AIMS Mathematics, 6(7): 7187-7198.
ATIMS Mathematics DOI: 10.3934/math.2021421
% : Received: 20 September 2020
o Accepted: 25 April 2021
http://www.aimspress.com/journal/Math Published: 28 April 2021

Research article

Asymptotic behavior of the unique solution for a fractional Kirchhoff
problem with singularity

Shengbin Yu'*and Jianqing Chen?

! Department of Basic Teaching and Research, Yango University, Fuzhou, Fujian 350015, China

2 College of Mathematics and Informatics & FIKLMAA, Fujian Normal University, Qishan Campus,
Fuzhou, Fujian 350117, China

* Correspondence: Email: yushengbin.8@163.com; Tel: +8613559454108.

Abstract: In this paper, we consider the following fractional Kirchhoff problem with singularity

_ 2
(1+5 f dedy)(—A)su V(U = f(u, xeR3,
R Jrs X — yPrEs

u>0, xeR3,

where (—A)’ is the fractional Laplacian with 0 < s < 1, b > 0 is a constant and 0 < v < 1. Under
certain assumptions on V and f, we show the existence and uniqueness of positive solution u;, by using
variational method. We also give a convergence property of u, as b — 0, where b is regarded as a
positive parameter.
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1. Introduction

Nonlinear equations involving fractional powers of the Laplacian have attracted increasing
attentions in recent years. The fractional Laplacian is the infinitesimal generator of Lévy stable
diffusion process and arises in anomalous diffusion in plasma, population dynamics, geophysical fluid
dynamics, flames propagation, chemical reactions in liquids and American options in finance, see [2]
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for instance. In this paper, we consider the following fractional Kirchhoff problem

lx — y|3+2s (Pp)

_ 2
{ (1+5 f dedy)(—A)su +Vu = f(xu™?, x € R3,
R3 R3

u>0, x e R3,

where b > 0 is a constant and 0 < y < 1. The fractional Laplacian operator (—A)* in R? is defined by

(=A)'u(x) = C(s)P.V. f MO~ 10)y e S®),
R3 |X _ y|3+23

where P.V. stands for the Cauchy principal value, C(s) is a normalized constant, S(R?) is the Schwartz
space of rapidly decaying function. Throughout the paper, we suppose V and f satisfy:

(V1) V e C(R?) satisfies inf 3 V(x) > V, > 0, where V), is a constant.

(V1) meas(x € R® : —co < V(x) < h} < +ooforall h e R.

(f1) f € L™ (R?) is a nonnegative function.

The motivation for studying problem (P,) comes from Kirchhoft equation of the form

—(a+ bf IVul*dx)Au = f(x,u), xe€Q, (1.1)
Q

where QQ C R” is a bounded domain, a > 0,b > 0 and u satisfies some boundary conditions. The
problem (1.1) is related to the stationary analogue of the equation

2

ou

0’u
P dx) o~ = f(x.u), (1.2)

0%x

L 0%t

fu Py, F (F
(=0
h 2L

which was introduced by Kirchhoff [14] in 1883. This equation is an extension of the classical
d’Alembert’s wave equation by considering the effects of the changes in the length of the string
during the vibrations. For the meanings of parameters in (1.2), one can refer to [14]. After pioneering
work of Lions [23], the Kirchhoff type equation began to receive the attention of many researchers.

Recently, many scholars pay attentions to the fractional Kirchhoff problem which was first studied
by Fiscella and Valdinoci [9], where they proposed the following stationary Kirchhoff variational
model in bounded regular domains of R” (n > 2s)

Ju(x) — u(y)P’ ; .
{ M( fR ,, L n dedy)(—A) w=AfCou) + w2, xeq, (1.3)
=0,  xeR"\Q

with 2} = nf'és and proved the existence of nonnegative solutions when f and the Kirchhoff function
M satisfy some suitable conditions. However, Fiscella and Valdinoci [9] only investigated the non-
degenerate case, i.e. there exists my > 0 such that Kirchhoft function M satisfies M(t) > my =
M(0) for all + € R*, see also [5, 11, 34]. Autuori et al. [3] further considered the existence and the
asymptotic behavior of non-negative solutions to problem (1.3) under different assumption that the
Kirchhoff function M can be zero at zero, that is, the problem is degenerate case. Since then, several
papers have been devoted to stationary fractional Kirchhoff problems in the degenerate case. We refer,

e.g., to [8, 12] for degenerate problems in bounded regular domains of R”, to [1, 7, 13, 30] in all R”,
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and to [6, 10, 20] for quasilinear Kirchhoff problems involving the fractional p-Laplacian or Kirchhoft-
Schrédinger-Poisson system and so on. In particular, Fiscella [11, 12] provided the existence of two
solutions for a fractional Kirchhoff problem involving weak singularity (i.e. 0 <y < 1) and a critical
nonlinearity on a bounded domain. We [35, 36] obtained the existence, uniqueness and asymptotical
behavior of solutions to a Choquard equation and Schrodinger-Poisson system with singularity in R,
respectively.

In the local setting (s = 1), problem (P,) is related to the following singular Kirchhoff type problem
which was first considered by Liu and Sun [25]

p
—(a+ bf IVul>dx)Au = /lg(x)u—é + h(x)u™?, xeQ,
Q |X| (1 4)
u>0, x € Q, )
u=20, x € 0Q),

where Q is a smooth bounded domainin R}, 0 <6 < 1and 0 <y < 1. When A > 0 is small, Liu and
Sun [25] obtained two positive solutions for problem (1.4) with3 < p <5—-25and g,h € C (ﬁ) are
nontrivial nonnegative functions. Later, by the variational method and perturbation method, Lei et al.
[15] obtained two positive solutions for problem (1.4) with 6 = 0, p = 5 i.e. singular Kirchhoff type
equation with critical exponent. Liao et al. [21] investigated the existence and multiplicity of positive
solutions for problem (1.4) with 6 = 0, p = 3. Liu et al. [26] studied the existence and multiplicity of
positive solutions for the Kirchhoff type problem with singular and critical nonlinearities in
dimension four. Liao et al. [22] obtained a uniqueness result of a class of singular Kirchhoff type
problem. When p = 3,1 =1 and g > 0 or g changes sign in Q, Li et al. [18] showed the existence and
multiplicity of positive solutions problem (1.4). By the perturbation method, variational method and
some analysis techniques, Liu et al. [24], Tang et al. [32], Lei and Liao [16] established a multiplicity
theorem for singular Kirchhoff type problem with critical Sobolev exponent, Hardy-Sobolev critical
exponent and asymptotically linear nonlinearities, respectively. Mu and Lu [27], Li et al. [17] and
Zhang [38] studied the existence, uniqueness and multiple results to singular
Schrédinger-Kirchhoff-Poisson system. Li et al. [19], Sun and Tan [31], Zhang [39], Wang et al. [33]
and we [37] established a necessary and sufficient condition on the existence of positive solutions for
Kirchhoft problem, Kirchhoff-Schrédinger-Poisson system and fractional Kirchhoff problem with
strong singularity (i.e. ¥ > 1) on a bounded domain Q or in R?, respectively.

Motivated by the above results and Barilla et al. [4], we are concerned with the existence and
convergence property of positive solutions for problem (P,) in this paper. Before stating our main
results, we first collect some basic results of fractional Sobolev spaces. In view of the presence of
potential function V(x), we will work in the space

E ={ue DR : |lullg < +oo},

equipped with inner product and the norm

(U v)g = f f (u(x) = u(y)(v(x) — v(y)) dxdy + f VUG, (s = ().
R3 JR3 R3

|.X _ y|3+2x

Here D**(R?) is the homogeneous fractional Sobolev space as the completion of C8°(R3) under the

norm "
Ju(x) = u)l? :
el ps2 g3y = (f AL dxdy = [u]s.
R3 JR3

|X _ y|3+25
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Moreover, by virtue of Proposition 3.4 and Proposition 3.6 in [29], we also have

_ 2
[ e
lx =yl

Without loss of generality, we assume that C(s) = 2
The energy functional corresponding to problem (P,) given by

Ip(u) = IMIIE f (- A)ZMIde - f3 SOl dx, (1.5)
R
and a function u € E is called a solution of problem (P,) if u > 0 in R* and for every v € E,

(u,V)p + b f I(—=A)2u*dx f (=A)2u(=A)2vdx — f Fx)uvdx = 0. (1.6)
R3 R3 R3

To the best of our knowledge, there are no results on the existence of positive solutions for fractional
Kirchhoff problem with weak singularity on unbounded domains. Here we need to overcome the lack
of compactness as well as the non-differentiability of the functional I, on E and indirect availability
of critical point theory due to the presence of singular term. By variational method, we obtain the
following existence and uniqueness of positive solution and the asymptotic behavior of solutions with
respect to the parameter b.

Theorem 1. Let b > 0 and 0 < y < 1. Assume (Vy), (V») and (f,) hold. Then problem (P)) admits a
unique positive solution u;, € E.

Theorem 2. Let 0 <y < 1. Assume (Vy), (V2) and (f) hold. For every vanishing sequence {b,}, let uy,
be the unique positive solution to problem (Py,) provided by Theorem 1. Then, uy,, converge to wy in E,
where wy is the unique positive solution to problem

(Po)

A)’u+V(x)u=f(xu, x €R3,
u>0, x e R3.

2. Preliminary results

Throughout the paper, we use the following notations.

e [”(R%) is a Lebesgue space whose norm is denoted by [lull, = (fR3 |u|de)%.

e Forany @ € (0,1), 2} = % is the fractional critical exponent in dimension 3.

e — denotes the strong convergence and — denotes the weak convergence.

e " = max{u, 0} and ¥~ = max{-u, 0} for any function u.

eCand C; (i=1,2,...) denotes various positive constants, which may vary from line to line.

In this section, we mainly establish some preliminaries. Using conditions (Vi) and (V,), we can
obtain the following continuous or compact embedding theorem (see [20], Lemma 2.2).

Lemma 1. Let 0 < s < 1 and suppose that (V) and (V>) hold. If p € [2,27], then the embedding
E < LP(R?) is continuous and so there exists a constant C, > O such that |lull, < C,|lullg for all u € E.
If p € [2,27), then the embedding E — LF(R?) is compact.
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We also give the following lemma which plays an important role in the proofs of our main results.

Lemma 2. Let b > 0 and 0 < y < 1. Assume (Vy), (V,) and (f;) hold. The functional I, defined in
(1.5) attains its minimum in E, that is, there exists u;, € E such that I,(u,) = my, = ming I, < 0.

Proof. For u € E, by Holder’s inequality, Lemma 1 and 0 < y < 1, we have

1 1
I(u) 2 —IIMII?;——ff(X)Iull‘ydx
1 1-y
> Sl ||E——||f||z f lu|*dx] 2 (2.1)
1
> Sl 2 - ||f|| 2 Cy 7 lully”

which implies that [, is coercive and bounded from below on E for any b > 0. Therefore m;, = infg I,
is well defined. For > 0 and given u € E \ {0}, one has

2 b i 5 1—y )
1o = Ll + = f 1=8)ufdy) - . f folul'dx,
R - R

so I,(nu) < 0 for n > 0 small enough, then m;, = infg I, < 0 and there exists a minimizing sequence
{u,} c E such that lim I,(u,) = m, < 0. Since I,(|u,|) < I,(u,), we could assume that u,, > 0. The

coerciveness of I, on E shows that {u,} is bounded in E. Going if necessary to a subsequence, we can
assume that

U, — up, in E,
U, — Up, in LP(R3)’ )2 [23 2;)’ (22)
U, — Up, a.e. in R3.

Since0 <y <1landf e LTZV(R3) is a nonnegative function, by Holder’s inequality, we have

dx - f FOOlup|"7dx| < f O ol = a7 dx
R3 R
< J) |y — up|' ™7 dx
R3
< WAL [ -l ax] 7
which yields, by (2.2),
lim f FO)|u,' 7 dx = f FO)up| 7 dx. (2.3)
n—oo R3 R3

Then by the weakly lower semi-continuity of the norm and (2.3), we have

1, (up) IubIIE fl( A)uyf? dx ——f SOO)lup|' ™ dx

EllunllE fl( A)zunlzdx ——ff(X)lunl1 de]

= liminf I,(u,) = my.

n—oo

IA

lim inf
n—oo

On the other hand, 1,(u,) > my, so I,(u,) = m, < 0. Therefore, u, is a global minimum for /, in E and
this ends the proof of Lemma 2. O
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3. Proofs of main results

Proof of Theorem 1.1. The proof will be complete in three steps.
Step 1. Forany0 <y € E,

(Ups )i + b f (=A)iuydx f (“A)Y up(— )3 dx - f Fouydx > 0,
R3 R3 R3

According to Lemma 2, u, > 0 and u, # 0. For 0 < € E and n > O satisfying u;, + qy € E, since
I,(u,) = my, = ming I,, one has

Ip(up + ) — Ip(up)
1 b s s
= 5y + iy = sl + 5 fR =AYy + mPdx) - ( fR 3 (=B upPax) |
1 _
— f FOO[(up + )™ = u; ]dx.
—Y Jr3

0

IA

Thus,
1
= [ et + 7—ub "Jdx
_ (3.1)
< —[Hub+nwnE—uubnE f (-8, + q)Px)  ( fR I8 upPdy)]

Due toy € (0, 1) and f(x) is nonnegative, we further obtain
FOO[(up + )™ = u;_y] >0, VxeR.

Then

lim inf dx
n—0*

f FLws +m)' ™ — 7]
R3 n

exists. Dividing (3.1) by > 0 and passing to the liminf as  — 0%, then we can get from Fatou’s
Lemma that

IA

-y _ -7
lim inf — f JOlt 2y 72y,
n—0* 1—’)/ n (32)

< (upY)p +b f [(=A)2u,*dx f (=A)2up(—A) 2y dx.
R3 R3

f f(Ou, ydx
R3

A

Step 2. u, > 0 in R? and uy, is a solution of problem (Py).
For given ¢ > 0, define g : [-6,0] — R by g(n) = I,(up + nu,), then g attains its minimum at g = 0
by Lemma 2 which implies that

g (0) = |luplle + b(f (- A)Zublzdx f f)u, "dx = 0. (3.3)
Forany v € E and € > 0, set v, = u;, + €v, then

(p(x) = up(Y)(VE(x) = Vi p(X) — up((Ve(x) + V(%) = ve(y) = v (1)) (3.4)
= up(x) = upP + e(up(x) = upMVX) = ) + (Up(x) = up(NO; (x) =V (1)) '

AIMS Mathematics Volume 6, Issue 7, 7187-7198.
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According to the proof of Theorem 3.2 in [12],
f (up(x) = up(M)[v; (%) = v, ()]
€ Jr3 JR3

|x y|3+2s

dxdy < 0. (3.5)

liminf —

&—0*
Set Q, = {x € R3 : v, < 0}, then using (3.3)—(3.4) and applying inequality (3.2) with ¢ = v} lead to

0 < 1{ f (1(x) = upy(VE) = Vi)
R3 JR3

|)C _ y|3+25

dxdy + f V(x)upvidx
R3

b |(—A)5ub|2dxf (=A)2up(=A) 2! dx — f fu, vi dx}
R3 R3
_ f lup(x) — up(y)I? dxdy + f (up(x) — up(y))(v(x) — v(y))
r3 JR3 R3 JR3

|)C _ y|3+2x |)C y|3+2x

f f (up(x) — up(¥) (v (x) = v () dxdy + — f —f {V(X)ub(ub +&v)
R3 JR3 |x — yp+as & JR %

+b f I(=A)2 1, dx)(=A) 2 up(—A) 2 (up + V) — f(x)u,;’(ubmv)} dx
= ||ub||E+b f (=) upPdx)? —ff(x)u1 de}
+{(ub,v)E+b [(=A)2 uy)| dxf(—A)2ub(—A)5vdx—f f(x)u,?vdx}
R3 R3

R3
_éf {V(x)ub(ub+8v)+b f |(_A)%ub|2dx)(_A)%ub(—A)%(ub+6V)
Q.

o <ub+8v>} e L f () = OO =0
€ Jr3 JR3 |X y|3+2s

= {(”b’V)E+b |(_A)§”b|2dxf(—A)éub(—A)évdx—f f(x)u?vdx}
R3 R3 R3
_lf [V@f)“i”(f (83, PAx)l(=) | dx
& Q. R3
_f [V(x)ubv+b(f |(_A)%ub|2dx)(—A)%ub(—A)%v]dx
Q. R3
+1f f (Mb(x)—ub(y))(v;(x)—v;(y))dxd
g Jr3 Jr3 |x_y|3+2s
<

@y, v)e + b f (A3 upPdx f (=A)3uy(—A)3vdx — f F(x)u, v}

f [Veous -+ b( f (=) s P ) (=8)Eup(~2) v |dx
Qg

f (1 () = Uy () = 7,0 |
+— dxd

R3 JR3

e |X y|3+2s

Passing to the liminf as € — 0" to the above inequality and using (3.5) and the fact that [QQ.| — O as
£ — 0%, we have

(up, V)g + bf |(—A)5ub|2dxf (=A)>up(-=A)3vdx — f fXu, vdx >0, Vv e E.
R3 R3 R3

AIMS Mathematics Volume 6, Issue 7, 7187-7198.
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This inequality also holds for —v, hence we obtain
(tp, V) + b f |(—=A)2u,*dx f (—=A)2up(—A)2vdx — f fu, vdx=0, Yve E.  (3.6)
R3 R3 R3

From an argument similar to [28, Theorem 6.3], we know that u;, € lefw(R3) for some a € (0, 5). On
the other hand, the (3.6) implies that

[1 + bf |(—A)%ubl2dx](—A)sub + V(x)up > 0. (3.7)
R3

Assume that there exists x, € R? such that u,(xy) = 0, then from (3.7), we have (—=A)*u(xy) > 0. On
the other hand, since u;, > 0 and u;, # 0, we can get from Lemma 3.2 in [29] that

(=A)’up(xo)

f up(xo +y) + up(xo —y) — 2ub(xo)d
- y
R3 |y|3+2s

_f up(Xo + ) + uUp(Xo —y)dy <0
R3

|y|3+2s
a contradiction. Therefore, u, > 0 in R? and u;, € E is a solution of problem (P).

Step 3. u,, is a unique solution of problem (Py).
Suppose u. € E is also a solution of problem (P;), then we have

(U, Vg +b f |(=A)? u,|*dx f (=A)2u,(-A)2vdx — f fuYvdx=0, Yve E. (3.8
R3 R3 R3
Taking v = u;, — u, in both equations (3.6)-(3.8) and subtracting term by term, we obtain

0

v

f FO,” = u")(up — u.)dx
R3

( f (A Pdr) f (=2 Pdx f (=A) up(=A)*u. dx
R3 R3 R3

S S S S 2
- [ esrupar [ cotucimar( [ eatro)]
R3 R3 R3

llup — w.ll + b

>l — el + B([up]E = T el = 13y, + [0.1?)
= “ub - u*”?g + b([ub]s - [u*]v)z([uh]i + [ub]s[u*]s + [l/l*]i)
2 ||Mb - I/l*”% > O’

where we use Holder’s inequality. So |u, — u*llfE = 0, then u;, = u, and u, is the unique solution of
problem (P,). This ends the proof of Theorem 1. O

Proof of Theorem 1.2. In the proofs of Lemma 2 and Theorem 1, b = 0 is allowed. Hence, under the
assumptions of Theorem 2, there exists a unique positive solution wy € E to problem (Py), that is for
any v € E, it holds

(wo,v)E:f Fw, vdx. (3.9)
R3

AIMS Mathematics Volume 6, Issue 7, 7187-7198.
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For every vanishing sequence {b,}, since {u,, } is a positive solution sequence to problem (P;) provided
by Theorem 1, then for every v € E and n € N, one has

(Up,, V) + by f |(=A)2up, |*dx f (=A)2uy, (~A)2vdx = f f(0)u, vdx. (3.10)
R3 R3 R3 "

By Lemma 2 and the proof of Theorem 1, we have I, (u,) = m;, < 0 and then {u;, } is bounded in E
since [, is coercive according to (2.1). So, there exists a subsequence of {u;, } (still denoted by {u;, })
and a nonnegative function uy € E such that

Up, — Uop, in E,

. 3
Up, — Uo, in LP(R?), p € [2,27),
u, — U, a.e. in R3.

n

Choosing v = u,,, in (3.10) and passing to the liminf as n — oo, one can get from (2.3) and the weakly
lower semicontinuity of the norm that

lluol2 < f F(Ouy " dx. (3.11)
R3

On the other hand, passing to the liminf as n — oo in (3.10) and using Fatou’s Lemma, for any
0 <v e E, we have

(uo,v)Esz(x)u(;yvdx. (3.12)
R3

Similarly to Step 1 in the proof of Theorem 1, we have uy > 0 in R?. Choosing v = u in (3.12) leads
to

||Mo||i-2ff(x)ué_7dx.
R3

This combined with (3.11) leads to
luoll? = f f(uy 7 dx and u,, — up in E. (3.13)
R3

Using (3.13) and similar to Step 2 in the proof of Theorem 1, we can further obtain that u, € E is also
a solution of problem (P). By the uniqueness of solution to problem (Py), up = wy. Hence u,, — wy
in E where wy is the unique positive solution to problem (Py). This completed the
proof of Theorem 2. O

4. Conclusions
In this work, we investigate a weak singular Kirchhoff-type fractional Laplacian problem. By
using variational method, the existence, uniqueness and asymptotic behavior of positive solution are

established. The results presented in this paper supplement some recent ones.
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