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ABSTRACT. Let u € Lgp N CHY(R™ \ {0}) be a positive solution, which may

loc
blow up at zero, of the equation

-1
(o= (o )

|z[=F 2] ) ||
where 0 < s <1,0< 8 <n,p>2,¢g>1and a > 0. We prove that if u sat-
isfies some suitable asymptotic properties, then u must be radially symmetric
and monotone decreasing about the origin. In stead of using equivalent frac-
tional systems, we exploit a direct method of moving planes for the weighted
Choquard nonlinearity. This method allows us to cover the full range 0 < 8 < n
in our results.

in R™\ {0},

1. Introduction. In this paper, we establish the symmetry and monotonicity of
positive solutions to the following nonlocal equation

Sa = #*Lq UQ*l in R
o= (= o) T RO .

where 0 < s < 1,0 < S <n,p>2 q>1, a > 0 and the convolution of two
functions f and g is defined as

(fxg)(x) = o f(z —y)g(y)dy.

Let us recall that (—A)s is the fractional p-Laplacian in R" which is defined as

a nonlocal pseudo-differential operator

(—A)su(z) = Cp oy PV /

Here, PV stands for the Cauchy principal value and C), s, is a normalization con-
stant. Such operator is well-defined for all z € R™\ {0} if u € Ly, N CLH(R™\ {0}),

loc

[u(@) — u(y)"~2[u(z) — u(y)] ,

o — gl g

n
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where
ey [ L@
LSpZ{ueLfoc (R™) | Rn1+|x|”+si’d$<oo}’
see [6] for more details.

The fractional p-Laplacian appears in some mathematical models such as the
non-local “Tug-of-War” game (see [3,4]). When p = 2, this operator become the
well-known fractional Laplacian, which has been studied intensively by various au-
thors in the last decade. Several methods have been proposed to overcome the
difficulty caused by the nonlocal nature of this operator. One may use Caffarelli-
Silvestre’s extension method [5] to reduce the nonlocal problem into a local one
in higher dimensions. Another useful tool to handle the fractional Laplacian is
the integral equation method [8], in which a given pseudo-differential equation was
transformed into their equivalent integral one. Later, Chen-Li-Li [7] introduced
the direct method of moving planes for the fractional Laplacian which allows one
to study the symmetry and nonexistence of positive Las N C'+! solutions of var-
ious nonlocal equations and systems. However, none of aforementioned methods
can be applied to the fractional p-Laplacian. Very recently, Chen-Li [6] introduced
some new ideas which allow them to establish the symmetry properties of positive
solutions for the fractional p-Laplacian equation

(=A)pu= f(u) inR" or Bi(0).

After the direct method of moving planes was introduced, a series of fruitful results
have been obtained. Many of them improve previous ones established by using other
methods, we refer to [9,10,12,14,16,18,20,24] and references therein.

One may observe that the right hand side of (1) is also a nonlocal term. This
phenomenon causes some mathematical difficulties which make the study of such
problem particularly interesting. Furthermore, problem (1) is an analog of the
Choquard equation
% * u2> u in R,

—Au+V(x)u = (
|z

which arises naturally in a variety of applications, for instance, the physics of mul-

tiple particle systems, quantum mechanics, Hartree-Fock theory, physics of laser

beams and so on, which we refer to [13,15,23].

Problems of Choquard type have been studied extensively by several authors in
the last decades. A good introduction to mathematical treatment of Choquard equa-
tions is a survey paper by Moroz-Schaftingen [22]. Some existence and multiplicity
results for Choquard equations involving the fractional Laplacian and p-Laplacian
can be found in recent papers [1,2,19,26] and references therein. Choquard equa-
tions with weights were also investigated by some authors, see [11] for instance.

It is not easy to investigate the qualitative properties of solutions to (1) directly
due to the presence of the convolution term in the right hand side. To overcome
this difficulty, one possible approach when p = 2 is to set v = W%ﬁ * % and

transform (1) into an equivalent integral system of the form

ul” ! (y)o(y)
ux:C’/ — =" dy inR",
( ) - ‘x_y|n—25|y|a

a
v(z) = %dy in R™.
e |z =yl Ply
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Then integral equation methods, such as the method of moving planes in integral
forms, may be used to establish symmetry, nonexistence or classification of solutions,
see [17,21,25] for more details about this approach. However, such transformation
does not exist for the case p > 2. Nevertheless, when a = 0 and 0 < 8 < 2, equation
(1) is equivalent to the fractional system

{(—A)‘;u =ou?"!  in R, 2)

v =u in R™,

up to a suitable scaling. Using this approach, Ma-Zhang [18] proved the symmetry
and nonexistence of positive solutions of (2) in the case 0 < f < 2 and p = 2.
Very recently, Ma-Zhang [20] partially extended this result to the case p > 2. They
proved that if u € Lg, N C’llo’c1 (R™) and v € LgN Cl{.’cl(]R") is a positive solution pair
of (2) with ¢ > p — 1 and u, v satisfy some asymptotic properties at infinity, then
u must be radially symmetric and monotone decreasing about some point in R™.
However, they still assume 0 < 8 < 2 as this assumption is unavoidable in their
approach.

Motivated by the above works, in this paper, we study the symmetry and mono-
tonicity of positive solutions of (1) without the restriction § < 2 or ¢ > p — 1.
Moreover, in our result, u is allowed to blow up at zero. In stead of using the equiv-
alent fractional system as in [18,20], we exploit a direct method of moving planes
for the weighted Choquard nonlinearity. This approach allows us to cover the full
range 0 < f < n and « > 0 in our results.

Our first result is the following.

Theorem 1.1. Assume0<s<1,0<f8<n,p>1,¢>0 and a>0.
(i) If equation (1) has a positive solution u € Ly, N CLY(R™\ {0}) such that

loc

lim inf u(y) > 0,
y—0

then o < n.
(11) If equation (1) has a positive solution u € Lg, N C’llo’c1 (R™\ {0}) such that for
some v € R and ¢ > 0,

c
u(z) > R as x| — oo,

then vq > 06 — «.

In this paper, we deal with solutions having properties mentioned in Theorem 1.1.
Therefore, it is necessary to assume a < n and yq > S—a«. For two positive functions
f and g defined in R™ \ {z°}, we denote f ~ g as x — 20 if 0 < liminf,_, o % <

lim sup,,_, ;0 5((8 < 00. Our main result is the following theorem.

Theorem 1.2. Assume 0 < s <1, 0< o,8<n,p>2,g>1andu € Ly N
CLYHR™\ {0}) is a positive solution of (1) such that

loc
1
u(x)

~ W as |x| = o0 (3)

for some v > max{0, 5%“} satisfying

min{y(q —p) +n+a,v(2¢ — p) +2a} > sp+ . (4)



Assume in addition that

u(z) < |$C|‘6 as x—0 (5)

for some C >0, 6 € (0,2%) and
1i£n_>i(1)1fu(y) >u(x)  for all z € R™. (6)

Then w must be radially symmetric and monotone decreasing about the origin.

Remark 1. Because the Kelvin transform is not valid for the fractional p-Laplacian,
we need to impose the additional assumptions on the behavior of w at infinity.
Furthermore, since u is not defined at zero, we need some control around this
singular point to make the moving plane method work. Obviously, if (6) does not
hold, then u cannot be monotone decreasing about the origin.

As a consequence of Theorem 1.2, we have the following symmetry result for
positive solutions which blow up at rate § < % near the origin.

Corollary 1. Assume 0 < s < 1,0 < «a,8 <n,p>2,q>1andu € Ly N
CLL(R™\ {0}) is a positive solution of (1) such that

loc
1
u(zx)

NW as |z| = o0
x

for some v > max{0, ’(H_Ta} satisfying min{~v(q—p)+n+a,v(2¢—p)+2a} > sp+ 0
and

1
U(I)NW as = —0

for some ¢ € (0, %) Then u must be radially symmetric and monotone decreasing

about the origin.

The remainder of this paper is organized as follows. In Section 2, we recall some
basic notations and lemmas used in the direct method of moving planes for the
fractional p-Laplacian. Then the proofs of Theorem 1.1 and 1.2 are given in the
last section.

2. Preliminaries. In order to apply the method of moving planes, we first intro-
duce some basic notations and lemmas. For A € R, let
Ty={zeR" |z = A}
be the moving plane,
Sa={zeR" |z < A}
be the region to the left of the plane and
2= (2N —z, 20, ..., 2p)
be the reflection of the point x = (21, za,...,2,) about the plane T).
Moreover, to compare the values of u(x) with u(z*), we denote
wy(z) = ux(z) —u(z), where wuy(z)=u(z).

For the convenience, we also denote by C, C’ the generic positive constants whose
concrete values may change from line to line or even in the same line.

The following mazimum principle and boundary estimate lemmas were estab-
lished in [6]. They plays the essential roles in the direct method for the fractional
p-Laplacian.
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Lemma 2.1 (A maximum principle for anti-symmetric functions [6]). Let Q2 be a
bounded domain in ¥y. Assume that u € Ly, NCLNQ). If

loc
(=A)jur — (=A)ju >0 inQ,
wH Z 0 m E)\ \Q,

then
wy >0  in Q.

Furthermore, if wy = 0 at some point in Q, then wy = 0 almost everywhere in
R™.
These conclusions hold for unbounded region Q) if we further assume that

liminf wy () > 0.
|z|—o00

Lemma 2.2 (A boundary estimate [6]). Assume that wy, > 0 in Xy,. Suppose
A\ Ao and xF € X, such that

wy, (z%) = glinwkk <0 and zF—20€Ty,.
Ak

Let
0 = dist(mk,TAk) = \p — .’Elf
Then

“fs?i%p(i (=A)5un, (%) — (~A)u(zh)) < 0.

The following elementary inequality is also useful in the next section.
Lemma 2.3. For any 0 <t; <ts and ¢ > 0, we have
t? — 2 > max{q, 1}t (t, — t2).
Proof. If ¢ > 1, then there exists £ € (t1,t2) such that
t— 18 = g€ty — ta) > qtd 7 (1 — 1),
while if 0 < ¢ < 1, then

tD— 13 >t 87—t =7 () — ty).

3. Proof of the main results.
3.1. Necessary conditions for the existence of positive solutions.

Proof of Theorem 1.1. Assume that (1) has a positive solution u € L, N C’llo’cl(R"\
{0}). Taking any z° # 0, we have

1 uf 0 / u?(y)
0> ——*x— | (z") = ——dy
(W x|a)< e 20— gl Py o
q q
_ ul(y) dy+ u?(y) dy
|20 — y|n=Bly|® |20 — y[n=Bly|«
B,0,(0) ¥ Y Y R™\B,0,(0) 1T Y Y

1 / u!(y) 1 / u?(y)
TRV dy + — Ty (7)
(2|20~ B|,0,(0) |y 2n=~ R™\B,,0,(0) |ly|nta=h
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If liminf u(y) > 0, then infp , (0)u>0and (7) yields

y—0
“(y) ! d
00 >/ gy > inf / =
B0 (0) Y] B0 ) 00 1Y)

which indicates o < n.

Now we assume u(x) > 7 for all large ||, then (7) leads to

u(y) dy
/R”\Bzf’(o) jy|rre=? R7\B,,0,(0) [y[" T+

which implies v¢ > 8 — a. O

3.2. Symmetry of positive solutions. In this subsection, we apply the method
of moving planes to prove Theorem 1.2. Beside using notations mentioned in Section
2, we also denote for A\ <0,

L=\ {0
and
Xy ={z € X} :wx(z) <0}
We define for all x € Xy,

1 ud ul(y)
F = R — S
@) (|x|"—6*|x|a)(x) / gl

x) = L *ﬂ ) = —uq—l(y)
Hiz) = (mn—ﬂ EE >( = [
Py(2) = /Z u?™ (y)wa(y) dy

_ _ -B
o=yl Pyl

Lemma 3.1. If A <0 and x € X, then

ut~?(z)

[

(=A)pua(x) — (=A)ju() = max{g — 1,1} F(x) wy(x) + ¢Py ()"

P

Proof. Using (1) and the fact A <0 < «, we have

=Ly wl= Yz
(~B)ur(0) - (~A)3ule) = Fah ) — o) L
F(.Z‘A)ug‘ l(x) _ (l‘) uq—l(x)
- || Edi
= p@ SO ey pey B
From Lemma 2.3 and the fact wy(z) < 0, we have
uf (@) —utN(2) _ max{q — 1, 1ut2 (@) ux(x) — u()]
[ - [
= max{q — 1, 1}uq_ (z) wy(x) (9)

B
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and
A ui (@)
(F(a: ) — F(a:)) ”
|z
u?(y) / u?(y) ) ui ()
= ([ oy - dy
(/ zh —y[* Ayl wn o — [P Pyl ||
q q g—1
sy \e =y Pzt =yl Ayl ||
q —nd q-1
| < Lo )ugy) wiy) )
sa e —y[*7 et —yn s [yl ||
[ L HO_ e, b
~ sy lz—y|nP |yl ||
[ e ), 5
Ty lz—yn Pyl ||
q—1
> qPy(2)" C(Vx)- (11)
||
The conclusion follows immediately from (8), (9) and (11). O

Lemma 3.2 (Decay at infinity). Assume A < X < 0 and for some x* € X% we have

wy(z*) = minwy < 0.
p2)N

Then there exist Ry > 0 (depending on X\ but independent of \) such that |x*| < Ry.

Proof. From Lemma 3.1, we have

(=A)pur(@™) — (A)pu(z”) > c(z)wa ("), (12)
where
q—2 q—1
c(x) zmax{q—l,l}F(x)umliz)—i—qH(x)uHc(vx), T € Xy (13)
We claim that
C+C'n |zl C
0<c(x) < D T e A for all z € 3, (14)
where C,C’ > 0 are independent of z and .
To prove (14), we first deduce from (3) that
¢ for all R™\ Bx (0 15
W<U("J)<W orally € R™\ %\()7 (15)
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where C, ¢ > 0 depend on X but are independent of 3. Moreover, from (5), we have
for all x € Xy,

[ Ay [ Ay [ v,

lyl<5t i<t Bl<ivl<tgt
<¢ [ grmte [ g
lyl<5t Bl<lyl< 5t
C if v¢g >n—aq,
<LCH+ Ol ifyg<n— a, (16)
C+C'n|z| if yg=n—a.
Similarly,

ify(g—1)>n-—aq,

uq_l(y) N op|n—a—y(g=1)
Iy dy < § C+ C'|z| ify(g—1)<n-—a (17)
ly] <zt C+C'n|x| ifv(g—1)=n-«a.

We then estimate F(z) for € X as follows

_ [ vy
o= / e

:///u—jfﬁ)ﬁwdy

lyl<Zl jo—y|>12! <k
ly|> Lzl
on—~ u?(y) C
= o7 / e W o=yt ™
lyl< 2! le—y|>1Z
lyl> 12l
C
* o — Pyt
jo—yl<!5!
on—p ul(y) e C
B
< Jal-? / e 3 / gt
lyl< 2! ly|> 1zl
N
[]o+a o — g

|yl <15l
The following elementary facts have been used in the above estimation

lz—yl = [z — |yl > = if |yl <
‘x_y|2|x‘+gﬂz% 1f|x—y\>|§|,
X X
|y\2|$\*|17*y|>% if|zfy\<%_
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Therefore, we may use (16) to obtain

F(z) < {'wg—ﬁ e g #En o,

C+C’' In |z| : —
e ifyg=n-a

Similarly, we may use (17) to get

< |x‘€—ﬂ + ‘x|a75€w<q,1) if ’}/(q — 1) 7& n—a,
H((E) =) C+C'In|z| . -
e ify(g—1)=n—-a.

Bl

By collecting (13), (15), (18) and (19), we deduce

C C :
0 [z]rTe—BT7(a—2) + [z[2a—B+27(a—1) ifyq #n— o,
<cfz) < C+C’'In|z|

c . o
[a[nta—FTr(a—2 + [z]2a—B+2v(a—1) ify¢g=n-a,

which clearly implies (14).

(18)

For simplicity, we denote G(t) = |t|P~2t. Then G is strictly increasing in R and

for all t; < to, we have
G(t1) — G(ta) < Clt2P72(t1 — ta)
(see [6, Lemma 5.1]).

(20)

Using the definition of the fractional p-Laplacian and the monotonicity of G, we

can compute

(~A)un(a) = (~A)u()
Gppv [ Sl ) G ),

Gur(z™) —uay)) = Glu(z”) — u(y))

o — g

=Ch spPV dy

PN
Cry [ GO =G l) = a0
3

|I* _ y)\‘n+sp

Gur(z™) —ua(y)) = Glu(z”) — u(y))

< Cn’SPPV |CC* _ y)\|n+sp dy

PN
. Cn,sp/ G(ua(z") — u(y)) — G(u(z™) —ua(y)) dy

|Z‘* _ y)\‘n-&-sp

Gur(z") = uly)) = Glu(z") = u(y))

‘Jf* _ y)\|n+sp

< Cn,sp dyv

PPN

where we have used
1 1

|.’17* _ y|n+sp Z ‘l’* _ y/\|n+sp’

Glua(z") = ur(y)) — Glu(z") — uly)) = G'(C1)(wA(z") — wa(y)) <0

and
Gur(z") —ux(y)) — Glu(a™) —urly)) = G'(GJwr(z") <0
for some (1, (5.
Now we apply the inequality (20) to get

ju(z) — u@)P
[ =y

(=A)pua(a") = (=A)u(z") < wa(fﬂ*)/

PPN

(21)
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1
Let us denote M = (%) 7, where C, ¢ are the same as in (15). Then for any z,y
such that |y| > M|z| and |z| > %, we deduce from (15) that
C c u(x)
u(y) < PR < SN <=5
We choose some point z € ¥y such that [z| = (M + 1)|z*| and Bj,«|(2) C Xy,
then u(y) < su(z*) for all y € Bj,+|(2). Therefore,

/ lu(z™) —U(y)\p’Qd S uP 3 (a*) / dy
" o Y= - T o xniep
S A A 2072 Jp . (2 laF —yrrter

_w2a) / dy
27 Jy oy T =y

up_Q(x*)/ dy
22 [y o) [T 4 B) [ [ror

p—2 *
L o)
I e i

(22)

)

where we have used the fact
| —y| < |2+ ] =2 + |2t~y
<ot + 2] + |2 —y| < (M +3)|z*|  for all y € By (27).
Substituting (22) into (21) and using (3), we deduce

uP=2(x*) Cwy(z*)

|x*|sp - |$*|'y(p72)+sp'

(=A)pu (") = (=A)u(z") < Cwx(z7)

(23)
The inequalities (12), (14) and (23) imply

C+ C'ln |z*| C 1
‘m*|n+a—6+7(q—2) ‘x*|2a—6+27(q—1) - |x*|7(p—2)+sp’

or equivalently,

C+ C'n|x*| C > 1
|x*|n+a—ﬂ+7(q—p)—sp \m*|2a—6+v(2q—p)—sp -

This fact and (4) would imply |z*| < Ry for some Ry > 0 independent of . O
We are ready to prove our main result.

Proof of Theorem 1.2. We will show the symmetry of u about T by moving plane
T along x; direction from —oo to the right.
For A < 0, since
P C. A A
hxrg})rklf wy(z) = h;gg}f (ur(x) —u(x)) = h;n_}l(r)lf u(z) —u(0") >0,
wy, is strictly positive near its singular point 0*.

This fact indicates that if wy is negative somewhere in ¥, then the negative
minima of wy are attained in the interior of 33. We carry on the method of moving
planes in two steps.

Step 1. (Move the plane along x; direction from near —oo)

In this step, we show that for A sufficiently negative,

wy >0 in X5, (24)
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Indeed, we may choose A < — Ry, where Ry is defined in Lemma 3.2 with A = —1.
If (24) does not hold for such A, then there exists * € X% such that wy(z*) =
r%inuu < 0. Hence |z*| < Ry by Lemma 3.2. This contradicts * € ¥} and
A

A < —Ry. Hence, (24) is proved.

Step 2. (Move the plane to the limiting position)

Step 1 provides a starting point, from which we can now move the plane T to
the right as long as (24) holds to its limiting position. Define

/\ozsup{)\SO\wHEOinZZ for all p < A}.
In this step, we show that
Ao = 0. (25)
Suppose (25) is false, i.e., A\g < 0. Since wy depends on A continuously, we have
wy, >0 in XY, .
Then we may use (8) and (10) in the proof of Lemma 3.1 to get
-1
uy, (7)
[

-1
:/ ( 1 1 ) (uio(y) B uq(y)> 0. ul ! (x)
S, \|z—y["mFfzdo —y|n=B A\ fyrofe fy|e ||

qg—1
2/ < 1 =5 T : —ﬁ> ( *1 - 1> ul(y)dy - 22 (@)
RN T |[zho —y[" lyrof® ly|* ||

>0

(=A)pury (2) = (~A)ju(z) > (F(a™) - F(x))

for all z € X3 . This indicates wy, # 0.
Then by the strong maximum principle (see Lemma 2.1), we have

Wy, > 0 in E;O.

On the other hand, by the definition of Ay, there exists a sequence A\ \, Ag and
zF € 23, such that

A
A < ?0, wy, (%) = glinuuk <0 and Vauwy, (z")=0. (26)
Ak
_ By Lemma 3.2, we have |z¥| < Ry, where Ry is defined in Lemma 3.2 with
A= ’\7 Therefore, we may assume that ¥ — 2% Now from (26), we have
wy, (2°) €0, hence 2 € Ty,; and  Vawy,(2°) = 0.

It follows that

k

L(x) —0 ask— oo
Ok
Consequently, we may use (12) and (14) to get
1 s s wy, ()
A ((=A)pur, (%) = (=A)ju(a?)) > C(wk)%ik
W, (Ik)
> sup c(x) k -0

2€5 5, NBr, (0) Ok
2
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This contradicts Lemma 2.2 and hence (25) is proved. Consequently, wg > 0 in

.
.

By moving the plane along z; direction from near +oo, we also have wy < 0 in
Therefore, u is symmetric and monotone decreasing about plane Tj.

We may repeat the above argument for any direction to conclude that u is radially
symmetric and monotone decreasing about the origin. This completes the proof of
Theorem 1.2. O
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