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MULTIPLICITY OF SOLUTIONS TO A NONLOCAL
CHOQUARD EQUATION INVOLVING FRACTIONAL
MAGNETIC OPERATORS AND CRITICAL EXPONENT

FULIANG WANG, MINGQI XIANG

ABSTRACT. In this article, we study the multiplicity of solutions to a nonlocal
fractional Choquard equation involving an external magnetic potential and
critical exponent, namely,

(a+b[ul2 4)(=A)5u+ V()u

-
s *
_ Mdy|u|2u,s*2u + M(@)|uP~2u  in RV,
RN |z — gy~

. x4y
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where a > 0,b> 0,0 < s < min{1, N/4}, 4s < u < N, V : RN — R is a sign-
changing scalar potential, A : RV — R is the magnetic potential, (—A)5 is
the fractional magnetic operator, A > 0 is a parameter, 2}, ; = ?VN7_2‘; is the
critical exponent in the sense of the Hardy-Littlewood-Sobolev inequality and
2 < p < 2%. Under suitable assumptions on a, b and A\, we obtain multiplicity of
nontrivial solutions by using variational methods. In particular, we obtain the
existence of infinitely many nontrivial solutions for the degenerate Kirchhoff
case, that is, a = 0, b > 0.

1. INTRODUCTION AND STATEMENT OF MAIN RESULTS

In this article we consider the multiplicity of solutions to the Choquard-Kirchhoff
type problem
(a+0llull? 4)(=A)3u + V(z)u

. . 1.1
= / |0 K, (@ — y)dylul* 2w + Mn(2)|ulP~2u  in RN (1.1)
RN

where a > 0,0 >0, s € (0,1), N > >4s, 2%, = 2o or = 2N 7 RN S R
is the scalar potential, K, (z) = |z|7#, A : RY — R is the magnetic potential,
h:RYN — R& A > 0 and (—A)% is the fractional magnetic operator which, up to

normalization, defined as

u(z) — AE—V-ACE) ()
|z —y[ N2

(—A)5u(r) =2 lim dy, VreRN,
e=0" JRN\B. ()
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along any ¢ € C5°(RY,C), see [10] and the references therein for further details
on this kinds of operators. Here B.(x) denotes the ball in RY with radius ¢ > 0
centered at z € RY. As showed in [44], up to correcting the operator with factor
(1— ) it follows that (—A)%u converges to —(Vu —iA4)?u in the limit s T 1, where

—(Vu —iA)*u = —Au + 2iA(x) - Vu + |A(2)|?u + iudiv A(z).

Thus, up to normalization, we may think the nonlocal case as an approximation of
the local case. In recent years, the following magnetic Schrédinger equations like

—(Vu —id)u+ V(2)u = f(z,u)

have been extensively studied; see [4} 12} [T, 43]. We also collect some recent results
on the fractional magnetic operators; see [29] [6] B8, B9] and the references cited
there.

Clearly, the operator (—A)% is consistent with the definition of fractional Lapla-
cian (—A)*® if A = 0. For more details on the fractional Laplacian, we refer to [13].
The fractional Laplacian operator (—A)® can be seen as the infinitesimal generators
of Lévy stable diffusion processes (see [1]). This type of operators arises in a quite
natural way in many different applications, such as, continuum mechanics, phase
transition phenomena, population dynamics and game theory, as they are the typ-
ical outcome of stochastically stabilization of Lévy processes, see [3] 8, 28] 19, [7].
In the context of fractional quantum mechanics, non-linear fractional Schrodinger
equation has been proposed by Laskin [20, 21] as a result of expanding the Feynman
path integral, from the Brownian-like to the Lévy-like quantum mechanical paths.
The literature on non-local operators and on their applications is very interesting
and quite large, we refer the interested readers to see [15] [14} 30, B5], 86} 5, 1] and
the references therein.

Equation is a nonlocal elliptic type equation and covers in particular for
s =1,2; ;= 2,A =0 the Choquard-Pekar equation, which appears as a model in
quantum theory of a polaron at rest, see [37]. The time-dependent form of also
describes the self-gravitational collapse of a quantum mechanical wave function, in
which context it is called Hartree equation or the Newton-Schrodinger eqution [31].
In recent years, the Choquard and related equations have been studied by many
authors, see [23| 24, 27] [32] and the references therein. Very recently, D’Avenia,
Siciliano and Squassina studied the existence, regularity and asymptotic of the
solutions for the following fractional Choquard equation

(—=A)u +wu = (Ko * [uP)[ulP2u, ue H(RY), (1.2)
where s € (0,1), w >0, N >3, 1+ 2 <p < &2 a € (0,N) and Ko(z) =

|z|*~N. The existence of groundstates for fractional Choquard equations with
general nonlinearities was obtained by Shen, Gao and Yang [42] using variational
methods. In [40], Pucci, Xiang and Zhang extended equation to the fractional
p-Laplacian and obtained several existence results by using variational methods.
Fiscella and Valdinoci [I7] proposed a stationary Kirchhoff variational model, in
bounded regular domains of RY, which takes into account the nonlocal aspect of the
tension arising from nonlocal measurements of the fractional length of the string,
and obtained the existence and multiplicity of solutions for fractional Kirchhoff
problems by using variational method and the concentration-compactness principle.
Nyamoradi [34] studied a class of fractional Kirchhoff type equation in a bounded
domain 2 and obtained three solutions by using three critical point theorem. For
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more details about stationary Kirchhoff problems involving the fractional Laplacian,
we refer the interested readers to [10] [16] 45, 46}, 47].

Inspired by the above cited papers, we consider the critical case of and
prove multiplicity results depending on A\,a b and N. In particular, when N > =
4s,a = 0,b > 0,V = 0, we obtain infinitely many solutions for by applying
critical point theory. Since equation contains a critical nonlinearity, it is
difficult to get the global (PS) condition. To overcome this difficulty, we borrow
some tricks from articles [33] 25].

Definition 1.1. We say that u € D% (R, C) is a weak solution of (L.1), if

(a+bllull 4)
_ pile—y)-A(EEY) — eile—y)-A(5EY)
o [ [ )= el ~ T )
RN JRN @ —y|N+2s
+ R V(z)upds
RN
—9?/ (K |uf?ee ) |u)?es ™ ugodx—i—)\@?/ z)|u|P~ 2upde,

for any ¢ € DS (RY,C).

The best constant of Hardy-Littlehood-Sobolev inequality is

— : [“E,A
SH,L = . Hzlvf 2. 2. T - (13)
WEDAEYOMOY (£ fon % dz dy) T

Theorem 1.2. Assume that s € (0,1), N > > 4s, V € Lz (RN), 2 < p < 27,

h>0,h#0, hELQ*;P(RN) and A € C(RN,RY). Ifu:4s,a20andb>S;I?L:”S
or u>4s,a>0, b>0 and

b 2; —1 _ 2;,5
% 2-2} 2-27
a > (2_2%8)(72* _1) SH,L , (1.4)

then there exists \* > 0 such that (| admits at least two nontrivial solutions in
D3 (RN, C) for all X > \*.

Theorem 1.3. Assume that s € (0,1), N > u=4s, a = 0, b>SHL V=0,

2
2<p<2,h>0,h#0, h¢c LW(RN) and A € C(RY,RYN). Then (1.1)
has infinitely many pairs of solutions in D% (RN, C) for all A > 0. Moreover, any
nontrivial solution u € D% (RN, C) \ {0} satisfies

MAl =2 o4
l L2 —P(RN) r

[u]s,A <
Sp/2(bh — S )

where S is the best constant of the embedding DSA(RN, C) — L* (RN, C) defined by

o [ul? 4
we D (BN 0)\(0} ul?

S = ———— -
L35 (RN ,C)

(1.5)
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Remark 1.4. We say that equation is non-degenerate if a > 0,b > 0; and
degenerate if a = 0,b > 0. To the best of our knowledge, this article is the first
to deal with the multiplicity of solutions for fractional Choquard-Kirchhoff type
equations with external magnetic operator and critical exponent.

This article is organized as follows. In Section 2, we recall some necessary defi-
nitions and properties of spaces D*(RY) and D% (R”Y,C). In Section 3, the multi-
plicity of solutions of (1.1]) is obtained by using variational methods.

2. PRELIMINARIES

In this section, we first give some basic results of fractional Sobolev spaces that
will be used later. Let N > 1, 0 < s < 1 be real number satisfying 2s < N and

the fractional critical exponent 2% be defined as 27 = 2%-. The fractional Sobolev

space D*(R™) is defined as the closure of C’g" (R™) with respect to the norm

)|2 1/2
Js = //RN \x— |N+2s drdy) ",

The embedding D*(RV) < L% (R") is continuous by [I3, Theorem 6.7]. Suppose
that A : RY — RY is a continuous function. Consider the magnetic Gagliardo
semi-norm defined by

eil@—y)- A(”y)u( )[2 1/2
o4 i= dudy) ",
4 //sz |z — y|NF2s v

and define D% (RY,C) as the closure of Cs°(RY, C) with respect to []s.4.
Lemma 2.1. For each u € D5 (RY,C) it holds |u| € D*(RY). More precisely,
[|u|]s < [u]s,a, forallue Dj(RN,(C).

Proof. The proof follows by using the pointwise diamagnetic inequality
[lu(@)] = lu(y)]] < |u(z) = A u(y)],
for a.e. z,y € RV, see [I0, Lemma 3.1, Remark 3.2]. O

Finally, we introduce the well-known Hardy-Littlewood-Sobolev inequality, see
[22).

Lemma 2.2. Assume 1 < rt < oo and 0 < p < N with%—l—%—i—% =2 If
u€ L"(RN) and v € Lt(RN) then there exists C(N,a,r,t) > 0 such that

/ / |u(@)[|v(y)| dxdygc(N,u,T’,t)Hm
RN JRN |-T_y|

3. PROOF OF THEOREM

The functional associated with ([L.1]) is defined as

a b 1
T(u) = §[u1§,A ot 5 / V(@)

L, s 2*,5 )\
/ / e ) dx dy — 7/ h(z)|ulPdx.
22N s JRN JRN |.Z' — |M P JrN

for all u € D% (RN, C).

L"(]RN)”U”D(RN)-
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25
From V € L2 (RN) and h € L7 (RN), the Hardy-Littlehood-Sobolev inequal-

ity and the fractional Sobolev inequality, one can show that 7 is well-defined, of
class C' and

(T'(u). )
= (a+bluf? »)

[u(z) — DA u(y)][o(z) — AT u(y)]
SIS oy tedy

+R Vuvde — §R/ (K # |u)?es)
RN

RN
for all u,v € D% (RY,C). Hence a critical point of Z is a (weak) solution of (L.1)).
Definition 3.1. For any ¢ € R, {u,} is called a (PS). sequence of Z in D% (RY,C),

if Z(u,) — c and I’ (u,) — 0 as n — co. We say that 7 satisfies (PS), condition if
any (PS). sequence of 7 admits a convergent subsequence in D% (RY,C).

ul?es " 2umde — AR h|uP~2uvda,
RN

Now we give a key lemma for proving the main results.

Lemma 3.2. Under the conditions of Theorem functional T satisfies the (PS).
conditions in DS (RN, C) for all A > 0.

Proof. Suppose that {u,} C D%(RY,C) is a (PS). sequence of functional Z, i.e.
T(up) — ¢, I'(un) —0

as n — oo.
By Hoélder’s inequality, (|1.3) and (|L.5)), we deuce
a b4 Lo 2
Z(u) > §[UE,A + Z[U]S,A - 55 ||V||L5V—S(RN)[U]S,A (3.1)
1 —2r o2 1 p
— oo Su L (Ul 47 = —STEAR e [u]{ 4 (3.2)
22% 5 p L23-P (RN)

for all u € D5(RY,C). When pu = 4s, since Q%S;I%L <b 2, =2and 2 <
p < 2F <4by N > 4s, it follows that 7 is coercive and bounded from below on
D% (RN, C). When N > i > 4s, since a > 0,b > 0, 27, , < 2 and 2% < 4, it follows
that Z is coercive and bounded from below on D% (RY, C). Hence, {uy,} is bounded
in D5 (RY,C). Then there exists u € D5 (RY,C) such that, up to a subsequence,

it follows that
u, —u in D% (RY,C) and in L% RN, 0),
u, —u ae. in RN and in L (RY), 1 <p<2Z, (3.3)

2% -2 2:_2u weakly in LQ:%I(RNa (C)v

[tn | ™ “up — |u

as n — 0o. We first show that

im [ V(@) |2de /]R V(@luPds. (3.4)

n—oo [pN

Since V € L2: (RY), for any e > 0 there exists R. > 0 such that

(/RN\BRE 0 v

N
2s

da:) 2s/N

<eE.
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By Holder’s inequality, we deduce

[ V@l )
RN\ Bg, (0)

2s/N
<(/ V()
RN\ Bg, (0)

N
dgc) 222 ey
([ v
RN\BRr_ (0)

2s/N
Bao)™ ul
<o / V()
RN\ Brg, (0)

)25/1\[
On the other hand, by the boundedness of {u,}, for any measurable non-empt
subset 2 C Bp_, we have

| [ V@l + i < e [ v

It follows from V € L2:(RY) that the sequence {V(z)(|un|? — |u/?)} is equi-
integrable in L'(Bg_(0)). Thus the Vitali convergence theorem implies

2
L3 (RN)

N
2s

dz < Ce.

N
2s dx

)25/N

lim V(@) un|2dz = / V(@) [uldz. (3.6)
" JBR(0) Br,(0)

Combining (3.5)) with (3.6), we obtain the desired result (3.4). By using a similar
discussion, we can deduce from h € L% (RY) that

lim h(x)\un|pd:c:/ h(z)|ulPdx. (3.7

Let w,, = u,, — u. Then by (3.3)), we obtain

2a=[wal? 4+ [u? 4 +o0(1),

(3.8)
[Un];l,A = [wnrsl,A + [U]g,A + 2[un]§,A[uﬁ,A +o(1).
By the Brezis-Lieb type lemma (see [I8]), one has
/ (Kyu [ [0 ) [y |22 dac
BY (3.9)

ul?iedx + o(1).

N / (Kpu [t |08 |t [*hos d — / (K * [uf?)
RN RN

Without loss of generality, we assume that lim,, oo [wy]s,4 = 1. From {u,} is a
(PS). sequence and the boundedness of {u,}, we have

(T (wn) ) =l + Hunl g+ [ V@)

R (3.10)
- / (K [t |00 ) [, | dac — )\/ h(z)|u,|Pdz = o(1)
RN RN

and

i (7' (). ) = alu? o+ Wald g+ b+ [ Vi)luPd
RN

S (3.11)
- [ U i)
RN

| s da — )\/ h(z)|uPdx = 0.
RN
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Here we have used that

lim (I, * |t | 2000 ) [ty | 2s 2 uppuda = / (K, * [t |2
N RN

n—oo

Up|Poedr.  (3.12)

Indeed, by the Hardy-Littlewood-Sobolev inequality, the Riesz potential defines a
N N
linear continuous map from L7%& (RYM) to L (RN). Then

Ky [t [2e — Ky % |uf?ee in L% (RV), (3.13)

as n — 0o. Note that for any measurable subset U C RY we have

*
2us 1 1

e ey A B 0
22
which implies that {||u,| %%~ 2u,u| = } is equi-integrable in L' (RN). Observe that
“2upu — |u|2:»s a.e. in RY, then the Vitali convergence theorem yields

‘UH‘ZZ’S
.

—2 %ie in L% (RY). (3.14)

|un|2;vs Up U — |u

Combining (3.13) with (3.14)) and 2* = 2N o We obtain the desired result (| -
It follows from and - that

a’[ ]sA+a[wn]sA+b[ ]sA—’_b[wn]sA—’_Qb[wn]s A[ ]sA

= [ Ve e luPieuhede = [, s o)
RN RN
Then

alinlZ i+ Hunlta  nlE alia = [0, o)

wy|?medz = o(1).

Wy |2 da = o(1).

From the definition of Sy 1, we obtain

[ U s i)

Using this and letting n — oo, we arrive at the inequality

wnPhoeda < Sg fwa]2 g

an® + bPul? 4 + byt < Sy
which implies

an’® +bn* < Sy “ 022, (3.15)

When p = 4s and S’;sz < b, it follows from (3.15)) that n = 0. Thus, u, — v in
D3 (RN, C).
When g > 4s, it follows from (3.15)) and the Young inequality that

1 * * 17 b 2’1,571 2% i—l
an® + byt < f(nmw 4T Kﬁ) ' } L,
S

2y —1
b 72;,5_1 ,8
2-2% s o 2- 2* s, 4—22 —2s
() T (e
2-2% | S
b 2;5 1 _ 2;,&
* 2-2% 2—2%
="+ (2-2 )(2* 71) “Suyrp " 7’
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Consequently,

* *
1, S

b —gts— b
{e-e-20(g =) "Fs T <0
M8

which together with (1.4)) implies that n = 0. Hence u,, — u in D% (RY,C). O

Remark 3.3. Clearly, when a =0,V =0, p=4s,2 <p < 2% and b > SI;ZE"S, the
functional Z also satisfies the (PS). condition in D% (RY,C).

Proof of Theorem[I.4 We first show that has a nontrivial global minimizer
solution. By (3.3), we know m := inf,c ps (r~ ) Z(u) is well-defined. Now we claim
that there exists A* > 0 such that m < 0 for all A\ > A\*. Actually, we can choose
@o € D5 (RN, C) with [po]s,.a =1 and [pn h(z)|po|Pdz > 0, then

b 1

-1 2 2/
I(wo) = 5 =+ *||V||L2 @S T 22 . /RN(/Cu * |ipo| "2 )| po| oo dar
A
- [ h@leolde
p ]RN
O SVl gy S 5~ f/ h(z)lpolPda < 0,

P(§+§||VHL%(RN>57 +%)
for all A > Ton h(®)lpolPds
and [26, Theorem 4.4], there exists u; € D%(RY,C) such that Z(u;) = m.
Therefore, u; is a nontrivial global minimizer solution of (1.1 with Z(uq) < 0.

Now we prove that (L.1) has a mountain pass solution. Since p € (2,2}), we
obtain that 0 a local minimum point of Z in D% (RY,C). Define

= inf I
c= irért?[%’i] (v(t))s

where I' = {y € C([0,1], D5(R™,C)) : v(0) = 0,7(1) = u1}. Then ¢ > 0. By
Lemma [3.2] we know that 7 satisfies the conditions of the mountain-pass lemma
(see [2, Theorem 2.1]). Then there exists uz € D% (RY,C) such that Z(us) = ¢ >0
and Z'(uz) = 0. Thus, ug is a nontrivial solution of equation (1.1). O

. Hence our claim holds true. Further, by Lemma

To obtain the existence of infinitely many solutions, we introduce the following
theorem (see [9]).

Theorem 3.4 ([9, Theorem 5.2.23]). Let X be a Banach space, and J € C*(X,R)
be an even functional satisfying the (PS). condition. Assume o < (3 and either
J(0) < a or J(0) > B. If further,
(1) there are an m-dimensional linear subspace E and a constant p > 0 such
that supgnpp, () J(u) < B, where 0B,(0) = {u € X : [Ju|| = p};
(2) there is a j-dimensional linear subspace F' such that infp. J(u) > o, where
FL is a complementary space of F';
(3) m>j,

then J has at least m — j pairs of distinct critical points.

Proof of Theorem[I.3 Clearly, 7 is an even functional. By Remark [3.3] Z satisfies
the (PS). condition. Choose E = D% (RY,C) and F = (), then F+ = D% (RY,C).
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We can choose ¢g € D (RY,C) such that [¢g]s a4 = 1 and [ h(z)|¢o|Pdz > 0.
Then

o da

b « 1 .
Titen) = 7 60l4 0 — % o [ (0 fonli)
4 22;4,5 RN
A
o2 [ h@onpds
b Jry
b
1 [¢0]sA—*tp/ h(z)|po|Pdx
4— 4 A
=[5t 7ot -2 [ n@looPas]e,
' D JrN
for all £ > 0. It follows from 2 < p < 4 that there exist § < 0 and p > 0 small

enough such that Z(tpg) < 5 < 0 for all 0 < ¢ < p. Thus, we obtain

sup Z(u) < <0,
ENdB,(0)

where 9B, (0) := {u € D5 (RY,C) : [u]s,a = p}. By (B.3)), we easily deduce

inf Z(u) > —o0.
ueF+
Therefore, 7 satisfies the conditions of Theorem Hence Z has infinitely many
pairs distinct critical points in D% (RY,C), that is, equation (1.1) has infinitely
many pairs distinct solutions. Let u € D%(RY,C) \ {0} be a solution of (L.1I)).
Then

22)

buls 4 = /R (K dz + A /R _h(@)luldz.

It follows that

blulf 4 < Sy “[ ]sﬁ’s F AR SR,
L3P (RN) ’

Since b > S~ 2s and 2}, s =2 by p =4s, we have

(b Syt ulia < MBI STE !,
L75=P (RN) '
Further,
—2" _pB
(b= Syl = Mial 578wl 4 <0,
L2 ’P(]RN)
which implies
L
o< |[—2 2G0T
b— SH’L

This completes the proof. (Il
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