athematical
nequalities
& Papplications
Volume 23, Number 3 (2020), 873-893 doi:10.7153/mia-2020-23-70

CHARACTERIZATIONS OF WEIGHTED HARDY-RELLICH
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(Communicated by I. Peri¢)

Abstract. Let ©Q be a bounded open domain in R". We establish characterizations of the
weighted Hardy-Rellich inequalities that connect the integrals over Q of the first and second
derivatives of the considered functions, via some weighted vector-valued Hardy inequalities and
weighted dual Hardy inequalities. These characterizations are then applied to derive some new
wei%hted Rellich inequalities with homogenous weights that admit singularities on unit sphere
ST

1. Introduction

The classical Hardy inequality, which connects integrals of functions and their
derivatives, was first proved by G. H. Hardy [20] motivated by finding an elementary
proof of Hilbert inequality. The classical one-dimensional Hardy inequality states that
forany p € (1,e0) and f € C°(0, o), it holds

Aol P\ [T

where the constant (p%l)l’ is sharp but not attained. Since then, the Hardy inequality
has been extended to various settings, which are of fundamental importance in many
branches of mathematical analysis and mathematical physics; see [21, 34, 23, 4] and
their references.

The one-dimensional Hardy inequality (1.1) can be extended directly to the weight-
ed case (see [34, Lemma 1.3]). To be precise, let p € (1,00) and € € R with € #
p — 1. The classical one-dimensional weighted Hardy inequality says that for any
feCr(0,%),

/N|f(x)\px8_pdx< (L)p/ﬂf/(xﬂpxsdx, (1.2)
0 0

p—1—¢
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where the constant (ﬁ)p is also best possible.
On the other side, the one-dimensional Rellich inequality was first established by

F. Rellich [36], which shows that for any p € (1,e0) and f € C°(0, o), it holds that

%ngﬁpdxg[QF_JZP_IJPAmVWwVVM7 (1.3)

where the constant [(piz)]l’ is sharp (see also [10]). It is easy to see that (1.3) can

—D(2p—1

also be deduced frompa c)(()nl;bination of (1.1) and (1.2) with € = —p.

Things become much more complicated when dimension of the underlying space
gets higher. In many cases, there are two parallel choices on the distance function 6 (x)
in the considered inequalities: i) §(x) = |x| := dist(x, 0) is the distance to the origin; ii)
O(x) =d(x) := dist(x, dQ) is the distance to the boundary of the considered domain
Q. In the following, we may review some known results on the higher dimensional
Hardy and Rellich inequalities with distance functions belong to the aforementioned
two choices.

If §(x) = |x| := dist(x, 0), then the n-dimensional Hardy inequality (see [4, Corol-
lary 1.2.6]) says that, forany p € (1, ), p #n and f € CZ(R"\ {0}) with n > 1,

l/nﬂwwdx<< P )panﬂ@Pdn (1.4)

x| lp—nl

Moreover if n > p, then (1.4) holds even for all f € CZ(R"). The above Hardy in-
equality can be extended to a weighted version (see [4, Corollary 1.2.9]) that for any
p € (1,), € € R satisfying p—e#n and f € CZ(R"\ {0}) with n > 1,

lp—n—g

/nlfUN”MF’”dxé (——JE———>p/,|Vf(@V’x£dx. (1.5)
R® R

In the case of Rellich inequality, Davies and Hinz [10, Theorem 12] proved the
following weighted n-dimensional Rellich inequality that for any p € (1,0), € €
(=e,2(p—1)),n>2p—¢and f € C7(R"\{0}),

[ g2 ax (1.6)

2

p P e
s ((”4’8_217)[(1?—l)(n—2)+2(p—l)—g}> /]R" Af ()" |x|° dx;

see also [8, 30] and their references for an extension of (1.6) to a larger range of € and
n.

If Q is a convex domainin R" with C!-boundary and & (x) = d(x) := dist (x, 9Q),
then the n-dimensional Hardy inequality (see [26, 29]) says that for any p € (1, o) and

e (Q),
|f(x)‘p p 14
A;d@y)d“<<;jj) LJVf@den (1.7)
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Recall that if Q is a Lipschitz domain, then the associated n-dimensional Hardy in-
equality still holds true. Unfortunately, the sharp constant in this case is not clear (see
[34, 28]).

The inequality (1.7) has a weighted version which says that for any p € (1, ),
g€ (—eo,p—1)and f€C(Q),

[rwracerars (L [lviraeras o

see [1, Theorem 9] for more details. Recall that if Q is in general a bounded Lip-
schitz domain, some variants of weighted Hardy inequalities without sharp constant
were proved in [32]. We also point out that if € > p — 1, there are many problems re-
lated to the weighted Hardy inequality which are still open in this case (see [25, 14, 3]).

On the other hand, let Q be a convex domain, Owen [35, Corollary 2.4] proved
the following n-dimensional Rellich inequality, that for any f € CZ°(Q),

x)|? 16
/Q gEx;L ax< /Q Af()[ dx. (1.9)
Recall that inequality (1.9) may still holds if € is not convex (see [2]). For general
p € (1,00), it is not clear if a variant of inequality (1.9) with sharp constant still holds
even when Q is convex; see [5, p. 879] for further discussions. However, if we replace
A by the p-Laplacian operator A, a version of (1.9) may holds for general p € (1, e)
(see [13, (4.19)]). Another direction of extension is to consider the distance function
d(x) := dist(x,K) to a closed piecewise surface K in R". To be precise, let K be a
closed piecewise smooth surface in R" with codimension k € {1, ...,n} and Q C R"
be a bounded open domain in R” with n > 2 satisfying the condition

dAd—k+1>0 inQ\K (1.10)

in the sense of distribution. Assume € € (—e, 0], p € (1, ) satisfies k+&—2p >0
and

_ 3pk—8p*—2k+6p
€# s or

13+v105
p >R

Then Barbatis [5, Theorem 1] proved that for any f € C°(Q\ K),

2 p
ppk_g_k)] /Q|Af(x)|pd(x)£dx. (1.11)

X)|Pd(x)E2P dx <
L 1rwrra re—2)
As a special case of (1.11), if K = {x¢} for some xy € R", then k =n and (1.11) holds
for any domain. In particular if xyg =0, (1.11) reduces to (1.6). If K = 0Q, then k= 1.
In this case, the condition (1.10) is satisfied if Q is the complement of a convex domain.
However, this violates the conditions € € (—eo, 0] and k+ & —2p > 0, which shows
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that (1.11) cannot be applied to the case K = dQ (see also [5, p.879] for a detailed
discussion).

As we have mentioned before, in the one-dimensional case, the sharp Rellich in-
equality (1.3) can be deduced directly from the Hardy inequality (1.1) with the help
of its weighted version (1.2). Unfortunately, similar phenomenon fails in the higher
dimensional case. To derive the sharp higher dimensional Rellich inequalities from the
corresponding Hardy inequalities, one usually need a new kind of integral inequalities
that connect the integrals of the first and second derivatives of the considered functions.
These inequalities are called Hardy-Rellich inequalities throughout this article, as they
build bridges between the Hardy and Rellich inequalities (in some literatures, they are
also called the strong versions of Rellich inequality). The first L?> Hardy-Rellich in-
equality, as far as we know, was proved by Tertikas and Zographopoulos [37, Theorem
1.7]. They proved that forany n > 5 and f € C°(R"),

V£(x)[? 4
/n%dxgn—z g IAf(x)]? dx, (1.12)

where the constant }% is sharp. With the help of (1.12), one can deduce the sharp
Rellich inequalities (1.6) with € =0 and p =2 from the weighted Hardy inequalities
(1.5) with € = —2 and p = 2. Note that the L> Hardy-Rellich inequality was also used
in [37] to derive some new improved Rellich inequalities.

The L? Hardy-Rellich inequality has a weighted version with §(x) = |x| (see [37,
9, 33]) that for any € € R satisfying € >4 —n, € #n and f € CZ(R"),

2 g2 4 2 e
/Rn\Vf(x)\ |x|F7"dx < TR /R" |Af(x)]7 |x|° dx. (1.13)

For general p € (1,n), Di et al. [11, Corollary 2(i)] proved a similar inequality
that for any f € CZ(R"\ {0}), it holds

[Lvseras< (2) [

where A, f 1= div <\Vf|p_2 Vf) denotes the p-Laplacian of f.

On the other hand, when the weight function 6(x) = d(x) := d(x,dQ), Barbatis
and Tertikas [6, Theorem 3] first proved that if € is a convex domain, d is bounded in
Q, then for any f € C°(Q),

Apf(x)|7 |x|? dx,

VF)? / 2
————dx <4 | |Af(x)|" dx, 1.14
where the constant 4 is sharp. This combined (1.8) with € = —2 and p =2 immedi-

ately implies the sharp Rellich inequality (1.9). Note that (1.14) was also used in [6] to
derive some new improved Rellich inequalities of the form similar to those in [37] but
involving the distance from a hypersurface.
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Motivated by the aforementioned results, the purpose of this article is to provide
some characterizations of the weighted L” (1 < p < o) versions of the Hardy-Rellich
inequalities that include the inequalities (1.12), (1.13) and (1.14) as special cases. These
characterizations are then applied to derive some new weighted Rellich inequalities
with homogeneous weights, which admit singularities on the unit sphere S"~! and
relate to the potentials of some Schrédinger operators on S"~ !

To be precise, let ot € R, p € (1,00) and ¢ € (0, o). Assume that Q is a bounded
open domain and & a nonnegative measurable function on Q. We first introduce the
following three kinds of Hardy-type inequalities.

(i) (o, p,c)-HR (weighted Hardy-Rellich inequality): we say the domain Q satis-
fies (a,p,c)-HR if for any f € C?’(Q),

V" \Af
Q 8(x)( a+1

(1.15)

(ii) (o, p,c)-HV (weighted vector-valued Hardy inequality): we say the domain Q
satisfies (o, p,c)-HV if for any i € G(Q;R"),

vitlo)?
/alu L gd’/g%dx, (1.16)

where G(;R") :=V (C(Q)) with
V(CZ(Q)) :={u € C7(Q;R") : thereexists f € C(Q), s.t. d =V f}. (1.17)

(iii) (e, p’,c)-HD (weighted dual Hardy inequality): we say the domain Q satisfies
(at,p',c)-HD if for any f € C(Q),

/ £ 8 ()% dx < ' / V)P §@) @ dx,  (118)
Q Q

where p’ := p/(p — 1) denotes the conjugate exponent of p.
jug p

To state the main result of this article, let 2 be a bounded open domain in R". We
need the following two assumptions.

Assumption (A1). Let 6 be a positive continuous function in Q.

Assumption (A2). Let §(x) be as in Assumption (A1) and w(x) := §(x)~(@+1)r
a weight function on Q with ¢ € R and p € (1,). The weighted vector-valued
Lebesgue space L? (w,Q;R") admits the Helmholtz decomposition

LP(w, Q;R") = VP (w, Q4 R") P G” (w, A R"), (1.19)

where VP (w,Q;R") and GP(w,Q;R") denotes the solenoidal (divergence-free) and
irrotational (curl-free) vector-valued spaces defined respectively by

VP (w, Q;R") := {¥ € LP(w,S;R") : forany ¢ € WP (w,Q), (¥, Vo) =0},
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G (W, R") =V (WP (w,Q)) = {Vf: feW'P(w,Q)}

and WHP (w, Q) is the weighted homogeneous Sobolev space
y - | of
WP (w,Q) =< f €L, (Q): forany je {1,...,n}, P eLP(w,Q) p.
Aj

Note that the decomposition (1.19) means that for any # € LP(w,Q;R"), there exists
a unique decomposition i = V+ h satisfying ¥ € V?(w,Q;R") and h € GP(w,Q;R")
such that

191l 2 (o) + 1Bl Lo (o) < €pllidll Lo mn), (1.20)
where the constant ¢, € (0, e) depends only on n, p, o and Q.

REMARK 1. (i) Assumption (A1) is applied to show that the class CZ°(Q;R™) of
all smooth compactly supported vector-valued functions on €2 is dense in the weighted
vector-valued Lebesgue space LP(8,Q;R™) for any a € R and m € N (see Lemma
1 below). Note that similar but stronger conditions are used to show the density of
smooth functions in the weighted Sobolev space (see [19] and their references). It is
easy to see that if Q is a bounded open domain with 0 ¢ Q, then §(x) = |x| satisfies
(A1). Also, if Q is a bounded open domain, then §(x) = d(x, JQ) satisfies (A1).

(ii) Let p € (1,00) and w € A,(R") be a Muckenhoupt weight (see [31] for it’s
definition). If Q is bounded with C' -boundary, then by [17, Theorem 5], we know that
L?(w,€;R") admits the Helmholtz decomposition, namely, Assumption (A2) holds
true. Recall that if Q is only Lipschitz, the Helmholtz decomposition holds only
for partial p € (1, ) (see [15, Theorem 11.1]). Moreover, if p = 2, then the space
L?(w,Q;R") always admit the Helmholtz decomposition for any domain Q and weight
w, as Lz(w,Q;R") is a Hilbert space. In this case, the constant ¢; in (1.20) equals to 1
and (1.19) is an orthogonal decomposition.

The following theorem is the main result of this article.

THEOREM 1. Let ¢ € R, p€ (1, 0) and c € (0, o). Assume that Q is a bounded
open domain in R" with n € N and & a nonnegative measurable function in Q. Then

(i) (o,p,c)-HR is equivalent to (o, p,c)-HV;
(ii) under Assumption (A1), (o, p,c)-HV implies (o, p’,c)-HD;

(iii) under Assumption (A2), (a,p',c)-HD implies (,p,cc,)-HV, where the con-
stant cp is the same as in the Helmholtz decomposition (1.20).

Theorem 1 gives characterizations of the weighted L” Hardy-Rellich inequalities
by some weighted vector-valued Hardy inequalities and weighted dual Hardy inequal-
ities. Based on these characterizations, one may derive some new weighted Hardy-
Rellich inequalities from the latter two classes of inequalities. This further implies some
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new weighted Rellich inequalities. Moreover, as the weighted vector-valued Hardy in-
equalities (1.16) belong to more general div-curl inequalities for vector fields (see
[7, 24]), these characterizations indicate a possible connection between Hardy-Rellich
inequalities and some problems in fluid mechanics. Indeed, the Helmholtz decompo-
sition (A2), that used throughout in this article, is a fundamental tool in the study of
Navier-Stokes equations (see [18]).

The main part of the proof for Theorem 1 is to show the equivalence between the
vector-valued inequality (1.16) and the scalar-valued dual inequality (1.18). To show
this equivalence, we find a correspondence between the scalar-valued and vector-valued
functions. The correspondence from scalar-valued function to the vector-valued one is
easy, we use only the gradient operator. However, for the converse direction, we first
need to find a subclass of G”(;R") whose element corresponds a bounded linear
functional on the weighted vector-valued Lebesgue space L? (§(® 1 Q:R"). The
vector-valued inequality (1.16) restricted to this subclass is proved via the boundedness
of the functional. Then, we extend the subclass to the whole space G”(Q;R") by using
the Helmholtz decomposition. Itis in this last step that the constant ¢, comes out. Note
thatif p =2, then ¢, = 1.

As a simple application of Theorem 1, we derive some new weighted Hardy-
Rellich inequalities. The following corollary gives some weighted L” Hardy-Rellich
inequalities associated with the distance §(x) = |x| for any p € (1, o) and all dimen-
sion n > 1, which are variants of the weighted L?> Hardy-Rellich inequalities for n > 4
in [37, Theorem 1.7], where the domain € is bounded and contains the origin.

COROLLARY 1. Let o € R, p € (1,00) and Q be a bounded open domain in R"
with 0 ¢ Q and n > 1. Assume that §(x) = |x|. Then

(i) for any o # —n/2, (o,2,c)-HR holds with ¢ =2/(n+2a), namely, for any
fece),

2 2 2
V()] dx<< 2 ) A, (1.21)

Q |x[2(e+D) [n+2af Q |xf?

(i) forany o€ (=55 —1, =1\ {7}, (& p,c)-HR holds with c=cpp'/(lap’+
n|), namely, for any f € C(Q),

S0 e (2t Y [ A

a |x|(e+lp n+ap'|) Jao |xjor

(1.22)

Note that the constant in (1.21) is sharp, as the corresponding equivalent weighted
Hardy inequality (1.5) that we used in the proof is sharp (see Section 2 for a detailed
proof).

If 6(x) =d(x) := dist(x, K) is the distance to dQ or some closed piecewise
smooth surface K in R", we obtain the following weighted L” Hardy-Rellich inequal-
ities which are variants of [6, Theorem 3(i)] by neglecting the remainder terms.
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COROLLARY 2. Let o0 € R, p € (1,00) and Q be a bounded open domain in

R". Assume that K is a compact piecewise smooth surface in R" with codimension
ke{l,...,n} and &(x) =d(x) := dist(x, K). Then,

() if K satisfies: a) (k+ap')(dAd —k+1) >0 in Q\K in the sense of distribution;
b) o # —k/p’. Then for any o € (—5 -1, % -1\ {—I%}, the (o, p,c)-HR
holds with ¢ = c,p'/(|k+ ap'|), namely, for any f € CZf’(Q\K),

Vsl s
faorema< (wlem) him e

where c), is as in (1.20);

(ii) if K = 0Q and Q is convex, then for any o € (% -2, %— 1), the (o, p,c)-HR
holds with ¢ = c,p/(| '), namely, for any f € Cf’(Q)

IVf(x)|P \Af
/Qd( s dx<<|l+ap|) / x. (1.24)

where c), is as in (1.20).

REMARK 2. We point out that if p 2, then Corollary 2(i) and (ii) hold respec-
tively for all o # —5 and o € (—oo, —5) Indeed, note that the proof of Corollary 2
depends on the weighted dual Hardy inequality (1.18) and the Helmholtz decomposi-
tion of the space L”(d(x)~(*t1)7 Q:R"), where the latter requires the condition that
—k < —(oc+1)p <k(p—1) and hence

k k
- -l<o<—-—1 (1.25)
P P

However, if p = 2 then by Remark 1(ii), we know that the Helmholtz decomposition
holds for any weight function with ¢, = 1. This shows that we can remove the restric-
tion (1.25) in this case. By checking the conditions on the validity of (1.18) in [6, 1]
(see the proof of Corollary 2 for more details), we deduce that Corollary 2(i) holds for
all o # —3 & and Corollary 2(ii) holds for all o € (—oo, —%) Note that the constant in
(1.24) in thls case is sharp as the equivalent inequality (1.18) in [1] is sharp.

Based on the weighted Hardy-Rellich inequalities in Corollary 2, we are able to
obtain the following weighted Rellich inequalities associated with the distance 6 (x) =
d(x) := dist(x, dQ), which are variants of the L* Rellich inequalities [35, Corollary
2.4] with m=2.

COROLLARY 3. Let ¢ € R, p € (1,0) and Q be a bounded convex domain in
R". Assume that 0(x) = d(x) := dist(x, dQ). Then,

(i) forany o € (max{ll—)—z,l%—Z}, % —1) and f € CZ(Q),

RACII cpp’? Triar@e
/ﬂd(x)(“+2>1’dx< |(P_1)+O€p|1—(a+2)p|] /Q aQeyer ¥ (1:20)
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(i) if p =2, then (1.26) holds for all o € (—3, —1) with ¢, = 1.

Theorem | and Corollaries 1 through 3 are proved in Section 2.

The second part of this paper is to apply the aforementioned characterizations to
derive some new Rellich inequalities with homogeneous weights, which is actually our
initial motivation to study the Hardy-Rellich inequalities. Unlike the usual weights, the
homogeneous weights considered here may admit singularities on the unit sphere S"~!
and are related to the potentials of some Schrodinger operators defined on S"~! (see
[12]). In this setting, Hoffmann-Ostenhof and Laptev [22, Theorem 1.1] first establish
the L?> Hardy inequality with the homogeneous weight. The following theorem gives a
corresponding L? Rellich inequality.

THEOREM 2. Let n > 5, q € [”2;1, ) and 0 < ® € L4(S*"Y). Then, for any
feCz(R"), it holds that

2 D(x/|xPIf ()]
/Rn \Af(x)| dx > G/Rn TdX7 (1.27)

where the constant

o =

[n(n — 4)] 2 S \5
4 D] g1y

is sharp in the sense that if ® = 1, then (1.27) takes the sharp form of the classical
Rellich inequality.

For general p € (1, «), we also have the following L” version of Rellich inequal-
ity with homogeneous weight.

THEOREM 3. Let n =5, p € (l,00) and 0 < @ € L"/(zp)(S"_l). Then, for any
feCz(R"), it holds that

/ \Af(x)\pdx>c/ /I (1.28)
Rn Rn

x|

where the constant

[”(P—1)|’l—2p|r Eiik
O .= 5
Cpp ||d) HL"/(ZP) (sn=1)

with ¢, as in (1.20).

Theorems 2 and 3 are proved in Section 3. To prove these two theorems, we
establish two weighted Hardy inequalities with homogeneous weights which may also
of independent interests (see Lemmas 3 and 4).

Finally, we make some conventions on notation. Let N:= {1,2,...}, Z, =
NU{0} and Z := —NU {0} UN. For any set E C R", yg denotes its characteris-
tic function. We use C to denote a positive constant that is independent of the main
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parameters involved, whose value may differ from line to line. Constants with sub-
scripts, such as Cy, do not change in different occurrences. If f < Cg, we also write
f<gand, if f<g<f,wethen write f ~g. Forany s € R, let |s] (resp. [s]) be
the largest integer not greater than s (resp. the smallest integer not smaller than s).

2. Proofs of Theorem 1 and Corollaries 1 through 3

This section is devoted to the proofs of Theorem 1 and Corollaries 1 through 3.
We first prove Theorem 1. To this end, we need some basic properties of the weighted
vector-valued Lebesgue space. Recall that for any a € R, m € N, Q being a bounded
open domain in R” and 6 a nonnegative measurable function on Q, the weighted
vector-valued Lebesgue space LP(8,Q;R™) is defined to be

LP (8, Q;R™) = {ﬁ: Q — R™ is measurable : ||i]| (50 o.pm) < oo},

where

1/p
sz i={ [ Ja0P 80ax}

The following lemma gives some classical results on the density and duality of the
weighted vector-valued Lebesgue space. Here we provide a sketch of the proof, since
we can’t find an exact reference.

LEMMA 1. Let a € R, m € N and Q be a bounded open domain in R". Assume
that Assumption (A1) holds. Then for any p € (1, ),

(1) Cr(Q;R™) is dense in LP(84,CQ;R™);

(i) [LP(8%,Q;R™)|* = LV (6~ ,Q;R™) with p' = p/(p—1). In particular; for
any @i € L7 (6~ \Q;R™), its action (ii, V) on every v € LP(8%7,Q;R™) is as
follows

Proof. To prove (i), by Assumption (A1) and a straightforward calculation, we
see C°(;R™) isin LP(6%,Q;R™) for any a € R. To show the density of C°(Q;R™)
in LP(6%,Q;R™), for any i € LP(8% Q;R™) and any k € N, let Q; := {x € Q:
dist (x, dQ) > 1/k} be a sequence of bounded closed subsets that exhaust Q as k — oo.
It is easy to see yq, i has a compact support and limy_... x4 = i in LP(6¢,Q;R™).

Now for each k € N and any € € (0, =), take ¢ € C;°(Q;R™) such that ||¢ —

Xl (@irm) < 47> Where M := max{Mg/p, m;/p} with Mz and mgs being respec-
tively the maximal and minimal values of 6 in Q. As € is compact and Assumption

(A1), we know that M € (0,0). This combined with an elementary calculation shows
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that [|@ — x| 1r (5 0:rm) < M@ — X bl Lr(@.rmy < €, Which shows that yq i can
be approximated arbitrarily by functions in C;°(€2;R™) and hence verifies (i).

We now prove (ii). The inclusion L” (69 Q;R™) C [LP(89%,Q;R™)]* fol-
lows from an easy application of Holder’s inequality. To prove the converse inclu-
sion, let I,(id) (x) := [8(x)]%i(x) be a multiplication operator on the vector-valued func-
tion # on Q with b € R. From its definition, it follows that [, is an isometry from
LP(8%PFe Q;R™) to LP(8¢,Q;R™) for any ¢ € R. Now forany L € [LP (8, Q;R™)]*,
we induce a new linear functional L, on L”(Q;R™) by setting for any # € L (Q;R™),
L, (i) := L(I_,(&)). Using Riesz’s representation theorem for L?(Q;R™) and the iso-
metricity of I,, we know that there exists v € LP/(S‘“p/7Q;R’“) corresponding to L.
This proves the converse inclusion and hence finishes the proof of (ii).

With the help of Lemma 1, we now turn to the proof of Theorem 1.

Proof of Theorem 1. We first show (i), namely, the equivalence between (¢, p,¢)-
HR and (o, p,c)-HV. Indeed, if (o, p,c)-HR holds true, then for any i € G(Q; R"),
by the definition of G(€2; R") in (1.17), we know that there exists f € C2°(Q) such that
ii =V f. This, combined with (o, p,c)-HR (1.15), shows that

divi(x)[” o [Af()]” o [ V&P Ji(x) |
/Q o(x)r dx = Q O(x)or dx>c™? Q8(x )a+1 dx=c p/gmdx

which implies that (¢, p,c)-HV holds true.

On the other hand, if (¢, p,c)-HV holds true, then for any f € C°(Q), since
Vf e G(Q;R") and Af = div(Vf), it follows immediately (cr,p,c)-HR holds true
and hence (i) holds true.

We now prove (ii), that is, under Assumption (A1), (¢, p,c)-HV implies (o, p’,c)-
HD. Indeed, assume that (¢, p,c)-HV holds true. Then for any g € C°(Q), let ¢ be
the unique function in C°(Q) satisfying Ap = g and set V:= V¢. By (1.17), it is
easy to see v € G(Q;R") and divV = g, which combined with Holder’s inequality and
(o, p,c)-HV (1.16) implies that for any f € C(Q),

I

| Ochl Vf|

X)dx

LV (Q:Rm)
|8° V1| ey

=cllgllir(s-er ) H5a+lvf|‘m’(g;w)’

H

< Cua_adiVVHLP(Q;R"

which together with the arbitrariness of g in CZ°(Q) and Lemma 1(i) implies that for
any f € CZ(Q),

<C’|5a+lvf“m (Q:Rn)

[ g0

Hf”ui’(gap.g) - sup
' 8ECT(Q),
l8llzp(s—op ) <1

This shows the validity of (a, p’,¢)-HD and hence (ii) holds true.
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Finally, we prove (iii), namely, (ct,p’,c)-HD implies (o, p,cc,)-HV under As-
sumptions (A2). Assume that (a,p’,c)-HD holds true. Then for any f € CZ°(Q),
we define a linear functional Ly on G(Q;R"), induced by f, such that for any v €

G(; R"),
L) = [ f5)g5(0)

where gy € C°(Q) satisfying Vgy = V. Observe that in (1.17), if there exists another
8y € C(Q) satisfying Vgy = ¥, then V(gy — g3) =0 in R”. This combined with
the condition gy — gy € C°(Q) shows that gy = gy and hence Ly (V) is well-defined.
Moreover, by Holder’s inequality and (o, p’,c)-HD (1.18), we find

L) <187 Fllnien 1%l gy < ell8~ Flloriay 18 Vsl ey 221

= CH 6_af||U’(Q) ||‘7HLI’/(5(‘X+1)P,7Q;R")’

which implies that Ly is a linear functional on G(€; R") C L7 (8(@+D7' Q: R") and
can be extended to a bounded linear functional on LI’/(S(O‘H)P/,Q; R"). Thus, by
Lemma 1(ii), we see that there exists a unique # € LP(S‘(““)P ,Q;R") such that for
any ¥ € G(Q; R") C C(Q; R") c L' (8@t Q:R"),

/f (x)dx=Ls(V) = /Qﬁ(x)~v(x)dx:/Qu(x)-Vgg(x)dx (2.2)
with
4]l (5@ 1 oy = [Lell < €87 flLr()- (2.3)

Using the fact G(;R") = V(C7’(Q)) and the arbitrariness of V€ G(Q;R") in (2.1) and
(2.2), we know that (2.2) holds true for all gz € C°(Q). This together with the fact f €
C2(Q) shows that —divii = f. By this and (2.3), we conclude that for any f € C°(Q),
there exists a unique # € C*(Q;R")NLP(§~(@+DP Q:R") satisfying —divii = f such
that

H5_(a+1)ﬁHLP(Q;R”) < |67 %divid r(q)- (2.4)

We now want to extend (2.4) from i € C=(Q;R") N LP(§~(*TDP Q:R™) to all
w € G(;R") via Helmholtz decomposition. Indeed, for any w € G(Q;R"), let @5 €
C(Q) satisfy w = V@ and set f:= —A@y. It is easy to see that f € C(Q) and
—divw = f. Then by applying the same argument in the proof of (2.4), we know that
there exists a unique # € C*(Q;R")NLP(§~(@+DP Q:R") satisfying —divii = f such
that (2.4) holds true. On the other hand, for any v € G(;R"), let ¢y € C°(QQ) satisfy
V= V;. We write

/ —divii(x) gy(x) dx = Ly (7) /f dx—/ —divit(x) oy (x) dx,
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which combined with the arbitrariness of ¢y € Ci°(€2) implies that
div (i —w) =0. (2.5)

Thus,

U= (—w)+w
is a Helmholtz decomposition of i € C(Q;R")NLP(§~(*+DP Q:R") asin (1.19). By
Assumption (A2) and (1.20), we know that

||WHU —(e+D)p iRy S Cp””HLp ~(et1)p Q:Rn) *

By this, (2.4) and (2.5), we know that (¢, p,cc,)-HV holds true for all w € G(;R").
This shows that (o, p’,c)-HD implies (a,p,cc,)-HV and hence finish the proof of
Theorem 1.

Next we turn to the proof of Corollary 1.

Proof of Corollary 1. Without loss of generality, we only prove (ii), as (i) is a
special case of (ii) with p = 2. Note also that in the latter case, the Helmholtz decom-
position holds for any weighted vector-valued Lebesgue space Lz(\x\ﬁ,Q;R") with
BeR.

To prove (i), let p € (1,0), ot € (—n/p’ —1,n/p—1) and w(x) := |x|~(@+P,
We first claim that in this case Assumptions (A1) and (A2) hold true. Indeed, since
0 ¢ Q it is easy to see that |x| is continuous and positive in Q. Thus, to show the
claim, it remains to show that the space L”(|x|~(®*D? Q:R") admits the Helmholtz
decomposition. Indeed, by [16, Lemma 2.3], we know that for any p € (1, ) and
B €R, |x|P € A,(R") if and only B € (—n,n(p—1)). This combined with Remark
1(ii) shows that L”(|x|/3 ,Q;R") admits the Helmholtz decomposition (1.19). Thus, by
letting B = — (o + 1)p, we know that the claim holds true.

On the other hand, using the weighted n-dimensional Hardy inequality (1.5), we
know that forany @ € R, oo # —n/p’, p € (1, ) and f € C°(Q),

Pyl gy < 17 (at1)p!
[ e ac< ()" [ s e a

namely, the weighted dual Hardy inequality (o, p’,c)-HD holds true with ¢ = W .
This combined with Theorem 1(iii) shows that (c, p,cc,)-HV holds true. By Theo-
rem 1(i), we conclude that the weighted Hardy-Rellich inequality (o, p,cc,)-HR holds
true. This implies (1.22) and hence finishes the proof of Corollary 1.

Using the same idea for the proof of Corollary 1, we now prove Corollary 2.

Proof of Corollary 2. Following the proof of Corollary 1, we only need to establish
two facts: 1) d(x)~(@F1P .= [dist (x,K)]~(@+)P € A,(R") forany o € (—17 —1,% b
1); 2) under the assumptions of a) and b) in Corollary 2, the weighted dual Hardy
inequality holds.
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The first fact follows from that [dist (x,K)]P € A,(R") if and only if B € (—k, k(p —
1)) (see [16, Lemma 2.2]).

For the later fact, in the case (i), by [6, Theorem 1], we have that under the as-
sumptions of a) and b), it holds that for any f € C*(Q\ K),

! ap' 4 a+1)
[ e as< (2N [ 1w e as

In the case (ii) when K = 9Q, by (1.8) with € = (1+ o)p’, we obtain that for any
p/ € (1’00)7 oc (—oo’ _I%) and fe CSO(Q)7

/ P’
/ / p / o'
NP dx)*? dx < | ——— /V )| d () @t gy, 2.6
[l aw ax< () [ 1vser a) 26

Combining the above two inequalities, we conclude that (1.23) and (1.24) hold
true, which completes the proof of Corollary 2.

Proof of Corollary 3. By Corollary 2, we know that the weighted Hardy-Rellich
inequality (1.24) holds true. This combined with the weighted Hardy inequality (2.6)
(with p’ and o therein respectively replaced by p and —a — 2) finishes the proof of
Corollary 3.

3. Proofs of Theorems 2 and 3

In this section, we prove Theorems 2 and 3, which establish the L” Rellich
inequalities with homogeneous weights for any p € (1, ). To this end, we need some
technical lemmas. The following Lemma 2 was established by Dolbeault et al. [12],
which gives the sharp estimates for the first negative eigenvalue of a Schrédinger oper-
ator with negative integrable potential on the sphere $"~!.

LEMMA 2. ([12]) Let n>2 and q € (max{1, 51}, co). There exists an increas-
ing function o : R := [0, 00) — RT satisfying the followmg two conditions:

(i) forany p € [0, 3(n—=1)(g—1)], a(u) =
(ii) o is convex in (%(n— 1)(g—1),)
such that for any 0 <V € L1(S"1),
\% n—
A1 (—Ag— V)| < @ M , 3.1)
5117

where A (—Ag — V) denotes the first eigenvalue of the Schrodinger operator —Ag —V
on the unit sphere S"1.
Moreover, if n > 4 and q = "5~ then (3.1) is also satisfied with a,(i) = W for

pel0,(n—1)(n—3)/2].
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The following lemma gives the weighted Hardy inequalities with homogeneous
weights, which generalizes the corresponding Hardy inequalities with homogeneous

weights in [22, Theorem 1.1].

LEMMA 3. Let n >3 and q € ("5}, ). Assume that B € [0, =) satisfies f+2 #
nand 0 < ® € LI(S"1).

@) Ifn> 2+§+ﬁ, then for any f € CZ(R"),

[P 4o [ SWIRIIE,

32
P Pl G2
where
_R_ 2 n—1 1
Ti= (” B 2) S L (3.3)
2 H‘D”Lq(S"*')
() Ifn<2+ g + ﬁ and p € [(nz—(f:lz))z +1, ), then for any f € CZ(R"),

V@) D(x/|x])[f ()

/n |x|ﬁ dx > T/n MT‘ZX7 (34)

where T is as in (3.3).

(i) If n< 2+g+ﬁ and q € (%, %—!—1), then for any f € CZ(R"),

\Y 2 n—B—2\2 2
/Jﬁ?' dx >(1—v0)< g )/Rni(gldx (3.5)

v [ QP

|x|[3+2 ’

2(n=1)(¢=1)

n—p-27 and

where vy :=

_R_ 2 n—1 é _ _ n—1 é
ro (1B B oo

2 ‘q)”Lq(Snfl) B 2 Hq)”m(gnfl).

Proof. We first prove (i). Observe that using the polar coordinates in R”, we have
IVF> = |0,f> + riz|V9f\2, where r:= |x| and Vg denotes the first-order Beltrami

operator on the sphere S"~!. From this, we deduce

\Zi /°° / 0.1 IVof?\ ni N
/Rn W= o (Tt ) e dr= AR G)
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For A, using the one-dimensional weighted Hardy inequality (1.2) with p =2,
we know that forany y € R with y# 1 and g € C°(0, ),

oo _112 e
/ |g’(r)}2t7dt>[77} /0 lg(t)[* 17 dt. (3.8)

0

By letting ¢ = f and y=n— 3 — 1 in (3.8), we immediately conclude that

_B_2\2 oo
A > <i> / U |f|2rﬂﬁ3dr} a6 (3.9)
2 si-1 | Jo
_(roB2y ek,
2 e |x[BF2
To estimate B, from the fact that —Ag = Vg - Vg, it follows that

= 1
5 :/0 rﬁ——ﬁ[/gl ﬂe(f)fd@} dr (3.10)

- Om ﬁ [/Sl (—4¢ — @) (f)fde} dr

+A W |:/Sn1 Tq)f d9:| dr =:B; + By,

where 7 is as in (3.3). By an elementary calculation, we see that

TN o

‘x‘ﬁ+2

To estimate B;, using Lemma 2 and the fact that A, (—Ag — 7®) < 0 (this follows
from the assumption that ® > 0), we know that

- ]
B, >/O sk (Ao — 1) [/Sl f2de] dr (3.12)

2
— i (—Ag — D) /R n |§ (;‘)H dx

> —a 7Pl o(sn-1) / |f (x)]? dx.
- |Sn71|% Re |x|B+2

Moreover, by the assumption that n > 2 4 g + ﬁ and an elementary calculation, we

see that (B )2
n—pB—-2 n—1 n—1
1< = 1, —
21y 2 max{ 2 }

and hence when g € (max{1, %51}, ), we have

2
(#) <5(-1g-1) (3.13)
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. . . —B—2\2cn1}
which together with the assumption that T = (”‘%)2 IS 14 /@l g1y, (3.12) and
Lemma 2(i) implies that

n—p-21%\ [ S n—B-2\* 1 )P
B1>—a<[ 5 D p dxz—( 5 ) e G19

Thus, combined (3.7), (3.9) through (3.12) and (3.14), we conclude that (3.2) holds
true, which proves (i).

To prove (ii), we follow the same argument used to prove (i). It is easy to see that
the estimates (3.7), (3.9) and (3.10) through (3.12) are still valid in this case, as the
proofs of these estimates don’t need the assumption n > 2+ f3/2+1/(2f3) and holds
for any n > 3. Thus, to finish the proof of (3.4), it suffices to reprove (3.14) in this
case. However, from the assumption g € [(nz_(f :12))2 + 1, ), it follows immediately that
(3.13) still holds true in this case, which shows that (3.14) is valid. Thus, (ii) holds true.

2
We now prove (iii). In this case, by the assumption that g € (”2;1, (n-B-2)” 4 1),

2(n—1)
n—B-2\> 1
<#> >§(n—1)(q—1).

we know

Moreover let Vg := % € (0, 1). We then have

vo(”"#)z: S 1)g—1),

which together with Lemma 2(i) implies

o (vo [#T) =V [n_’#r (3.15)

Now, by following the same arguments used in the proof of (i) with 7 therein
replaced by 7T in (3.6) (namely, using (3.7) and (3.9) through (3.12)), and (3.15), we
conclude that

[ VP, 2(n—ﬁ—z>2 [MOF 4oy [ QUL ,
" R

[xlP 2 v |x[Br2 R [x]AT2

o [ F®laery / P
|Sn71|% Re |x|B+2

- P : X 2 ~ X/|X X 2
o (P2 [ U [ UL,

2 n |x|ﬁ+2 R® ‘x‘ﬁ+2

which shows that (iii) holds true and hence completes the proof of Lemma 3.
The following Lemma 4 is useful in the proof of Theorem 3. It also gives an
extension of the weighted L? Hardy inequalities in Lemma 3 to any p € (1, o).
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LEMMA 4. Let p € (1,00), B € R with B #n/p and ® =®(-/|-|) 20 isa
measurable function defined on S"' such that ® € L”/(ﬁp)(S”_l). Then for any u €
Cy (R™), it holds that

A1 P G (Leel) [ SOr
/Rn ‘x‘(ﬁ—l)pdx>”q)HﬁL ~5 / e 310

Proof. Forany f € Cy(R"), recall in [27] the definition of the symmetric decreas-
ing rearrangement f* :=R" — [0, e) of f that for any x € R",

) :/0 Xiyern: |f(y)|>ry (X)dt, (3.17)

where for any measurable set E C R", E* := {x € R" : |x| < r} is its symmetric
rearrangement with

n—1
i T (3.18)

and |S"!| the surface area of the unite sphere S"~!.
By the Hardy-Littlewood rearrangement inequality and the fact that (Jul?)* =
(u*)?P (see [27, pages 81-82]), we know that

/n de < /n [(I)(x/x)]* |u* (x)|? dx. (3.19)

|x|ﬁ1’ ‘x‘ﬁp

We first estimate [%}* By Chebyshev’s inequality, we have that for any

1€ (0,00)
- [foeme: <[] 7Y

. PO/ }
yeR": >t
l{ [P
[®(9)/I]”17’
:/ / P ldr| de
st | Jo
1

- ®(6)] 4 do,
ntBr Js!

which combined with (3.18) implies that the symmetric rearrangement of the above
level set can be written as follows

{yeRn. D(y/lyl) >t} :{yeRn. S 1\|y|n 1 [(D(e)}ﬁide}

|y|ﬁp ntﬁn_p sn—1

1
1 n 8
={VeER": p<{——= [ [®(6)]Prdb
|Sn—1¢Br Jsn!
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Thus, we conclude that

[L(;C/ﬁic')]* Z/OOOX{WR” o) >t}*(x)dt

oo

- | e
R L (0)]Pr do
{ye y<{§nltﬁl’ S'H[ (0)] } }

1ol 2

- (S=1)

- b
[x[Br|sn—1| %

which together with (3.19) shows that
o/l Pden e
/ dx < / dx
n |x|ﬁp |Sn 1‘& n ‘x‘ﬁp
This combined with the weighted n-dimensional Hardy inequality (1.5) with € = p —

Bp and the Polya-Szegd inequality (namely ||V(g*)||zrwn) < [|Vgl|zpmn) forany g €
C2(R™)), we further see

@ n £
[ Sl , ! by (oY [ VUL,
n |x|ﬁp = |Sn—l|ﬁl \n—ﬁp\ n ‘x‘(ﬁ_l)P
12l 2

) ( p )/ VI
X.
|Sn71|7 ‘n—ﬂp‘ R~ ‘x‘(ﬁ*l)l’
This finishes the proof of Lemma 4.

With the help of Lemmas 2 and 3, we now give a proof of Theorem 2.

Proof of Theorem 2. Take B = 2. From the assumption that n > 5, we know
n>=2+ 123 + 2/3 . Thus, by Lemma 3(i), we conclude that for any f € CZ°(R"),

/,, Vf(x))? . T/n OO/ DL (3.20)

|2 x|

1
with 7= (%)2 |S"1)a/ |®l|zg(g-1)- By this and the L? Hardy-Rellich inequality
(1.12), we further conclude that (1.27) holds true and hence finish the proof of Theorem
2.

Finally we turn to the proof of Theorem 3 by using Lemma 4.

Proof of Theorem 3. By Corollary 1(ii) with oo = 0, we know that for any f €

C(R"),
/Rn AF(x)|? dx > (”(p_1>)p/n VP G321)

CppP |x[P
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On the other hand, from Lemma 4 with =2, we deduce that

[ s (|n—2p|)” [ SR,

p =~ 2p
B [ g \ P B

which together with (3.21) completes the proof of Theorem 3.
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