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QUASILINEAR ASYMPTOTICALLY LINEAR SCHRODINGER
PROBLEM IN RY WITHOUT MONOTONICITY

OLIMPIO HIROSHI MIYAGAKI, SANDRA IMACULADA MOREIRA, RICARDO RUVIARO

Communicated by Pavel Drabek

ABSTRACT. We establish existence and non-existence results for a quasilinear
asymptotically linear Schrédinger problem. In the first result, we prove that a
minimization problem constrained to the Pohozaev manifold is not achieved.
In the second, the main argument consists in a splitting lemma for a functional
constrained to the Pohozaev manifold. Because of the lack of the monotonicity
we are not able to project to the usual Nehari manifold any longer, and this
approach is crucial in order to compare the critical level to reach a contradic-
tion. This argument was used in [21], 24 [32] for semilinear equations and in
[I1] for quasilinear equations.

1. INTRODUCTION

Consider the quasilinear Schréodinger problem
iz = =Dz + W(x)z — alx)h(|z|*)z — kA2 (|2]?)z, z € RY, (1.1)

where 2R x RV — C, a, W:RY — R is a given potential, k is real constant, and
I and h are real functions. The above quasilinear equations have been accepted
as models of several physical phenomena corresponding to various types of [; we
refer to [I4] and references given there for for physical applications of this problems.
Specifically, we would like to mention, the superfluid film equation in plasma physics
has this structure for I(s) = s (see e.g. [22]), while in the case I(s) = (1 + s)'/2,
models the self-channeling of a high-power ultrashort laser in matter (see e.g.
23]).

The standing waves solutions of (L.I); that is, solutions of the type z(t,z) =
exp(—iEt)u(z) where E € R and u > 0 is a real function. Inserting z into (L1,
with I(s) = s and I(s) = (1 + s?)/2, turns, respectively, the following equations:

—Au + Vogu — kA(W?))u = a(x)h(u), xRN, (1.2)

“Au+ Vaeu — kA((1 + u2>1/2)w —a(@)h(u), zeRY,  (13)

where Voo = W — E.
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For , semilinear case corresponding to k& = 0 has been studied extensively
in recent years, see e.g. [35], [46] for a review. Suppose k > 0 and h(s) behaves
like a polynomial function |s|"~1s, with r» + 1 < 2-2* (subcritical) and r + 1 =
2 - 2* (critical), where 2 - 2* = 4AN/(N — 2), with N > 3. The number 2 - 2* is
called the critical exponent for the equation (1.2]), see [30, Remark 3.13]. For the
subcritical case, which was started, up to our knowledge, in [34] and extended
in [29], variational methods and constrained minimization arguments were used to
provide existence of positive solutions results with an unknown Lagrange multiplier
A in front of the nonlinear term. The second method, due to the authors in [30], used
a change of variables which allowed to rewrite the functional in semilinear form.
Then, they were able to work with a functional well defined in a usual Sobolev
space. In this framework, the new problem becomes a nonhomogeneous problem
bringing a new difficulty to handle this equation. See also [I5]. The critical case
was studied, among others, by [20, 28, [33, [40} 44, 45| B1] and in the references
therein.

For (L.3), still with k& > 0, few results are known. In [I8] the authors treated
existence and uniqueness, but did not study the existence of standing waves. For
this class of the solutions, for superlinear perturbation with subcrtical or critical
growth, we refer to [14] 13}, B8] 19, 43] and references therein. In this situation, we
recall that the change of variables as in , in general, cannot be generalized to
this case. In [38] a change of known variable is made and the existence of nontrivial
solution is proved.

The purpose of this article is to investigate the existence of positive solutions
for an asymptotically linear quasilinear elliptic problem; that is, when h behalves
at infinity like s2. When k = 0, the autonomous and quasilinear asymptotically
linear problem was treated in a pioneering work [8]. In [0 [16] 26 42] the
nonautonomous case was considered. In [, [I7] the problems were studied imposing
periodicity conditions on the nonlinearities. In the situation where the involved
nonlinearities are homogeneous or preserve some monotonicity conditions, many
authors, in order to search for critical points, studied the Euler-Lagrange functional
restricted to the Nehari manifold (see [46]). But, it was remarked in [16] that
not all functions can be projected on the Nehari manifold, if the nonlinearity is
nonhomogeneous and quasilinear asymptotically linear. This projection is very
important to compare the critical level of the associated functional. In [5] 21], 32]
were studied minimization problems restricted to the Pohozaev manifold. This
argument was used, firstly, in [37]. Using this idea in [24] was obtained existence
results without monotonicity condition. The main argument is to apply a splitting
lemma due to [41I], with Cerami condition, see [12], in a functional restricted to the
Pohozaev manifold. In this paper, we extend former result in [24], with & = 0, for
more general quasilinear equations. For a similar argument with Nehari manifold,
see [3]. Recently, in [2] and [II] are treated a class of quasilinear asymptotically
linear problem slightly different from that studied by us, which are associated to
the first problem .

We will consider the following assumptions on the functions a and h:

(A1) a € C*(RN,RY), with inf,cpn a(x) > 0;
(A2) limy| oo a(x) = oo > Voo > 0, important condition to ensure the existence
and non-existence of solution;
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(A3) Va(z)-x >0, for all x € RY, with the strict inequality holding on a subset
of positive Lebesgue measure of RY;

(A4) a(x) + w < Goo, for all z € RY;

(A5) Va(z)-z+ 222 > 0, for all z € RY, where H represents the hessian matrix
of the function a.

(A6) h € CH(R*,RT) and lim,_ 22 = 0;

A7) limg_oo M5 = 1;

(A8) If H(s) = [, h(t) dt and Q(s) = ﬁh(s)s — H(s), then there exists a
constant D > 1, such that 0 < Q(s) < DQ(t), for all 0 < s < ¢, and
lim, 00 Q(s) = +00.

Next we establish a nonexistence result on the Pohozaev manifold which is de-

fined in (2.7).

Theorem 1.1. Under assumptions (A1)—(A8), p = inf,cp I(u) is not a critical
level for the functional 1. In particular, the infimum p is not achieved.

For stating our existence result, we assume that |a — ao| is not too large.
(A9) Assume that a satisfies

min{cg, 2¢0 } — €0

=N
0" |lwl3C

lase = allLe <

where 6 = sup,cp~ 0.
Theorem 1.2. Assume (A1)-(A9) and that
(1) h € CYR)N Lip(R,RT) and there exists T > 0 such that lim,_,o+ W) _ ),

re
(2) the least energy level coo of (3.1)) is an isolated radial critical level for I
or, equivalently, equation (3.1) admits a unique positive solution which is

radially symmetric about some point.
Then the non-autonomous problem (2.4) admits a positive solution v € H'(RY).

Remark 1.3. As an example of a function h such that h(s)/s? is not increasing
and satisfies (A6)—(A8) we have

38—1,5564-254
h(s) = {u for s 2 0,

0 for s <0.
As an example for a(z), we have a(x) = aoo —1/(|2|+k), k > (1/a00) With s > Vo
positive constants.
2. PRELIMINARIES

We note that the solutions of (1.3) with & = 1 are the critical points of the
functional

1 u? 9 1 9
I(u>_§/RN (1—|—1+u2)\Vu\ dx—|—§/RNVOOu dx—/RNa(z)H(u) dz.

Since the functional I(u) may not be well defined in the usual Sobolev spaces
H'(RY), we make the change of variables

v=_G(u) = /Oug(t) dt, where g(t) = /1 +2/(1 + 12). (2.1)
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Since g(t) is bounded and increasing with respect to |t|, the inverse function G~(t)
exists. Next we give some properties of the change of variables.

Lemma 2.1 (See [14]).

\/7t<\G () <t forallt>0;
(G ))|<1f0rallt€R
limg o |G7(#)|/t = 1;
limy o [G1(8)|/t = /172;
()/g()<3—\[f0rallt€R;
L) <t(G7LH) < GL(t) for allt > 0.

5
(6

(1)
(2)
3)
(4)
()t

)

Then after the change of variables, I(u) can be written as
- 1 1
I(v) = 7/ |Vol? do + 7/ Vo |G (0)]? da —/ a(x)H(G ' (v)) da,
2 RN 2 RN RN

for v € HYRY). By Lemma I(v) is well defined in HY(R™) and I(v) €
CH(H'(RYM),R). If u is a nontrivial solution of (1.3), then for all ¢ € C§°(RY) it
should satisfy

/]RN (6> (W) VuVe + g(u)g'(w)|[VulPe + Vaeup — a(z)h(u)p) dz=0.  (2.2)
We show that is equivalent to

7 VoG~ 1) a(z)h(G™(v)) >
I = VuV — dzx =0, 2.3
o= [ (Vv e - ey ) o %)
for all ¢ € C°(RY). Indeed, if we choose ¢ = (ﬁ)w in (2.2), then we obtain

(2.3)), since g(t) is bounded, increasing function and positive. On the other hand,
since u = G~1(v), if we let ¢ = g(u)p in (2.3), we obtain (2.2]). Therefore, to find
the nontrivivial solutions of (|1.3)), it suffices to study the existence of the nontrivial
solutions to the equation
VoG~ (v) | a(@)h(G7(v))
—Av=-— + , zeRN ve HY(RY). (2.4)
9(G=1(v)) 9(G~'(v))
This means, the critical points of functional I(v), associated to equation (2.4)), are
weak solutions of (2.4)).
Conditions (A6) and (A7) imply that given € > 0 and 3 < p < 2%, there exists a
positive constant C' = C(e, p) such that for all s in R,

|H(s)| < §|5|2 +OlslP, Vs eR. (2.5)

We also obtain the estimate
|h(s)| < e|s| + C|s|P~t, Vs €R.

In what follows we denote by ||[v]|? = [on (|V0]? 4+ Vigv?) dz the norm in H'(RY).
Now we consider the Pohozaev identity

? /RN |VU|2 dr =N . (a(a:)H(Gfl(U)) — V?’O(Gfl(v))2> de (2 6)
+ Va(z) -z - H(G ' (v)) da,

RN
where H(s) = [ h(t) dt and define G(z, G~ (v)) = a(z)H (G~ (v))—

ol
Q

L
S
=
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We also define the Pohozaev manifold associated to (2.4) by

P = {uec HY(RY)\ {0} : u satisfies (2.6)}.
Lemma 2.2. Let the functional J:H'(RY) — R be
N -2 _
J(w) = 7/ |Vvl? dx—N/ G(z,G "' (v)) dz—
2 RN RN

RN
Then:

2.7)

Va(z).z.H(G™(v)) dz.

Proof. (a) Using condition (A4), we have
N -2 Voo (G™1 2
J(v) > 7/ IVol? dz — NaOO/ HG (W) dot N [ Y=lG 0D
2 RN RN RN 2
By the Sobolev embedding, condition (2.5) and Lemma [2.11), we obtain
N -2
J(v) > (7)/ (Vo2 + Vae?) dz
4/ Jon

€ —1/,712 1P} da
~Naw [ (GlET WE 016 0)) d

N -2 Nas Vooe|v]?
> 22 = Clvl?) d
TP = 5= (5 CloP) da
1, N-2 N
> 5 (T =~ )l ~ Nas ]

If ¢ > 0is sufficiently small, there exists p € (0,1) such that J(v) > 0if0 < |lu|| < p.
(b) Since J(v) is a C* functional, P U {0} = J~1({0}) is a closed subset. More-
over, {u = 0} is an isolated point in J~1({0}) and claim in (b) follows.
(¢) Counsider the derivative of J at v and applied to v, thus obtain
J' (v)v

=(N-2) /RN Vol? dz — N/RN (a(z) + W](\f)'x)h(G‘l(v))(G‘l(v))’v dz

+N Voo G H0) (G (v)) v da.
RN

(2.8)
Since v € P, inserting (2.6)) into (2.8) with Lemma[2.1[1-6) and (A8) we obtain

J’(U)v < 2N o (a(:c) 4 W) (H(Gil(v)) ( (U)Q)( )/U) de

_h G 1 G
Va(z).a 1 WG ()G (v))
S (a(x) + ) (H(G (v)) — s ) da < 0.
This shows that P is a C! manifold.

(d) Since v € P, by condition (A4), (2.5) and Lemma[2.1[1), we obtain

(N —2) /RN |Vol? dx—i—N/RN Voo (G~ (0))? da
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=N | (a(x) + W}H(G*l(v)) da
< 2N oo H(G™(v)) dz

RN
< 2Nas /RN (§|G_1(v)|2 + C’|G_1(v)|p> da
< 2N oo Voot

2
d 2NasC P dz.
a Voo /]RN 2 |U| v ¢ /RN |U| v

Thus, using again Lemma 1), we obtain

(N — 2)/ IVol? dz + Nvoo(1 i
]RN 2

Voo
Therefore, by the Sobolev embedding, we obtain 0 < o?=2 = C||v||P=2 for all v. O

)/ |v|* dz < 2NayC |v|P dx.
RN RN

3. NONEXISTENCE RESULT

We begin by presenting the main relations between the Pohozaev manifold P
associated with the non-autonomous problem (2.4]), and the Pohozaev manifold
Poo associated with the autonomous problem at infinity

— Av = (G710) [asch(G (V) = Voo G ()], z € RY, v e HYRY). (3.1)
We have the Pohozaev manifold
Poo :={v € H'(RY)\ {0} : Joo(v) = 0},
with
T (v) = 7_/ Vof? do — N/ Goo(v) da,
2 RN RN

where
Voo (G~ (v))?

5 .

For our purposes, we need to consider the functional I, associated with (Ps) and
given by

Goo(GTH(v) = ac H(GT(v)) —

1
Io(v) = 5/ (Vo> + Voo (G (v))?) dx—/ oo H(G™(v)) dz, v e HY(RY).
RN RN
We set of paths
Too = {7 € C([0,1], H'(RY)) : 4(0) = 0, Ins(~(1)) <0},
and define the mini-max mountain pass level

= i I t)).
Coo = i max o (7(t))

Note that (A3) and (A4) imply that I.(u) < I(u) for all u in H1(RN)\ {0}. We
will show at the end of this section that

.= inf T =
p:= inf (u) = Coo,

and that this is not achieved, which means that this is not a critical level for the
functional 1.

Lemma 3.1. Suppose that [pn Goo(G™(v)) dw > 0. Then there exist unique
01 >0 and 02 > 0 such that v(-/61) € P and v(-/02) € Ps.
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Proof. The case of projecting on P, is already known [32]. We will verify the case
of P. First we define the function

v(0)=T(0(5)) = /RN Vo2 d:c—/RN a()H (G (0(5))) de

+%/RN Vi (G*l(v(g)))2 de

9N72

_9N—2 2 —oN a(fx -1 v(x x
-Z /RN'W' dr— 0 /RN (02)H(G™ (v(x)) d
oN 1 2
+2 V(@ w)) d
RN

Taking the derivative of ¥ (6) and recalling that we are considering N > 3, we
obtain

0y = ov-3[(X=2 v[* dz — N6? a(fx “tv(z)) dz
06 = N2 [(% )/RN|V|d NH/RN (02)H (G (v(x)
, ., N6?
-6 Va(0z) - 0x - H(G™ (v(x))) do + ——

RN

/ Voo (G (v(2)))? dz|.
RN

Hence, v(-/0) € P if and only if ¢’(8) = 0, for some 6 > 0. Note that, by condition
(A2) and the Lebesgue Dominated Convergence Theorem, we obtain

, 1 (G~ (v(2)))*
Jim (a(@x)H(G (v(z))) - V. 7) da

» > 2
- /RN <aooH(G‘1(v(w))) - w) d

Goo(G71(v)) da.

RN
By (A2)-(A4), we obtain Va(z)x — 0 if || — 4+00. Thus
Qlim Va(0zx) - 0x - H(G™*(v)) dz = 0.
— 0 JRN
Therefore, if > 0 is sufficiently large, then
N -2
wio)=ov M2 / Vu? dz— NO*( [ GG ) dz+op(1)) }.
2 RN RN
Since [pn Goo(G™1(v)) dz > 0, it follows that ¢'(f) < 0, for § > 0 sufficiently large.

On the other hand, by condition (A4), conditions (A2) and (A3) yield
Voo

-1 2 Va(0x)(0x) -1
-5 [ et de/RN (at) + ~ OO (G ) o
Ve,

-5 (G (v))? da.

RN
By (2.5) Lemmal[2.1[1), and taking 6 > 0 sufficiently small we have

_Vﬁ (G_l(v))Q dx < / (aooH(G_lv) _ Voo(G_ (U))

e ) de < Cvll3.
> | . ) de < Ol
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The previous inequalities imply that there exist positive constants A and B,
independent of 6, such that

A< /RN [(atow) + W)H(G—l(v)) - MG%W} dr < B.

Thus, taking § > 0 sufficiently small in the expression of ¢'(6), we obtain ¢’ (6) > 0.
Since 1’ is continuous, there exists at least one 61 = 61(v), ; > 0, such that
¥’(#1) = 0, which means that v(-/6;) € P.

To show the uniqueness of 61, note that ¢’(6) = 0 implies

N=2 /RN IVol? dz = N§? /RN (a(@x) + W)H(G’l(v)) da

2 N
N 2
SNV [ (@) a,
2 Jan
with 6 > 0, or equivalently
N -2
T/}RN |Vo|? dz = N6%p(0),
giving
. —1(,1)2
o(0) = / [a(gm) + M}H(G_l(v)) Az — Vi, G @)
RN N RN 2

Taking the derivative of ¢ and using the properties of the functions involved,
1 (0x) - H - (6z) Va(0x).(0x)
/ —_— - .
FO=5 (Va0z) - (o) + == + TEC
Hypotheses (A3) and (A5), with the conditions on function H, imply that

¢’ (0) > 0. Therefore, ¢(0) is an increasing of § and hence there exists a unique
6 > 0 such that

)H(G‘l(v)) da.

N -2
—5 /]RN |Vo|? dz = N6%p(0).

O

Lemma 3.2. Let O = {v € H'(RY)\ {0} : [on Goo(G™(v)) dz > 0} be an
open subset of H*(RYN). The function 0,:0 — R* defined by v — 6, (v), such that
v(-/01(v)) € P, is continuous.

Proof. Consider (v,) C O such that v, — v, as n — oo. We will show that
01(vy,) — 01(v), as n — oo. First note that 6 (v,,) is bounded. Indeed, consider the
expression ¥'(6) = 0 in the proof of the previous lemma applied to v, and 6;(v,)

N -2
7/ |V, |* dz
2 Jan

= N63(vy,) /RN a(01(vp)r)H(G ™ (v,)) do — %@n) /RN Voo (G (v))? d
a(f1(vy,)x) - (01(v,)x). (v,
oo [ T2 Oen)) G )

Since 61(v,) > 0, we suppose by contradiction that 6;(v,) — +oo, as n —
o0o. Thus the right-hand side of the equation above goes to infinity while the left

hand side tends to 252 Jan [Vo[? dz < co. Therefore, we conclude that 0y (v,,) is

bounded sequence and thus has a convergent subsequence, let us say 0;(v,) — 01,

dx.
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as n — 0o. Again using Lebesgue Dominated Convergence Theorem, as n — oo,
we have

/RN a(01(vp)x)H(G ™ (v,)) do — a(0,2)H(G™(v)) du,

RN
Va(01(vn)z) - (01 (vy)x) 4 Va(61z)(012)
» x H(G Y (vy)) dz — M !

/ |V, |? dx—>/ |Vo|? dz,
RN RN

vZ do — v? dz,
RN RN

since v, — v in H*(RY), as n — oo. Thus, we obtain

N -2
7/ |Vo|? dz
2 Jan

=, [ [(ai)+ VDO g1 y) - 6 7]

H(G™'(v)) dz,

N 2
It follows that 0, is such that v(-/0;) € P. The uniqueness of the projection in P
implies that 6; = 6 (v). Hence, 01 (v,) — 61(v) in R, as n — oo. O

Lemma 3.3. Ifv € Py, then there exists 6 > 0 such that v(-/0) € P and § > 1.

Proof. Let v € Pu, then [pn Goo(G™(v)) dz > 0 and Lemma asserts the
existence of a unique 6 such that v(-/6) € P. Now we obtain

0= N2 [% /RN Vo2 do — N92</RN a(0)H (G (v) w do
+ /R i 7V“(9;) 92 G (v) dx)}

and since 6 > 0, by (A4), it follows that
N -2
7/ |Vo|? do < N02/ G (G (v)) du,
2 RN RN

or equivalently

(2)~1 /RN Vo2 dz < 62 /RN GG (v) da.

But since v € P, we have

(2*)~! /RN |Vo|? doz = Goo(G 1 (v)) da.

RN
Therefore, the inequality above is true if and only if § > 1. (]

Lemma 3.4. Ifv € P, then there exists 0 > 0 such that v(-/0) € P and § < 1.

Proof. First, we must verify that if v € P, then [,nx Goo(G~!(v)) dz > 0. In fact,
using condition (A4), if v € P, then v satisfies

¥ /]RN |Vo|? dz < N/RN (aooH(Gfl(v) - w) dz

=N [ Guo(G'(v)) da.
RN
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Since v # 0 and v € H'(RY), we have [y |[Vv[? dz > 0; therefore we also have
Jan Goo(G™1(v)) dzz > 0. The existence of an unique § > 0 such that v(-/0) € Ps
is guaranteed by Lemma [3.1] In order to show that § < 1, we note that

N-2 2 —1
N o [Voul* dz < RNGOO(G (v)) dz.

However, if v(-/0) € Po, then 0 satisfies
g2 _ (29)7! [ [Vo]? da _ Jon Goo(G™H(v)) dz
Jon Goo(GH(v)) Az~ [pn Goo(G™H(v)) dz
Therefore 6 < 1. d

=1

Remark 3.5. An immediate consequence of the previous lemmas is that v €
H'(RM)\{0} can be projected on P and on Py if and only if [ox Goo(G™1(v)) dz >
0.

Lemma 3.6. If v € Py, then v(- — y) € Puo, for all y € RYN. Moreover, there
exists 0y, > 1 such that v(ﬁ) € P and limpy 4 0, = 1.

Proof. If v € Py, then it follows from the translation invariance of I, that v(-—y) €
Poo, for all y € RY. Furthermore, from Lemma there exists 6, > 1 such that
’U(%) € P. Suppose now, by contradiction, that there exists a sequence ¥, € RY
such that |y,,| — +o0 and 6, — A > 1 or +00, as n — oo. Let us define

Va(0y,r +yn) - (04,7 + yn)

K(0y,x+yn) := a0y, + yn) + N )

From (2.5) and (A4) we have that

VOO(G_l(U))Q
2

< anH(G™'(v)) - 7‘/&(0; (v)

< as(14+0)| G w)* € LYRY).

K0y, +ya) H(G™ (v)) -

Hence, using the Lebesgue Dominated Convergence Theorem, we obtain

lim [ K0,z + yo)H(G () do — Vi (G~ w)?

Yn—00 JpN RN 2

= Goo(G71(v)) da.

RN

dx

But for each y,, it follows that v(5**) € P with 6, > 1, which implies

N -2
7/ |Vo|? dz
2 Jan

- Voo (G™1(v))?
_ N@in/ [K(eynx+yn)H(G L(v)) — f} da.
RN
The right-hand side of (3.2)) approaches infinity or NA? [y Goo(G~!(v)) dz, how-
ever the left-hand side is fixed on &32 [0 |[Vv[? dz. Since v € Ps and A > 1 or
400, we arrive at a contradiction. O

(3.2)

Lemma 3.7. sup,cpn 0y = 0 < oo and 0 > 1.
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Proof. From Lemmal3.6} given ¢ = 1 there exists R > 0 such that |0, < 2if |y| > R.
We will show that there exists M > 0 such that supy<|,<rty < M. Suppose that
this supremum is not finite, or equivalently, that there exists a sequence y,, € RV
with |y,| € [0, R] such that 6,, — 00, as n — oco. As in the previous lemma, but
now with 6, — oc,as n — 0o, we can prove that

3 Voo G71(v)

lim {K(Hynx +yn)H(G(v)) 5

0y, =00 JRN
Therefore, it follows from (3.2]) that
N -2
7/ Vo2 dz = N62 (/ (G (1) +0,,(1)) da
2 RN Y\ JrN

But, since 0, — 00, as n — oo, and the left-hand side is a fixed number, this is an
absurd, unless the supremum exists. ([

} do= [ Goo(G™'(v)) da.

RN

Lemma 3.8. There exists a real number ¢ > 0 such that inf,cp ||Vv|l2 > 0.
Proof. Let v € P, then v satisfies Pohozaev identity and by condition (A4) we have
N -2 Voo (G (0))?
7/ Vo2 do < N/ [l (G () - M] dz.
2 RN RN 2

On the other hand, from condition , with p = 2*, by Lemma ), and a
given % > ¢ > 0, we obtain

1

2 Je
and using Sobolev-Gagliardo-Nirenberg Theorem (see [10]) in the above inequality,
we obtain

|Vo|? do < aOOC/ |G~ (w)|* dx < aOOC’/ w|?" dz
N RN RN

1
2*aoC
1
Hence, inf,ep [|[Vvl|2 > 7, with 7 > (57—5) 2 > 0. U

0<

< [[Vol3 2.

Lemma 3.9. p := inf,ep I(v) > 0.
Proof. Let v € P, with (A3) and Lemma then I(v) satisfies

I(v) = i(/ Va(z)eH(G™}(v)) da:+/ Vo2 dz)
N RN RN
1 2
> i - |[Vo|* dx
> 152 > 0.
- N
Thus we obtain that p > 0. O

Using g(¢) is bounded and increasing function in relation to |¢|, the inverse func-
tion G~1(¢) and some algebraic manipulations, we obtain the following result.

Remark 3.10. In [2]] is proved that inf,cp_ Too (V) = Coo-

Remark 3.11. If v € H*(RY), with [,x Goo(G(v)) dz > 0 and 6 > 0 is such
that v(-/0) € Pwo, then we can write
0N72
Io(v(z/0)) = |Vo|? da. (3.3)
N Jen
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Lemma 3.12. With the above notation p = cso.

Proof. Let w € HY(RY) be the ground state solution of the problem at infinity,
W € Poo and I (w) = coo. Given any y € RV, we define w, := w(z — y). From the
translation invariance of the integrals, we obtaln Wy € Poo and I (wy) = €o0. From
Lemmam 3.3 for any y € RY, there exists a 6, > 1 such that @, = w,(-/0,) € P.
Therefore,

|I(wy)—coo|—\fwy) Too (wy)]
1|/ |Vwl|? dx—|—|9N—1\/ )2 dx

+ / |H(G™ Y (w))]|aos — Géva(xﬁy +y)| da.
RN
Since 0, — 1, if |y| — oo, it follows that

@) = cxl S 0,0+ 0,0+ [ |HE @)llan = ale +3)] da.

and since a(z + y) — a0, as |y| — oo, it follows that

lim I(Wy) = Coo-
ly|—o0

Therefore, p = inf,ep I(v) < Coo-
On the other hand, consider v € P and 0 < 6 < 1 such that v(-/) € Pu,. Since
v € P, then using (3.3) and (A3) we obtain

_ 1 9 0N72 9
I(v) > — |[Vou|® da > Vol da = I (v(2/0)) > Coo.
N RN RN

O

Thus, for any v € P, I(v) > ¢ and hence inf,ep I(v) > coo. We conclude that
D= Coo-
Now we are ready to prove Theorem which is the main result in this section.

Proof of Theorem[I-1. Suppose, by contradiction, that there exists ¢ € Hl(RN) a
critical point of the functlonal I at level p. In particular, that ¢ € P and I(5) = p.
Let 6 € (0,1) be such that ¢(z/0) € Ps. Then using (A3) and (3.3)), we obtain

1

p=T0) =y [, [Vl o % /RN Va(w).z.H(GH(<)) dz

1 2
> 5 /RN [V
= Iso(s(2/0)) = 0.

Therefore p > ¢, which contradicts the previous lemma. O

|Vs|? da
RN

4. EXISTENCE OF A POSITIVE SOLUTION

This section we will show the existence of a positive solution for the equation
by showing the existence of a positive solution for the dual equation . By
the previous theorem, we should look for solutions which have energy levels above
of co. We start by showing that the min-max levels of Mountain Pass Theorem,
see [4], for the functional I and I, are equal. It is easy to verify that the functional
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1 satisfies the geometrical hypotheses of the Mountain Pass Theorem. For instance,
the condition give us a local minimun at the origin, while if we take w the
ground state solution of the problem at infinity, then 2y = w(=¥), for |y| and ¢
sufficiently large, by (A2) we obtain I(z1) < 0.

Let ¢ be the min-max mountain pass level for the functional I given by

= mi 7 4.1
¢ = min max (v(1)), (4.1)

where
= {y € C([0,1], H'(R")) : 7(0) = 0, I(7(1)) < 0}.

Lemma 4.1. For the above quantities, p = ¢ = coo

The proof of the above lemma is analogous to [24] Lemmas 4.1 and 4.2]. Now
we observe the following property of the Pohozaev manifold P with respect to the
paths in the Mountain Pass Theorem.

Lemma 4.2. If v € T, then there exists s € (0,1) such that v(s) intersects P.

Proof. From Lemma [2.2)a) there exists p > 0 such that, if 0 < ||v|| < p, then
J(v) > 0. Furthermore, observe that

J(v) = NI(v) — /

R

From condition (A3) it follows that J(v) < NI(v). Therefore, if v € ', on the one
hand we have J(7(0)) = 0, and on the other hand J(vy(1)) < NI(y(1)) < 0, since
I(y(1)) < 0, and we conclude that there exists s € (0,1), for which ||y(s)| > p
and such that J(y(s)) = 0. The function (s) satisfies 7(s) € P, which shows that
every path v € T intersects P. O

. |Vo|? do — /RN Va(z).x.H(G 1 (v)) da.

We recall that a sequence (v,,) is said to be a Cerami sequence for the functional
T at level d in R, denote by (Ce), if

I(v,) —d and ||I'(v,)||(1 4 ||Jva]]) — 0, asn — oco. (4.2)

Now we show that, if d > 0, then any (C'e)4 sequence for the functional T is bounded,
up to a sequence.

Lemma 4.3. If (v,) is a (Ce)q sequence with d > 0, then it has a bounded subse-
quence.

Proof. For any v € H(RV),

T(v) = %/RN Vol? de + é /RN V|G (0)? d — /RN a(2)H(G—2(v)) dz (4.3)

and

_ G '(v) , ~1(y o2 de “1()I2 da
= [ i s @R [ Vel @Ry

—/ (@) (G ()G (v) da.
RN
Now, by the previous arguments, we know that there is C' > 0 such that

IG™ (0a)g(G™ (wa))ll < Cllvall, V€N,
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Thus, the above inequality combined with (4.2)), (4.3) and (4.4) implies that
=22 1(vn) = T'(0n) G~ (02)g(G~ (vn))

- [ B 6 ]9 o

n (4.5)
—|—/ (a(x)h(Gil(vn))Gfl(vn) —2V2 a(a:)H(Gil(vn))> dx
RN
2 -2
+ f/ Vo (G (vn))? da.
2 Jen
Now, using the hypothesis (A8) and Lemma (5) in (4.5), we obtain
2v2-2 G vy,
2V2 d+ 0,(1) > - g (G (vn)) | [V |* d
Vadto,(1)> [ [BEE - (67 0)| 0 o
6v2—8
= (T) /RN |V, |? dz.
It follows that
2v/2d
lim sup ||[Vu,||2 < ———. 4.6
Jim sup [V [} < 222 (4:6)
By the Sobolev embedding, we derive that
. 2v/2d \?
li n? de<(—=——) , VYneNlN. 4.7
i [ lnl® de < (7525)" o “n
From [2.5, with p = 2* — 1, as n — oo, I'(v,)v, = 0,(1) gives
G~'(vn)
Vou|? + Voo ——rrtsvy | d
Jo 90 4 Ve ]
glG-1 n loilent n 2% —1
<o [ (AL O Py
RN 9(G=1(vn))
Using Lemma 1) and that 1 < g(¢) < 2 for all ¢t € R, we obtain
C’l/ v, |? da < 02/ lvn|? d.
RN RN
Then, by (4.7),
Cy/ 2V2d \?
lim su vpl?de < =(——) , VYneN.
From (4.6) and (4.7), it follows that (v,,) is bounded in H'(R). O

The next step is to show the existence of a Cerami sequence for the functional T
at level c.

Lemma 4.4. Let ¢ be as in (4.1), then there exists a (Ce). sequence (vy,) C
HY(RN).

The proof of the above lemma can be found in [24] Lemma 4.5]. Next we present
a splitting lemma, on I.
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Lemma 4.5. Let (v,) € HY(RY) be a bounded sequence such that
I(vp) = d >0 and |[I'(vn)]|(1+[lval]) — 0.

Replacing (vy,) by a subsequence, if necessary, there exists a solution v of .,
number k € NU{0}, k functions v',v2,... v* and k sequences of points (y3) € RV,
1 <j <k, such that as n — oo, they Satzsfy

(a) v, — v in HY(RY) or

(b) v’ are nontrivial solutions of (3.1] .,

() [y — 0o and [y, — y,| — oo, i # j;

(@) vn = i vil@ = yn) = o7

(€) I(vn) = I(0) + 35—y Lo (vY).

Remark 4.6. One can also mimic the proof of [46, Theorem 8.4]. Nowadays the
proof of this lemma is standard and is a version of the concentration compactness of

Lions [27] and found in [41]. The main ingredients are Lions lemma and Brezis-Lieb
Lemma [9].

Corollary 4.7. If I(v,) — coo and ||I'(v,)||(1 + |lon|]) — 0, then either (v,) is
relatively compact or the splitting lemma holds with k =1 and v = 0.

Let us set
¢p :=inf{c > ¢ : ¢ is a radial critical value of I}.

Lemma 4.8. Assume that cs is an isolated radial critical level for I... Then
¢4 > Coo and I satisfies condition (Ce)q at level d € (coo, min{cy, 2meoo}). Assume
now that the limiting problem admits a unique positive radial solution. Then
1 satisfies condition (Ce)q at level d € (Coo,2Co0)-

The proof of the above lemma can be found in [25] Lemma 5.9].

Lemma 4.9. If I(v,) — d >0, as n — oo, and (v,) C P, then the sequence (vy,)
is bounded.

Proof. The convergence I(v,) — d > 0, as n — 0o, implies I(v,,) is bounded in R.
If v,, € P then

d+1>1(v,) = %/ |V, | do + % Va(z).z.H(G (v,)) dz
RN

RN
1
> — Vo, |? dz,
N/RN| vp|® da

hence ||Vu,||2 is bounded. By Sobolev-Gagliardo-Nirenberg inequality, it follows

that ||vy,||2« is also bounded. Now using (2.5), Lemma 1) with ||a]jes < ¥a=
we obtain
[ a@mE ) de< [ a@) (5167 )P+ €167 @0)F) da
RN RN 2
||aHoo5
< lonll3 + Clloal3-.

Replacing this in the expression of I and using Lemma ﬂ(l), we have

- 1 1 0| 0€
4412 T(0) 2 LIV 3 + (FVee — 120 Y o -
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since (Voo — MT‘”E) > 0, if |lopll2 — o0, as n — oo, this would gives us a

contradiction. O

Next we introduce the barycenter function, see [3, [41] which is going to be critical
for proving the existence of a solution of problem ([2.4)).
Definition 4.10. For a given function u # 0 € H(RV), let
1
pu)(@) = 5o lu(y)| dy,
| 1| B (x
with p(u) € L®(RY) a continuous function. Subsequently, take

() = [p(u) @) — 5 max ()]

It follows that u € Co(R™). Now define the barycenter of u by

B(u) = %/x@(ﬂ&) dz € RV,

|ul s
Since @ has compact support, by definition, 5(u) is well defined. The function

0 satisfies the following properties:

(a) B is a continuous function in H*(RN)\ {0};

(b) If u is radial, then S(u) =0

(c) Given y € RY and defining u, := u(x — y), then B(u,) = B(u) +y.
We also need the following lemma.
Lemma 4.11. Assume that (uy), (v,) C HY(RY) are sequences such that |Ju, —

vall — 0 and I'(v,) — 0, as n — oo, with (v,) bounded. Then I'(u,) — 0 as
n — oo.

Proof. For any test function ¢ € H'(RY) we have
17 (un) = I'(vn)]ep

B G Y G~ (v,)
= Jou V0 ‘”"W*”d“v/ (g<G g(G*l(vn»)“”d“"
_/ a(x)(h(G l(uﬂ)) WG (vn)
o GG wn) ~ oG T (wn)

))
We first observe that the term f]RN (un, — vp)Vp dz = 0,(1), as n — oo, since

|t — vp]| — 0, as n — oo.
Now we verify that

G (un et .
fRN (g(G 1((%))) - ((U"))><p dz = o(1), as n — o0;
(i) J ( el — M ))) p dz =o0(1), as n — oo.

9(GT(un)) — 9(G~T(vn))
(i) Note that s = G(t) if, and only if ¢t = G~'(s). By Lemma [2.1[2), we have

1 1
G HY(s)=—=—~=—<1, VteR. 4.8
@6 = G = (1)
On the other hand, as (v,) is bounded and ||u,, — v, || = o(1), as n — oo, then (u,)

is bounded. Up to a subsequence, we can assume, as n — 0o, that

Up, Uy — u a.e. weakly and wu,,v, — u strongly in supp ¢.



EJDE-2018/164 QUASILINEAR SCHRODINGER PROBLEM 17

Also, there exists ¢ € L", r < 2*, such that |u,|, |v,| < ¢(x) for all z € RY. Notice
that, as n — oo,

G G
9(G~ (un)) " g(G=1(u))
By and Lemma [2.1|2), we have

G_l(un) n
Ge Ty <b TrEN

-1 —1
B i B <l ()

9@’ T gGTw)”

So that |%gp| < ¢ e L", r < 2*. Therefore, by Lebesgue Dominated

Convergence Theorem, we have (i).
(ii) First, note that a(x) is bounded. We can assume there exists ¢ € [3,2*) such
that |h(s)| < e|s| + C|s]971, for all s € R. Now using the Lemma 1), we obtain
(G (un))| < €ftn] + Clun | < elgp] + Cly|*~, (4.9)

where 1) € L2771 is obtained in the above convergence of u,, v, such that |u,|, [v,| <

.

So that, as n — oo,

MG ) | WGTw) RGN (w) (G ()
9w 7 9w M GG T w0 T 9(Giw)
using and , we obtain
h(G~Y(u

n)) _ -
’m@’ < WG Hun))p| < Clelp| + Clp|9™h) € LY.

Therefore, by Lebesgue Dominated Convergence Theorem, we have (ii). (]

Now we define
b:=inf{I(v) : v € P and B(v) = 0}. (4.10)
It is clear that b > ¢, and the following result holds.
Lemma 4.12. b > c..

The proof of the above lemma is analogous to [25, Lemma 5.13]. Let us consider a
positive, radially symmetric, ground state solution w € H*(RY) of the autonomous
problem at infinity. We define the operator II : RV — P by

r—y
() = w(2-),
Yy
where 6, is exactly the real number 6 which projects w(- — y) onto the Pohozaev
manifold P. II is a continuous function of y because 6, is unique and 6, (w(- —y))
is a continuous function of w(- —y). We will verify some properties of this operator
1I:

Lemma 4.13. B(I1[y|(z)) =y and I(I1[y]) — cso, if |y| — oc.
The proof of the above lemma can be found in [24] Lemmas 4.13 and 4.14].

Lemma 4.14. Let C be a positive constant such that |H(G7(s))| < C|s|?, and
assume (A9). Then I(I[y]) < min{cy, 2cs }-
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Proof. Noting that I, is translation invariant, the maximum of ¢t — I (w(-/t)) is
attained at ¢t = 1 and that 6, > 1 and using (A9), we obtain

I(My]) = Lo (T[y]) + I(T[y]) — Lo (I[y])

< Tolw) + [ (0 = @) HG (O)) da
min{cy, 2¢o0 } —

" |lwl3c
< min{¢y, 2¢ }

c
< Coo OoﬁévCHwH%

O

We will need a version of the Linking Theorem with Cerami condition [7, Theo-
rem 2.3], which we state here for the sake of completeness.

Definition 4.15. Let S be a closed subset of a Banach space X, and @ a sub
manifold of X with relative boundary 9Q. We say that S and 0Q link if:

(1) SnoaQ =0,

(2) for any h € C°(X, X) such that h|ag = id, we have h(Q) N S # 0.
If S and @ are as above and B is a subset of C°(X, X), then S and 9Q with respect
to B if (1) and (2) hold for any h € B.

Theorem 4.16 (Linking). Suppose that I € C'(X,R) is a functional satisfying
(Ce) condition. Consider a closed subset S C X and a submanifold Q C X with
relative boundary 0Q; suppose also that:

(a) S and 0Q “link”;

(b) o =inf,cs1(v) > SUP,eaQ I(v) = ap;

(c) sup,eqI(v) < +oc.
If B={h € C°(X, X); hlaq = id}, then the real number T = infye p sup,e I(h(v))
defines a critical value of I, with T > «a.

We refer the reader to [39, [36] for similar versions of the Linking Theorem with
Cerami condition.

Proof of Theoren{1.3. Condition (A4) implies I, (v) < I(v) for all v € HY(RY) \
0}. In particular, I (II[y]) < I(I1[y]), for any y € RYV. Since b > c,, from Lemma
and I(I[y]) — oo if |y| — oo, from Lemma then there exists p > 0 such

that for every p > p,
Coo < max I(II[y]) < b. (4.11)

lyl=p
To apply the Linking Theorem we set
Q :=T(B;(0)) and S:={ve H'RY):veP,3v)=0},
and will show that 9Q and S “link”. Since G(II[y]) = y, from Lemma we have
that 9Q NS = ), because if v € S, then B(v) = 0, and if vOQ, then B(v) =y # 0,
due to the equality |y| = p. Now we need to show that h(Q)NS # 0, for any h € H,

where
H={h e C(Q,P): hlag =id}.

Given h € H, let us define T:B5(0) — R for T'(y) = B0 hoIl[y]. The function
T is continuous, because it is the composition of continuous functions. Moreover,
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for any |y| = 5, we have that II[y] € 0Q, thus h o II[y] = I[y], because hlag = id,
and hence from Lemma we obtain T'(y) = y. By the Fixed Point Theorem
of Brouwer, we conclude that there exists § € B5(0) such that T'(§) = 0, which
implies h(II[g]) € S. Therefore h(Q) NS # () and S and 9Q “link”.

Furthermore, from the definitions of b and @ and the inequalities , we may
write

b=infl > max]I.
s oQ

Let us define

= inf max ] :
= ey )

Then we have d > b. Indeed, we have already proved that h(Q) NS # 0, for all
h € H. If h is fixed, then there exists w € S such that w also belongs to h(Q),
which means that w = h(u) for some u € II(B5(0)). Therefore,

I(w) > 5227(1}) and Igleaécj(h(v)) > I(h(u)).

This gives
I(h > TI(h =T(w)>inf I(v) =b
max T(h(0)) > T(h(w) = T(w) > int 7() = b,

and hence

In particular, it follows that d > co, because from Lemma [1.12] we know that
b > ¢o. Furthermore, if we take h = id, then
;}2[{11 max I(h(v)) < Igleagl(v) < min{cy, 2¢ },

by Lemma This implies d < min{ey,2¢o}. The two inequalities give d €
(€oo, min{cy, 2¢5 }), thus from Lemma (Ce) condition is satisfied at level d.
Therefore, we can apply the Linking Theorem and conclude that d is a critical
level for the functional I. This guarantees the existence of a nontrivial solution
v € H'(RY) of the equation (2.4). Reasoning as usual, because of the hypotheses
on h and G~!, and using the maximum principle we may conclude that v is positive,
which implies the proof of the theorem. O
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