasilinear
Schrodinger equation of the form

Oz = —2" + V(2)z — (|21*)"2 — f(|2)?)= (1.2)

which arises in various fields of physics, like the theory of superfluids or in dissi-
pative quantum mechanics, plasma physics, fluid mechanics and in the theory of
Heisenberg ferromagnets, etc. For further physical motivations and a more com-
plete list of references, we refer to [6,9,|L1] and the references therein.

As far as we know, the first existence result for equation by variational
methods is due to [11], where by a constrained minimization argument the authors
proved the existence of a positive ground state solution with an unknown Lagrange
multiplier A in front of the nonlinear term. Ambrosetti and Wang [12] considered
the existence of positive solutions of perturbation to the equation with a particular
nonlinearity g(u) = uP. Alves et al [1], considered the existence and concentration
of positive solutions as € — 0 for a related equation with €2. Some related problems
on R are also considered in [2].

There is also much work devoting to the corresponding high dimensional equa-
tion; e.g. see [6},/10,[8L|9]. The solutions of equation correspond to the critical
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points of the functional on H*(R):

d(u) = %/]Ru'2 + V(x)u’dx +/

W *ulds — / F(u)dx, (1.3)
R R
where F(t) = fot f(s)ds. All the above mentioned papers require that the potential
V() is positive. So that the energy functional ® possesses the mountain pass ge-
ometry. Therefore, the mountain pass lemma can be applied. In |13], the authors
consider the case which the potential V' (z) allows sign-change. However, in order
to satisfy the conditions of mountain pass theory, they need additional conditions
on nonlinearity. The similar assumptions are added in [14] (See Remark ). The
aim of the paper is to investigate equation where the potential V (z) can be
sign changing and the nonlinearity does not need to satisfy Ambrosetti-Rabinowitz
condition. The term fR u*udx in is homogeneous of order 4 and non-convex,
it prevents the linking geometric structure of the energy functional under our as-
sumption. Inspired by the recent work of Chen and Liu [5] we make use of the
local linking theory to overcome this difficulty. To state our main results, we list
the assumptions on f and V as follows.

(V1) The potential V(z) € C(R) is bounded from below and pu(V ~!(—o0, M)) <

oo for every M > 0.
(F1) There exists C > 0 and p > 2 such that

|f(H)] < C|t|P~ for all t € R.
(F2) 4F(t) < f(t)t and
F(t)

lim —% = +oo for all ¢t € R.
t—oo 4

We are now ready to state our results.

Theorem 1.1. Suppose that (V1), (F1)~(F2) are satisfied and f is odd. Then
equation (1.1)) has a sequence of solutions such that ®(ug) — +oo.

Theorem 1.2. Suppose that (V1), (F1)-(F2) are satisfied. Then equation (1.1)
has at least one nontrivial solution.

Remark 1.3. In [13]/14], the authors need assumptions (F2) and
(G2) F(z,u) = 1f(z,u)u — F(z,u) > 0, and there exist ¢cg > 0 and o >
maz{l, 1\2,—?_72} such that
|F(x,u)|” < colul® F(z,u)
for all (z,u) € RV,
In this paper, (G2) is not needed.

Throughout this paper, the letters C' and C; denote positive constants, which
may be different from place to place. The usual norm in LP(R) with 1 < p < 400
is denoted by | - |,

2. PRELIMINARIES

To overcome the non-compactness of the embedding H'(R) — L?(R), we con-
sider a linear subspace X of H!(R):

X :={uec H (R): /RV(.’E)Ude < oo}
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equipped with the inner product
(u,v) = / u'v' + Vuvdz
R

and the corresponding norm ||Ju| = (u,v)'/2, where V = V(x) + m > 1 for a fixed
positive number m. It is well known that the imbedding X < L?(R) is compact
under the condition (V1). See [4]. Therefore, the eigenvalues of the operator

S:=—-A+V
can be numbered as
—00 < A1 < A9 S)\g...,)\l—>00
and the corresponding eigenfunctions are denoted by ¢1, ¢2.... We assume that
0 € (A, A\j41) for some [ > 1. Let
X~ =span{¢y,..., ¢}, X =(X")*

Then X~ and X are the negative and positive spaces of the quadratic form

1
QW = [ v+ Vieplw)ds,
R
. It is well known that there is a positive constant a > 0 such that
+Q(u) > aul?, weX*E. (2.1)
Let
1
J(u) == / W+ Viz)ide — / F(u)dz, I(u)= / o uldz.
2 Jr R R
Then
O (u) = J(u) + I(u).
By the continuous imbedding H*(R) — L*(R) and X — H!(R), I is well defined
on X and
[I(u)| < Jul? |lull3n < Cllul|* for all u € X, (2.2)
To verify that the functional ® is C*, it is sufficient to prove this for I(u).

Lemma 2.1. I(u) belongs to C in X.

The proof of the above lemma is similar to that of |11, Lemma 1]. We omit
it here. From the above discussions, the functional ®(u) is a C! functional with
derivative given by

(@' (u),v) = /Ru/v’ + Vuvdz +/

20/ % uv + 2uPu'v' dx — / g(u)vdx
R

R (2.3)

= (u,v) + / 20w + 20UV’ de — / g(u)vdz,
R R

where g(t) = f(t) + mt. To prove our main results, we need to introduce some
definitions and theorems.
Definition. We say that ® € C!(X) satisfies condition (PS) if any sequence
(un)C X such that

D(uy) — ¢, ®(u,)—0

has a convergent subsequence.



4 Z. SHEN, Z. HAN EJDE-2015/91

For the proof of Theorem [I.1] we use the following fountain theorem by Bartsch
[3]. For k=1,2..., let

Yk = span{qSl, PN (bk}, Zk = span{(bk, ¢1+k PN } (24)

Theorem 2.2. Assume that the even functional ® € C*(X) satisfies the (PS)
condition, if there exists kg > 0 such that for k > ko there exists px > ri > 0 such
that

(1) by, = inquZk,HuH:Tk (I)(U) — 400 as k — oo,

(11) ap = maXuGYk,HuH:Pk @(u) S 0.

Then ® has a sequence of critical points {uy} such that ®(ug) — +oo.

For the proof of Theorem we will use the local linking theorem. Recall that
the definition of local linking at 0 with respect to the direct sum decomposition
X = XT @ X, if there is p > 0 such that for u € X~

O(u) <0, forue X, |lu<p

(2.5)
®(u) >0, forue X, ||ul| <p.

Next, we consider two sequences of finite dimensional subspaces
XFcXfc--cx®t
such that
XF = UpenXi.
For multi-index o = (a™,a™) € N?, we set X, = X, & X and denote by @,
the restriction of ® on X,,. A sequence {a,} C N? is admissible if, for any o € N?
there is m € N such that o < o, for n > m, where for o, 3 € N2, o« < 8 means

a® < . Obviously, if {a,} is admissible, then any subsequence of {a,} is also
admissible.

Definition. We say that ® € C'*(X) satisfies condition (C)* if, whenever {a,,} C
N2 admissible, any sequence {u,} C X such that

un € Xa,, sup®(un) <oo, (L+ [[un|)[|®) (un)ll —0 (2.6)

contains a subsequence which converges to a critical point of ®.

Theorem 2.3 (Local linking theorem [7]). Suppose that ® € C*(X) has a local
linking at 0, ® satisfies (C)*, ® maps bounded sets into bounded sets and for every
m €N,

®(u) —» —oco as ||lul| - o0, ue X~ @ X 1. (2.7)

Then ® has a nontrivial critical point.

3. PROOFS OF THEOREMS [I.1] AND

It is reasonable to write the functional ® in a form in which the quadratic part
is |lul®. Let g(t) = f(t) + mt. By (F1)—(F2), it is known that G(t) satisfies the
following properties

G(t) < ig(t) n %ﬁ, (3.1)
e Gt(‘*t) - (32)
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and hence there is a A > 0 such that
G(t) > —At* forallt € R. (3.3)

Lemma 3.1. Suppose that (V1), (F1)—(F2) are satisfied, then ® satisfies the (PS)
condition.

Proof. Suppose that {u,} is a (PS) sequence. We claim that {u, } is bounded. By
contradiction, we may assume that ||u,| — oco. Using (2.3) and (3.1]),we have

450D @(1) + [l > 4P(n) = (@' (1), )
=l + [ gt = 4G o (3.4)

> lun||? —m/ufldx.
R

By (3.4), we obtain
l[unll = O(lunl2)- (3.5)

Let v, = ||un | tun. Up to a subsequence, by the compact embedding X < L?(R)
we can assume that

vp = vin X, v, —vin L*(R), wv,(z) — v(z) a.ein R,

By (3.5), we have
‘un‘g o 1

>0

|Un|2 > =
T P

for some positive constant ¢ > 0. Therefor v # 0. Using (3.3)), we obtain
G(un G(uy, G(un
<“2dx:/ (uzdx—i—/ (uzdx
® [lunll v=0 [|unll w0 [|unll

G(un) 4dx+ G(un)véldx

v
4 n 4 n
v=0 Up v#0 Up,

> fA/ va dzx Jr/ G(lin)vﬁdx
v=0 v#0 Unp,
=1+ Is.
Obviously, Iy > —c¢ > —oo. For « € {z € R|v # 0}, we have |u,| — co. By (3.2),

we obtain
G(un) _ Glun) 4

— +00.

= v
[Jun [ * U,

By Fatou’s lemma, I — 4-00. Then we have
G(un)

Tl dx — +o0. (3.6)

On the other hand
1
/ G(up)dz = =|jun||* + / u%guidx — D(uy)
R 2 R
1
< gllun® + clun* + C.

Then we have

[ Gz = 0, (3.1
R
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a contradiction to (3.6). So {u,} is bounded.

Next, we show that such sequence {u,, } has a subsequence converging to a critical
point of ®. Because {u,} is bounded in X, we may assume u, — u in X. Since
the imbedding X — LP(R) is compact, we have u,, — u in LP(R). By a simple
computation, we have

P (1) (0 — 1) = [Jun —ul*+2 / o () +2 / WP (') - / 9(un) (un ).
R R R
By condition (F1) and Holder’s inequality, we have
/ flup)(up —u) < C’|u|£_1\un — ulp.

Since u, — u in LP(R) and p > 1, we have

/ fup)(un —u)de — 0 asn — oo. (3.8)
Similarly, ’

/ muy, (u, —u)de — 0 as n — oo. (3.9)
By and , we obtain

/Rg(un)(un —u)— 0 asn — oo. (3.10)

By the assumptions we have
D (up,) (uy, — u) = o ||un, — ul|). (3.11)
From ([3.10) we obtain

O () (un — u) = |Jup —ul|* + 2/ W (uy —u)? + 2/ u? (v’ —u')? + o(1).
R R
Hence we obtain ||u, — u|| — 0 as n — oo. This completes the proof. O

Lemma 3.2. Under assumptions (V1), (F1)—(F2), the functional ® has a local
linking at 0 with respect to the decomposition X = X+ & X .

Proof. By (F1), there exists a C' > 0 such that
|F(u)| < Clul?. (3.12)
Using . . for u € X, there exists a § > 0. Then we have

O (u) = %/Ru' —|—V(m)u2daj+/Ru’ uzdx—/RF(u)d;z:

1
. /R W+ V(z)ulds + Cllul* + Clul? (3.13)

—allul]? + Cllull* + Ci|ul}
=6]|ull* + Clluf|* + Culul.
If u € X, then there exists £ > 0 such that

mw:%AW+VwﬁW+AWﬁW_AFwM (3.14)

> Ellull® = CuJullP.

IN

IAIA
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By (3.13) and (3.14]), there exists 0 < p < 1, such that
O(u) <0 forue X, |ul <p,
O(u) >0 forue X, |ul <p.

This completes the proof. ([l
Lemma 3.3. Let Y be a finite dimensional subspace of X. Then ® is anti-coercive
on Y, that is,

O(u) » —o0  as |lul| > ccuey.
Proof. A similar lemma was proved in [5], we sketch the proof here for the reader’s

convenience. If the conclusion were not true, we can choose {u,} C Y and ¢ € R
such that

[un| — 00, ®(un) >5. (3.15)
Let v, = |lun ||~ *up. Since dimY < oo, up to a subsequence, we have
v —v]| = 0, ovp(z) = v(z) ae R

for some v € Y with |[v|| = 1. If v(z) # 0, we have |u,(z)] — oo. Using (2.2)) and
(3.6), we deduce

1 G(up)
D(up) < flunl*( - dz) — —o0,
2||un? R [lunll*
a contradiction with (3.15). O

Lemma 3.4. Suppose , (V1), (F1)-(F2) are satisfied. Then ® satisfies condition
.
This proof is similar to the Lemma and is omitted here. See also [5].

Proof of Theorem[1.1] It suffices to verify that

(i) br = infuez, jjuf=r, P(u) — +o00 as k — oo,
(ll) ap = maxueyk,uu”:pk <I>(u) < 0.

(i) We claim that for any 2 < p, we have

Br:= sup |ullpr — 0, ask— oo. (3.16)
UE Zy,||u||=1

If the conclusion were not true, we may assume that gy — 3 > 0 as k — oo. Then
there exists a uy, € Zy with |lugl| = 1 and [Jugl|, > g for large k. By the Parseval
equality we have

(wur) = [ gy, ur)|

i=k

(o)
<> il lull
j=k

_ (Za?>l/2 o

=k
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where (,) denotes the inner product in X. Using the Riesz-Frechet representation
theorem, we obtain that u; — 0 and thus ux — 0 in LP. This is a contradiction.
For u € Zj, with ||u|| = r, for enough small ¢,

1
P(u) = §/Ru’2—|—V(x)u2dx—|—/Ru’2u2dx—/RF(u)dx

> klfuf]? - /RF(u)da:
> kllu® = Clulp
> kflul|* = CBlul.
Choosing r; = ﬂk_l, we have
®(u) > kB2 — C — +oo.
This proves (i).
(ii) Since dim Y}, < oo, using Lemma[3.3] we have
O(u) — —oo  for u € Yy, and py — oo.

Then we obtain

o = max O(u) <0.
uEYxk,|ull=pr

This completes the proof. ([l

Proof of Theorem[1.3 In Lemmas and we see that ® satisfies condition
(C)*, and has a local linking at 0. Since dim(X~ @ X,) < oo, By Lemma (3.3 we
have ®(u) — —o0, as |ju|| — oo, u € X~ @ X;;,. By Theorem [2.3] equation (L.1)
has at least one nontrivial solution. O
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