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Abstract: The main purpose of this article is to establish the L? Hardy’s identities and inequalities for Dunkl
operator on any finite balls and the entire space RN. We also prove Hardy’s identities and inequalities on
certain domains with distance function to the boundary 0Q. In particular, we use the notion of Bessel pairs
introduced in Ghoussoub and Moradifam to extend Hardy’s identities for the classical gradients obtained by
Lam et al., Duy et al., Flynn et al. to Dunkl gradients introduced by Dunkl. Our Hardy’s identities with
explicit Bessel pairs significantly improve many existing Hardy’s inequalities for Dunkl operators.
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1 Introduction

1.1 Hardy inequalities for the classical gradients

We first recall the classical L? Hardy’s inequality of the following form:

N-pl° p
I IVulPdx > —p‘ WP g, (1.1)
. p L Ix1P
R R
_pl|P
for N>2,1<p <N, and u € C§°(RN). The constant Nop® g sharp and is never attained by nontrivial

functions. It is worth mentioning that Hardy-type inequalities and their variants play crucial roles in
many areas of mathematics, such as analysis, probability, and partial differential equations (PDEs). We
refer the interested readers to standard monographs on the topic [4,22,28,33,34,38,40,45], among many
others.

In general, remainder terms might be added to improve Hardy’s inequalities, due to the non-existence

of extremal functions. For the first time in the literature, Brézis and Vazquez [9] investigated the improve-
ments of Hardy’s inequality on the bounded domain by adding nonnegative terms to the potential

2
(%) lelz' Besides, Maz’ya studied in [40] a refinement of both Sobolev and Hardy inequalities and

established the following result:

Theorem. (Maz’ya [40]). Let N+ k >2,2<q< iff;g, and y=-1+ N+ k)(% - %) There exists ¢ > 0
such that
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j |Vu|2dx—(¥) j %dxzc j lul? ]y} dx
k

[RN+ [RN+k [RN+k

for all u € CP(RN*K) subject to the condition u(0, z) = 1 in the case N = 1. Here, x = (y, z) € RN x Rk,

Their results have motivated many researchers to work on the remainders of Hardy’s inequality. We
refer interested readers to [5,6,14,15], to name a few. In [26], Frank and Seiringer used the notion of ground
state representations to set up the following improved Hardy-type inequality: if the weighted p-Laplace
equation

=div(AQ)|IVe(x)[P2Ve) = B(X)p(x)?~!
has a positive solution ¢, then

j ACO[VulPdx > IB(X)lulpdx.

Recently, Duy et al. [19] proved a general symmetrization principle for Hardy-type inequalities with non-
radial weights of the form A(|x|)x?.

Theorem. [19] Let p > 1, 0 < R < 0o, A, and B be positive functions on (0, R). Then the following are
equivalent:

) IA(|X|)|Vu|Pdex > IB(lxl)lulpdex for all u e CS°(BY)
By By

(B) IA(|X|)|Ru|pdex > jB(lxl)lulpdex for all u € C§°(By)

By By
© _[A(|x|)|Vu|Pdex > jB(lxl)lulPdex for all radial u € C§°(By).
By By

Here xP=|x/B.. |xy/*»,P,>0,...,Py>0, is the monomial weightt and RY=
{Ca, ...,xy) € RN : x; >0 whenever P, > 0}, B; = By nRY, and R = ﬁ V.

We also refer to the articles [41] and [1], in which Muckenhoupt pair has been used to study the
necessary and sufficient conditions for the validity of the Hardy inequality in one-dimensional space. In
order to study the L? Hardy-type inequalities with radial weights, Ghoussoub and Moradifam [27] first
formulated and applied the notion of Bessel pairs in L? sense and proved that if (r¥-'4, rN-1B) is a one-
dimensional Bessel pair on (0, R), 0 < R < o0, then

jAunnvm%h;szaﬂnm%h

By B

(1.2)

for all u € C§°(RN\{0}). Here, the Bessel pair (4, B) is defined if the ordinary differential equation (ODE)
(A(m)y'Y + B(r)y =0

has a positive solution on (0, R). It is also worth mentioning that (4, B) = (rN-!4, r¥N-B) is a one-dimen-
sional Bessel pair — or simply called a Bessel pair, if and only if (4, B) is a n-dimensional Bessel pair, in the
sense that

(VA + VB = 0

has a positive solution.
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Recently, the notion of Bessel pairs has been revisited and used to establish Hardy’s identities and
inequalities, which sharpened Hardy’s inequalities in the literature. Lam et al. proved [36,37] the following
I? Hardy identities and inequalities.

Theorem. [36,37] Let O < R < 0o, A, and B be positive C! functions on (0, R). Assume that for some
aeR,Adx) - ‘;(—"X)l exists on {0 < d(x) < R} in the sense of distribution, and (r*'A, r*"1B) is a Bessel pair
on (0, R). Then, foru € C5°({0 < d(x) < R}):

f A Vu(oRdx — j B(d(0)|u()Rdx

0<d(x)<R 0<d(x)<R

o - 1]9/dx)
) | e(deo)

_ I AdOO))QAd())

0<d(x)<R

2

u(x) ) 2 )

V(so(d(x)))‘ dx I A@dOO)uC)l [Ad(x)
0<d(x)<R

and

j AV VuoRdx - j B(d(x)|u(o)Rdx

0<d(x)<R 0<d(x)<R
2
_ 2 of _ut) ~ ) _a-1]¢'[dx)
= I A(d(X)pA(d(x))| vd(x) v((p(d(x)))’ dx I Ad)|ux)| [Ad(x) 400 (p(d(x))dx

0<d(x)<R 0<d(x)<R

Here, ¢ is the positive solution of
Ay (1) + e Bry(r) = 0
on the interval (0, R).

As a consequence, the authors obtained

Theorem. [36,37] Let 0 < R < 00, A, and B be positive C! functions on (0, R). Assume that for some
aeR, (p’(d(x))(Ad(x) - ﬂ) < 0in{0 < d(x) < R} in the sense of distribution, and (r*~'A, r*'B) is a Bessel

d(x)
pair on (0, R). Then, for u € C§°({0 < d(x) < R}):
V( Ut ) 2 dx
p(d(x))

j Ad()IVuGoRdx - j B(d(o)uGoRdx = j Ad))pXd(x))

0<d(x)<R 0<d(x)<R 0<d(x)<R

and

j AO)IVACO)-TuGoPdx — j B(d(0)uGoPdx

0<d(x)<R 0<d(x)<R
u(x) ’
> I A(d(X))p?(d(x))| Vd(x)- V(m) ‘ dx

0<d(x)<R
Here, ¢ is the positive solution of
(r*A@)Y'(r) + r*B(r)y(r) = 0
on the interval (0, R).
Subsequently, Duy et al. introduced in [19] the notion of L?-Bessel pairs for all p > 1 and established

numerous LP-Hardy’s identities and inequalities, which improved Hardy’s inequalities in the literature.
This notion of p-Bessel pairs has been further elaborated by Flynn et al. in their work [24], where the
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authors proved L? Hardy identities and inequalities with p-Bessel pairs on domains Q ¢ R" with respect to
the distance and mean distance to the boundary. Hardy-type inequalities have also been established on
hyperbolic spaces [7,8], Cartan-Hadamard manifolds [25], and other related Riemannian manifolds. We
begin by recalling the following definition given in [19] (see also [24]).

Definition 1.1. (4, B) is a p-Bessel pair on (0, R) if the ODE (A(r)|y'|”%y") + B()|y|P-2y = 0 has a positive
solution on (0, R).
For p > 1, we also denote

GG Y) =P — Ix =yl —p Ix - yP2(x - y)-y
=xIP +(p - Dix —ylP —p Ix - yP2(x - y)- x.

Duy et al. [19] proved the following L? Hardy identities with monomial weights:

Theorem. (Duy et al. [19]) Let N>1, p > 1, 0 < R < 0o, A, and B be positive C! functions on (0, R). If
(rP-14, rP-'B) is a p-Bessel pair on (0, R), then for all u € C§°(B;;\{0}):

IA(lxl)qulpdex - JB(lxl)lulpdex - j A(|X|)Cp(Vu, <pv(5))x1’dx
: : : ¢
BR BR BR

and

IA(|X|)|Ru|Pdex - IB(|X|)|u|Pdex = IA(|X|)CP(RM, (pR(E))XPdX.
By By By ¢
Here, ¢ = @, ., p.g is the positive solution of
rPTAMIY'?YY + rPTBmyP 2y = 0

on (0, R). [x|® = |x|8|--- xy|™ is the monomial weight, where P, > 0,...,Py > 0, and D = N + P, +---+ Py.

Moreover, Flynn et al. established in [24] L? Hardy identities and inequalities with p-Bessel pairs on
domains in Euclidean space with respect to the distance and mean distance to the boundary. Let do(x) be
the distance from x to 0Q.

Theorem. (Flynn et al. [24]) Let1 < p < oo, let Q ¢ RY has inradius 0 < p < co, and let 0 < R < oo be such
that p < R when p < co and R = co when p = co. Suppose (V, W) is a p-Bessel pair on (0, R) with positive
solution ¢. Then, for u € C5°(Q), there holds

I V(da(x)[Vu(x)|Pdx — f W (da(x))luCoPdx
Q Q

u(x) ¢'e dol”” @' d -
_ k) _ o ° aq ° g
_ !wdg(x))cp(w(x), (p(dQ(x))V( ) )) Mo, Ve da |00t e
and
jV(dg(x>>|Vdg<x>-Vu(x>|de - fW(dg(x>)|u<x>|pdx
Q Q
3 _ _ u(x)
= _([V(dg(x))cp(Vdo(X) u(x), p(do(x))Vda(x) V(r do00) ])dx 1.4)
@'o dglf™? @' dg
- Adg, V < dq [ulPdx,
(p o dQ (p o dQ

where Adg, - denotes the pairing with the distributional Laplacian of dg.
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Another way to improve Hardy-type inequalities is to replace the usual gradient V by ﬁ, and ﬁ -V isjust the

radial derivative. In particular, for polar coordinates (r, o) = (|X|, ﬁ), we have ﬁ -Vu(x) = o,u(ro). Actually,

the Hardy inequalities with radial derivative have been studied by many authors, see [19,32,35,44], to name a
few. Moreover, Hardy’s identities and inequalities on Carnot groups (including the well-known Heisenberg
group) and on hyperbolic spaces and Cartan-Hadamard manifolds have been established by Flynn et al. [23,25].

1.2 Hardy’s inequalities for Dunkl gradients

During recent years, there has been a rapid development in the area of special functions with reflection
symmetries and harmonic analysis related to root systems. The motivation for this subject comes from the
theory of Riemannian symmetric spaces, whose spherical functions can be written as multi-variable special
functions depending on certain discrete sets of parameters. Dunkl operators are an important tool in the
study of special functions with reflection symmetries.

In general, these are commuting differential-difference operators, associated with a finite reflection
group G(R) on Euclidean spaces. The class of such operators, now often called “rational” Dunkl operators,
was first introduced by Dunkl [16]. Besides harmonic analysis and special functions, this theory also has
deep and fruitful interactions with algebra, mathematical physics, and probability theory. Interested
readers are referred to many references for surveys on Dunkl theory. For example, see [18,43] about rational
Dunkl theory, and [42] about trigonometric Dunkl theory, and [20] about integrable systems related to
Dunkl theory. We shall denote the first-order Dunkl operator along a vector £ € R¥ by T, the Dunkl gradient
by Vi, and the Dunkl divergence by divy (see Section 2 for details and more notations).

Several functional and geometric inequalities have been developed in a Dunkl setting. For examples,
Gorbachev et al. proved Pitts inequalities for the fractional Dunkl operators [29]. Anoop and Parui proved
the Hardy inequality and fractional Hardy inequality [3] by looking for a solution and the potential function
in some differential equations. More precisely, they established the following.

Theorem. (Anoop and Parui [3]) Let w be a positive radial function and V be a function satisfying
-Mw + Vw > 0 in RN, then for u € CARY),

| w + viepReodx > [ 190r wpw2codx 15)
RY RY

If u is G-invariant, the equality of (1.5) holds. We note that such an identity is actually a special case of
our result. The inequalities were also established for the half space and the cone by the authors. However,
under the Dunkl setting, the improvements for the remainder term in Hardy-type inequalities have not been
studied explicitly.

The main purpose of this article is to derive Hardy-type identities in the setting of Dunkl operators,
using the notion of p-Bessel pair for Dunkl operators. This is actually an improvement of Hardy-type
inequalities because as an additional nonnegative term is added to the right-hand side of (1.1). We also
discuss the Hardy identities and inequalities on the G-invariant domains.

The article is organized as follows. In the rest of this section, we give our main results with several
applications. In Sction 2, we provide a brief and necessary introduction to Dunkl theory, which will be used
throughout the article. The proofs of our main theorems are discussed in Section 3.

Definition 1.2. Let y(r) be a radial function defined on a ball of radius R centered at the origin, wherer = |x|
is the Euclidean norm of x. (4, B) is an N-dimensional p-Bessel pair for Dunkl operators on (0, R) if
div (AN Vey (P2 Yy () + BO)ly(m)P~2y(r) = 0

has a positive solution on (0, R).
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We next point out the relationship between the Dunkl p-Bessel pair and the classic p-Bessel pair in the
following corollary.

Corollary 1.1. (A, B) is an N-dimensional p-Bessel pair for Dunkl operators on (0, R) if and only if it is a
dy-dimensional p-Bessel pair in the usual derivative sense, i.e., if

rATAMIY' P2y + rdB)lyP-?y = 0
has a positive solution on (0, R), where dy = N + 2y, and y = ), .p-k(@).

It is worth noting that (4, B) is an N-dimensional p-Bessel pair if and only if (rN-'A4, r¥-1B) is a one-
dimensional Bessel pair, in which case we have immediately:

Corollary 1.2. (A, B) is an N-dimensional p-Bessel pair for Dunkl operators on (0, R) if (r®'A, r%'B) is a
(1-dimensional) p-Bessel pair for usual derivatives.

1.3 Hardy’s identities and inequalities on balls and R
Now we are ready to present the following L? Hardy identity:

Theorem 1.1. Let N > 1,p > 1,0 < R < 00, A, and B be positive C' functions. If (A, B) is an N-dimensional
p-Bessel pair for Dunkl operator on (0, R), then for all G-invariant u € CS°(RN\{0}), we have

[ acrmapan, - [ Baxdmpdu = [adne v wot Jau, 6
Bg Bg Bg
where w is the positive solution of

divi(A(N [y (NP2 Viy () + B()ly(n)|P-2y(r) = 0.

Obviously, this result implies the following Hardy-type inequality:

Theorem 1.2. Let N > 1,p > 1,0 < R < 00, A, and B be positive C! functions. If (A, B) is an N-dimensional
p-Bessel pair for Dunkl operator on (0, 0o), then for all G-invariant u € CP(RY\{0}), we have

| AaxDiwara, > [ BxDupdy. an
By By

It is also worth mentioning that when p = 2, G(x, y) = |y|*>. Hence, we obtain the following L? Hardy
identity and inequality for Dunkl operators as a consequence of Theorem 1.1.

Corollary1.3.Let N > 1,0 < R < oo, A, and B be positive C! functions. If (A, B) is an N-dimensional L?-Bessel
pair for Dunkl operator on (0, R), then for all G-invariant u € C§°(RN\{0}), we have

u 2
w<|x|)vk(w) dy, 1.8)

jA(|x|>|vku|2duk - jB<|x|)|u|2dyk - jA(|x|)
By By By

and

[ AGxDIvards, > [ BduPy,. 19)

Bg Bg
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We also provide some other consequences of Theorem 1.1, by giving some explicit p-Bessel pairs.

_p\P .
The simplest Bessel pair on (0, co0) is (1, (%) rP), with positive solution w(r) = e, Therefore,

we recover the classical L? Hardy identity and inequality for Dunkl operators:

Corollary 1.4. Let N > 2,1 < p < oo, and u € C§°(RN\{0}) be G-invariant, we have

_plP p _ _
dkTp‘ Mdyk = JCP(Vku, |x|*dkTpV(u|x|dkTp))dyk

X .
R R

j V[P dys,

N

R
and

ko
I

—_plP p
lekulpd}lk > dk_p‘ |ul
[RN

where the constant in the inequality is sharp.
Instead of proving this corollary, we present and prove a more general version as follows:

Corollary 1.5. Let N > 2,1 < p < 0o, € € R, and u € CS?(RN¥\{0}) be G-invariant, we have

j X7 Ve Py, —
N

R

_ p
£+ dk—p‘ I |X|p(£_1)|u|pdpk
p N
R

- di-
[ e (S 9 e )t
[RN

= [ o 9 (7))
[RN

and

| wervapay, >
[RN

o
P dk_p‘ I IX|PEDulPdy,,
p N
R

where the constant in the inequality is sharp.

kP _

P . ) . d .
Proof. We first check (rdkflrl’f, €+ %’ rdkflrl’(sfl)) is a p-Bessel pair on (0, co), withw = r—» ¢, Since

- di-p
w(r) = —(dkT" + s)r*T*H, then

p-2 di-p !
(rarPolw' (NP-2w'(r)) = - |e + d-p (e s dop )(rdk“p 87( pZ +£+1)(p 1))
p

_plP2 _ dep \
=— e+ d-p (e+ L p)(r kpp“)
p b

=— |lge+ X _Z| pp te-l

p _
= £+ dk—_p rdk—lrp(e—l)r_(dkTp"'g)(p_l)

P
=— e+ ——F| rdlppE-Dyp-2y,
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Then by Corollary 1.2, (rpf,

_plp
£+ %‘ rl’(gfl)) is an N-dimensional p-Bessel pair for Dunkl operator,
which proves the identity and inequality. In order to see that the constant ‘s + d"T_p‘ is sharp, we check the

radial function

_1 < 1
fr) = {E_lrc r=

r>1,

d —
where c = —¢ — kTp. Then, we have

pe |y, fP @ p--dic+p
.[[sz|X| Vi f1P Ay _ IO r~v-dtpdr .. de-plf
o PPN AR [ cappte-nr i engy p
R 0
Letting € = 0, the above identity and inequality reduce to Corollary 1.4. O

By using 2-Bessel pair (rzfdk, rzfdk%‘i) on (0, R), R > 0, we obtain the following Poincare-type identity

and weighted Sobolev inequality:

Corollary 1.6. Let R > 0 and u € C§°(R¥\{0}) be G-invariant, we have

2( Zo
vl oz BGER) [ q
gt He T Rz ) e T ) e | 7 ||
Bg Bg R O(ﬁlxl)
and
|Viul* z5 (_luP
x|z e = o | Tz e (1.10)
B Bg

Moreover, the optimizer of the inequality (1.10) exists and takes the form ]0(%|x|). Here, zo ~ 2.4048 is the first

zero of Bessel function Jy(z).

Proof. We recognize that (rdkflrz’dk, rdk’lrz’d"%é) is a 2-Bessel pair on (0, R) with w(r) = ]o(%r ), for any
1_2\2 2

R > 0. This is due to (r*", (%) rA-24 %r*") being an n-dimensional 2-Bessel pair [27] on (0, R), R > 0,

2
for 0 <A< n-2,n >3, with the same positive solution. Hence, (rzfdk, rzfdk%) is an N-dimensional 2-

Bessel pair for the Dunkl operator, and the identity and inequality follow. Besides, since Jy(s) ~ 1, for
s < 1, we have

) TN f “(t ”
[~ [ %r)| meeorar - [iorsias| | [incora| <o
By 0 0 0
Therefore, ]0(%|x|) is the optimizer for the weighted Sobolev inequality (1.10). O

dy-1-2
2

Infact,if0 <A <dy-2,0<a < , and z, is the first zero of the Bessel function of the first kind J,,

2
then the couple (rdk‘lr"‘, rdk‘lr"‘[(w - oﬂ)r‘2 + %D is a 2-Bessel pair on (0, R), R > 0, with

2-

wr)=r dsz]a(%r). We obtain the following Brézis-Vazquez-type identity and inequality:
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Corollary 1.7. Let R > 0,0 < a < %=

[Viul® ((dk -A-27 a ) |uf?

~2 andu e CS°(RN\{0}) be G-invariant, we have

IXI/I 4 Ix |/1+2 Hic
Bg
2
[uf? 2-de _(z u
2 sz et I'X'”“E&ka R
A
and
Nl (do-A-2?7 ) |upP [
M P |x|Mdk> ||A

R

It is clear that when a = 0 and di = N so that V, = V, we recover the inequality proved by Vazquez and
Zuazua [46] with weights:

|Vul? _(N—}l—z)z luf? dx>z_§ |uP
IxA 2 x|+ “R2) P (1.11)

'R 'R

1.4 Hardy’s identities and inequalities on domains

Now we consider the Hardy’s identity and inequality on domain Q ¢ RY with distance d(x) = d(x, 0Q) from
the point x to the boundary 0Q. These inequalities have been studied extensively in the case of usual
derivatives. The classical Hardy-type inequality on domain takes on the form:

IxP?

j|Vu|2dx > (@) j prctl (L.12)

When 0 € Q and d(x) = |x| is the distance to the origin, it is well-known that C(Q) = (By is optimal for

N > 3. Moreover, the equality is never attained by nontrivial functions in HAX(Q). ’

In their seminal article, Brézis and Vazquez [9] first investigated the improvement of Hardy’s inequality
on bounded domains by adding nonnegative terms, when they studied the stability of a certain singular
solutions of a nonlinear elliptic equation.

Theorem. (Brézis and Vazquez [9]) For any bounded domain Q ¢ RN, N > 2 and any u ¢ H&(Q), we have

2
Iqulzdx—(Nz ) 'I“I'de>zow,fy|g| I|u|2dx,
Q

where z, = 2.4048 is the first zero of the Bessel function Jo(z), and w is the volume of the unit ball in RN. The

2
constant ziwy |Q~ is optimal when Q is a ball but is not achieved in H(Q), as shown in (1.11) for A = 0.

The geometry of the domain Q plays an important role. Later, Lam et al. [36,37] studied the improved
Hardy’s inequalities with Bessel pairs for the general distance function d(x) with |Vd| = 1. The distance
function can be the distance to a point, the boundary of the domain, or a surface with codimension a. In
Velicu [47] proved the Dunkl equivalent of the original Hardy’s inequality for G-invariant convex domains
Q. More precisely, it was proved that (1.12) holds true when V is replaced by Vj:

|x[?
4 ) o2 Hic

J-|Vku|2d,uk >
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In spirit of aforementioned works, we are able to obtain an improved Hardy’s inequality with the
distance function to the boundary of the G-invariant domain, using the notion of Bessel pair. We first
present some information about the distance function:

Proposition 1.1. Let Q ¢ RN be an open set and let 9Q #+ &, and d(x) = d(x, Q) be the Euclidean distance
from x to the boundary, then

(1) |Vd| = 1 wherever is defined.

(2) Ad(x) < 0 in the sense of distribution if Q is convex.

(3) d(x) is G-invariant and Vi d(x) = Vd(x) if Q is G-invariant.

Proof. We only prove (3) here. Let x € Q, g € G, there exists a sequence {y,} € 0Q such that

ly, — x| - dx), n— oco.
Since Q is G-invariant, (gy,) € 0Q, then

Vo = x| = 18y, — x| = d(gx).
On the other hand,

v, = xI = 187"y, — 87| > d(g™x).

Thus, d(x) = d(gx) and Vid(x) = Vd(x) follows by definition. O
Theorem 1.3. If Q ¢ RY is G-invariant and diam Q < 2R, 0 < R < 00, (4, B) is an N-dimensional 2-Bessel
pair for Dunkl operator on (0, R), and d(x) is the distance from x € Q to the boundary 0Q, assume on (0, R)

2k(d(x)) —a + 1

(Akd(x) + d(X)

)(p’(d(x)) < 0 in the sense of distribution,
then for u € C5°(0 < d(x) < R),

| Aceoma P, - [ BacoucoPds, [ Adeow@w)
Q Q Q

2
u(x)
—_— d
Vk( go(d(x))) ‘ He
2k(d00) - a + 1)¢’(d(x)>

~ 2
_([A(d(X))Iu(XN (Akd(X) + d(x) p(d(x)) Hie

where @ is the positive solution of
MA@ (1) + e By(r) = 0
on the interval (0, R).

As a direct consequence, we obtain

Theorem 1.4. If Q c RY is G-invariant, and diam Q < 2R, 0 < R < oo, (A, B) is an N-dimensional p-Bessel
pair for Dunkl operator on (0, R), and d(x) is the distance from x € Q to the boundary 0Q, assume on (0, R)

2k(d(x)) —a + 1
d(x)

then for u € C5°(0 < d(x) < R), we have

IA(d(X))IVku P 2 IB(d(X))Iu(X)IZd#k
Q Q

2
u(x)
dy, .
Vk(so(d(x») ’ e

(Akd(x) + )(p’(d(x)) < 0 in the sense of distribution,

f Ad()p(d(0)
Q
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In particular,

[ Ao Py, > [ Baooueordy.

Indeed, most of the Bessel pairs mentioned earlier can be applied to Theorems 1.3 and 1.4. We will not
list all of them but only one that is of the Brézis-Vazquez and Brézis-Marcus types.

Corollary 1.8. If Q ¢ B(R) ¢ RN is G-invariant, and diam Q < R,0 <R < oo, 0 <A< dy - 2, then for
u € C°(0 < d(x) < R), we have

J‘IVkul2 _ (d - A -2 |ul? d
d(x)! 4 dooh
Q Q
2
2 2-d|
jdléll),\ My + _[ d(X)Tk]o(%d(X))Vk 2—dk+/:1 dpy

o)™ Jo(%d(0))

2K(d00) - a + 1) -2z B(d)

! 2| pd
d(X)Alu(X)l ( kd(x) + 460 2d(x) + — R ]0(%61()())

g

Proof. Note that for R > 0, (r"‘, r"‘[(W)r‘2 + %‘i]) is an N-dimensional 2-Bessel pair for Dunkl

operator on (0, R) with ¢ = rz_dzwjo(%‘)). The result follows by applying Theorem 1.3 to the Bessel pair

2
(r*”‘, r*"[(i(dk'j'z)z)r*2 + %]) O

1.5 Connection with monomial weights

Now we consider the simplest family of weight functions, which is defined by

N
he0) = [ [Ixlk,  x eRY,
i=1
for k; > 0,1 < i < N. Clearly, they are invariant under sign change, that is, invariant under the group ZIZV .
Hence, this family of weight functions leads us to the definition of monomial weights:

xP =Pl

where P = (P,,...,B,) is a vector in R" with P, >0 fori =1,...,n

Actually, this type of problems appeared when Cabré and Ros-Oton studied in [11], which was moti-
vated by an open question raised by Brézis and Vazquez [9] and Brézis [10], concerning the regularity of a
certain PDE. Cabré and Ros-Oton studied this question in the space that they call double revolution, which
consists of domains of R" that are invariant under rotations of the first m variables and the last n — m
variables. Cabré and Ros-Oton later generalized the idea with multiple axial symmetries and set up the
general monomial weights in [12].

Recall in the case of Z)', and with weight function k; replaced by the scalar 4;, the Dunkl operators take
the following form:

TFGO) = 3if (o) + 4,100 = F(@0
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where ox = (X, ...,Xi_1, —Xi, Xi+1,-...,Xy). Thus,
IA(|X|)|Vku|Pdex - IB(|X|)|u|Pdex = IA(|X|)CP(Vku, kal)dex.
w
Br Br Br

In particular, if f is axial symmetric, i.e., f(x;) = f(-x;), 1 = 1,..., n, so that Vi f = Vf. Let B; = By n RY,
where RY = {( --- ,xy) ¢ RN : x; >0 whenever 4; > 0}, then we partially recover the L? Hardy identity
with nonradial weights of the form A(|x|)x? in [19].

Theorem 1.5. Let N>1,p >1,0 < R < oo, A, and B be positive C! functions. If (rP-14, rP-1B) is a (one-
dimensional) p-Bessel pair on (0, R), then for Z)-invariant u € C°(RV\{0}), we have

*

BR R R

u
IA(|X|)|Vu|Pdex - I B()ulPxPdx = I A(|x|)Cp(Vu, WVW)dex. w13)
B, B,

Proof. Indeed, one notes that By is “almost" the same By in the following sense:
Set x = rw, where r = |x| and w = (wy,...,w,) be the unit vector in aBl“‘ = 0B; nR7, denote D = N +
A; +---+ Ay, then we obtain

x4 = (rw)? = (rw) -+ (rwy) 4
and
xAdx = (rw)Arv-1drdS,, = r?-wAdrdsS,,

where dS, denotes the surface measure on dB{:. Hence,

R R
j A(XD|VulPxAdx = I IA(lxl)quP”drdS - f wAdS, IA(|X|)|Vu|PrD‘1dr
0

By wedB 0 wedB{

and

R R
[Bpmpxiac= [ [Baxwraras, =| [ wias, | [Bedupr-ar
By o

e wedBf 0 wedB{

Moreover, Cabré and Ros-Oton showed that the first integral can be computed explicitly [12]. Indeed,

A _ A
J.weaBlAw dS, = Dm(B{*), where

m(B = [ xdx - () i)
J 27(1+2)
1

Therefore, (1.13) is obtained by similar argument to the proof of Theorem 1.1. O

For many other geometric and functional inequalities with general monomial weights, the interested
reader is referred to [12,19,21,48].

2 Preliminaries of Dunkl theory

The purpose of this section is to introduce the theory of Dunkl operators. We refer the interested reader to
[2,13] for general Dunkl theory. For a background on reflection group and root systems, the reader is
referred to [30,31].
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2.1 Root systems and reflection groups

The basic ingredients of the theory of Dunkl operators are root system and reflection groups, acting on some
Euclidean space RN, Let {x, y) = Zf\i Xi¥; denote the standard Euclidean inner product and |x| := /{x, x) . For
a € RN\{0}, we denote by g, the reflection with respect to the hyperplane (a)* as follows:

O (%) = x — ZMD{, x € RV,
|a®

Definition 2.1. A (reduced) root system is a finite set R ¢ R¥\{0} such that
(1) RnRa = {+a} for all « € R; (Reducedness)
(2) 0R) =R foralla € R.

The set {u* : u € R} is a finite set of hyperplanes; hence, there exists uy, € RN such that (u, uy) # 0 for all
u € R. With respect to ug, a root system can be written as the disjoint union of R, and R_, where
R, ={veR: (v,uy) >0} and R_ := —R,. For simplicity, we assume that R is normalized in the sense
that (a, a) = 2 for all a € R.

Definition 2.2. For a given (reduced) root system, the reflection group G = G(R) is a finite group generated
by all the reflections g,.

Definition 2.3. A function k : R — R.( on the root system is called a multiplicity function if it is invariant
under the nature action of G on R, i.e., k(v) = k(u) whenever there exists g € G such that ug = v.

Definition 2.4. Fix a reflection group G and a multiplicity function k, and we define the G-invariant
homogeneous weight function hi(x) of degree y; := ), p-k(a) by

he(x) = ] Ka, x)[K@.

a€R,

Throughout the article, we assume that k(a) > 0 and denote di = N + 2y,.

2.2 Dunkl operators

Definition 2.5. Given a multiplicity function k, then for & € R¥, the Dunkl operator T; is defined by
Tef() = 0 f(0) + Egf(0), fe C'RY),

where the difference part E; f(x) = Y, R+k(a)<x, '3 )% and 9; denotes the usual directional derivative

corresponding to §. For the standard basis, we denote T; = T,

We see that if k(a) = 0, then Dunkl operators deduce to the differential operator. It is also easy to verify that
T; is the first-order differential-difference operator. In the case of ZJ, the Dunkl operators take on the
formula

Tf(x) = 0;f(x) + kiw,

1
where 0ix = (Xq, ..., Xi_1, =Xi, Xi+1> -+-»XN)-
The natural spaces to study the Dunkl operators are the weighted spaces LP(y;), where dp,(x) =
h?(x)dx. We list some important properties that Dunkl operators possess as follows:
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(1) Dunkl operators commute,
LTj=TT, 1<i,j<N.
(2) For f, g € CY(RM), and at least one of them is G-invariant,
Ii(fg) = T(f)g + fL(g).

(3) Skew-adjointness,

j TF (0O () = - j FOOTg (O (x).
RN RV

One can define the Dunkl gradient by Vi = (T}, I, ..., Ty), and Dunkl divergence by divy = Z?’:ITj. The
Dunkl operators can also be used to define an analog of the Laplace operator, called the Dunkl

Laplacian, by A = Z , , Which can be expressed as

j=1

Mf(x) = Dof(X) + ) 2k(a)w y zk(a)L)@’

2
a€R, a, ) acR, )

where A, denotes the usual Euclidean Laplacian on RY.

3 Proofs
Proof of Corollary 1.1. Recall that we say a couple of C! functions (4, B) is an n-dimensional Bessel pair on
(0, R) for the usual derivatives, provided the ODE:

NUA@YY + ¥y =0 (B4,8)

has a positive solution on (0, R). Note that we can also write (8,,5) as

" N-1 A B(r)
y(r)+(7 A())o By -o.

Now, for a radial function w, we have

div (A View [P-25iew) = ZT(A(rnw NP-2w' ()3 )
j=1

Y +E>(A(r)|w(r)|1’ 2w )
<

=

Z((p—1>A(r>|w’(r)|P-2w"<r>( ) A’(r)( )|W(,)|p w/(r)

2
+ A(Nw' |P-2W'(r)(% - lx_l)) AW (r)|p w'(r) ZE( %)

2
rer =1

— (p - DAOWOP2W(r) + AOW OP-2w(r)
. (M)A(rnw(r)w 2w/(r).

=(p - DAMIWOP2W'(1) + AW @OP2w'(r) + (%)A(r)IW'(T)IPZW'(T)-
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Hence, (4, B) is a p-Bessel pair for Dunkl operator on (0, R) if
(@ - DAY OHP2Y"(r) + AWl (P2 (r) + (%)A(r)ly’(r)lpzy’(r) + B)ly(n)P2y(r) = 0 3B.1

has a positive solution. Note that the aforementioned equation can be written as:

Ar
(p - DY 2" (1) + ( SR )|y( P2y ) + OO 2y =
so that
ATAMNY' P2y + 4By Py = 0.
That is, (4, B) is a dy-dimensional p-Bessel pair in the usual derivative sense. O

Proof of Theorem 1.1. Using polar coordinates, one has

JAtxDvarane = [agmarhioon = [ | [mar-dr peods.

By By sh-t

The constant

Cy = I h2()dw

SNfl

can be explicitly computed, see [17] for details. Therefore,

jA(|x|)|Vku|dek(x)_ Ihk(x)da) IA(r)|Vku|PrN ar|. (3.2)

BR SN 1

Letting v = u/v, where w is the positive radial solution in the definition of p-Bessel pair so that v is
G-invariant, then we obtain the following:

R R
J‘A(r)|Vku|PrN*1dr = IA(r)|kav + vVw|PrN-1dr
0 0
R
N-1 N-1 N-1 -2 (33)
= | rVIAMIVIPIVw|rY L + pr¥IAm) [ vViw [P AvwView -V
0

+ rN‘lA(r)Cp(Vku, WVkE)dr.
w

Consider the first term in the right-hand side of (3.3),

R R N
IrN‘lA(r)|v| [PViw|Pdr = J‘rN‘lA(r)lvllfJ |kalp‘2[z T,wT,w]dr

0 0 J=1

wTi(rNTA) V[P |Viw [P-2 Tyw)dr.

—.
I
—_

Il

I
M=
O —

By the definition of the Dunkl derivative,
TN AM VP [VewlP-2 Tow) = () + ED(rAC)IvIP [ViwP 2 Tiw)
= (pvIPLOV)rNIA() | Vow [P-23iw + [v[P;(rN AN |vIP |Vow [P~ 20jw)

+ Iif(rN*A(r)|v|P|w’<r>|P*2w'(r)§).
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Since r¥ *1A(r)|w’(r)|1’*2@ is radial,
N-1 Pl (P-20 () N-1 2 W) »
E| r" AP W (r)|P—*w (07 = r"AMIw(r)] TE}(lvl ).

Moreover,

[VOOIPX; — [v(0xX)|P 0u;
{(a, x)

E(vIPx) = ). k(@)

acR,

so that

N
YE(vIPx) = Y k@(vIP + [v(ax)P) =2 ) k(a)lv]P,

j=1 acR, acR,

since v is G-invariant. Hence,

R R
er‘lA(r)lvHkalPdr —p '[ WIVIP-1Vov -VowrN-TA(R)| Vow |P-2dr
0 0
R
- fw|v|P div o(rN-1A() |vIP |Vow [P~ 2Vow)dr (3.4)
(0]

2y k(a)IrN AW P2 W (r)w(r) viPdr.

aeR,

Recall that the Dunkl p-Laplacian is defined as
ApykW = div k(leW|p72VkW).

Similarly,

'MZ

-
Il
—_

div (VA Gew [P -25iw) = T(rN*lA(r)|w'(r)|ﬁ*2w’(r)§)

I
M=

>+ E)(rN AW OP-2w ()2 )

—.
Il
.

[
Mz

[ i(rN‘lA(r)IW'(r)l”‘ZW'(r)?) + rN‘lA(r)IW'(r)l”'zw'(r)%Ei(Xi)]

1

—.
I

N-1 2 N-1 |W| v
A(rN1AM) Vow|P2Vow) + rNA(r)——— ZE(X]

Mz

-
Il
—_

i (pN-1 2 Noip (W P2V
= div (" AMIVow P2 Vow) + rVTA) ——2y,
r

Thus, (3.4) can be written as

R R
erflA(r)lvlp |Viw|Pdr = —p J rNSAMW|V PV - Vow|Vow|P-2dr
0 0

¢ (3.5)

- levll’ div ( (rN1A(D)|Viw|P 2V w)dr.

We then consider the second term in (3.3),



432 —— Jianxiong Wang DE GRUYTER

R R
p I rN-UAM|vViaw P2 vwVw -Vivdr = p I rN-IAM) VP Viw|P2Vw - Vovdr
0 0

R
, N
+ pIrN‘lA(r)vwW ) ijE,-(v) dr.
r \ia
0
Since v is G-invariant, we have

ul s V(| = V(o)
YuEW) = Y, ¥ kapga—— === = 0.

j=1 j=laeR, ( ’X>
Hence,
R R
erN‘lA(r)lkawlp‘szka Vv = pIrN‘lA(r)|v|P‘1|ka|p‘2V0w Vov. (3.6)
0 0

Substituting (3.3), (3.4), and (3.6) into (3.2) and using the definition of p-Bessel pair, we obtain

[ Awrvaran e

Bg
s~

R R
I Iw|v|1’B(r)|w|p*2wrN*1dyk(r)dS+ '[ JA(r)Cp(Vku, wV)rN-1dy, (r)dS

R
wlv|P div  (rN-TA®@) [View P2 View)dp, (r)dS + I J.rN‘lA(r)Cp(Vku, wViv)dp, (r)dS
sN-

o

O )

1

sh-17 sV 1o
= jB(r)|u|dek(x) + IA(r)Cp(Vku, wViv)dp (x).
By By
That is,
[ awrvaraneo - [Bomrane = [a0c v wilt o, a7
By By By

where w is the positive solution of
div (AN IVy (NP2 Viy () + By (IP~?y(r) = 0
on (0, R). O

Proof of Theorem 1.3. Define

Pu = JA((X)) Viu — uJA(d(x)) %de(x).

We mention here that To(d(x)) is actually T evaluated at d(x), not the Dunkl derivative on the composite
¢(d(x)). Then, the formal adjoint of P acting on u is

Pru = —div (Ad(X))u) — uJA(d(x)) %de(x).

Thus,
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P*Pu(x) = —div k(A(d(x))Vku(x) - u(x)A((d(x)))MVku)
p(d(x))

Tp(d(x))
@(d(x))

To(d())
@(d(x))
Tp(d(x))
@(d(x))
To(d())
@(d(x))

- A(d(x)) Vid(x)- (Vku(X) - u(x) de(X))

= div (A(d(X))Viu(x)) + div k(u(x)A(d(x)) de(x))

Tpd())
@(d(x))

2
- A(d(x) Viu(x)- Vied (x) + u(X)A(d(X))( ) [Vied O

Note that

To(d(x)
2(d0)

To(d(x)
2(d(0) 2(d(0)

T(P“’((dd(i")))) () + uGOTACO)d (P Tgo"’(;d(f:‘)))) + A@Q)) Vg’;f((x"))

< (Tp(dCOdCOU() + TE(CTUO))P() — (To(d()UCOTA(X)).

div ;{u(x)A(d(X)) de(x))

= u(x)A(d(x))

Ad(x) + Vid(x) div k(u(x) A(d(X) T¢(d(x)))

= u()Ad(x))

Hence,

PPuCx) = —div (AdOO))Vi) + uCOTAEC) 249D o acdeoy T 2@
P(d(x)) o(x)
Tp@) ,

o(d0ey -

Now recall that A and ¢ are one-dimensional radial functions so that Tg = ¢’ and the second-order

Dunkl derivative takes on the form T%p = ¢" + @(p’ . Then,

+ u()A(d(x))

| PPucocian,
Q

A(d(x»( - (zk(d(x)) (CIE)

+ Akd(X))fp')lu(X)Izdﬂk
) ¢(d(x) d(x) A(d()

- jA(d(x»wku 2+
Q

2k(d - 1\o'(d
- !A(d(x))wku Py, - !B(d(xmu(x)vduk + £A<d(x>)|u<x)|2(Akd(x> 4 2K (’gzx) ax )Z(( d((j:))))dyk.

We also note that

| PPucoutn, = [ mucoipan,
Q Q

_ Tpdx) Y To(d(x))
= _([A(d(x))Wku(X)F + Iu(X)IZA(d(X))(i(p( 400) ) M(d(X))u(X)T( 400) Viu(x)

Vied(x)dp,

2
_ 2 u(x)
—!A(d(x))go (d(x)) w(w d(X»)‘ dyg-

Therefore,
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JA(d(X))IVkUIZde - jB(d(X))Iu(X)IZde IA(d(X))<P2(d(X))
Q Q Q

2
u(x)
LGN |
V"( go(d(x)))‘ H
2k(d(x)) — a + 1)<p’(d(x)) d

_ 2
! AW [u(O)| (Akd(X) + 400 o0y M
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