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In this paper, we consider the following Hardy—-Littlewood—Sobolev inequality with
extended kernel

B8
T
i ! / e T gl I < Co e or 9l oy (0.1)

T —y[nme

for any nonnegative functions f € LP(9RY ), g € Lq/(Ri) and p, ¢’ € (1, 00), 8 >0,
a+ B> 1 such that ”T‘léjL%—%ﬁ*l =1.

We prove the existence of all extremal functions for (0.1). We show that if f and g
are extremal functions for (0.1) then both of f and g are radially decreasing.
Moreover, we apply the regularity lifting method to obtain the smoothness of
extremal functions. Finally, we derive the sufficient and necessary condition of the
existence of any nonnegative nontrivial solutions for the Euler-Lagrange equations
by using Pohozaev identity.
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1. Introduction

The classical Hardy—Littlewood—Sobolev inequality that was obtained by Hardy
and Littlewood [36] for n =1 and by Sobolev [50] for general n states that

L[ o= ol r@g)dedy < Complf ool (L)
with1<p,q’<oo,0<a<nand%+%+%:2.

Lieb [39] employed the rearrangement inequalities to obtain the existence of the
extremal functions of inequality (1.1). Furthermore, they also classified extremals
of the inequality (1.1) and computed the sharp constant Cy ,, ;, only when one of p
and ¢’ is equal to 2 or p = ¢'.

(© The Author(s), 2022. Published by Cambridge University Press on behalf
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Through the inequality (1.1), we can deduce many important geometrical
inequalities such as the Gross logarithmic Sobolev inequality [31] and the
Moser—Onofri-Beckner inequality [1]. It is also well-known that if we pick a =
2, p=¢q =2n/(n+2), then the Hardy—Littlewood— Sobolev inequality is in fact
equivalent to the Sobolev inequality by Green’s representation formula. By using
the competing symmetry method, Carlen and Loss [8] provided a different proof
from Lieb’s of the sharp constants and extremal functions in the diagonal case
p=¢ =2n/(n+ «a) and Frank and Lieb [25] offered a new proof using the reflec-
tion positivity of inversions in spheres in the special diagonal case. Frank and Lieb
[26] further employed a rearrangement-free technique developed in [27] to recapture
the best constant of inequality (1.1). Folland and Stein [24] extended the inequal-
ity (1.1) to the Heisenberg group and established the Hardy-Littlewood—Sobolev
inequality on Heisenberg group. Frank and Lieb [27] classify the extremals of this
inequality in the diagonal case. This extends the earlier work of Jerison and Lee
[38] for sharp constants and extremals for the Sobolev inequality on the Heisenberg
group in the conformal case in their study of CR Yamabe problem. Furthermore,
Han et al. [34] established the double-weighted Hardy—Littlewood—Sobolev inequal-
ity (namely, Stein-Weiss inequality) on the Heisenberg group and discussed the
regularity and asymptotic behaviour of the extremal functions. Recently, Chen
et al. [13] used the concentration-compactness principle to obtain existence of
extremals of the Stein—Weiss inequality on the Heisenberg group for all indices.
We also mention that when p = ¢’ = 2n/(n + «), Euler-Lagrange equation of the
extremals to the Hardy—-Littlewood—Sobolev inequality in the Euclidean space is
a conformal invariant integral equation. The inequality (1.1) and its extensions
have many applications in partial differential equations. Some remarkable exten-
sions have already been obtained on the upper half space by Dou and Zhu [22], on
compact Riemannian manifolds by Han and Zhu [35] and the reversed (weighted)
Hardy-Littlewood—Sobolev inequality in [10, 23, 48, 49]. For more results about
the (weighted) Hardy—Littlewood—Sobolev inequality, the general weighted inequal-
ities and their corresponding Euler-Lagrange equations, refer to e.g. [2, 3,9, 15-20,
28, 32, 37, 42-45, 47, 51| and the references therein.

Recently, Gluck [30] proved the following sharp Hardy—Littlewood—Sobolev

2(n—1) ’

inequality with extended kernel in the conformal invariant case (p = ra—s 4 =

2n
n+a+2ﬁ)
‘/n o K(2' —y,z,) f(y)g(x)dydz| < Cn,a,ﬁ,PHfHLP(B]Ri)||g||Lq’(Ri)' (1.2)
+ +

where K is a kernel of the form

7y

. / n—1
(T a2) a2 x= (2 2,) € R" x (0,00),

K(2' xn) = Ko g(2',2,) =

and o, G satisfy 6 >0, 0<a+8<n—2,

n—aoa—243 n—a
2n 2(n—1)

< 1. (1.3)
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In fact, for a« =0, 8 =1, the kernel K, 3 is the classical Poisson kernel.
Hang et al. [33] derived the Hardy-Littlewood-Sobolev inequality with the Pois-
son kernel and proved the existence of extremals for this inequality by the
concentration-compactness principle [40, 41]. For the conformal invariant case,
they classified the extremal functions of the inequality, and computed the sharp
constant. Integral inequality with the Poisson kernel is highly related to Carle-
man’s proof of isoperimetric inequality in the plane (see [7]). For a € (0, 1), 8 =
1 — ¢, the kernel K, g is related to the divergence form operator u — div(zf Vu)
(the poly-harmonic extension operator) on the half space. Chen [14] established
sharp Hardy-Littlewood—Sobolev inequality (1.2). He also generalized Carleman’s
inequality for harmonic functions in the plane to poly-harmonic functions in
higher dimensions. Dou and Zhu [22] studied the sharp Hardy-Littlewood—-Sobolev
inequality on the upper half space and the existences of extremal functions for
G =0. Dou et al. [21] investigated the integral inequality (1.2) in the special index
through the methods based on conformal transformation for § = 1. Different from
Dou et al. [21], Chen et al. [12] derived the Hardy—Littlewood—Sobolev inequality
to all critical index for 3 = 1. Furthermore, Chen et al. [11] extended it to the
weighted Hardy-Littlewood—Sobolev inequality.

In this paper, we extended the Hardy-Littlewood—Sobolev inequality with
extended kernel in the conformal invariant case to all critical index. That is,

THEOREM 1.1. Letn >2,1<p, ¢ <oo, 320, a+ (> 1 and suppose that c, (3,
p, ¢ satisfy

n—11 1 a+p-1

n - p g

1.

! n

Then there is a constant Cp o g,p > 0 such that for any nonnegative functions f €
LP(0R?), g € LY (R?),

B
xn
/ . /aRn e fW)g(@)dyde < Cho,ppllflle(ory)
+ Oy

iz — y[n—e |9||Lq’(R1)- (1.4)
We remark that the constant C, o 3, above can be considered as the least one
such that the above inequality holds for all nonnegative functions f € LP(OR"}),
g€ Lq,(Ri). This constant C;, o 3, is often referred as the best constant for the
Hardy-Littlewood—Sobolev inequality with extended kernel.
Define

wﬁ

20
15@) = [y, Tl = [ (e)de.

n |z =yl [z —y|"

Throughout this paper, we always assume that ¢ and ¢’ are conjugate numbers. That

is, ¢ and ¢’ satisfy % + % = 1. By duality, it is easy to verify that the inequality
(1.4) is equivalent to the following two corollaries.
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COROLLARY 1.2. Assume thatn >2, 3>0,a+8>1,1<p< 221 and

a+pB-17
1 n1<1 Oz+/31>

p n—1

q n

Then there is a constant Cy g, > 0 such that

ITfllLagy) < Cn,appllfllLeory)- (1.5)
COROLLARY 1.3. Assume thatn >2,3>0,a+8>1,1<q¢ < ﬁ, and
1 n (1 o« +ﬂ)
p n—1\¢ n '
Then there is a constant Cy g, > 0 such that
HT/gHLp’(aRz;) < Cnapp ‘gHLq'(RZ{_)' (1.6)

Once we establish the Hardy—Littlewood—Sobolev inequality with extended ker-
nel, it is natural to ask whether the extremal functions for inequality (1.4) actually
exist. To answer this question, we turn to consider the following maximizing problem

Ch,ap = SUP{||Tfl Lar) | | fllze(ory) =1, f = 0}, (1.7)
where p, g satisfy
I n—-1/1 a+p-1
g n P n—1 '

It is not hard to verify that the extremals of inequality (1.5) are those solving
the maximizing problem (1.7). We use the rearrangement inequality to prove the
attainability of maximizers for the maximizing problem (1.7).

THEOREM 1.4. Letn>2,1<p,q<oo, =20, a+ (> 1, and suppose that o, 3,
D, q satisfy

P n—1

q n
Then there exists some function f € LP(IRY) such that f >0, || f||Le(orr) = 1, and

||TfHLq(R1) = C,.0,8,p- Moreover, all extremal functions are radially symmetric and
strictly decreasing about some point yo € OR'}.

1 n-—1 (1 a+/3—1>

We now turn our attention to study the regularity of the extremal functions
for inequality (1.5), the Euler-Lagrange equation for extremal functions, up to a
constant multiplier, is given by

CL‘B
) = / T (7 f(a))e e (18)

n T =yl
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We prove
THEOREM 1.5. Letn>2, 820, a+8>1andl1 <p< a+ﬁ 7 Suppose that f €

OR") is nonnegative solution to (1.8 with L = n=1(1 _ atB=1y ppep fe
loc q n \p n—1
COO(QR”).

Assume that

uly) = 7 (y), wv(z) =Tf().

Denote
0=—— =q-—1.
ST =
Euler-Lagrange equation (1.8) can be rewritten as the following integral system

8
uy) = [ @de, g€ ORY,

x =y

o (1.9)
v(x) = —"u(y)dy, xR
@= | ) eR

We use the Pohozaev identity to prove the following theorem.

THEOREM 1.6. For n >2, >0, a+3>1, 6 >0, k>0, assume that (u, v) €
LIF1(9R?Y) x L”H(R") is a pair of nonnegative nontrivial C* solutions of (1.9),
then a necessary condition for 0 and k is

n—1+ n
0+1 k+1

=n—a-—0.

Obviously, extremals (f, g) of inequality (1.4) satisfies the integral system (1.9).
In light of theorems 3.1, 4.1 and 5.1, we obtain the sufficient and necessary
condition for existence of positive solutions to the integral system (1.9).

THEOREM 1.7. For 6 >0, k > 0, let n, o, B, p, q satisfy all the hypotheses of theo-
rems 3.1, 4.1 and 5.1, then the sufficient and necessary condition for the existence
of a pair of nonnegative nontrivial solutions (u, v) € LYt (ORT) x L*F1(R?) to
system (1.9) is
n—1 n
0r1  mil

=n—a—/.
The following Liouville type theorem was proved by Gluck.

THEOREM 1.8 (see [30]). Let n > 2 and suppose «, [ satisfy 520, 0 <a+ (<
n— B and (1.3). Ifu € L9+1(8R”) and v € L"H‘l(R") are positive solutions of (1.9)
with § = =2 gnd r; = Z‘*‘g‘*‘;g Then there exists c; >0, d >0 and yo € IR}
such that

u(y) = a for all y € ORY.

(@2 + [y — yo[2) "/
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With the help of theorem 1.7, we use weaker assumption (1.10) to obtain theorem
1.9 instead of the conformal invariant case.

THEOREM 1.9. Let n > 2 and suppose «, 3 satisfy 6>0, 0<a+pG<n—p0p. If
u € LITY(OR™) andv € L*T1(R™) are nonnegative nontrivial solutions of (1.9) with

0<pcnte-2 ,_,  ntat2

— ——r (1.10)

Then

n+oa—2 n+a+20
—_— k= ——.
n—a n—aoa—20

9:

Moreover, there exists c; > 0, d > 0 and yo € OR'} such that

u(y) = a for all y € ORY.

(@2 + [y — yo|2) "~/

nta=2 and k = Z+g+§ﬁ Then, the proof

is completely similar to the proof by Gluck in [30], so we omit the details.

This paper is organized as follows. In § 2, we prove the Hardy-Littlewood—Sobolev
inequality with the extended kernel. In § 3, by the rearrangement inequality, we
obtain the existence of extremals of the inequality. Section 4 is devoted to the
regularity estimate of the extremal functions of the Hardy—Littlewood—Sobolev
inequality with the extended kernel. In § 5, using the Pohozaev identity in integral
forms, we give sufficient and necessary conditions for the existence of nonnegative
nontrivial solutions.

From theorem 1.7, we must have 6 =

2. The proof of theorem 2.1

In this section, we use the Marcinkiewicz interpolation theorem and weak type
estimate to establish the Hardy-Littlewood—Sobolev inequality with the extended
kernel.

THEOREM 2.1. Letn>2,1<p,q <oo, $>0, a+ 3 >1 and suppose that o, 3,
p, ¢ satisfy

—11 1 -1
n-1l 1 atpf-1_,

n p q n

Then there is a constant Cy, o5, > 0 such that for any nonnegative functions f €
LP(ORY), g € LY (R7),

/ . R W8N < ool lirim ol gy 1)
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Proof. For t > 0 and 2’ € R"~!, define
8

no_
Ki(2') = (2|2 + t2)(n—a)/2°

Then, for x = (2, z,,) € R, y € OR"}, we have

K(CL‘I - Y xn) = Kwn ('T/ - y)7 Tf(.%‘) = (Kwn N f)(l'/)

We are ready to prove theorem 2.1 via proving inequality (1.5). For p € (1, #5171)
and ¢ given by % = "T_l(% — %) By the Marcinkiewicz interpolation theorem

(see [52]), we only need to prove the following weak-type estimate:

ITf]

£y, ®?) < COnjappllfllLeorn)- (2.2)
That is, we need to show that there is a constant Cy, o 5, > 0 such that

A € RY[ITf(2)] > MY < Crappllflinory), VS € LP(ORY), YA > 0.

Without the loss of generality, we may assume that || f|| Lr(ory) = 1. Assume that
r, s satisfy

(n—1)p np 1 1 1
e o S4l=242 s>1. (23
" <(1—a)p—|—n—1’(1—o¢—ﬂ)p+n—1 s p+8 ° (23)

It follows from the Young equality that

[ e 1Tf@F

o<z,<a

= [ e,
0o Jrrn—1
< Hf”LP(]R"*l)/O | Ko, |7

Ls(rn-1)d2n
a Bs T/S
. :Z:TL !
‘/o (/ <|x'|2+xz><<"—a>s>/2dx> e

a r/s
1
((n—=1)r)/s+(a+B—n)r !
< o ([, i)

One can deduce from (2.3) that

@+(a+ﬂ—n)r>—l, (n—a)s>n—1

Then, we have

r ((n=1)r)/s+(a+B—n)r+1
/zem Tf(z)["dz < Cra .

0<zp<a
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In view of the Holder inequality and the integration of the extended kernel, we can
see that

1Ko 5 f @) oe rn-ry < Oy =D/PHek87m),

Since p € (1, ﬁ), we know that ”1;1 + (a+ B —n) < 0. Then, we derive that

{x € RYITf()] > A}
= |{z e B30 < 2, < ONVOH -0y 52 )|
1

S T f(z)]"dx
z€RY, 0<zy <CAP'/(n=1+4p' (atB-n))
< ¢/ \w/((etB=1)p—n+1)
<C'A7Y,
which implies that
HTf”L?U(Ri) < Cn,a,ﬁ,p||f||Lp(aR¢)~ (2.4)

Note that inequality (2.4) implies, via the Marcinkiewicz interpolation [52], that
ITfllLawn) < Cr,appll fllLeorn).-

or even slight stronger inequality
ITfllzo@n) < CnappllfllLraorn)- (2.5)

where Lorentz norm || - ||ze.« is defined by

> at\
lullz.a = pt/s (/ ¢ ful > ti"“”t> |
0

3. The proof of theorem 3.1

In the following, we will employ rearrangement inequality to investigate the
existence of maximizers for the maximizing problem

Cnapp = SUP{”Tf”Lq(R@ | ||f||Lp(aR1) =1,f >0} (3.1)
We prove

THEOREM 3.1. Letn>2,1<p,qg<oo, 20, a+ > 1 and suppose that v, 3,
p, q satisfy

1 n—1(1 a+p-1
qg n P n—1 '
Then there exists some function f € LP(OR"}) such that f > 0, ||fHLp(9R1) =1, and

rarn) = Ch.a.g.p- Moreover, all extremal functions are radially symmetric an
T (R™) Ch,a,8,p- M s all ext [ ti dially sy tri d
strictly decreasing about some point yo € OR'}.
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Proof. Using symmetrization argument, we first show that the supremum of (3.1)
is attained by radially symmetric functions. Now, we recall the important Riesz
rearrangement inequality. Let w be a measurable function on R™, the symmet-
ric rearrangement of u is the nonnegative lower semi-continuous radial decreasing
function u* that has the same distribution as u. Then, we have

[t [ w@p-autay < [ @ [ w@ee-oe ma

Using the fact ||w||z»@n) = ||w*||z»@n) for p >0 and the standard duality argu-
ment, we see, for 1 < p < oo,

Jw vl Lo@ny < [lu” * 0" || Lo (wn)-

Moreover, if u is nonnegative radially symmetric and strictly decreasing in the radial
direction, v is nonnegative, 1 < p < oo and

w0l Lr@gny = |[u* * 0" || Lrgn) < 00,
then from Brascamp et al. [4], we have,
v(z) =v"(z — 20), (3.2)

for some xy € R™.
Now, assume f; is a maximizing sequence in (3.1). Since

£l e oy = [If*[| o orn) =1

and

||Tf1HLq(R" :/O ||K$n*finLq(Rn—l)dxn

< [ M, 7 s
HTf ||Lq(]R"

We know that f is also a maximizing sequence. Hence, we may assume f; is a
nonnegative radial decreasing function.

For any f € LP(OR") and any A > 0, we let f*(y) = A_(("_l)/p)f(%), then it is
easy to check that

1 e orny = 1 lLo@rnys I Tf A agn) = 1Tl Lagen)

For convenience, denote ¢, = (1, 0, ..., 0) € R*~! and

a; = sup f(e;) = sup A~ (" D/P) g, (?) :
A>0

A>0

It follows that
0< fily) < agly|~(C=D/P
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and hence
1
HfiHLPvOQ(aRi) < wn/,pla@
Thus, by (2.5), we have
1T fillLaey) < Cn,appll fill Lracory)

1
< Cna gl ill oL o i o

1—
Cha Bl P/q’

N

c(n, a, B, p) > 0. Replacing f; by fZ , We may assume fl(ell) > c(n, a, B, p) >

On the other hand, since f; is nonnegative radially decreasing and f; € LP(OR’)
1, it is obvious that

which implies a; > ¢(n, a, 3, p) > 0. We may choose \; > 0 such that f}(e;) >
> 0.

fily) < w,l/f’1|y\_(("_1)/p).

Hence after passing to a subsequence, we may find a nonnegative radially decreasing
function f such that f; — f a.e. It follows that f(y) > ¢(n, a, 8, p) > 0 for |y| < 1,
and || f|[zr(ory) < 1. From Brezis and Lieb’s Lemma [6], we see

L I@P =1 @P =150 = F)P |y =0, as i = .

It follows that
17 = £ omy = HfiH’ip(aRn 1712 ome +0(1)
HfHLp(aRn 0(1)~

On the other hand, since T f;(z) — T f(z) for € R} and [T fi[| Lo®z) < Cn,a.p,p,

we see

(3.3)

”sz”Lq(Rn) = HTfHLq(]M) - HTfi - Tf”Lq(Rn) +o(1 )

<l ‘fz_f”Lp(a]Ri)"'o(l)-

n,o,83,p

‘f”%P(B]Ri) na,ﬁ,p
Hence,
1< oy + s = P o, + 00 (3.4)

y (3.3) and (3.4) and letting i — oo, we derive

<Az omey + (1= 1 1Z0 omn))* .

Since g > p and f # 0, we deduce that ||fHLp(3R1) = 1. Hence, f; — f in L?(OR"})
and f is a maximizer. This implies the existence of an extremal function.

Assume f € LP(ORY) is a maximizer, then so is [f|. Hence [[Tf|rowy) =
||T|f‘||Lq(R1), which implies either f > 0 or f < 0. Without loss of generality, we
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only consider the case of f > 0, then the Euler-Lagrange equation after scaling by
a positive constant is given by equation (3.1)

= | N EErT S LT (35)
On the other hand, for x, > 0,
Kz, * f”Lq(]R = Kz, * f* HL‘Z(R" .
By (3.2), we deduce that
F) =1y —vo) = " (ly = o),

for some yo € IR’} It follows from the Euler-Lagrange equation (3.5) and lemma
2.2 of Lieb [39] that f must be strictly decreasing along the radial direction. O

4. The proof of theorem 4.1

In this section, we establish the regularity properties of solutions to the following
Euler-Lagrange equation:

Pl(y) = i Tf(x))'d 4.1
f (y) - (|$, _y‘g -‘1-1‘2)("_0‘)/2( f(x)) Z. ( . )
i n

We prove

THEOREM 4.1. Letn > 2, 3 >0, a+ﬁ>1and1<p<a+ﬁ 7. Suppose that f €

OR") is nonnegative solution to (4.1 with + = n=1(L _ o821y Thep f e
q

loc n o \p n—1

C’O"(@R” ).
Let u(y) = fP~Y(y), v(z) = Tf(z), 0 = ﬁ and kK = ¢ — 1. Then Euler-Lagrange

equation (4.1) can be rewritten as the following integral system

B
u(y)z/ ———0"(x)dz, y e IR},
R

nz—ylne

4 (4.2)
v(r) = / xin_ue(y)dy» r € RY,
orn |7 —y|"
with K+1 = "T_l(”;fzg 6+1) If f € L (OR"), then u € LYT1(OR™). Therefore,

to prove theorem 4.1, it is sufficient to prove the following lemma.

LEMMA 4.2. Assume that 320, a+ (5> 1 and%ﬂ_1<0<oo7 and 0 < Kk < 00

given by
I n-1 n—a—b’i 1
k+1 n n—1 0+1)°
Suppose that (u, v) is a pair of nonnegative solutions of (4.2) with u € ngotl(a]R")
Then u € C*(R%) and v € C®(R%).
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To prove lemma 4.2, we first establish two local regularity results, which are
spirited by Brezis and Kato’s lemma A.1 in [5], Hang et al.’s propositions 5.2 and
5.3 in [33], Li’s theorem 1.3 in [44], Dou and Zhu’s propositions 4.3 and 4.4 in [22].

For R > 0, define

Br(z) ={y €R" ||y —z| < R, z € R"},

By Y(x) = {y € OR%|ly — x| < R, = € OR"},

Bi(x) ={y = (y1.92,---,yn) € Br(z) | yo > 0, x € IR }.
For x = 0, we write

Br = Br(0), By~ =By '(0), Bf; = Bj(0).

LEMMA 4.3. Assume that a+3>1,1<a,b< o0, 1 <7 < o0, and - —5 <p<
q < oo satisfy
o+ n n—1 o+
b f+ < - + <1,—+ = ﬁ+(a+ﬁ—1)- (4.3)
n q ar b

Suppose that v, h € LP(BE), V € LY(B};), and U € LY(BE™') are all nonnegative
functions with h|B+/ € Lq(Bg/z), and
R/2

() </B 28U (y) {/B ZEV(Z)UT(Z)dZ}l/Tdy+h(x), vee B

e e L e e

There is a € = 6(”7 a, ﬂv b, q, T, a, b) > 07 and C = O(”) «, ﬁv b, q, 7, a, b7 6) >0
such that if
1/r
||UHL’J(B" 1)||V||L/a B+) (n7a76ap7Q7T7aab);

then,
||v||Lq(B;/4) < C(naaaﬂapaqaraavb7 6) (Rn/qin/pHrU”LP(B;) + Hh”L‘I(B;m)) .
Proof. By scaling, we may assume R = 1. Assume that v, h € Lq(Bf). For y €

By, denote
2BV (x)o" (x
- [ e,
1

o=y
Let p; and ¢; be the numbers defined by

Lon(ploesd) Lo (rodend) gy,

p1 n—1 a n qgq n—1\q a n

Then, it follows from inequality (1.6) that
Hu”Lpl (B{Lfl) < C(n, «, ﬁvpa T, a, b7 6)”‘/HLG(BJF) ||UH2p(B+)a (45)

ol g1y < €0, 0,7 0,0, IV Ly 100 (4.6)
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Given 0 < 01 < 03 < 3, for € B;;, we have
BU 1/r BU 1/r
oy [ B, 0 S,
Bzi51+5 )/2 r Y By \BZ31+52)/2 r Y
=L (z) + I(z) + h(x).
By (4.3) and (4.4), we deduce that
1 n—-1/1 1 a+ -1
J— —_— ),
q n b qir n—1
which combines with (1.5) and the Holder inequality, it yields that
1/r
H11||L<I(B;rl) < C(na «, ﬂap7 r,a, b)”U”Lb(B?’l)Hu”qu (B 51+62)/2)
Since p > ﬁ, it follows from the Hélder inequality and (4.5) that
C(n, o, B)
Ir(z) < WHU”U B 1)HU||LP1(Bn 1
C(nvavﬂvpa Taa,b) 1/
< (05— 0y)n—a— B ||U||Lb(B1"'*1)||V||LQT(BI+)||”||LP(BD~
Then, we have
1/r
HU”LLI(B;) < C(na a, ﬁap7 r,a, b)HU”Lb(Bf’l) ||U||Lq1 (B" o +62)/2)
C(n7aaﬁaparaa7b) 1/7“
+ (02 — 6y )18 ||U||Lb Bp! ||V||La B*)HDHL”(BJr + ||hHLq B+ B
(4.7)
On the other hand, for y € B(5 +80)/20 We derive
u(y) :/ xﬁV(x)v’"_(x) dx—|—/ gi(as)vr_(x) d
B; |z —y|" Bi\B}, |l —y[—e
sy " C
< OO, L0l [ Ve
B |z —y[r (62 — 61)n« BI\BY,
22V (z)v" () C(n,a, B,a,b,p,r)
< n d y &y Uy Uy Uy Py V ) r )
I e ey LA P s
Combining this and inequality (4.6), we obtain
ol oty < OO 0,5V e el
(4.8)

C(’I’L, aaﬁa a,p,T )
WHV||L“(3+)HU||L;> B+)
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By (4.7) and (4.8), we see

1 1
HU”L‘?(B;I) g C(naaaﬁapa ’I”,Cl,b, 6) ((52 _51)774,&,5 + ((52 - 51)naﬁ) H’UHLP(BT)

1
+ §||U||Lq(3;r2) + ||hHLq(Bl+/2),

if € is small enough. One can employ the usual iteration procedure (see [32]) to
obtain

||’UHL‘1(BT/4) < C(naaaﬁvpv T7a7b7€)(||'UHLp(B?') + ||h||L‘1(BT/2))' (49)

For v, h € LP(B;), we will show inequality (4.9) still holds. Let 0 < n(x) < 1 be
the measurable function such that

v(z) < 77(96)/ M {/B Mdz} 1/Tdy +n(x)h(z), Vxc By.

pr-t e —yl e Upy |z —ylre

Define a map 77 by

1/r
zpU(y) 2V (2"
Ti(p)(z) < 77(1‘)/3 - [/Bf - dz] dy.

?,1 |x_y|n [eY |Z_y|n «

Choosing small enough e(n, a, 3, p, q, 7, a, b), in view of the integral inequality
(1.5), we have

1T ot
1/r 1
< Oy, 8,170, DUy IVI o 19l oty < 510005t
I gy
1/r

<C(n,a,B,p,1,a, b)HU”Lb(B” 1 ”V”La B+)H90HLq(B+) S H‘PHLq(Bﬂ

Furthermore, one can utilize the Minkowski inequality to obtain that for ¢, ¢ €
LP(BY),

() () = T1(¥) ()] < Ti(le — ¥)(x), =€ B,

which implies

ITi(0) = Tl o sty < ITs00 ~ Doty < 3l ~ Wlocs.

Similarly, we also obtain

1T1(p) = T2 ()| 1o B*) H‘P Ul (BI)"

for any ¢, 1 € LY(BY).
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Set hj(z) = min{v(z), j}, using the regular lifting theorem with contracting oper-
ators which can be seen in [16, 46], we may find a unique u; € L9(B;) such
that

vj(@) = Ti(vj) (@) +n(x)h;(z)

o WU [[oAveE 3
~nta) [ {L d] dy +n(x)hy(x), Vo€ BY.

TRl VTN ERTE

Applying a priori estimate to v;, we obtain
||vj |‘Lq(Bl+/4) < C(n7 «, ﬁ7p7 r,a, b7 6) (”U] ||LP(B;r) + ||h] ||L<Z(B;r/2)) . (410)
Observing that

v(z) = Ti(v)(x) + n(z)h(x),

then we see that
0 = 0l gy < ITL@S) = T )l g + 5 = Bll ot
1
< §||Uj - UHLP(BT) + [[h; — h||Lp(Bl+)-
Hence,
”vj - U”Lp(Bj') < 2||hj - h”Lp(Bj') — 0, as j — o0.
Taking a limit process in inequality (4.10), we conclude that
HUHL‘Z(B:'M) < C(n,Oé,/B,p, r,a,b,e) (”v”LP(Bf') + ”hHLQ(Bf'p)) :
This completes the proof of lemma 4.3. O

Similarly, we also can obtain the following local regularity lemma.

LEMMA 4.4. Assume that o+ 3> 1,1 <a, b< oo, 1 <r < oo, and nf;iﬁ <p<
q < oo satisfy
a+p4—-1 r 1 ro1 n—1 n a+p-1
atp-t r 1 r 1y T e RN RERT)
n—1 qg a p a ar b r

Suppose that u, g € LP(BR "), V € LY(B}) and U € L*(B}y™") are all nonnegative
functions with g| gn-1 € L(BY,)), and
R/2

R/2
.’Lﬂ X
u(y) < /B AN

Lyl ===

1/r
8Ly r
/ <><>d] de+gly), Vye BE
BE !

There is a € = ¢(n, o, B, p, q, 7, a, b) >0, and C =C(n, o, 3, p, q, 7, a, b, ¢) >0
such that if

1/r
HU”L/b(B;*l)HVHL@(B}';) < 6(nvavﬁvp7qaraavb)7
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then,

||u||Lq(ng41)

< C(ny0,8,p,q,7, 0,6, ) (RO ]y ey 49 o))

Based on lemmas 4.3 and 4.4, we prove lemma 4.2. For R > 0, define

Bt (x xBu?
u};g(y)z/]R "7()@:, UR($)=/8 "7(y)dy

B T —ynme Ry \Bp1 |2 —y[r T

By (4.2), we have

zBv"(z apu’
uly) = /B @) 4 (), o) = /B W) g 4 a).

£z =yl net o —y[noe

We first verify that if w € LT (OR™ ), then

loc

ve LN RY), wvg e Lo (BLUBR ™).

loc

L0+l

Indeed, since u € Lj .

(OR%), we see u < 00, a.e. on IR’ . This implies v < oo, a.e.
on R". Hence there exists an 2° = (29, 29, ..., 2%) € B} and 2% > £ such that
v(z%) < co. Tt follows that

wY) 4, < ()"’ (y)
B T R ey i
OR\B ™ 1Y ORY\ B Y

< ev(2®) < oo

ForO<d<1,z€ B;R, it holds,

cRP uf(y)
onle) € s | W) 4y,
(1 =0)"=* Jor\pp—1 Iyl

which implies that
vp € Lis,(Bh U BE ™.

Thanks to the integral inequality (1.5) with %-H = %(”;‘_ﬁﬁ - #), we derive
that

1/(k+1)

5.0 k41
LU (y) 6

[ L S a— < .
/Ri (/BR |z — yl"“"dy> o S Mellzo gy <o

ve LN (BLUBE™.

loc

Hence,

Since R is arbitrary, we deduce that

ve LEH(RT).

loc
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We now turn to verify that ug € L2, (B '). Since u € LYf!

loc

loc

B};E such that u(yo) < co. Thus,

Bk Bk
[, A
R?\ B}, || R?\B; |z — yol

< cu(yg) < 0.

For0<d<1l,ze€ ngl, one can calculate that

1699

(ORY), there is a yo €

dx

c 2B (x
ur(y) = m/ "7()dx < 00,

ro\Bf [T

which leads to ug € LS, (B 1).

loc
To prove the regularity of u, we discuss two cases.

atp—1 n+a+pB-2
CaS@].m<0<7.

n—o—p7

Since %4_1 = %(":ﬁ;ﬁ - Q—L) and 0 < %, we have k > Z_Lg*_'g Then
one can deduce that
1
_ a+ﬂ(n+1) >—, and kK — a+ﬂ(n+1) > 1.
n 0 n

Hence, we choose a fixed number r such that

1<K:7017'|‘ﬁ

then it follows that

8.k 1/r
W (y) < (/ zhv"(z) dx) ol
B

&l =yl

Then,

|z —y|n—o

1
(k+1)<r <k, andr>§,

(y).

1/r
. w0y ([ ) )
<></B (/B d) dy + hr(@),

n—1 |;L'— |”*0‘
i )

where

2Bu? /7 ()l (y)

hr(x :/ dy + vg(x).
R() B;‘{’l |£E—y|n70‘ Y R()

Since u € LyS (ORY), for any x € B}, it holds,

loc

8, 06—1/r 1/r

X

[ E O Wy < e g [
Byt [z =y " Byt

Tt follows from inequality (1.5) and u € LGH(GRi) that

loc

hg € L™(BL UBE ™),
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1 _ 1 n=1 1 5 _atB
where iy | D For ¢ > 0 small enough, one can choose s 2 (K +

1) + € > 1+ € such that

rn(k+1) _Tn(li+1)>lﬁ—|—1
rm—(k+1(n—-1)(1/0+1) ne €

qgo =

can be any large number when we choose € small enough. Hence, it follows that
hr € L1(Bj, U B! for any ¢ < oo.

Let
Kk+1 b 0+1 Tl n
a = = —_— = K —
K—r’ 9—1/r7p n—a—pF
which combines with = = n=ln-a-f _ 737), We obtain

n n—1 a+p ro1 K

= = 1), —+-= <1

ar b r +latp ) p+a K+ 1

Since u € LITH(OR?) and v € LT (RT), one can choose ¢ such that ¢ € (k+

loc loc

1, (a+ﬁ)€:i'{1)+_131(k_7,)), then it is easy to check that ¢ + 1> O‘nﬂ It follows from
. K rn(k+1
lemma 4.3 that U|Bj;/4 € LB} ,,). Notice that o < (a+ﬁ)(ni1;l)n(k7r). For

R/4
rn(k+1)
qc (a_;,_ﬁ (Oé-‘rﬂ)(fi-i-l)—n(k—r))’ we have

u(y)<R6</B+

R/4

(¢—r)/a
|z — y|((an)Q)/(QK)dx> ”"’”24(3;/4) +ur/a(y)

< cRoB—n+((n(a—Fk)) /q)HUHLq B}, )+uR/4( y) <o,

which implies that

u\B% € L=(Byg)-

Since every point may be viewed as a centre, we see u € Lf5 (OR"}), and hence
GRS LZOC(RT—IL-)'
For any R > 0, one can apply

4 B,k
/ Y ﬁl dy < oo, and / TV ) (fzadz < 0
ORY\BE ™! [yl R7?\B}, |2 = yo

to obtain vgp € C®(BLUBE ") and up € C®°(BE ") which yields that u €
C.(0R%) for 0 < v < 1. By the standard potential theory (see [29], chap. 4) and
bootstrap method, we see that (u, v) € C® (IR ) x C=(R%).
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Case 2. %<0<oo.
Since %-H = "T’l(";f;ﬁ — 9%), it is easy to check that
—1 1 —1
I Rt YN SO S B - Ay SR S
n—1 K n—1

Choosing a fixed number r satisfying

-1 1
1<6’—%(9+1)<r<67 and r > —,
n—1 K

then it follows that

Iﬁuo(y) v 1
@) < / ady | o (@),
Bt |~”U - y|

1/r
B (z Buf (2
e [ A (0 )
B 1T =yl Bt |7 — 2

PV (g ol (x
gz?,(y)=/+ ‘ _( 2_2 ( )d$+UR(y)'
B} z =y

Hence,

where

For any y € B;%_l, it holds,

/ o (@) (@)
By

|z —y[n—e

P17 (z)
o < lorlmgoyy [ 2B,

i lw =y
It follows from inequality (1.6) that gr € L% (B}g_l) with ¢; given by
1 1

B n 1
q 0+1 n—1r(k+1)
Let
0+1 k41 n—1
= , b: B :0 1> )
R — k—1/r P * n—a-—pf
which combines with %—H = %(”;‘i;ﬂ — 0_%1), we obtain
n—-1 n a+p-1 r 1 0
LoarrT 4= <
- +b + (a+ 0), p+a 9+1<

Since u € LI (OR™Y)

loc

and v € LiPH(RT), one can choose ¢ such that
q€(9+1 r(n—1)(0+1) )
(a+B8-1D)O0+1)—(n—-1)(0-1))"
then it is easy to check that  + L> %ﬁ;l It follows from lemma 4.4 that u|B;71 €

LY(By}

/
). Arguing this as we did in case 1, and by the standard bootstrap method,
we conclude that (u, v) € C*®(IR7}) x C>(R%).
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5. The proof of theorem 1.7

In this section, we investigate the necessary and sufficient condition for the existence
of nonnegative nontrivial solutions to the following integral system:

B
U(?/)Z/ %Uﬁ(ﬂﬁ)d% y € ORY,
R |T yl

(5.1)

B
Ty 0 n
v(z) = ———u’ (y)dy, x€RY.
@) /5R1|55y|"°‘ W "

From theorems 3.1 and 4.1, to obtain the proof of theorem 1.7, it is sufficient to
prove the following theorem.

THEOREM 5.1. For n>2, 320, a+(>1, 8 >0, k>0, assume that (u, v) €
LITL(OR™) x L*TY(R™) is a pair of nonnegative nontrivial C* solutions of (5.1),
then a necessary condition for 6 and k is

n—1+ n 3
=n—a-—0.
0+1 k+1

Proof. Assume that (u, v) € LT (9R%) x L*T1(R"}) is a pair of nonnegative non-
trivial solutions of the integral system (5.1). One can apply the integration by parts
to obtain

/ W () (yVu(y))dy
B

n—1
R

— L 0+1

=5 oV

— i 0+1 _n- 1 / 9+1
=TT W y)do - g . uw ™ (z)dz.

Similarly, one can also derive that

/ ) v*(x)(zVo(z))d
B

R

R
= / " (z)do — r / v (2)da.
&+ 1 Jioptne, >0} w41 /B

It follows from (u, v) € LYT1(OR") x L*T1(R™) that there exists R = R; — +00
such that

R; / ) u'(y)do — 0, R; v (z)do — 0.
OB {aBgJ_mxnm}

https://doi.org/10.1017/prm.2022.69 Published online by Cambridge University Press


https://doi.org/10.1017/prm.2022.69

Hardy—Littlewood—Sobolev inequality 1703

Therefore, we get

/ W (y) (yVu(y))dy + / o) (@Vo(a))dz
oy )

) (5.2)
__n- 140 (0 g — / L4604
1+9/6R1u (z)dz T n 11} (x)dz.
On the other hand, one can calculate that
_ d[u(py)] ‘
Vu(y)y = b
R e S
=—(n—a — —[(y — x)y|v"(z)dz,
Ry |z —y|rrEme
and
Sotaye  dlen)
dp
p=1
— ) [Tl ey
orr [T —y[r e
B
xTL
+ ﬁ/ ———u’(y)dy.
IR™ lz —yl
It follows from Fubini’s theorem that
/ CWEVuWy + [ @)@
OR’ R?
(a+8-n / / — aue(y)v”(x)dydx
n JoRr? |z — |
—@+8-n) [ )y
O™
=(a+p— n)/ v (z)dz.
n
This together with (5.2) implies that Z+11 + g =n—a-—p. O
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