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ABSTRACT. The paper deals with the existence and multiplicity of solutions of the fractional
Schrédinger—Kirchhoff equation involving an external magnetic potential. As a consequence, the
results can be applied to the special case

(a4 b[u?’s ) (~A)su+ V(@) = f(z,|ul)u  in RY,

where s € (0,1), N > 2s,a € R{, b € R}, ¥ € [1, N/(N — 2s)), A: RY — R is a magnetic
potential, V : RY — RT is an electric potential, (—A)% is the fractional magnetic operator. In
the super— and sub-linear cases, the existence of least energy solutions for the above problem is
obtained by the mountain pass theorem, combined with the Nehari method, and by the direct
methods respectively. In the superlinear—sublinear case, the existence of infinitely many solutions
is investigated by the symmetric mountain pass theorem.

1. INTRODUCTION AND MAIN RESULT
The paper deals with the existence of solutions of the fractional Schrdodinger—Kirchhoff problem
(1.1) M([uf2 ) (=A)3u+V(x)u = f(z,|ul)u nRY,
where hereafter s € (0,1), N > 2s,
x4y 1/2

[u(z) — €@V AT u(y)?
o= [, S ey )

M : Rg — Rg is a Kirchhoff function, V : RV — Rt is a scalar potential, A : RV — RV is
a magnetic potential, and (—A)?% is the associated fractional magnetic operator which, up to a
normalization constant, is defined as

_ ilz—y)-A(ZEY)

e(y) N
z — y[N+2s dy, =z€R7,

(~AYip(a) = 2 Jim £
e—0+ RN\ B, (z)
along functions ¢ € C°(RY, C). Henceforward B.(x) denotes the ball of RY centered at z € RY
and radius ¢ > 0. For details on fractional magnetic operators we refer to [14] and to the
references [21-24] for the physical background.

The operator (—A)% is consistent with the definition of fractional Laplacian (—A)® when
A = 0. For further details on (—A)®, we refer the interested reader to [16]. Nonlocal operators
can be seen as the infinitesimal generators of Lévy stable diffusion processes [1]. Moreover, they
allow us to develop a generalization of quantum mechanics and also to describe the motion of a
chain or an array of particles that are connected by elastic springs as well as unusual diffusion
processes in turbulent fluid motions and material transports in fractured media (for more details
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see for example [1,5,6] and the references therein). Indeed, the literature on nonlocal fractional
operators and on their applications is quite large, see for example the recent monograph [33], the
extensive paper [17] and the references cited there.

The paper was motivated by some works appeared in recent years concerning the magnetic
Schrodinger equation

(1.2) —(V —id)%u+ V(z)u = f(z, |u))u in RY,

which has been extensively studied (see [2,11,15,28,42]). The magnetic Schrédinger operator is
defined as

—(V —id)*u = —Au + 21A(z) - Vu + |A(z) Pu + iu divA(x).

As stated in [43] (see also [36,37]), up to correcting the operator by the factor (1 — s), it follows
that (—A)%u converges to —(Vu — iA)?u as s T 1. Thus, up to normalization, the nonlocal case
can be seen as an approximation of the local case (see Section 2 for further details). As A =0
and M = 1, equation (1.1) becomes the fractional Schrédinger equation

(=A)u+V(x)u = f(z,|u))u in RY,

introduced by Laskin [29,30]. Here the nonlinearity f satisfies general conditions. We refer, for
instance, to [18,19,41] and the references therein for recent results.

Throughout the paper, without explicit mention, we also assume that A : RY — RN and
V : RN = Rt are continuous functions, and that V satisfies,

(V1) there exists Vo > 0 such that infpn V' > V.
The Kirchhoff function M : Rg — Rg is assumed to be continuous and to verify

(My) for any T > 0 there exists k = k(1) > 0 such that M(t) > k for all t > T;
(M) there exists 9 € [1,2%/2) such that tM(t) < 9.4 (t) for allt >0, #(t) = fot M(7)dr.

S
A simple typical example of M is given by M(t) = a + bt"~! for t € Rg , where a € RJ, b € R(J{
and a+b > 0. When M is of this type, problem (1.1) is said to be non—degenerate if a > 0, while
it is called degenerate if a = 0.

Clearly, assumptions (M) and (Mz) cover the degenerate case. It is worth pointing out that
the degenerate case is rather interesting and is treated in well-known papers in Kirchhoff theory,
see for example [13]. In the large literature on degenerate Kirchhoff problems, the transverse
oscillations of a stretched string, with nonlocal flexural rigidity, depends continuously on the
Sobolev deflection norm of u via M (||u||?). From a physical point of view, the fact that M (0) = 0
means that the base tension of the string is zero, a very realistic model. The presence of the
nonlinear coefficient M is crucial to be considered when the changes in tension during the motion
cannot be neglected. In the case of linear string vibrations, the tension is constant that is
M(t) = M(0) > 0. When the inertial effects of longitudinal modes can be neglected, the tension
is spatially uniform along the string and can be directly computed from the elongation of the
string according to the Hooke law and arriving to the form of M proposed by Kirchhoff and
derived properly by Carrier. Again the case M (0) = 0 means that the base tension of the string
is zero, a very lifelike prototype.

After the model proposed in 1883 by Kirchhoff in [26] several physicists also considered such
equations for their researches in the theory of nonlinear vibrations theoretically or experimentally,
see [8,9,34,35]. Carrier [8,9] developed a more rigorous approach to model transverse vibration via
the coupled governing equation of planar vibration and recovered the nonlinear integro—partial—
differential equation, without quoting Kirchhoff. Narasimha [34] also obtained the equation,
called nowadays the Kirchhoff string equation in the literature, using another approach.
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For fractional degenerate Kirchhoff problems we refer to [3,7,32,40,45] and the references
therein for more details in bounded domains and in the whole space. Recent existence results of
solutions for fractional non—degenerate Kirchhoff problems are given, for example, in [20,38,44,46].

Assumptions (M;) and (M2) on the Kirchhoff function M are enough to assure the existence
of solutions of (1.1). However, to get the existence of ground states, we assume also the further
mild request

(M3) there exists mg > 0 such that M(t) > mgt"~! for all t € [0, 1],

where ¥ is the number given in (Ma) when (M) is assumed, otherwise ¥ is any number greater
than or equal to 1.

Of course, (Ms3) is satisfied also in the model case, even when M(0) = 0, that is in the
degenerate case. In [40], condition (M3) was also applied to investigate the existence of entire
solutions for the stationary Kirchhoff type equations driven by the fractional p—Laplacian operator
in RV,

Superlinear nonlinearities f satisfy

(f1) f € RY x Rt — R is a Carathéodory function and there exist C > 0 and p € (20,2%)

such that

|f(z,t)| < CA 4+ [tP72)  for all (z,t) € RN x RT;

(f2) There exists a constant p > 29 such that
t
0 < pF(z,t) < f(z,t)t?, F(z,t) = / f(z,7)7dT,
0

whenever € RN and t € Rt;
(f3) f(x,t) =0(1) ast — OF, uniformly for x € RY:
(f2) inf F(x.1)>0.

xe
A typical example of f, verifying (f1)-(f1), is given by f(x, |u|) = |u|P~2, with 29 < p < 2%. The
fractional solution spaces #4 v (R™,C) and H Z,VURN ,C) are introduced precisely in Section 3.

We say that u € 54y (RY,C) (resp. u € HZV(RN,(C)) is a (weak) solution of (1.1), if

_ eilz—y)-A(%Y) _ eilz—y)-A(%Y)
2 [u(x) —e 2 u(y)] - [o(x) — e o(y)] _
R |:M([U’]S,A) //RZN o — y| VT2 dxdy + o Vupd

=% [ s,

for all ¢ € 54 v (RN, C) (resp. p € Hij(RN, Q)).
Now we are in a position to state the first existence result.

Theorem 1.1 (Superlinear case). Assume that V satisfies (V1), f satisfies (f1)—(fa) and M ful-
fills (M1)~(Ms). Then (1.1) admits a nontrivial radial mountain pass solution ug € 74y (RN, C).
Furthermore, if M satisfies (M1)—(Ms), then (1.1) has a ground state u € 74,y (RY,C) with pos-
itive energy.

Sublinear nonlinearities f verify
(fs) There exist ¢ € (1,2) and a € Lﬁ(RN) such that
|f(z,t)| < a(x)t?™2  for all (z,t) € RY x RY.
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(f6) There exist g € (1,2), 6 > 0, ag > 0 and a nonempty open subset Q of RN such that
F(x,t) > apt? for all (z,t) € Q x (0,9).

A typical example of f, verifying (f5)-(fs), is f(z, [u]) = (1 + |2[?)@D/2|y|972 with 1 < ¢ < 2.
The second result reads as follows.

Theorem 1.2 (Sublinear case). Assume that V satisfies (V1), f satisfies (f5)—(fs) and M s
continuous in Ry and satisfies (My) and (Ms), with 9 > 1. Then (1.1) admits a nontrivial
solution u € HZ’V(RN, C), which is a ground sate of (1.1).

To get infinitely many solutions for equation (1.1) in the local sublinear—superlinear case, we also
assume

(Va) There exists h > 0 such that
lim ZY({z € Bp(y) : V(z) <e}) =0

ly|—o0

for all ¢ > 0.
7) F(xz,t) >0 for all (z,t) € RY x RT, and there exist g € (1,2), a nonempty open subset §
0
of RN and ay > 0 such that

F(z,t) > a1t?  for all (x,t) € Q x RT.
An example of f, which satisfies assumptions (f1) and (f7), is
fla,t) = 1+ 2[H)@2/2972 1972 for all (z,t) € RN x R,
when 1 < ¢ <2<29 <p<2;.

Theorem 1.3 (Multiplicity — local superlinear—sublinear case). Assume that V' satisfies (V1)-
(Va), that f fulfills (f1) and (f7) and that M is a continuous function in R{, verifying (My) and
(Ms), with 9 > 1. Then (1.1) admits a sequence (ug)x of nontrivial solutions.

Remark 1.4. (i) Condition (V2), which is weaker than the coercivity assumption: V(z) — oo
as |z| — oo, was first proposed by Bartsch and Wang in [4] to overcome the lack of compactness.

(7i) To our best knowledge, Theorem 1.3 is the first result for the Schrodinger—Kirchhoff equa-
tions involving concave-convex nonlinearities in the fractional setting. We also refer to [45] for
some related multiplicity results.

Remark 1.5. As it is pointed out in [22], in place of the midpoint prescription

w4 (75,

other (physically justified [22]) prescriptions are viable such as the averaged prescription

1
(z,y) — /0 A((1 =0z +dy) dv =: Ay(z,y).

If (—A)% and (‘A)Zﬁ are the fractional operators associated with the potentials A((z + y)/2)
and Ag(x,y) respectively it follows that (—A)jﬁ is Gauge-covariant, while (—A)% is not, namely

(=A){atve), = €i¢(—A)f4ue_i¢, for all ¢ € 7 (R™).
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This is usually relevant for Schrodinger type operators. The results and proofs in this paper
carry on in the same way for the operator with averaged prescription A;. Furthermore, the result
of [43] extends to the case of Aﬁ with the same proof, that is

— el@—y)-Ag(zy) 2
lim(1 — s) // [u(z) — € - ulw)l d:ndy:KN/ |Vu —iA(z)u|dz,
|z — y|7tps Q

s/‘l
see the discussion in Section 2 for A((z +y)/2).

The paper is organized as follows. In Section 2 we provide a few remarks about the singular
limit as s 7 1. In Section 3, we recall some necessary definitions and properties for the functional
setting. In Section 4, we obtain some preliminary results. In Section 5, the existence of ground
states of (1.1) is obtained by using the mountain pass theorem together with the Nehari method,
and by the direct methods respectively. In Section 6, the existence of infinitely many solutions
of (1.1) is obtained by using the symmetric mountain pass theorem.
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2. REMARKS ON THE SINGULAR LIMIT AS s 11

The functional framework investigated in the paper admits a very nice consistency property
with more familiar local problems, in the singular limit as the fractional diffusion parameter s
approaches 1. Let € be a nonempty open subset of RY. We denote by L?(2,C) the Lebesgue
space of complex valued functions with summable square, endowed with the norm [lu|z2(q,c). We

indicate by H$(€2) the space of functions u € L?(, C) with finite magnetic Gagliardo semi-norm,

given by
e A gp
// N33 dzxdy .
aQxQ ’iﬂ —y

The space H% (1) is equipped with the norm

2 2 1/2
lullrs ) = (lullz2,c) + Wi @)
The space H 4(£2) is the completion of C°(£2,C) in H5(Q).
Indeed, in the recent paper [43], the following theorem was proved, which is a Bourgain—Brezis—
Mironescu type result in the framework of magnetic Sobolev spaces.

Proposition 2.1 (Theorems 1.1 and 1.2 of [43]). Let 2 be an open bounded subset of RN, with
Lipschitz boundary and let A be of class C? over . Then,

1 z—y)- A(Lﬂ’)u( 2
y)| : 2
hml—s// dxdy = K /Vu—leu dx
st axQ — y|NVr2s o Q| (@)
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for every u € HY(S2), where

1

Ky = / |w - e2dHN " (w),
2 Jon-1

and SV is the unit sphere of RV and e any unit vector of RN . Furthermore,

; T4y
: [u(z) — AT y(y) 2 / , 2
lim(1 — =K —iA
;gl( s) //Rw PR =T dxdy N ; |Vu —iA(z)u|*dx

for every u € H&’A(Q).

Problem (1.1) could be treated in an arbitrary smooth open bounded subset € of RY, provided
that the solution space is W, which consists of all functions u in H5(R"Y), with u = 0 in RV \ .
More precisely, consider the non—degenerate model case

M(t) = a(s) + b(s)t, where a(s) ~ 1 —5 and b(s) ~ (1 —5)?hg assT1.

Then the corresponding problem (1.1) in Q writes as

u(z) — @A)y (y) 2 —=
(1 + (1 —s)bo //RQN [u() o gV ] dxdy) (=A)5u+V(z)u = f(z,|u))u in Q,

u=0 in RV \ Q,

where u belongs to the solution space W and
(A)u= (1 - s)(~A)4u.

This is natural since the Gagliardo semi-norms are typically multiplied by normalizing constants
which vanish at the rate of 1 — s. Since by Proposition 2.1

_ oy A(TFY) 2
(1—2s) // utz) = e uy)l dxdy ~ / \Vu —iA(z)u*dz  as s 11,
R2N Q

o =y

(fA\)‘jlu = (1 —-s8)(-A)Su~ —(Vu—id)%u, ass?]1,
the above problem converges to the local problem
- <1 + bo/ [Vu — iA(ac)qua:) (Vu —id)?u+ V(z)u = f(z,|u))u in Q,
Q
u=20 on 0f2,
which as A — O reduces to
— (1 + bo/ |Vu\2da:> Au+V(z)u= f(z,|u))u in Q,
Q
u=0 on 0f).

This is the classical model of a Schrodinger—Kirchhoff equation. When by = 0, the last two
problems become the classical Schrédinger Dirichlet problems with or without external magnetic
potential A.
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3. FUNCTIONAL SETUP

We first provide some basic functional setting that will be used in the next sections. The
critical exponent 2% is defined as 2N/(N — 2s). Let L2(RY, V) denote the Lebesgue space of real
valued functions with V (z)|u|? € L*(RY), equipped with norm

1/2
= (/ V(:c)yude) for all u € L*(RN,V).
]RN

The fractional Sobolev space Hi-(RY) is then defined as
Hy(RY) ={ue L*RN, V) : [u]s < 0o},

where [u]s is the Gagliardo semi—norm

o= (Lo S aea)

The space Hi,(RY) is endowed with the norm

lulls = (lul3y + [u]2) 2.

The localized norm, on a compact subset K of RV, for the space H¢ 7 (K), is denoted by

The embedding H$,(RY) < L¥ (RN ) is continuous for any v € [2,2}] by [16, Theorem 6.7], namely
there exists a positive constant C such that

Jull v vy < Cllulls  for all u € Hi(RY).

Let us set

ﬁ’V(RN) ={ue Hy (RN s u(z) = u(|z]) for all x € RN}.
To prove the existence of radial weak solutions of (1.1), we shall use the following embedding
theorem due to P.L. Lions.

Theorem 3.1 (Compact embedding, I — Théoreme II.1 of [31]). Let N > 2. For any o € (2,2)
the embedding Hf’V(RN) s L¥RN) is compact.

Furthermore, we also have

Theorem 3.2 (Compact embedding, IT — Theorem 2.1 of [39]). Assume that conditions (V1)—(V2)
hold. Then, for any v € (2,2%) the embedding Hy(RN) <~ L¥(RY) is compact.

Let L (RN, C) be the Lebesgue space of functions u : RY — C with V|u|? € L*(R"), endowed
with the (real) scalar product

(u,v) 2y =N V(z)uvdz for all u,v € L*(RY,C),
RN
where Z denotes complex conjugation of z € C. Consider now, according to [14], the magnetic
Gagliardo semi—norm given by

i(z—y) A(ZTY 1/2
([ Il = A
A= o |z — y|Nt2s ray :




8 X. MINGQI, P. PUCCI, M. SQUASSINA, AND B. ZHANG

Define H jy(RN ) as the closure of C2°(RY, C) with respect to the norm
1/2
s = (lulZey + i)

A scalar product on H j’V(RN ) is given by

(u,v)5.4 = (u,v) 2y + %//sz [ z _]y|][\/+2s ] dxdy.

Arguing as in [14, Proposition 2.1], we see that (Hj’V(RN), (-,")s,4) is a real Hilbert space.
Lemma 3.3. For each u € Hj’V(RN,C)
N
lul € Hy(RY) and  |[ul [, < [|ulls,a-
Proof. The assertion follows directly from the pointwise diamagnetic inequality

z+y

[[u(@)| — luw)l] < [u(e) - A u(y)|,

for a.e. z,y € RY, see [14, Lemma 3.1, Remark 3.2]. O
Following Lemma 3.3 and using the same discussion of [14, Lemma 3.5], we have

Lemma 3.4. The embedding
H;Z,V(RNv (C) — LP(RN> (C)
is continuous for all p € [2,2%]. Furthermore, for any compact subset K C RN and all p € [1,2%)
the embeddings
HYv(RY,C) — Hy(K,C) —— LP(K,C)
are continuous and the latter is compact, where Hy,(K,C) is endowed with (3.1).
Define now
Ay (RY,C) = {u € Hyy(RY,C) : u(z) = ulfal), v € RV},
By Theorems 3.1-3.2 and Lemma 3.3, we have the following lemma (cf. also [14, Lemma 4.1]).

Lemma 3.5. Let V satisfy (V1). Let (u)n be a bounded sequence in 74y (RY,C). Then, up to

a subsequence, (|un|)n converges strongly to some function u in LP(RYN) for all p € (2,27).
Moreover, if V' satisfies (V1)—(Va), then for all bounded sequence (un)n in HZV(RN,(C) the

sequence (|un|)n admits a subsequence converging strongly to some u in LP(RN) for all p € [2,27).

4. PRELIMINARY RESULTS

The functional Z : 5% v (RY,C) — R, associated with equation (1.1), is defined by

1 1
T(u) = 3o (W0 + iy = [ Flul)da.
RN
It is easy to see that Z is of class C1 (%, v(RY,C),R) and
. x+y : 4y
_ 2 (u(x) — AT u(y)) (v(z) — VAo (y))
') o) <R[ M) [ e dady

+/ Vuvda:] —§R/ f(z, |u])uvdz,
RN RN
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for all u,v € 4 v (RY,C). Hereafter, (-,-) denotes the duality pairing between (%A,V(RN , (C)),
and ) v (RN, C).

Hence, the critical points of Z are exactly the weak solutions of (1.1). Moreover, .# ([u]g 4) 1s
weakly lower semi—continuous in 4 v (RY,C) by the weak lower semi—continuity of u [u]g A
jointly with the monotonicity and continuity of .#. Hence, Z is weakly lower semi—continuous in

Ay (RN, C), being [pn F(z, |u|)dz weakly continuous in 54 v (RY, C).

Definition 4.1. We say that Z satisfies the (PS) condition in 74 v (RY, C), if any (PS) sequence
(un)n C Hay(RY,C), namely a sequence such that (Z(uy))n is bounded and Z'(u,) — 0 as
n — oo, admits a strongly convergent subsequence in %4 i (RY, C).

Lemma 4.2 (Palais—Smale condition). Let (M;)—(Maz) and (f1)—(f3) hold. Then I satisfies the
(PS) condition in 4y (RN, C).

Proof. Let (u,), be a (PS) sequence in .y (RY,C). Then there exists C > 0 such that
|Z(up)| < C and [(Z'(un), un)| < C|lunlls,a for all n. As in Lemma 4.5 of [7], see also [12], we
divide the proof into two parts.

o Case infenfup|s,a = d > 0. By (M), there exists k = k(d) > 0 with M(t) > x > 0 for all
t > d. Thus, (Ms) and (f2) yield

1
C+ CHUan,A > I(un) — ;<I’(un),un>

= o () = L0 a2+ (5= ) ey
g A A
K JRN
(41) ]_ 2 1 2 2 1 1 2
> 5///([%1]5714) - ;M([un]syA)[un]&A + (2 - M) lunllzz v

1 1 1 1
> (5= 2 ) M+ (53 ) ol
1 1 1 1
> K (219 - M> [Un]g,A + (2 - M> ||Un||%2,v~

This implies at once that (uy), is bounded in %4 v (RY, C), being p > 29. Going if necessary to
a subsequence, thanks to Lemmas 3.4 and 3.5, we have

Up — u in %A7V(RN,C), Up — u a.e. in RY,
(4.2) lun| = |u| in LP(RY),
lun| < h a.e.in RN, for some h € LP(RY).

To prove that (up), converges strongly to u in 54 (RY,C) as n — oo, we first introduce a
simple notation. Let p € 4y (RY,C) be fixed and denote by L(y) the linear functional on
N N (]RN ,C) defined by

z) — eil@—y)-A(TEY) , e
(4.3) (L(g),v) = §R//RQN (p(x) T ©(y)) (0(z) — DA () ) dady,

for all v € 7, (RN, C). Clearly, by the Hélder inequality, L(y) is continuous, being
(L), v)] < [[olls,allvlls,a-
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Hence the weak convergence in (4.2) gives

lim (L(u),u, —u) =0.

n—00

Furthermore, by the boundedness of M ([un]z 4) we have

(4.4) lim M ([un)? 4)(L(w), un — u) = 0.
By (f1) and (f3), for any € > 0 there exists C. > 0 such that
(4.5) |f (2, t)t| < elt| + Cc|t|P~t for all z € RY and t € RT.

Using the Holder inequality, we obtain
[l = )= )
RN

(46) < [ [l )+ Celfunl?™ 4l = uld
~1 -1
< e(llunliz2 + llullz2)llun = ullze + Ce(llunllzy™ + lullzy ) lun — ull e
< Ce+ CCL|uy, — ul|e.
The Brézis-Lieb lemma and the fact that |u,| — |u| in LP(RY) give

lim |up, — u|Pdz = lim / (|unl? = [ulP)dz = 0.
n—oo RN

n—oo RN

Inserting this in (4.6), we get

(4.7) tim | (£ fumlun — £ Jul ) (= @) = 0,
n—oo RN
since € is arbitrary. Of course, (Z'(u,) — Z'(u),up, — u) — 0 as n — oo, since u, — u in

H4y (RN, C) and Z'(u,,) — 0 in the dual space of %”A Vv(RN,C). Thus,

o(1) = (Z'(un) = I'(u), un — u)
= M([un]? 4)(L(un) = L(u), un — ) + lup — ull72

+ (M ([un]? 4) = M([u]f 1)) (L(u), un — u) 9?/ &, [unJun — f (2 [ul)u)(un = uw)de,
this, together with (4.4) and (4.7), implies that

lim (M([un]iAXL(un) — L(u), up — u) + [lup — ulliz,v) =0,

n—oo
which yields u, — u in 4 v (RY, C), since M([un]gA) >k >0foralln>1.

e Case infpenfun)s,a = 0. If 0 is an isolated point for ([up]s.a)n, then there is a subsequence
([tng])s,4)k such that infien(un,]s,4 = d > 0 and one can proceed as before. If, instead, 0 is an
accumulation point for ([u,]s 4)n, there is a subsequence, still labeled as (uy)n, such that

(4.8) [Un]s.a — 0, up, — 0in L% (RY) and a.e. in RV,

We claim that (uy), converges strongly to 0 in %4 1 (RY, C). To this aim, we need only to show
that |lup|/2,y — 0 thanks to (4.8). Now, (4.1) and (4.8) yield that as n — oo

1 1

O+ Cllunley +0(1) (5 = &) lualBy +o(0)
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Hence, (uy)n is bounded in L2(RY, V) and so in %4 v (RY,C). Thus, by (4.8) and Lemma 3.4
(4.9) Uy, — 0 in #4 (RN, C) and u,, — 0 in LP(RY),

being p € (2,2%). Clearly, by (4.5) and (4.9), for every £ > 0

| FGalualudde) < el + Colunl = £+ o)

as n — o0o. Thus,

(4.10) lim f (@, [un|)ude = 0,

n—0o0 RN

being ¢ > 0 arbitrary. Obviously, (Z'(uy),u,) — 0 as n — oo, by (4.9) and the fact that
T'(up) — 0 in (S, (RY, (C))/. Hence, by the continuity of M and (4.8)—(4.10), we have

0(1)==CZTun)fun>=:Af(thiA)thiA-+Hunlgwf—-/QNtfﬁm!unDuidw
= [lunl13, + o(1)
as n — o0o. This shows the claim.

Therefore, Z satisfies the (PS) condition in %y (RY,C) also in this second case and this
completes the proof. O

Before going to the proof of Theorem 1.1, we give some useful preliminary results.

Lemma 4.3 (Mountain Pass Geometry I). Assume that (My)—(Ma), (f1) and (f3) hold. Then
there exist constant o, > 0 such that Z(u) > « for all u € 4y (RY,C) with |lul|s.a = o.

Proof. Tt follows from (f3) that for any e € (0, 1) there exists 6 = d(¢) > 0 such that |f(z,t)| <e
for all z € RY and t € [0,4]. On the other hand, (f1) yields that | f(z,t)| < C(1+ 627P)[t|P~2 for
all z € RY and ¢t > 6. In conclusion,

(4.11) |f(z, ) <e+C(1L+6*P)[tP~? forallz € RY and t € RY.

Whence, for some C, > 0, we get
t €

(112) Fa.0)] < [ f(enyrldr < 56+ Cn
0

for all z € RY and ¢ > 0. Moreover, (M3) gives

(4.13) () > (1)t for all t € [0, 1],
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while (M;) implies that .# (1) > 0. Thus, using (4.12), (4.13) and the Hoélder inequality, we
obtain for all u € 74 (RN, C), with ||ulls.a < 1,

1 1
T(w) = 3o (lul) + el — | Pl ludo

A (1) 1 £
> L+ Glulay =5 [ Pde—C. [ s

M) 0y (1€ 2
> S+ (5 = gy luliey — CCElul
[ (1) Vh—e
> min { <G B @+l ) - Ccplul
[ A1) Vy—¢
> min { < Bt 4 i) - Ccplal

9. A1) Vy—¢
> 2t in {0 BEh 2 4 ) - Pl

1 —
= (2 min { LB o) ol

where C), is the embedding constant of 4 v (RY,C) into LP(R"™,C) given by Lemma 3.4. Here
we used that [[u || z2,y < [lunlls,a < 1 and the inequality (a +b)? < 2971(a” 4 b?) for all a,b > 0.

Choosing ¢ = s,A =0 € (0,1) so small that
2177 min {///2(”, ZO} - CVO/QCII;QP_Qﬂ >0
we have
Z(u) > a= (21_19 min {1) 4} CVO/QC;’QP_M> 0% >0,
for all u € 4 v(RY,C), with |lul[s.a = o O

Lemma 4.4 (Mountain Pass Geometry II). Assume that (M1)—(Ms) and (f1)—(f1) hold. Then
there exists e € C°(RYN, C), with |le||s.a > 2, such that Z(e) < 0. In particular, ||le|s.a > p, where
p > 0 s the number introduced in Lemma 4.3

Proof. For any = € RV, set k(t) = F(x,t)t " for all + > 1. Condition (f2) implies that k is
nondecreasing on [1,00). Therefore, k(t) > k(1) for any ¢ > 1, that is,

(4.14) F(z,t) > F(z, )t* > cp|t/* for all z € RNand ¢t > 1,

where c¢p = inf v F(z,1) > 0 by assumption (f4). From (f3) there exists 6 € (0,1) such that
|f(z,t)t] <t for all z € RN and t € [0,6]. Furthermore, |f(z,t)| < 2C for all x € RY and all ¢,
with § < ¢t < 1, thanks to (f1). Hence, the above inequalities imply that f(z,t)t > —(1 4 2C)t
for x € RN and ¢ € [0,1]. Thus,

142
+ Ct2 for all z € RY and ¢ € [0,1].

t
(4.15) F(z,t) = / flz,7)TdT > —
0
Combining (4.14) with (4.15), we obtain
(4.16) F(xz,t) > cp|t|* — Cp|t|* for all 2z € RN and t > 0,
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where Crp = cp + (1 +2C)/2. Again (M2) gives
(4.17) () < (D) forall t > 1,

with .#(1) > 0 by (M;). Fix u € C®(RY,C), with [u]s; 4 = 1. By (4.16) and (4.17) as t — oo

1 1
Z(tw) =yt () + el [ Ploth)da

///(1) 2097, 120 1 2 M 5 2
S5t [ulsia + §HWHL2,V - CFt“HUle#(RN) + 70t l[ull2,v
M (1) 29 My 1Y\ 50 9
S —5 - crChtM|ullf 4 + Vo t35)t ullz2v
///(1) 209 M 1 2 2
S Tt — CFCﬁtu[u]f:’A + 70 + 5 t ||uHL2,V
M (1)

M 1
_ 20 1 2 2
= Tt - CFC’,’ft“ + <VO + 2) t ”u”m,v — —00,

since 2 < 29 < p. The assertion follows at once, taking e = Tyu, with Ty > 0 large enough. [

5. PROOF OF THEOREMS 1.1 AND 1.2

The following standard Mountain Pass Theorem will be used to get our main result.

Theorem 5.1. Let J be a functional on a real Banach space E and of class C'(E,R). Let us
assume that there exists o, p > 0 such that
(1) J(u) > a for all w € E with ||ul| = p,
(73) J(0) =0 and J(e) < « for some e € E with |le|| > p.
Let us define I' = {y € C([0,1]; E) : v(0) = 0,v(1) = e}, and
= inf J(y(t)).

¢ = Inf max J(7(t)
Then there exists a sequence (up)n in E such that J(u,) — ¢ and J'(u,) — 0 in E’', the dual
space of E, as n — oo.

5.1. Proof of Theorem 1.1. Taking into account Lemmas 4.3 and 4.4, by Theorem 5.1 there
exists a sequence (u,), C #av(RY,C) such that Z(u,) — ¢ > 0 and Z'(u,) — 0 as n — 0.
Then, in view of Lemma 4.2, there exists a nontrivial critical point ug € 54 v (RY,C) of Z with
Z(up) = ¢ > 0=7(0).

Set A = {u € #yyRN,C)\ {0} : Z'(u) = 0}. Then ug € A # (). Next we show that Z is
coercive and bounded from below on 4. Indeed, by Z'(u) = 0 and (f3), we get

1 1
(5.1) / F(z, |u])dz < / fla Jul)luPde = = (M([u]? )[uli 4 + llull72y)-
RN wJrN w
By using (5.1), (M2) and the fact that 2 < 29 < y, for all u € 4", we have

1 1 1
T(u) > S (Jullfa) + SllullZz v - ;(M([U]E,A)[U]i/x +ullz )

~ (55~ ) MEEDEA+ (5, ) sy o0
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Hence, by (M;) and (M3) for u € A

1 1 K[u)? if [u]sa >1
59 T > (= 2. 2 s,A» )
) > (55 3) (’“”L““V : {mo[u}zfz, i a<1)’
where k£ = k(1) > 0 by (M7). Hence in all cases, for all u € A4

_ 11
Z(u) > min{k, mo} <20 - M) ||U||§A -1,

by the elementary inequality t¥ >t — 1 for all t € Rg . In particular, 7 is coercive and bounded
from below on 4.

Define ¢pin = inf{Z(u) : u € A'}. Clearly, 0 < ¢min < Z(up) = ¢. Let (up)n be a minimizing
for ¢min, namely Z(uy,) — ¢min and (Z'(uy), u,) = 0. Then, since .4 is a complete metric space,
by Ekeland’s variational principle we can find a new minimizing sequence, still denoted by (up,)n,
which is a (PS) sequence for Z at the level ¢yin. Moreover, Lemma 4.2 implies that (u,), has
a convergence subsequence, which we still denote by (uy,),, such that u, — u in Sy (RY,C).
Thus cpin = Z(u) and (Z'(u),u) = 0.

We claim that cmin > 0. Otherwise, there is (up), C 74y (RY,C) \ {0} with Z’(u,) = 0 and
Z(up) — 0. This via (5.2) implies that ||up|[s, 4 — 0. On the other hand, by (4.11), we have for
any € € (0, V)

9
M ([un]? )l a + lunllZ2 = /RN F (@, Jun])fun?dz < %\\unlliz,v + CeCP|lunlls 4-

Thus, M([“n]?,A)[“n]z,A + (1 - e/Vo)HunH%zv < COpllunllf 4o Now take Ny so large that
|lunlls,a <1 for all n > Ny. Hence, (M3) implies that for all n > N;
mO[un]gjsA + (1 - 5/VO)HUnH%g,V < CSC;];H“nHiAv
that is
min {my, (1 —¢/V)} < CEC5|]un||§;lw.

This is a contradiction since 2¢ < p and proves the claim.
Thus, u is a nontrivial critical point of Z, with Z(u) = ¢pin > 0. Therefore, u is a ground state

solution of (1.1). O
5.2. Proof of Theorem 1.2. By (f5), (V1) and the Hélder inequality, for all u € H;A(RN,C)
we have
1 2 1 2 q
L(u) = oA ([uls ) + Sllullzzy — | a(@)|ulde
2 2 RN
1 2 L2
> gl ([ufs.0) + llullzz v = llall 2 llul7.
1 2 L2 Vo 2
> S 4) + Il + s = Nl el

Vv

1 1
§~///([U}§,A) + 1““”%2,&/ — Co,

lall 2 2lall 2 ¥
Cy = %(2(] —1) _ L*7e .
q
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As shown in (5.2), this, (M;) and (Ms) imply at once that for all u € H ,(RY,C)

min{x, mo}
T(u) > PO 1,
% = k(1). Hence T is coercive and bounded below on H;A(RN, C). Set

I = A (@l a) + 5y, H = [ Plafuds

1
2
for all w € H j"v(RN ). Then J is weakly lower semi-continuous in H j’V(RN ), since A is

continuous and monotone non—decreasing in Rg . Moreover, by using a similar discussion as [40,
Lemma 2.3], one can show that H is weakly continuous on H¢ {/(RY) under condition (fs).

Thus, Z(u) = J(u) — H(u) is weakly lower semi—continuous in H j,V(RN ). Then there exists
ug € HS - (RY) such that

Z(up) = inf{Z(u) : u € HY (RY)}.

Next we show ug # 0. Let 29 € Q and let R > 0 such that Br(zo) C 2. Fix ¢ € C§°(Br(z0))
with 0 <o <1, [[plls,a < C(R) and [[¢|La(By(zo)) # 0- Then, by (fs) for all ¢ € (0,0)

t? t?
I(te) < 5 ( sup M(€)> [Plia+ 5 lelliey —tq/B ag|p|*da

0<EL(6C(R))? Rr(%o0)
t2 9 ‘
<3 sup  M(&) + 1| llells.a — tTaoll@ll La(Br(wo))-
0<E<(6C(R))?

Since 1 < ¢ < 2, we get Z(tp) < 0 by taking ¢ > 0 small enough. Hence Z(ugp) < Z(tp) < 0, and
S0 ug is a nontrivial critical point. In other words, ug is a nontrivial solution of (1.1). O

6. PROOF OF THEOREM 1.3

We first recall the following symmetric mountain pass theorem in [25].

Theorem 6.1. Let X be an infinite dimensional real Banach space. Suppose that J is in C1(X,R)
and satisfies the following condition:

(a) J is even, bounded from below, J(0) =0 and J satisfies the (PS) condition;

(b) For each k € N there exists Ey, C I'y such that sup,cp, J(u) <0, where

I'y ={E: E is closed symmetric subset of X and 0 ¢ E, v(F) > k}

and v(E) is a genus of a closed symmetric set E. Then J admits a sequence of critical points
(ug)r such that J(ug) <0, up # 0 and ||ug|| — 0 as k — oo.

Let h € CYR{,R) be a radial decreasing function such that 0 < h(t) < 1 for all t € R{,
h(t) =1for 0 <t <1and h(t) =0 for ¢t > 2. Let ¢p(u) = h(||u||§A) Following the idea of [20],
we consider the truncation functional

1 2

T() = 3o (W) + 5lulay = 0t) [ Flo.fulde
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Clearly, 7 € Cl(ij(RN, C),R) and
(Z'(u),v) = M([u]3 4){L(u),v) + R | V(z)uvde
RN
—200) [P lu)de (L(w.o) — R [ foful)urds
RN RN
forall u,v € HZ,V(RN, C). Here L(u) is the linear functional on Hj’V(IRN, C), introduced in (4.3).

6.1. Proof of Theorem 1.3. For all u € HS ,(RY,C), with [Jul|s 4 > 2, we get

1 1 1 .
T(u) 2 5ot ()2 0) + 5l = 5 minfs, mo}lull? s,

by (M) and (M3), where kK = k(1), as in the proof of Theorem 1.2. Hence Z(u) — oo as
||lul[s,4 = oo and T is coercive and bounded from below on Hj’V(RN, C).

Let (uyn), be a (PS) sequence, i.e. Z(uy) is bounded and Z'(u,) — 0 as n — oco. Then the
coercivity of Z implies that (uy), is bounded in H j’V(RN ,C). Without loss of generality, we

assume that u,, — u in HY (RY,C) and u, — u a.e. in R¥. We now claim that

(6.1) lim (f(z, lup|)un — f(z, |u))u)(u, — u)dx = 0.

n—oo RN
Clearly, |f(z,t)t| < C(|t|+[t|P7!) for all z € RY and ¢t € R} by (f1). Using the Holder inequality,
we obtain

/RN |(f (2, |unun — f(z, [u])u) (un — u)ldz
62) < / Cllutn] + ] + [un P~ + [P~ — u]dz
RN

—1 ~1

< Clllunllzz + llull ) lun = ullzz + Cllunllzy™ + lullpy gy lun = ull o @yy

< C(llun = ull g2 + [lun — ul[zp)-
Lemma 3.5 guarantees that |u,| — |u| in LP(RY) and |u,| — |u| in L2(RY). Hence, u, — u in
LP(RY,C) and in L?(RY,C) by the Brézis-Lieb lemma. Inserting these facts in (6.2), we get the
desired claim (6.1).

Now, (Z'(un) — Z'(u), up, — u) — 0, since Z'(uy,) — 0 and u,, — u in HZV(RN,(C). By (6.1),

we have as n — oo

o(1) = (Z'(un) = T'(w), un — w) = M([un]3 o) (L(un), un — w) = M([u]Z ){L(w), un — u)

R [ V@)~ )l — i = 20w [P ) (L), )
RN RN

_ 9/(u) /RN Fa, lul)da - (L(u), tn — ) — qﬁ(un)%/RN (@, [un] ) un (=) da
ot [ e ul)uln = e
From (f7) and the facts that u, — w in HiV(RN, C) and ¢’ <0 it follows that

(6.3) 0< M([un]gAXL(un) — L(u),up —u) + R - Vi(x)(un — u)(uy — u)dz < o(1).

We divide the proof into two parts.
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Case inf,enlun)s,a = d > 0. By (M), there exists k = k(d) > 0 with M(t) > x > 0 for all t > d.
This, together with (6.3), implies that

— u(x) — ) ACED —u(y))?
lin [// |un(@) — u(z) — e B (unly) — u(y))| dxd%/ V(@) — uldz] = 0.
oo R2N |z =y RN

Hence up, — u in Hj (RY,C).
Case infpenfupls,.a = 0. If 0 is an isolated point for ([u,]s a)n, then there is a subsequence
([tng)s,a)k such that infren|un,]s,4 = d > 0 and one can proceed as before.

If, instead, 0 is an accumulation point for ([us]s 4)n, there is a subsequence, still labeled as
(tn)n, such that [u,]s 4 — 0 and u, — 0 in L2 (RY) as n — oo and again (6.3) implies at once
that u, — 0 in HfLV(RN, C), since (L(u,) — L(u), up, —u) — 0 and M([un]gA) — M(0) > 0.

In conclusion, 7 satisfies the (PS) condition in H ij(RN ,C). For each k € N, we take k disjoint
open sets K; such that Ule K; C Q. Foreachi=1,...,kletu; € (Hj’V(RN, C)NCy (K, C)\{0},
with [Ju;|s,4 = 1, and W}, = span{uy, ua, ..., uy}. Therefore, for any u € Wy, with ||ullsa =p <1
small enough, we obtain by (f7), being ¢ € (1,2),

1 1
Z(u) < B <max M(t)> M?,A + 5”“”%2,\/ - / a1 |u|?dx
Q

0<t<1

1 2
< 5 (14 guas M) ) ol - Gl

_ 1 2 q q
=3 (1 +0r£1?§xl M(t)> p° — Cpaip? <0,

where Cy > 0 is a constant such that [lul[pe@~ ¢y < Ckllulls,a for all u € Wy, since all norms
on W}, are equivalent. Therefore, we deduce

{u e Wy :||ulls.a = p} C{u e Wy :Z(u) < 0}.

Obviously, y({u € Wi : |Jul|s,a = p}) = k, see [10]. Hence by the monotonicity of the genus -,
cf. [27], we obtain

v(u € Wy : Z(u) < 0) > k.

Choosing Ej, = {u € Wy : Z(u) < 0}, we have Ey C I'y and sup,er, Z(u) < 0. Thus, all the
assumptions of Theorem 6.1 are satisfied, Hence, there exists a sequence (ug)g such that

T(ug) <0, Z'(ug) =0, and |juglls.a — 0ask— oco.

Therefore, we can take k so large that ||ux||s,4 < 1, and so these infinitely many functions uy, are
solutions of (1.1). O
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