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Abstract

In this paper, we study the following nonlinear problem of Kirchhoff type with pure power nonlinearities:

—(a —l—b/|Du|2>Au+V(x)u=|u|'"_1u, x eR3,
2 ©.1)

ueHl(R3), u >0, x€R3,

where a,b > 0 are constants, 2 < p <5 and V : R3 — R. Under certain assumptions on V, we prove
that (0.1) has a positive ground state solution by using a monotonicity trick and a new version of global
compactness lemma.

Our main results especially solve problem (0.1) in the case where p € (2, 3], which has been an open
problem for Kirchhoff equations and can be viewed as a partial extension of a recent result of He and Zou
in [14] concerning the existence of positive solutions to the nonlinear Kirchhoff problem

—<£2a+£b/ |Du|2>Au +V@u=f@), xeR,
R3

MEHI(R3), u>0, xeR3,
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where ¢ > 0 is a parameter, V (x) is a positive continuous potential and f(u) ~ |u|P 1y with 3 < p <5
and satisfies the Ambrosetti—-Rabinowitz type condition. Our main results extend also the arguments used
in [7,33], which deal with Schrodinger—Poisson system with pure power nonlinearities, to the Kirchhoff
type problem.

© 2014 Elsevier Inc. All rights reserved.
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1. Introduction and main result

In this paper, we consider the existence of positive ground state solutions to the following
Kirchhoff type problem with pure power nonlinearities:

—<a~|—b/|Du|2>Au+V(x)u=|u|p_lu, x eR?,
Z (1.1)

ueHl(R3), u>0, x€R3,

where a, b > 0 are constants and 2 < p < 5. We assume that V (x) verifies the following hy-
potheses:

(V1) V(x) € C(R3,R) is weakly differentiable and satisfies (DV (x), x) € L®(R3) U L3 (R3)
and

V(x)—(DV(x),x) >0 ae.xeR’

where (-,-) is the usual inner product in R3:

(V») for almost every x € R3, V(x) < lim infjy| 400 V() £ V., < 400 and the inequality is
strict in a subset of positive Lebesgue measure;

(V3) there exists a C > 0 such that

_ . S 1Dul* + V (x)|ul?
C= inf 5
ueH (R)\(0) Jgs lul

In recent years, the following elliptic problem

_(a+bf|Du|2)Au+V(x)u=f(x,u), xeRY,
S (1.2)

ueHl(RN)

has been studied extensively by many researchers, where V : RN — R, f € C(RY x R, R),
N =1,2,3 and a,b > 0 are constants. (1.2) is a nonlocal problem as the appearance of the
term f]RN |Du|? implies that (1.2) is not a pointwise identity. This causes some mathematical
difficulties which make the study of (1.2) particularly interesting. Problem (1.2) arises in an
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interesting physical context. Indeed, if we set V (x) = 0 and replace R" by a bounded domain
2 c R in (1.2), then we get the following Kirchhoff Dirichlet problem

—<a+bf|Du|2>Au=f(x,u), x €,
2

MZO, xea.Q,

which is related to the stationary analogue of the equation

L
9%u Py E du |? 8%u
dx 0 (1.3)

ax

_ —_ + JR— _— =
P "\ 'n oL 0x?
0
presented by Kirchhoff in [17]. The readers can learn some early research of Kirchhoff equa-

tions from [9,24]. In [20], J.L. Lions introduced an abstract functional analysis framework to the
following equation

U — (a +bf |Du|2>Au = f(x,u). (1.4)
2

After that, (1.4) received much attention, see [1,2,6,12,4] and the references therein.

Before we review some results about (1.2), we give several definitions.

Let (X, || - ||) be a Banach space with its dual space (X*, || - |l4x), [ € CY(X,R) and c € R.
We say a sequence {x,} in X is a Palais—Smale sequence at level ¢ ((PS). sequence in short)
if I(x,) — c and ||[I'(xy)|l+ — 0 as n — oo. We say that I satisfies (PS). condition if for
any (PS). sequence {x,} in X, there exists a subsequence {x,,} such that x,, — x¢ in X for
some xg € X.

Throughout the paper, we use standard notations. For simplicity, we write | o hand /: 90 hdS
to mean the Lebesgue integral of /(x) over a domain £2 C R3 and over its boundary 92 respec-
tively. L? & LP(R3) (1 < p < 400) is the usual Lebesgue space with the standard norm |u| p-
We use “—” and “—” to denote the strong and weak convergence in the related function space
respectively. B,(x) £ {y € R3 | |x — y| < r}. C will denote a positive constant unless speci-
fied.

There have been many works about the existence of nontrivial solutions to (1.2) by using
variational methods, see e.g. [14,16,22,30,32]. Clearly, weak solutions to (1.2) correspond to
critical points of the energy functional

2
lI/(u):%/(cﬂDulz—f-V(x)lulz)—}-%([|Du|2) —/F(x,u)

RN RN RN

defined on E £ {u € H'(RN) | [pn V(x)|ul?* < oo}, where F(x,u) = [y f(x,s)ds. A typical
way to deal with (1.2) is to use the mountain-pass theorem. For this purpose, one usually assumes
that f (x, u) is subcritical, superlinear at the origin and either 4-superlinear at infinity in the sense
that

F(x,u)

7— =+oo uniformly in x € RN

|u|—+00 u
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or satisfies the Ambrosetti—Rabinowitz type condition ((AR) in short):

(AR) 3Jpu>4suchthatO < pu, F(x,u) < f(x,u)u forall u #0.

Under the above mentioned conditions, one easily sees that ¥ possesses a mountain-pass geom-
etry around 0 € H!(R") and by the mountain-pass theorem, one can get a (PS) sequence of ¥.
Moreover, the (PS) sequence is bounded if

(F) 4F(x,u) < f(x,u)u forallu eR

holds. Therefore, one can show that ¥ satisfies the (PS) condition and (1.2) has at least one non-
trivial solution provided some further conditions on f (x, #) and V (x) are assumed to guarantee
the compactness of the (PS) sequence.

In [16], Jin and Wu proved that (1.2) has infinitely many radial solutions by using a foun-
tain theorem when N = 2,3, V(x) =1 and f(x, u) is subcritical, superlinear at the origin and
4-superlinear at infinity and invariant with respect to x € R" under the actions of group of or-
thogonal transformations, together with some conditions which are weaker than (AR).

In [32], Wu obtained the existence of nontrivial solutions to (1.2) by proving that (PS) con-
dition holds when f(x, u) is 4-superlinear at infinity and satisfies (F) and other conditions, the
potential V (x) € C(RY, R) satisfies

(Va) mf V(x)>a; >0 andforeach M >0, meas{x e R" : V(x) <M} < +o0

to ensure the compactness of embeddings of E £ {(u € H'(RV) | fR3 Vx)|ul? < oo} —
L9(RN), where 2 < g <2*¥= NN2’ aj is a constant and meas(-) denotes the Lebesgue mea-
sure in RY.

In [14], He and Zou studied (1.2) under the conditions: N = 3, a positive continuous poten-

tial V (x) satisfies

(Vs) Ve = l‘mme(x) >Vy= 1nf V(ix)>0,

fx,u) = f(u) € C' (R4, Ry) satisfies (AR), hm‘u|_>ojll p= =0, limy|- 0 {u‘q = 0 for some

3<g<S5and L (") is strictly increasing for u > 0. They proved that (1.2) has a positive ground
state solution by usmg the Nehari manifold.

Under the same condition (Vs) on V(x), Wang et al. in [30] also proved the multiplicity
of positive ground state solutions for (1.2) by using the Nehari manifold when N = 3 and
f(x,u) = Af(u) + |u*u, which exhibits a critical growth, where f(u) = o(u?), f(u)u >0,
LW g increasing for u > 0 and | £ (u)| < C(1 + |u|?) for some g € (3, 5).

In [22], Liu and He proved that (1.2) has infinitely many solutions by using a variant version
of fountain theorem when N =3, V(x) € L}’OOC(R3) satisfies (V4) and f(x, u) satisfies either

F
AR) and liminf ")

> (0 uniformly in x € R3 for some 4 < o < 6
|u|— o0 u

or
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F(x,u)

=400 and F(x, u) is nondecreasing for all u > 0,
|ul—o00 |l/£|4

where F(x,u) = 1 f(x,u)u — F(x,u).
Recently, in [19], Li et al. studied the existence of a positive solution for the following Kirch-
hoff problem

<a+8/(|Du|2+b|u|2)>[—Au+bu]:f(u), inRY, (1.5)

]RN
where N > 3, a, b are positive constants, € > 0 is a parameter and the nonlinearity f () satisfies
the following conditions:
(Hy) fe C(R+, Ry) and | f(u)| < C(Ju| + |u|9™") for all u € Ry and some g € (2, 2*), where
2% =
(H2) hmu—>0

2’
f(“) =0:
f(u)

u

(H3) limy— o0 = 0.

By using a truncation argument combined with a monotonicity trick introduced by Jeanjean [15]
(see also Struwe [26]), they showed that there exists g > 0 such that for any ¢ € [0, gg), (1.5) has
at least one positive radial symmetric solution. However, their method could be applied neither
to the case that ¢ is an arbitrary positive constant nor to get a ground state solution in H'(R?).

Problem (1.1) is an important typical case for (1.2) when N =3 and f(x, u) = |u|?~'u with
2<p<5.For2<p<35, f(x,u) may not be 4-superlinear at infinity, let alone (AR). To the
best of our knowledge, the existence of nontrivial solutions was proved only for 3 < p <5 (see
e.g. [14]) and there is no existence result for nontrivial solutions to (1.1) when 2 < p < 3. The
difficulty is to get a bounded (PS) sequence and to prove that the (PS) sequence weakly converges
to a critical point of the corresponding functional in H'(R3).

Motivated by the works described above, particularly, by the results in [14,19], we try to get
the existence of positive ground state solutions to (1.1). To state our main result, suppose that
V (x) satisfies (V1)—(V3) and a > 0 is fixed, we introduce an equivalent norm on H L(R3): the
norm of u € H'(R?) is defined as

1

lull = (fa|Du|2+V(x>|u|2>7,

R3

which is induced by the corresponding inner product on H'(R3). Weak solutions to (1.1) corre-
spond to critical points of the following functional

1 1
Iv(u):E/(alDu|2+V(x)|u| (/|Du|2> —m/mw“. (1.6)
R3 R3
We mention that although Iy () is well defined in H I(R3) for 1 < p < 5, there exists a nontrivial

solution to (1.1) only if 2 < p < 5 (see Theorem 1.1 below). We say a nontrivial weak solution u
to (1.1) is a ground state solution if Iy (1) < Iy (w) for any nontrivial solution w to (1.1).
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Our main result is as follows:

Theorem 1.1. If V (x) satisfies (V1)—(V3), then problem (1.1) has a positive ground state solution
forany?2 < p < 5.

Remark 1.2. In Theorem 1.1, we especially give the existence result for the case where p €
(2, 3], which has been an open problem for Kirchhoff problems and can be viewed as a partial
extension of a main result in [14], which dealt with the case where p € (3, 5). We give a unified
treatment for the proof of the existence of a positive solution to problem (1.1) for all p € (2,5).
Theorem 1.1 also extends the main result in [33] to the Kirchhoff equation.

These hypotheses (Vi)—(V3) on V(x) above were introduced to study the Schrodinger—
Poisson system in [33] and have physical meaning. There are indeed functions which satisfy
(V1)—(V3). An example is given by V(x) = V| — mﬁ, where V| > 1 is a positive constant.

Now we give our main idea for the proof of Theorem 1.1. Since (AR) or 4-superlinearity does
not hold, the functional 7y does not always possess a mountain-pass geometry. Moreover, since
2 < p < 5, it is difficult to get the boundedness of any (PS) sequence even if a (PS) sequence
has been obtained. To overcome this difficulty, inspired by [19,33], we use an indirect approach
developed by Jeanjean. We apply the following proposition due to Jeanjean [15].

Proposition 1.3. (See [15, Theorem 1.1].) Let (X, | - ||) be a Banach space and T C Ry be an
interval. Consider a family of C' functionals on X of the form

@, (u) = A(u) — AB(u), YreT,

with B(u) > 0 and either A(u) — +00 or B(u) — +00 as ||u|| — +00. Assume that there are
two points v1, v2 € X such that

¢y = inf max @, (y(#)) > max{Pi(vi), Pi(v2);, VAET,
AT erien. 2y (@) {@1(v1), Pr(v2)}

where

r={yec(l0,11,X) | y(0) =v1, y(1) =2}
Then, for almost every A € T, there is a bounded (PS)., sequence in X.

Let T =[6, 1], where § € (0, 1) is a positive constant. We consider a family of C ! functionals
defined by

1 b 2 A
IV,A(M)=5/(a|Du|2+V(x)|u|2)+Z</|Du|2> —m/w“, Vaels, 1
R3 R3

R3

By (V) and Proposition 1.3, for a.e. A € [§, 1], there exists a bounded (PS). sequence
in H'(R?), denoted by {u,}, where c), is given below (see Lemma 3.1). We cannot easily see that
I",’ , 1s weakly sequentially continuous in H I(R3) by direct calculations due to the existence of
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the nonlocal term fR3 |Du|?. Indeed, in general, we do not know fR3 |Du,|* — fR3 |Du|? from
Up, — u in HI(R3). For problem (1.2), this difficulty was overcome in [19,16] when V (x) =
const by using the radially symmetric Sobolev space H,1 (R ={u e H'R?) | u(lx]) = u(x)},
where the embeddings H,1 (R3) < LI(R3) (2 < g < 6) are compact. If V (x) satisfies (V4), this
difficulty was dealt with in [22,32] by using the weighted Sobolev space E = {u € H'(R?) |
ng V(x)|ul* < oo} to guarantee that (PS) condition holds. In [14] and [30], V (x) satisfies (Vs),
then the method used in [19,16,22,32] cannot work. However, for the mountain-pass level c, it
can be proved that each (PS). sequence weakly converges to a critical point of the corresponding
functional in H'(R?). Their argument strongly depends on the fact that ¢ = inf ¥ (N), where
N = {u € H'®RH\{0} | (¥'(u), u) = 0} and % is strictly increasing for u > 0. As we deal
with problem (1.1) in H'(R?), the Sobolev embeddings H'(R?) < L4(R?), ¢ € [2,2*) are not

p—1
compact. The nonlinearity |u|?~'u with p € (2, 5) implies that the monotonicity of ‘”l;—3” does

not always hold. So the arguments mentioned above cannot be applied here to get a critical point
of Iy, from the bounded (PS)., sequence {u,}. To overcome this difficulty, although we cannot
directly prove that the weak limit u € H'(R?) of {u,} is a critical point of Iy ;, we do easily see
that u is a critical point of the following functional

a+bA? , 1 , A
J = D % -— ptl
v, () 5 /I ul +2f () |ue] ijl/Iul
R3

R3 R3

and {u,}is a (PS)C L bat Sequence for Jy ), where A? =lim,_ oo fR3 | Duy |%. By (V»), we try
(S

to establish a version of global compactness lemma (see Lemma 3.4 below) related to the func-
tional Jy ; and its limited functional

a+ bA? 1 A
Fu="" /| 5 [ Voou = 2 [

R3 R3 R3

To apply the global compactness lemma, first of all, we need to consider the existence of ground
state solutions of the associated “limit problem” of (1.1), which is given as

—(a+b/|Du|2>Au+Vmu=)\|u|P]u, x eR3,
2 (1.7)

ueHl(R3), u>0, xeR3
and their corresponding least energy of the associated limited functional

1 b 2 A
Ifo(u):5/(a|Du|2+Voo|u|2)+Z</|Du|2) —m/wl’“.
R3 R3

R3

We obtain the following result:

Theorem 1.4. (1.7) has a positive ground state solution in H'(R?) for all 2 < p < 5.
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Remark 1.5. Theorem 1.4 in this paper is different from the main result in [19], since Eq. (1.7) is
different from Eq. (1.5) and we prove the existence of a positive ground state solution in H'(R3).

Therefore, by using Theorem 1.4 and applying the global compactness lemma and conditions
(V1)=(V2), we can prove that (PS),, condition holds. During the proof, more careful analysis is
needed to consider the relationship between J°(w) and the least energy of 1>°, where w is any
critical point of J° obtained in the global compactness lemma. Finally, choosing a sequence
{An} C[6, 1] with A, — 1, there exists a sequence of nontrivial weak solutions {u,,,} C H L(R3).
We can prove that {u;,} is a bounded (PS)., sequence for Iy = Iy, by using the PohoZaev
identity and (V7), which yields Theorem 1.1.

As for problem (1.7), I7° does not always satisfy (PS) condition and it is difficult to get a
ground state solution even if nontrivial weak critical points for />° have been obtained since
2 < p < 5. For simplicity, we may assume that Voo =A =11n (1.7), i.e.

—<a+b/|Du|2)Au+u=|u|p_lu, x eR3,
o (1.8)

MGHI(R3), u>0, xeR3

and denote the corresponding functional 7 (u) instead of 12°(u), i.e.

1 b S
R3 R3

R3

To obtain Theorem 1.4, we need to prove that problem (1.8) has a positive ground state solution
in H'(R3) forall2 < p <5.
In the last decade, the following nonlinear Schrodinger—Poisson system

{—Au+u+k¢u=|u|p_lu, x €R3, (19

—Ap =u?, x eR3,

where A > 0 is a parameter and 1 < p < 5, has been extensively studied, see e.g. [3,7,11,5,27].
(u,¢) e H L(R3) x DL2(R3) is a weak solution to (1.9) if u is a critical point of the functional

1 1 1
E(u) = 5/(|Du|2+u2)+ZA/¢u - mfw’“, (1.10)
R3 R3 R3

where ¢, is the unique solution of the second equation in (1.9). Whether there is a nontrivial
solution to (1.9) or not depends on the range of the parameter A and p. For p > 3, it is easy to
prove that the energy functional E (1) satisfies the (PS) condition and one can use the mountain-
pass theorem to get the existence of a nontrivial solution to (1.9) (see [11,5]). But for p € (2, 3),
the method in [11,5] cannot be applied. In [27], Ruiz proved that when 1 < p < 2, (1.9) has
at least two nontrivial solutions for small A by using the mountain-pass theorem and Ekeland’s
variational principle and (1.9) has no nontrivial solution if A > %. To deal with the case when
2 < p < 3, a constrained minimization method was used. It was proved in [27] that there is a
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positive radial nontrivial solution to (1.9) for 2 < p < 5. However, the traditional method which
takes the minimum of the functional on its Nehari manifold does not work. In [27], the con-
strained minimization was carried out on a new manifold M, which is obtained by combining
the usual Nehari manifold and the PohoZaev identity of (1.9) proved in [5]. In fact,

M= {ue H(R*)\{0}: G(u) =0},
where H,1 (R?) denotes the subspace of radially symmetric functions in H! (R3?) and
G(u) =2(E"(u), u) — P(u) (1.11)
and P (u) = 0 is the PohoZaev identity, i.e.
— 1 s 3 5 5 ) 3
Pu)y== | |D - A - pEL
=3 [1our 3 [ o= 2 [
R3 R3 R3 R3
In [7], Azzollini and Pomponio used the same manifold as in [27] and the concentration-
compactness argument to prove the existence of positive ground state solutions to (1.9) when
2<p<SandAr=1.

Motivated by [7,27], we try to use the constrained minimization on a manifold to prove The-
orem 1.4. The main difficulty is to choose a suitable manifold. As we describe before, the usual
Nehari manifold is not suitable because it is difficult to prove the boundedness of the minimiz-
ing sequence. So we follow [27] to take the minimum on a new manifold, which is obtained by

combining the Nehari manifold and the corresponding PohoZaev type identity: for any solution
ue H' (R3) to (1.8),

A 1 2 3 2 1 2 2 3 +1
P(u)zialeul +§/|u| +§b /IDu| —T/M” =0,
R3 R3 R3 p R3

which will be proved in Section 2 (see Lemma 2.1). In fact, the manifold we use is defined by

M2 {ue H' (R*)\{0}: Gu) =0}, (1.12)
where

Gu)=(I'(w),u)+ P(u).
Our choice of M is slightly different from that in [27], which is
M ={u e H (R*)\{0}: 2(E"(u), u) — P(u) = 0}.

The reason is that if we chose M instead of M, we would face the difficulty to prove the bound-
edness of the minimizing sequence. Our idea to get M is similar to that of [27] and can be

described as follows. For u € H'(R3)\{0}, let o, B € R be constants and u;(x) = t*u(t’x),
t>0,since2<p<?5,
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2a0—B 2038 4a—28 2 jalp+D-3p

at 1 bt

) = — /|Du|2+ > /|u|2+ 7 <f|Du|2> — /Iul”“
R3 R3 R3

— —o0 ast—> toifa+ =0, a>0.

So take @ = 1, B = —1, then the function y (¢) £ [ (u,) would have a unique critical point #p > 0
corresponding to its maximum (see Lemma 2.3). Moreover, if u is a solution of (1.8), then g = 1
and hence y'(1) =0, i.e.

3 5 3 2 4
R3 R3 R3 p R3

We easily see that

G)=(I'(w),u)+ Pu), (1.13)

which gives the clue to define M. Although we mainly follow the procedure of [27], as we con-
sider ground state solutions, we have to work in H 1(R3) as in [7] instead of Hr1 (R?), which
results in that the method used in [19] cannot be applied. So the compactness of the minimizing
sequence is handled by using concentration-compactness principle, which is much more compli-
cated than using H!(R?).

We also obtain a supplementary result to Theorem 1.1 in [19] in a special case f(u) =
lu|P~'u, where 1 < p < 2. We consider the non-existence about the following Kirchhoff type
problem

(a +bk/(|Du|2 + V(x)|u|2))[—Au +V@u]=ul”'u, xeR’
e (1.14)

ueH! (R3),
where A > 0 is a parameter, a > 1, b > 0 are constants.

Theorem 1.6. Let 1 < p<2,a>1,b>0be constants and V (x) either satisfy (V2)—(V3) or be

a positive constant, then there exists Ly = W > 0 such that for any A > g, (1.14) has no

nontrivial solution, where C is the best Sobolev constant for the embedding from H'(R3) into

, . 3(IDul+V @u?)
L3(R3), ie.C= lnquHl(RS)\{O} f]I@T

Theorem 1.6 is a related result to the main result in [19]. However, [19] did not give such a
non-existence result.

The paper is organized as follows. In Section 2, we present some preliminary results. In Sec-
tion 3, we will prove our main results Theorem 1.4 and Theorem 1.1. In Section 4 we give the
proof of Theorem 1.6.
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2. Preliminary results

In this section, we give some preliminary results.

Lemma 2.1 (PohoZaev identity). Assume V (x) satisfies (V1)—(V3). Let u € H 1 (R3) be a weak
solution to problem (1.1) and p € (1,5), then we have the following PohoZaev identity:

/|Du|2 fV<x)|u|2 ;f(Dvu),x)W
]R3
+9<f|pu|2)2——3 f|u|"+‘=0 2.1
2 p+1 ' '
R3 R3

Proof. The proof is standard, so we omit it (see e.g. [10,5]). O

For the case when V = 1, the PohoZaev identity can be rewritten as follows:

1 3 1 23
P(u)éEa/|Du|2+§/|u|2+§b</|Du|2) —m/w!’“ =0. (2.2)
R3 R3 R3 R3

Lemma 2.2. Let p € (2,5), then I is not bounded from below.

Proof. For any u € H'(R3)\{0}, set u;(x) = tu(t~'x), t > 0. Then

1
I(u,)——t /|Du| + = /Iul + - </|Du| ) ——tP+4/|u|P+‘.
p+1
]R3

Since p € (2,5), we see that [ (u;) > —oo ast — +o0o0. O

Lemma 2.2 shows that I possesses a mountain pass geometry around 0 € H'(R3). As we
mentioned in Section [, [ satisfies (PS) condition for 3 < p < 5, hence the existence of at least
one nontrivial solution can be obtained. However, for 2 < p < 3, we need to consider the con-
strained minimization on a suitable manifold as [27] did.

To motivate the definition of such a manifold, we need the following lemmas.

Lemma 2.3. Let C; (i = 1,2,3,4) be positive constants and p > 2. If f(t) = Ci13 + Cat> +
C31% — Cyt?* fort > 0. Then f has a unique critical point which corresponds to its maximum.

Proof. The proof is similar to that of Lemma 3.3 in [27] and is elementary. We omit the
proof. O
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Suppose that u € H'(R?) is a nontrivial critical point of 7 and u;(x) = tu(t~'x) for t > 0.

Set
y(t)—I(u,)——t /lDuI + = /Iul + - </|Du| ) Jlrlt"+4f|u|l’+1.
]R3

By Lemma 2.3, y has a unique critical point 7y > O corresponding to its maximum. Since u is a
solution to (1.8), we see that 7o = 1 and ' (1) = 0, which implies that

2
G é_afmmz /|u|2+ b(/|D |2) ”+4f| P, 23)

So we define
M= {ue H' (R*)\{0} | Gu) =0}.
It is clear that
Gu)=(I'(w),u)+ Pu), (2.4)
where P (u) is given in (2.2).

Remark 2.4. If u € H'(R?3) is a nontrivial weak solution to (1.8), then by Lemma 2.1 and (2.4),
we see that u € M. Our definition of M is slightly different from that of [27].

Lemma 2.5. For any u € H! (R3)\{O}, there is a unique f > 0 such that u;y € M, where u;(x) =
fu(@='x). Moreover, I (u;) =max,~q I (u,).

Proof. For any u € H'(R3)\{0} and ¢ > 0, set u; (x) = tu(t~'x). Consider

a 1 b 2 1
y(t)AI(u,):§t3f|Du|2+§t5/|u|2+Zt6</|Du|2> — mﬂ’“/mw“.
R3 R3 R3 R3

By Lemma 2.3, y has a unique critical point > 0 corresponding to its maximum. Then y () =
max,-oy(¢) and y’(f) = 0. So

3. 5. 3 2
—at2f|Du|2+—t4/|u|2+—bt5 /|Du|2 p+ r"+3/| [Pl =
2 2 2

R3 R3 R3

then G(u;) =0and u;e M. O

Lemma 2.6. Suppose that p € (2,5), then M is a natural C'-manifold and every critical point
of I\ is a critical point of I in H'(R3).
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Proof. To prove the lemma, we follow the argument used in [27], which deals with the
Schrodinger—Poisson system. By Lemma 2.5, M # @&. The proof consists of four steps.

Step 1. 0 ¢ O M.

By the Sobolev embedding inequality, choosing r > 0 small enough, then there exist p > 0,
C > 0 such that

3 5 3 2 4
Ea/ﬂDuF4-5/ﬂuﬁ4—§b</ﬂpuﬁ> pta ]} [P+l
3 3 3

2 _ pH1
|w +ﬂn > p
for |lu|| = r small. Then O ¢ dM.

Step 2. I (u) > 0 for all u € M.
For any u € M, let k £ I (1) and

2
aéa/HMF, ﬂé/hm, uéb</HMF), &é/mw“.
]R3 ]R3 R3

Then «, B, 1, § are positive and

1
Cut B ——8=k,
2a+2ﬁ+4u PEN|
3 3 p+4
Sat2p+in—P2T s,
PR T Ve

hence

_Hp+d =20+ -26(p-D Sk=F-F
p=2 p—2

Since u > 0 and p > 2, we must have

(@+pp—1D<B(p-D+alp+1)<2k(p+4).

(@+pp=1)

Step 3. G’ (u) # 0 for every u € M, hence M is a C!-manifold.

Just suppose that G’ (1) = 0 for some u € M. In a weak sense, the equation G’ (u) = 0 can be
written as

—3<a +2b/ |Du|2>Au +5u=(p+HuP u
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So using the notations defined in Step 2, we have that

3 5 3  p+4
~a+=B+-pu———86=0,
2a+2ﬁ+2u FEN|

3a+5B8+6u— (p+4)8=0.

Then

(p—3)6=0,

579

which implies that § = 0 since p € (2,5). Hence we get a contradiction since § is positive. So

G'(u) # 0 for every u € M and by the Implicit Function Theorem, M is a C'-manifold.

Step 4. Every critical point of /|4 is a critical point of I in H!(R?).

If u is a critical point of I| 4, i.e. u € M and (I|q)'(u) = 0. There is a Lagrange multiplier

A € R such that I'(u) — LG’ () = 0. It is enough to show that A = 0.
The equation I’ (#) = AG’(u) can be written, in a weak sense, as

—<a +b/ |Du|2>Au +u—ulPu
R3

=A[—3(a +2b/ |Du|2)Au +5u—(p +4)|u|plu}.
R3

Hence u solves the equation

—(Bx — DaAu — (6) — l)b/ |Dul>Au+ (51 — Du
R3

—[+dHr—1]julP'u=0.
Using the notations in Step 2, by Lemma 2.1 and (2.5) we have that

Lot tpatuo L skso0
— — - — =K >
2 TP T ’

35,3 ptd

BGr—Da+Gr—DB+ 61— Du—[(p+Hr—1]6=0,

B—l  3GA-D 61 AT

B+

01
2 ¢ 2 2 M P+l

which is a linear system for «, 8, u and §. The coefficient matrix of (2.6) is

2.5)

(2.6)
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1 1 1 __1
2 2 3 P+l
3 5 3 _pté
A= 2 2 2 |
3a—1 5h—1 6A—1 —[(p+Hr—1]
-1 3(5A—=1) 61—1 _ 3lp+HAr—1]
2 2 2 prl

and its determinant is

Mp—1DQ@2p—1-9pi)
8(p+1) ’

detA =

Then

_2p—1

detA=0 < A=0, X
9p

, p=1

We will show that A must be equal to zero by excluding the other two possibilities:

(D) IfA#£0, 1 # 2’;—;1, the linear system (2.6) has a unique solution. We obtain the value of g
and § as follows:

_ Bk(p=5)l(p+4H2r—1] __36k(1+p)(5r—1)
(p—DQRp—-1-9pr) ~ (p—DQRp—1-9p0)’

ﬁ:

Since p € (2,5), % < 2’;—;1 < % We conclude that § < 0 for A € [%, 4+00)U (—o0, %) and
B <O0forie (%, %), however, this is impossible since both § and § must be positive.

Q) Ifr= %. In such case, the latter two equations in (2.6) are as follows

p+1l p=5, p=2  2p+D(p-2)
— o w— §=

0,
3p * 9p Pt 3p 9p

+1 -5 -2 20p—2
_pHl P ﬂ+p by (p )520.

6p 6p 6p 3p

Then

B+ (p—2)8=0,

which is also impossible since p > 2 and 8, § must be positive. Then A = 0, hence I’ (1) =0,
i.e. u is a critical pointof /. O

Lemma 2.7. For 2 < p <5, there exists C > 0 such that for any u € M, |u|,41 = C.

Proof. For any u € M, G(u) =0. Since 2 < p < 5, by the Sobolev embedding inequality, there
exists C > 0 such that
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3 5 3 2 4
Ozia/|Du|2+§/|u|2+§b</|l)u|2> pti /I L
]R3 R3 ]R3
3 4
> D - 22 /W“
2 p+1
3

P+4 +1
C|u|p+1 | |Z+1-
1
Then |u| 41 > [2(;";1))] O
Set
c inf max I(n(z ) = inf max 7 (u;), c3= inf I(u),
1= nel tel0,1] (77( )) 2 ueH'(R3)\{0} >0 (ur) 3 ueM (u)

where u;(x) = tu(t_lx) and

r={nec(l0.11. H'(R%) [n(©) =0. I(n(1)) <O, n(1) #0}.
Lemma28.c2c¢;=cy=c3>0.
Proof. The proof is similar to that of Proposition 3.11 in [25], where M was the Nehari mani-

fold. We give a detailed proof here for readers’ convenience.
By Lemma 2.5, for each u € H'(R3)\{0}, there exists a unique u; € M such that

I (u;) =max I (u;).
t>0

It follows that ¢ = c3.
For any n € I", we claim that 5 ([0, 1]) "M # &. Indeed, by Step 1 in the proof of Lemma 2.6,
we see that if u € H'(R?)\{0} is interior to or on M, then

3 3 2 4
/|Du| 12 /Iul 4 b(/|Du|2> >i/|u|l’+‘
2¢ p+1
]R3

R3 R3 R3

and

1 —2
61(w) > Gu) + 5||u||2 + % f [ulPt' >0
3

Hence 5 crosses M since n(0) =0, 1(n(1)) < 0 and n(1) # 0. Therefore

I(n(t f I(u)=
max (n®) > Jnf 1) =c
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and then c¢; > ¢3. On the other hand, for u € Hl(R3)\{0}, by Lemma 2.2, I (uy,) < O for 1 large
enough. Set

Uy, t>0,

n(1) {0’ 0,

then 77 € I". Hence

max [ (i) > max I (us,) > inf max I(n(t)) =c.
t>0 t€(0,1] nel te[0,1]

Socr >c1. O

By Lemma 2.6, Lemma 2.8 and Remark 2.4, if u € M such that I (1) = ¢, then u is a ground
state solution to (1.8). So we look for critical points of I restricted on M.
The following concentration-compactness principle is due to P.L. Lions.

Lemma 2.9. (See [2], Lemma 1.1].) Let {p,} be a sequence of nonnegative L' functions on RN
satisfying fRN pn = A, where L > 0 is fixed. There exists a subsequence, still denoted by {p,}
satisfying one of the following three possibilities:

(1) (Vanishing) for all R > 0, it holds

lim sup /pnzo;

n——+o0 RN
Br(y)

(ii) (Compactness) there exists {y,} C RN such that, for any & > 0, there exists an R > 0 satis-

fying

liminf / Pn = A—E€;

n—-+00
Br(yn)

(iii) (Dichotomy) there exists an « € (0, A) and {y,} C RY such that for any ¢ > 0, 3R > 0, for
allr > R and v’ > R, it holds
) <.

o — / Pn +‘()¥_a)_ / Pn
By (yn) RN\B,-/()’H)

Lemma 2.10. (See /31, Lemma 1.21].) Letr > 0 and 2 < g < 2*. If {u,,} is bounded in H'(R")

and

n—-+00

lim sup (

sup / luy|? — 0, n— +oo,
yeRN
Br(y)

then u, — 0 in LS (RVN) for2 < s < 2*.
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Lemma 2.11. Let {u,} C M be a minimizing sequence for c, which was given in Lemma 2.8.
Then there exists {y,} C R3 such that for any & > 0, there exists an R > 0 satisfying

/ (a|Dun|2+uﬁ)<s

R3\BR(Yn)

Proof. Suppose that {u,} C M satisfying

lim 7(uy)=c>0. 2.7)

n—-+00

We introduce a new functional @ : H!(R3) — R as follows:

1 -2
— - . p+1
cb(u)_/( |Du|? + 1214 +6( +1)|u| ) (2.8)

R3

For Yu € M, we have that I(«) = @(u) > 0 and then lim,— 100 @ (u,) = c. Hence {u,} is
bounded in H!(R3?). Up to a subsequence, we may assume that there exists a u € H'(R>) such
that

U, —~u, inH I(R3 ,
" ( 3) (2.9)
u, = u, in Lfoc(R ), Vs €[1,6).
To prove this theorem, we apply the concentration-compactness principle Lemma 2.9. Set
a 2
pn 2 L Dup 4 2 4 L2, o, (2.10)

4 127" 6(p+1)
then {p,} is a sequence of nonnegative L' functions on R3 satisfying
/pnz@(un)—)c>0.
R3

By Lemma 2.9, there are three possibilities:

Vanishing: for all R > 0, it holds

lim sup / on=0;

n——+00 ye]R3
Br(y)

Compactness: there exists {y,} C R> such that for any & > 0, there exists an R > 0 satisfying

liminf / Pn =C—¢€;

n——+00
Br(yn)
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Dichotomy: there exists an « € (0, ¢) and {y, } C R? such that for all ¢ > 0, 3R > 0 satisfying

/pn+(c—oz)— / pn><8.

Br(yn) R3\Bag (yn)
Now we claim that compactness holds for the sequence {p,} defined in (2.10).

lim sup( o —

n—-+00

(i) Vanishing does not occur.

Suppose by contradiction, for all R > 0,

lim sup / on =0,

n—+o00 ye]R3
Br(y)

then

lim sup / uﬁ:O.
n—>400 o3
yeR
Br(y)

By Lemma 2.10, we have that u, — 0 in L*(R3) for 2 < s < 6. Hence by {u,} C M and 2 <
p <5, we have that

1 1
0<c<1(un>—— /|Dun|2 /|un|2+4b<f|Dun|2) +1/|un|f”+1
]R3
3 1 1
<3a /|Dun| 41 /|un| +4b< |Dun|) +1f|un|l’+l
R3
2 2 p+3 1
=-2 ——b Du == i
/|un| (/l n|)+p+1/|un|
R3

p+3
p+1

up Pt =0,

which is impossible.
(i) Dichotomy does not occur.

Suppose by contradiction that there exists an & € (0, ¢) and {y,} C R3 such that forall &, — 0,
I{R,} C R} with R, — +o0 satisfying
(c—a)— / Pn

[ ol

Bry, (yn) R3\Bag,, (yn)

lim sup( o—

n—-+00

> < &p. (2.11)
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Let £ : Ry — R, be a cut-off function suchthat 0 <& <1, &(s)=1fors < 1,E§=0fors >2
and |£'(s)| < 2. Set

on (x) :=§<'x;y’“')un<x>, Wy (x) = (1 —s('x;y”'))un(x).

Then by (2.11), we see that liminf,,_, ;o0 @ (v,) = «. Similarly, liminf, ;o0 @ (wy,) > ¢ — .
Denote £2,, := Bag, (y2)\Br, (yx), then

a L) p—2 +1 /
—|D — S — 14 = 0
/(4| Upl” + 12M"+6(p+1)|u"| Pn —>

n n

as n — —+o00. Therefore,

/(a|Dun|2 +u2) =0 and / lun P =0
2, 2

as n — +o00. By direct computations, we have that

/(a|Dvn|2+v,2,)—>O and /(a|Dwn|2+w3)—>0
25 £2,

as n — +o00. Hence, we conclude that

a/|Dun|2=af|Dvn|2+a/|Dwn|2+on(1>,

R3 R3 R3
/u5=/v5+/w5+on(1>, (2.12)
R3 R3 R3

/Iunl”“=/|vnlp“+f|wn|”“+0n(1), (2.13)
R3 R3 R3

where 0,,(1) — 0 as n — +00. Moreover,

2 2
(/|Dun|2) =<[|Dvn|2+/|Dwn|2+on(1)>
]R3 ]R3 ]R3
2 2
=<[|Dvn|2) +</|Dwn|2) +2/|Dvn|2/|Dwn|2+on(1)
R3 R3 R3 R3
2 2
> </|Dvn|2> + </|Dwn|2) + o, (1). (2.14)
R3

R3
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Hence, by (2.12)—(2.13), we see that

D (uyp) =D (vy) + P (wy) +0,(1).

Then
c= nlnf D (uy,) > 11m1nf<1>(v,,) + 11m1nf<15(w,,) >at+c—a=c,
hence
n—lg{loo D(vy) =a, nlir}rloo D (wy) =c —a. (2.15)

Since u, € M, G(u,) =0. By (2.12)—(2.14), we have that

0=G(un) = G(n) + G(wn) + 0n(1). (2.16)
We have to discuss the following two cases:

Case 1. Up to a subsequence, we may assume that G (v,) <0 or G(w,) <0.
Without loss of generality, we suppose that G (v,) < 0, then

3 5 3 2 p+4
Ea/|Dvn|2+5/|vn|2+5b</|mn|2) pt4 /| P <0, @)
]R3 R3 ]R3

By Lemma 2.5, for any n, there exists , > 0 such that (v,);, € M and then G((v,);,) =0, i.e.

3 3 2,955 2, 3.6 2 ?
Eat;z | Dy | +§t" [Un | +§btn | Dv,,|
R3 R3 R3
4
p+ p+4/| WP = 0. (2.18)

By (2.17) and (2.18), we have that

2
(2 — f|Dvn| + (e - /|vn| +2 b - )<f|Dvn|2) <0,
R3

which implies that #, < 1. Then
e <I((n)y,) =P ((Wn)y,) < P(vy) > a <, (2.19)
which is a contradiction.

Case 2. Up to a subsequence, we may assume that G (v,) > 0 and G(w,) > 0.
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By (2.16), we see that G(v,) — 0 and G(w,) — 0 as n — +oo0. For #, given in Case 1,
if limsup,, , , ,,fx < 1, then we can get the same contradiction as (2.19). Suppose now that
lim;,—s 400 t; =19 > 1, by (2.18), we have that

G(vn>——( p+l>/|Dvn| +2 (1——>/|vn| +3b( 1_2>(R[|Dvn|2>2.

Then v, — 0in H'(R?) since G(v,) — 0, which contradicts to (2.15) since & > 0. So dichotomy
does not occur.

Therefore, compactness holds for the sequence {p,}, i.e. there exists {y,} C R> such that for
any € > 0, there exists an R > 0 satisfying

.. 1 p—
Sim inf f <_|D””| D) "+m|u"|p+l>>c_g'

Br(yn)

Hence we deduce from lim;,—, 4 oo @ (4,) = ¢ that f]R3\BR(vn)(“|D”” 1%+ uﬁ) <e. O

Lemma 2.12. (See [31, Lemma 1.32].) Let §2 be an open subset of RN and let {u,} C L?(£2),
1< p<oo If{u,}is bounded in LP(§2) and u,, — u a.e. on $2, then

Tim (il — = ul) = lul.
3. Proof of main results
In this section, we prove our main results Theorem 1.4 and Theorem 1.1.
Proof of Theorem 1.4. As described in Section 1, to obtain Theorem 1.4, we need to prove that
problem (1.8) has a positive ground state solution in H' (R3) forall2 < p < 5.

Let {u,} C M be a minimizing sequence for ¢, which was given in Lemma 2.8, then by
Lemma 2.11, there exists {y,} C R? such that for any & > 0, there exists an R > 0 satisfying

/ (a|lDun)? +ul) <e. (3.1)
R3\BR(yn)

Define ii,, (-) = un (- — y») € H'(R?), then ii, € M. By (3.1), we see that for any ¢ > 0, there
exists an R > O such that

/ (a|Diiy|* +iiy) <e. (3.2)

R3\Bg(0)

Since {ii,} is bounded in H'(R3), up to a subsequence, we may assume that there exists a iz €
H'(R3) such that
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iy — i, in H'(RY),
ity — i, in L} (R?), Vs €[1,6), (3.3)

i, (x) — i(x), ae.inR>.
Then by Fatou’s lemma and (3.2), we have that
/ (alDi* + i) <e. (3.4)
R3\Bg(0)

By (3.2)-(3.4) and the Sobolev embedding theorem, we see that for any s € [2, 6) and any ¢ > 0,
there exists a C > 0 such that

f|ﬁn—a|3</|ﬂn—ﬁw+ / iy — ]
R3

Br(0) R3\BR(0)

<&+ Clinll g1 @3\ + 1l 1 @\ Br o))
< (142C)e. (3.5)
Then
i, — U in LS(]R3) for any s € [2, 6). 3.6)

Since i, € M, by Lemma 2.7, |it,|p4+1 = C for some C > 0, hence |it|,4+1 = C > 0, which
implies that i # 0.

We next show that u,, — i in H! (R3). Indeed, by (3.3), (3.6) and Fatou’s lemma, we have
that

aéa/|Da|2gliminfa/wzznﬁé&,
n—+00

e /|u| 11m1nf/|un| L8

R%
2 2
b</|Dﬁ|2) gnminfb(/wﬁ,,F)
n—-+00
R3 ]R3

and

li|PH = lim [ i, P T
n——+00
R3 R3

Then

G) < llmmfG(un) = 3.7
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Just suppose that & + 8 < &+ f8, then I (it) < ¢ and G (i1) < 0, therefore, ii ¢ M. By Lemma 2.5,
there exists a 0 < fo < 1 such that i1,, € M. Since G (iis,) =0 and G (%) <0, tp < 1, then we see
that

(i) = P (i) < (i) < lim ®(@@,) = lim 1 (ii,) =c,
n——+00o n——+0o00

which is impossible, where @ is given in (2.8). Thena + =& + B.So i, — ii in H'(R?).

We deduce that u € M and I (1) = c, i.e. I|pq attains its minimum at i, then u is a nontrivial
critical point of 7|4, hence by Lemma 2.6, we see that i is a ground state solution of (1.8).

It is easy to see that |it| is also a ground state solution of (1.8) since the functional / and the
manifold M are symmetric, hence we may assume that such a ground state solution does not
change sign, i.e. # > 0. By using the strong maximum principle and standard arguments, see e.g.
[2,8,18,23,28,29], we obtain that z(x) > 0 for all x € R3. Therefore, i is a positive ground state
solution of (1.8) and the proof is completed. O

Assume that (V1)—(V3) hold, we apply Proposition 1.3 to prove Theorem 1.1.
Set T = [8, 1], where § € (0, 1) is a positive constant. We consider a family of functionals on

HY(R3)
1
IV,A(M)=§f(a|DM|2+V(X)|M| (/|Du|2>

R3

ult 1 VA e [6, 1]. 3.8
Then I‘/,;\(u) = A(u) — AB(u), where

2
_1 2 n, b 2
A(u)_2 (a|Dul +V(x)|u|)+4 |Dul*) — 400 as |lu|]| = +o0,
3

R3

1
B(u) = —/W+1 > 0.
p+1
3

Lemma 3.1. Assume that (V2)—(V3) hold and 2 < p < 5, then

(1) there existsav e H (R3)\{O} such that Iy, (v) <0 forall L €[5, 1];

(ii) ¢ = inf,er max;cfo,1 Iv,2(y (1)) > max{ly ;(0), Iy, (v)} for all A € [8, 1], where I" =
{y €C(0,11, H'®?) [ y(0) =0, y(1) = v}.

Proof. (i) For fixed u € H'(R?)\{0} and any A € [, 1], we have that

1
Iv,x(u)élfo(u)=§/(alDul + Voolul?) </|D | ) ——/Iulp+l

R3
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Set u;(x) = ru(t~'x), Vi > 0, by Lemma 2.2, then I{°(u;) — —oo as t — +o00. Hence, take
v =u, for t large, we have that Iy ; (v) < I{°(v) <O0.
(i1) Since

1 A 1 C
Iy ) 2 = ul®> = —— / P = S = —— ]|
2 p+1 2 )4
3

and p > 2, we see that Iy, has a strict local minimum at 0 and hence ¢, >0. O

Lemma 3.1 and the definition of Iy ; («) imply that Iy ; (u) satisfies the assumptions of Propo-
sition 1.3 with X = H'(R3) and &; = Iy ;. So fora.e. A € [8, 1], there exists a bounded sequence
{u,} c HY(R3) (for simplicity, we denote {u,} instead of {u, (1)}) such that

Iy 3 (un) — ¢y, Iy, (uy) >0 in H'(R?).

Lemma 3.2. (See [15, Lemma 2.3].) Under the assumptions of Proposition 1.3, the map A — ¢,
is non-increasing and left continuous.

By Theorem 1.4, we see that for any A € [§, 1], the associated limit problem

—<a+b/|Du|2)Au+Voouzklu|p_lu, x eR3,

(3.9
ueHl(R3), u>0, x€R3,
where 2 < p < 5, has a positive ground state solution in H 1 (R3), i.e. for any A € [, 1],
ms° = inf  I°(u) (3.10)
ue Mg

is achieved at some u$* € M £ {u € H'(R*)\{0} | G3°(u) = 0} and 1;>°(u$°) = 0, where

1 A
50 =5 [ (@lDuP + VaclaP) (f|Du|) [
R3

R3

and

2
Gi”(u)é—a/mmz /Voo|u|2+ b(/w |2) (”+4)A/| Lann

Lemma 3.3. Assume that (V1)—(V3) hold and 2 < p < 5, then c;, < mio forany A €[5, 1].
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Proof. Let u$° be the minimizer of m$°, by Lemma 2.5, we have that ,°(u5°) = max;~o I;° x
(tude(t™ 1x)). Then choosing v(x) = tu/\ (t—1x) for ¢ large in Lemma 3.1 (i), by (V2), we see
that for VA € [§, 1],

cn < max Ty (tuS (1)) < max I (tu5® (¢ ' x) ) = 120 (u$) = m§°. O
t>

t>0

In order to prove that the functional Iy ; satisfies (PS)., condition for a.e. A € [§, 1], we
need the following new version of a global compactness lemma, which is suitable for Kirchhoff
equations.

Lemma 3.4. Assume that (V,)—(V3) hold and 2 < p < 5. For ¢ > 0 and VA € [§, 1], let {u,} C

H'(R3) be a bounded (PS). sequence for Iy ;, then there existsau € H L(R3) and A € R such
that J"/J\ (u) =0, where

a+ bA? 1
Jyalw)=— /|Du|2 2/V(x>|u|2——f|u|l’“ (3.12)

R3 R3

and either
() up — uin H'(R3),
or

(i) there existsanl € N and {y } C R3 with |yn| — 00 asn — oo foreach 1 <k <1, nontrivial
solutions w', - - -, w' of the following problem

—(a +bA?) Au+ Vogu = Au|”'u (3.13)
such that
c+ ba? = Jva )+ I (wk
4 ’ )\.
k=1
where
bA? 1
Jf°<u)=“+2 /|Du|2 2fvoo| |2——f|u|"+1 (3.14)
R3 R3
and

l

Up —u—Zwk(—yllj)
k=1

— 0,

[
= |Du|§ + ZIDwk@.

k=1
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Proof. Since {u,} is bounded in H L(R3), there exists a u € H'(R3) and A € R such that
up —u in H'(R?) (3.15)

and

/|Dun|2 — A% (3.16)
Then I",’A(un) — 0 implies that

/(aDuD<p+V(x)u¢)+bA2/DuD<p—)\/|u|P*‘mp=0, Vo € H'(RY),
R3 R3 R3

ie. J"M(u) =0, where

bA? 1 A
JV,A(M)=a+2 f|Du|2+5/V(x>|u|2—m/W“.

]R3 ]R3 R3
Since
a+ bA? 1
va(un)—ileunl +2/V(X)|un| ——/Iunlp+1
]R3
[|Dun|2 fV(x)|un| o+ </|Dun|2> ——/|un|f’+1
bA2
+T |Duy|? 4+ o0(1)
R3
bA*
=1V,A(Mn)+T+0(1)
and

<J\I/,A(Mn),<ﬂ)=(a+bA2)fDuan0+/V(x)uw—k/|u|”_lu<p

R3 R3 R3
=a/DunD<p+/V(x)u¢+b/|Dun|2/DunD<p—)\/|u|1’—1u<p+o(1)
R3 R3 R3 R3 R3

= (I, (). 9) +0(1),
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we conclude that

4

bA
Jvilun) = e+ == Jy; @) =0 in H(RY).

We next show that either (i) or (ii) holds. The argument is similar to [13], for reader’s conve-
nience, we give a detailed proof.

Step 1. Set u,ll =u, —u,by (3.15), Lemma 2.12 and (V>) we see that

(a.1) |Dull3 =|Duyl3 —|Dul3 +o(1),
b.1) |ull3 = lual3 - |u|4§+o(1),

(c.1) JXuh) — e+ 22— Jy;w),
@d.1) (I () — 0in H-'(R3).

Let

1 _1' 1 2
o = limsup sup |un| .
n— 00 3
yeR
Bi1(y)

Vanishing: If ¢! = 0, then it follows from Lemma 2.10 that u,ll — 0in L*(R3) for Vs € (2, 2%).
Since (J°)(u}) — 0, we see that u} — 0in H'!(R?) and the proof is completed.

Non-vanishing: If ¢! > 0, then there exists a sequence { y,%} C R3 such that

1
o
[ i =%
)

Bi(y)

Set w) £ ul(-+ yl). Then {w!} is bounded in H'(R?®) and we may assume that w! — w!

in H'(R?). Hence (J°)'(w') = 0. Since

we see that w' # 0. Moreover, u} — 0 in H'(R?) implies that {y,'} is unbounded. Hence, we
may assume that |y}| — oco.

Step 2. Set u2 = u, —u — w'(- — ). We can similarly check that

(a.2) |Du|3 =|Duyl3 —|Dul3 — |Dw'3 +o(1),
(b.2) |u2)3 = lunl3 - |u|§ — '3 +o(1),

(€.2) JPW2) — ¢+ 24 — Jy ) — I wh,
d2) (J°)@?) — 0in H1(R?).
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Similar to the arguments in Step 1, let

. 2
02=11msup sup / |uﬁ| .
n—oo 3
yeR
Bi(y)

If vanishing occurs, then ||u% | —0,ie. [[u, —u—w!(— y,ll)|| — 0. Moreover, by (3.16) and
(a.2) (c.2), we see that

bA*
A2=Duf3+|Dw'} and c+ — = vl + T2 (wh).

If non-vanishing occurs, then there exists a sequence { y,%} c R3 and a nontrivial w? € H'(R?)
such that w2 £ u2(- + y2) — w? in H'(R?). Then by (d.2), we have that (J{°)'(w?) = 0. Fur-
thermore, u2 — 0 in H'(R?) implies that |y?| — oo and |y2 — y}| — oo.

We next proceed by iteration. Recall that if wX is a nontrivial solution of I >°, then
I hd (w*) > 0. So there exists some finite / € N such that only the vanishing case occurs in Step /.
Then the lemma is proved. O

Lemma 3.5. Assume that (V1)—(V3) hold and 2 < p < 5. For A € [8, 1], let {u,} C H'(R?) be a
bounded (PS)., sequence of Iy j, then there exists a nontrivial u) € H L(R3) such that

Uy —> u) in HI(R3).
Proof. By Lemma 3.4, for A € [§, 1], there exists a u; € HI(R3) and A, € R such that
Up, — uy in HI(R3),
/|Dun|2 — A2
R3

and J",’/\(u,\) =0 and either (i) or (ii) occurs, where Jy  is given in (3.12).
If (ii) occurs, i.e. there exists an / € N and {yf,‘} C R? with |yfl| — 00 as n — oo for each

1 < k <1, nontrivial solutions w!, - - -, w! of problem (3.13) such that
c+ bA, _ Jva(un) + zl:Jfo(wk)
4 ’ k=1
and

— 0,

l
Uy — Uy — Zwk(- —y,]:)
k=1

)
2
A} =|Du; |5+ Y | Dwt];, (3.17)

k=1

where J® is given in (3.14).
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595
Denote
o éaf |Duy|?, ﬁéfvmmuz, Béf(DV(x),x)muz,
R3 R3 R3
uéb/ﬁ/mmz, eé/ww’“.
R3 R3
Then «, 1, § must be nonnegative and by (V;), 8 — B > 0. By the PohoZaev identity and
J{,’A(u;\) =0, we have that
1 3 1. 1 3A
- - - —u——-=~0=0,
2a+2,3+2ﬂ+ M 1

1 1 A 1
Sa+ ﬁ+ A 0= dvaw) — .

p+1
a+B+pu—r0=0.

Then we conclude that

1 3
6| J - - - —w —w 0.
<V,A(MA) 4M) 2t¥+ (/3 B) + P P
Hence

1
Tyt > 5bA3 / | Dus 2.

(3.18)
R3

For each nontrivial solution w¥ (k =1, ---,1) of problem (3.13), i.e. (J°)'(w¥) = 0. Recall that
w satisfies the PohoZaev identity

2
ﬁ(wk) A a+bA;

2, 3 2
[10utP 43 [ vafut] ‘p+1/‘ =0

R3 R3

Then by (3.17), we have that
0=((7) (w"). w*) + Pr(w")
2
:3(0"'21714))f‘Dwk’2+§/Vw‘wk‘2_(p+4))‘-/’ ‘p-ﬁ-l

p+1
R3 R3

Hence there exists #; € (0, 1] such that tkwk(tk*lx) € /\/lio So by (3.17), we see that
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0 % ((J7°) (wh), w )+P(wk) bA2 hA2
532 = [ g5e(t) - / Dut P+ 24 1wt
R3

p+4
(p+1>a/| _pol /voo;wk|z
2(p+4) 2(p+4)
R3
L bw-2) 2/| ﬁ/wwk’z
4(p+4) 4
R
(p+1)af| p—1 [Vmiqu
T 2p+4 2(p+4)
R3
o 2>(/| o )2 5 [ out
T+ 4 2
(”“)“rsﬂ - zk/voo|w ?
T 2p+4 2( +4)

+2l2D 3(/|D )+ /|D P
4(p~|—4)

2
1 4(; (tkwk(tkflx))—i—%/wqu

p+
R3

= I (nw* (1 'x)) =
k 1 bA% k|2
— 2 (et (17 x) + waw |
R3

2
o /|Dwk|2. (3.19)
R3

Then by (3.17)—(3.19), we have that

bA* !
CA+T)L=JVA(MA)+ZJ)?O k)

>Im °°+—/|D Al +—Z[|D “?

4
> mio + T)L,
i.e. ¢, = m$°, which contradicts to Lemma 3.3. So (i) holds, i.e. u, — u; in HI(R3) and then
u; is a nontrivial critical point for Iy ; and Iy, (ux) =c,. O
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Proof of Theorem 1.1. We complete the proof in two steps.

Step 1. By Lemma 3.1, Lemma 3.5 and Proposition 1.3, fora.e. A € [§, 1], there exists a nontrivial
critical point u) € H! (R3) for Iy and Iy (u) = cy.

Choosing a sequence {A,} C [, 1] satisfying A, — 1, then we have a sequence of nontriv-
ial critical points {u;,} of Iy, and Iy, (u;,) = cy,. We next show that {u;,} is bounded
in H'(R3).

Denote

anéa/wumz, ﬂné/kum, Bné/(DV(x),x)m,,F,
R3

R3 R3
2
MUn ﬁb(/ |Duk,l|2> , O é/|"‘)L,,|p+l-
R3 R3
Then
1 +3,3+1l§+1 3)»n9 0
_a — —_— —_ — — f— N
2 n 2 n 2 n 2["’" p+1 n
1 1 1 n
7%+ EIB" + gyt — men = Chys
Oln+,8n+/~fbn — M0, =0.
Hence
3 1 ~ p—2
Ean + E(ﬂn —Bn) + m)\nen = 6C}m < 6¢s (3.20)
and
1 1 1
Z(Oln‘f‘ﬂn)‘i‘ Z—m AnOp =3, (3.21)

Since (V1) implies that 8, — 5;1 > 0 and oy, Uy, 6, are nonnegative, we conclude that 6, is
bounded from (3.20), hence by (3.21), we have that «t, 4 B, is bounded, i.e. {u;,,} is bounded in
H'(R3). Therefore by Lemma 3.2, we see that

Iim IV,l(u)»n) = lim <IV,A.}"(MA’1) + Ay — 1)/ |ukn|p+1) = lim Cr, =C1
n—00 n—o00 n—oo
R3

and

nliﬁng()(l(,’l(ukn),go):nlirrgo<<lé’kn(ukn),gz))—i— (on — 1)/ qun|l"uxn¢> =0,
R3
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i.e. {uy,} is a bounded (PS)., sequence for Iy = Iy ;. Then by Lemma 3.5, there exists a non-
trivial critical point ug € HYR3) for Iy and Iy (up) = c;.

Step 2. Next we prove the existence of a ground state solution for problem (1.1). Set
m=inf{Iy ) |u#0, I},(u) =0}.

Then by (V7), we see that 0 < m < Iy (1) = c; < +00. Let {u,} be a sequence of nontrivial
critical points of Iy satisfying Iy (u,) — m, using the same arguments as in Step 1, we can
deduce that {u,} is bounded in H'(R?), i.e. {u,} is a bounded (PS),, sequence of Iy. Similar
to the arguments in Lemma 3.5, there exists a nontrivial u € H 1(R3) such that Iy (u) = m and
I}, (u) = 0. By the standard regularity arguments as in the proof of Theorem 1.4, we see that u is
a positive ground state solution for problem (1.1). Then the proof is completed. O

4. Proof of Theorem 1.6

Proof of Theorem 1.6. Suppose that u € H'!(R?) is a nontrivial solution to (1.14), multiplying
Eq. (1.14) by u and integrating, we have that

2
af(|Du|2+V(x>|u|2)+bA(f(|Du|2+V<x>|u|2)> —/|u|"+1=0.
R3

R3 R3

Since a > 1, for t > 0, set

2
g(t)At4bk</(|Du|2+V(x)|u|2)> +t2(a—1)/(|Du|2+V(x)|u|2)—t3/|u|3.
R3

R3 R3

Denote C > 0 be the best Sobolev constant for the embedding from H!(R?) into L3(R3), i.e.
Jg3 |Dul?+V (x)|u|?

P . In particular,
3

C= ianl (R3)\{0}

1
(/|u|3>3 <C7ull, VueH'(RY). @.1)

R3

Since for all t > 0,

2
g(t)=z2(t2b,\</(|Du|2+V(x)|u|2)> —t/|u|3+(a— l)/(|Du|2+V(x)|u|2))
R3 R3

R3

2 3
>0 if</|u|3> <4(a—1)b,\(/(|Du|2+V(x)|u|2)> ,

R3 R3
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then by (4.1), there exists Ag =
g(1) >0, 1i.e.

2
A(f(|Du|2+v<x)|u|2)) >/|u|3—<a—1)/(|Du|2+v<x>|u|2).
R3 R3

R3

m > 0 such that for all » > A and ¢ > 0, g(¢) >0, then

Hence

0=a/(|Du|2+V(x)|u|2)+bk</(|Du|2+V(x)|u| ) /|u|1’+1

R3

a/(|pu|2+v(x)|u| a—l)/ |Dul? + V (x)u?) /|u|3 fw“
R3

>/|u|2+|u|3—|u|P+1.

R3

Since 1 < p < 2, then the function A(z) L2403 yptlig nonnegative for all # > 0 and vanishes
only if # =0. Hence u = 0. The proof is completed. O
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