ANISOTROPIC L:-WEIGHTED HARDY AND
L?*-CAFFARELLI-KOHN-NIRENBERG INEQUALITIES

MICHAEL RUZHANSKY AND DURVUDKHAN SURAGAN

ABSTRACT. We establish sharp remainder terms of the L2-Caffarelli-Kohn-Niren-
berg inequalities on homogeneous groups, yielding the inequalities with best con-
stants. Our methods also give new sharp Caffarelli-Kohn-Nirenberg type inequali-
ties in R™ with arbitrary quasi-norms. We also present explicit examples to illustrate
our results for different weights and in abelian cases.

1. INTRODUCTION

Recall the following weighted Hardy-Sobolev type inequalities due to Caffarelli,
Kohn and Nirenberg [6]: For all f € C§°(R") we have the estimate

([ vaispae) < Cus [ el 19 s, i

n—2 2n
< [ < 1 dp=

where for n > 3:

—o0o<a<

and for n = 2:
2

B—a
and where ||z|| = y/2? + ...+ 22. Inequality is now knows as the Caffarelli-
Kohn-Nirenberg inequality.

Nowadays there exists an extensive literature on Caffarelli-Kohn-Nirenberg type
inequalities and their applications. We refer to [7], [25], [I5] and a recent paper [9]
for further discussions and references on this subject. We also note that the analysis
of the remainder terms in different inequalities has a long history, initiated by Brezis
and Nirenberg in [4, Corollary 1.1 and Remark 1.4] and then Brezis and Lieb [2]
for Sobolev inequalities, Brezis and Vazquez in [5, Section 4] for Hardy inequalities,
see also [3], with many subsequent works in this subject, see e.g. [I, 25] and many
others, and a more recent literature review in [I4]. Here we will be interested in also
obtaining some formulae for the remainder terms in the appearing inequalities.

—o<a<0,a<f<a+1, andp=
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In this note we are interested in the L? case (p = 2) of (1.1, that is, for all
f e CeR),

[ el igpan < &, [ el vsaz, (1.2
with any n > 2 and —o0 < a < ”T_z, which in turn can be presented for any
f e G (R™\{0}) as

1 1
|l <efjmiwn| (13)
L2(Rn) L2(Rn)

for all o € R.

The main goal of this note is to show analogues of on homogeneous (Lie)
groups. We use some techniques from our recent preprint [22]. Although there is a
certain overlap between these settings here we aim to explain that the obtained ho-
mogeneous group results are not only analogues of the known Euclidean results, but
also they give new inequalities even in Abelian cases with arbitrary quasi-norms. We
also shall note that our main result (see Theorem is an anisotropic generalisation
of the classical L2-weighted Hardy and L?-Caffarelli-Kohn-Nirenberg inequalities, but
it is not what should be called a ‘genuine’ subelliptic version of the classical inequal-
ities since we will not use a horizontal gradient. Indeed, since we do not ask for the
group to be stratified, there may be neither sub-Laplacian in this generality nor any
‘horizontal’ gradients. We refer to [24] for horizontal versions of these inequalities.

To the best of our knowledge, there is no example of a nilpotent Lie group that
does not allow for any compatible family of dilations if the (topological) dimension
of a nilpotent Lie group is less than nine. At the same time, it is known that the
class of the homogeneous groups is one of the most general subclasses of the class
of nilpotent Lie groups. However, it is also known that these classes are not equal
since an example of a nine-dimensional nilpotent Lie group, which does not allow
for any compatible family of dilations, was constructed by Dyer [10]. Most popular
special cases of homogeneous groups are the isotropic and anisotropic Abelian groups
(R™; +), H-type groups, stratified groups, graded Lie groups and so on.

Before presenting our main results we discuss some necessary basic concepts of the
homogeneous groups. We refer to the book [13] by Folland and Stein as well as to the
recent monograph [12] by Fischer and the first named author for further discussions
in this direction.

A Lie group (on R") G with the dilation

Dy(z) := (A"xy, ..., \™xy,), v1,...,v, >0, Dy:R" - R",

which an automorphism of the group G for each A > 0, is called a homogeneous (Lie)
group. Throughout this note instead of Dy(z) we will use the simpler and shorter
notation Ax.

A continuous non-negative function

G 3z |z| €[0,00),
is called a homogeneous quasi-norm on a homogeneous group G if it has the properties:

o [z71 = |z| for all z € G,
e |Dy(z)] = Mz| for all z € G and A > 0,
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e |z| =0 if and only if x = 0.
Note that a family of linear mappings of the form

1
Dy =Exp(Aln)) = )~ — o —(In(\)A)F,
k=0
where A is a diagonalisable linear operator on the Lie algebra g (of G) with eigenvalues
Vg, is a morphism of the Lie algebra g (of G), that is, a linear mapping from g to
itself which respects the Lie bracket:
VX, Y €g, A >0, [D\X,D,Y] = D,[X,Y].

The Haar measure on G is denoted by dx. Recall that the Lebesque measure on
R™ gives the Haar measure for G (see, for example, [12, Proposition 1.6.6]). If |S] is
the corresponding volume of a measurable set S C G, then we have the equalities

ID(S)| = A9|S| and /f(D,\(x))dx = )\_Q/ f(x)dx. (1.4)
G G
Here @ is the homogeneous dimension (see ([1.8))) of the homogeneous group G. More-
over, there is a (unique) positive Borel measure o on the unit sphere
={xeG: |z| =1}, (1.5)

such that for all f € L'(G) we have the polar decomposition

/f dx—/ /fry )r Yo (y)dr. (1.6)

We refer to Folland and Stein [13] for the proof, which can be also found in [12], Section
3.1.7]. Let us fix a basis { X7, ..., X,,} of the Lie algebra g of the homogeneous group
G such that

AXy, = i X},
for each 1 < k < n, so that A can be taken to be
A = diag(vy, ..., V). (1.7)
Then each X} is homogeneous of degree 1, and also
Q=vi+- -+, (1.8)

which is called a homogeneous dimension of G. Homogeneous groups are necessarily
nilpotent and hence, in particular, the exponential mapping expg : g = G is a global
diffeomorphism. The decomposition of expg'(z) in the Lie algebra g defines the

vector
e(z) = (e1(x),...,e,(x))
with

expg (z) = e(x) - Vx = Zej(a:)X

where Vx = (X1,...,X,,). On the other hand, it says that
r =expg (e1(2) X1+ ... + e, (2)X,).
By the homogeneity property this implies
re = D,(z) = expg (rei(z) X1+ ... +1"e,(2) X)),
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that is,
e(rz) = (rey(z),...,r""e,(x)).
Thus, since r > 0 is arbitrary, without loss of generality taking |z| = 1, we obtain
d d
Ty 0) = G (Exps (M ea(@)Xa 4 e () X)) (1.9)
Denoting by
d
R = — 1.10
< (1.10)
for all x € G this gives the equality
d
— =R 1.11
a0 = RI) (1.11)

for each homogeneous quasi-norm |z| on a homogeneous group G. Thus, the operator
R plays the role of the radial derivative on G. It is not difficult to see that R is
homogeneous of order -1.

In Section [2f we give our main results and their proofs. In Section [3| we discuss
some special cases.

The authors would like to thank Haim Brezis for drawing our attention to some
aspects of the subject.

2. MAIN RESULTS AND THEIR PROOFS

In this section we establish the L? version of the Caffarelli-Kohn-Nirenberg in-
equality on the homogeneous group G. This will be the consequence of the following
exact remainder formula which we believe to be new already in the setting of the
Euclidean space. As we will observe, this equality readily implies an L?-weighted
version of the Hardy inequality which in this context coincides with the L?-Caffarelli-
Kohn-Nirenberg inequality. We also note that the results below hold for arbitrary
homogeneous quasi-norms on G, this yielding new insights already in the Euclidean
setting of G = R".

Theorem 2.1. Let G be a homogeneous group of homogeneous dimension ) > 3.
Then for every complez-valued function f € C5°(G\{0}) and any homogeneous quasi-
norm |- | on G we have

2 <Q_2 )2
— = -«
12(6) 2

2

f

|x|06+1

1
|
|

L)

1 Q—-2-2a |
R

|ZE|O‘ f+ 2|J}|O‘+1

f (2.1)

L2(G)

for all a € R.

As a consequence, we obtain the L2-Caffarelli-Kohn-Nirenberg type inequality on
the homogeneous group G, with the sharp constant:
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Corollary 2.2. Let G be a homogeneous group of homogeneous dimension () > 3.
Then for all complex-valued functions f € COO(G\{O}) we have

Q—2—2a| f

2 |{L‘|O‘+1

, VaeR. 2.2
|x| (2.2)

L2(G)

LQ(G)

If a # %, then constant in is sharp for any homogeneous quasi-norm |- | on
G, and the inequality 15 attained if and only of f = 0.

In the Abelian case G = (R",4), n > 3, we have Q =n, e(z) =z = (21,...,2,),

so for any homogeneous quasi-norm | - | on R”, (2.2)) implies a new inequality with
the optimal constant:
n—2-— 2« 1 d
| | {¢+1 = _a_f ’ (2.3)
2 || L2(Rn) || d|z| L2(R™)

for all a € R. We observe that this inequality holds for any homogeneous quasi-
norm on R". For the standard Euclidean distance ||z|| = /2?2 + ... + 22, by using
Schwarz’s inequality, this implies the L2-Caffarelli-Kohn-Nirenberg inequality [6] for

G = R™ with the optimal constant:
In — 2 — 2a f
2 ]+

1

el

Vf , Va € R, (2.4)

L2 (Rn)

L2Rn)

for all f € Cg°(R™\{0}). Here optimality |”_22—_2a| of the constant in was proved
n [7, Theorem 1.1. (ii)] for @ < 252 and f € HJ(R"\{0}). Note in the case of
the Hardy inequality a = 0, inequality with the Euclidean distance, i.e. |z| =
||z||, can be also obtained as a direct consequence of supersolution construction and
Agmon-Allegretto-Piepenbrink theory (see [I1, Prop. 4.2 and Lemma 5.1]).

Proof of Theorem[2.1] First let us prove the case when o = 0. Namely, if f €
C°(G\{0}) is a complex-valued function then, for @) > 3, we have

) -2\’
R = (45) |G i

£ 2zl
Introducing polar coordinates (r,y) = (|z|, m) € (0,00) X & on G, where & is the
pseudo-sphere in ([1.5)), and using the integration formula ((1.6)) one calculates

= [ [

- _L/O r@-2 Re/Nf ry) dry)da(y)dr

0—2
/G 7] d’l’| x)d. (2.6)

u:=u(z) = —éRf,

2

(2.5)

o

L2(G L2(G) '

Using notations
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and

formula (2.6 can be restated as
[0ll72c) = Re/ vudzr.
G
Then we have

||U||2L2(@) - Hv”%z(«;) = ||UH%2((G) - ||UH%2(G)

+ 2/(|’U\2 — Revu)dz = /(|u|2 + |v|* — 2Re v)dx
G G

= / lu — v|*dz,
G

which gives (2.5]).
Now we note the equality, for any a € R,
1
ot ]

2] O‘|x|a+1'

Indeed, this follows from

La = e H IR
E |z
and using ((1.11]),
1 d 1 1 1 2]
—_—=——=—a— = —a—, I =|z|
|| drre ratl ||t
Then we can write
1 2 2
~Rf = H LQ—F afﬂ
|ZE| L2(G) |CL’| |$| L2(G)
2 - 2
= Ria +2aRe/R<La) {+1da:+ OifH
|| L2(G) G || |z| |z| L2(G)
y ([2.9) wit replaced by %, we have using (|2.9]) that
By (<2.5) with f replaced b |xﬁ h ing (2.9) th
FI° _(e=2\| f |
R —\ 9 Ty 1+e
2] || L2 g 2 [z ] L2
1 Q-—2-2a |
+ Rf+——F—+Ff
H|$|O‘ 2|+t 12(G)

(2.7)

(2.8)

(2.9)

(2.10)

(2.11)
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Introducing polar coordinates (r,y) = (|z|, 7ap) € (0,00) X & on G and using formula
(1.6) for polar coordinates, we calculate

f f o, * o [ d (fuy) flry)
2aR6/¢3R<W) maﬂdx_QQRe/o r 2/6617“ (—7’0‘ )—Ta do(y)dr

00 d 2
= TQ_Q el |f(7;y)| )da(y)dr
0 s dr r
f 2

= ~a(@-?) .

|ZE|O‘+1 2(G)
Summing up all above we obtain
1 2 _ 9 2 2
“Rf - (Q— - O‘) £+1
|z L2(G) 2 |z] L*(G)
1 Q-—2-2a |
+|l—Rf+—=——f , (2.12)
|| 2|z|ott 12(G)

yielding ([2.1). O

Before we start proof of Corollary [2.2|let us record the version of the Euler operator
on homogeneous groups.

Lemma 2.3. Define the Euler operator
E = |z|R. (2.13)
If f:G\{0} = R is continuously differentiable, then
Ef =vf if and only if f(D,x)=1r"f(z) (¥r >0,z #0).
Proof of Lemma[2.3. If f is positively homogeneous of order v, i.e. if f(rz) =" f(x)
holds for all » > 0 and x # 0, then applying to such f we get
Ef =vf(x).

Conversely, let us fix x # 0 and define g(r) := f(rz). Using (L.11), the equality
Ef(rx) = vf(rx) means that

d 1 v v
/ —_ — — —
9() = L fr) = LB fr) = L (ra) = )
Consequently, g(r) = g(1)r¥, i.e. f(rz) = r”f(x) and thus f is positively homoge-
neous of order r. 0

Proof of Corollary[2.9 Let us argue that the constant w is sharp and never
attained unless f = 0. If the equality in (2.2)) is attained, it follows that the terms
on the left hand side of (2.1)) are zero. That is, it means that
1 Q—2— 2
S » I e
|x|a f + 2|x|oc+1
and hence Ef = —9=222 f In view of Lemma the function f must be positively

2
homogeneous of order —% + 1 + «a, that is, [yiFa must be positively homogeneous

F=0 (2.14)
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of order —% which is impossible, so that the constant is not attained unless f = 0.
Therefore, the constant ‘QLQ_M' in } is sharp. O
3. CASES aa=—1,0, 1

In this section we consider special cases of (2.1)) when v = —1, 0, 1 to illustrate
importance of this general equality in different settings.

3.1. The case a = —1. We have the following relation for the Euler operator
Proposition 3.1. For any f € L*(G) with Ef € L*(G) we have
Q\* QI
B0 = () 11+ |Br+ 21 1)
L2(G)

Proof. Taking a = —1, from (2.1)) we obtain (3.1)) for any f € C§°(G\{0}). Since
Cs°(G\{0}) is dense in L?(G), this implies that (3.1)) is also true on L*(G) by density.
The proof is complete. 0

Simply by dropping the positive term in the right hand side, (3.1]) implies
Corollary 3.2. For any f € L*(G) with Ef € L*(G)

2
1£lz2@) = G 1E 2 (3:2)

with the best constant %

3.2. The case o = 0. In this case (2.1]) gives the equality
2
2 Q-2 1
IRfe = (452

o
|z

Now by dropping the nonnegative last term in (3.3)) we immediately obtain a version

of Hardy’s inequality on G (see [19]- [23] for weighted LP, critical, higher order cases

and their applications in different settings):

1 2
— <=
|| L2(G) Q-2
again with & being the best constant. Note that in comparison to stratified
(Carnot) group versions, here the constant is best for any homogeneous quasi-norm
-

In the Abelian case G = (R™,+), n > 3, we have Q = n, e(z) =z = (x1,...,%,),

2

Q-2

o] f (3.3)

R+

2
d
L*(G) L2(G)

IR 2 (3.4)

so for any quasi-norm | - | on R" it implies the new inequality:
e 2 ‘i (3.5)
|z| reny N2 d|z| L2(R™) ’

which in turn, by using Schwarz’s inequality with the standard Euclidean distance

|z|| = /2% + ...+ 22, implies the classical Hardy inequality for G = R™:

‘f

2
T < — IV/ll2@ny »
] n—2 P

L2(R™)
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for all f € C5°(R™\{0}). When |z| = ||z|| the remainder terms for have been
analysed by loku, Ishiwata and Ozawa [10], see also Machihara, Ozawa and Wadade
[18] as well as [17].

The inequality implies the following Heisenberg-Pauli-Weyl type uncertainly
principle on homogeneous groups (see e.g. [§], [21] and [19] for versions of Abelian
and stratified groups):

Proposition 3.3. Let G be a homogeneous group of homogeneous dimension ) > 3.
Then for each f € C3*(G\{0}) and any homogeneous quasi-norm |- | on G we have

2
1£172c) < 03 IRl 2@y N2l 22 - (3.6)

Proof. From the inequality (3.4)) we get

-2 2 i . .
2 (L) ([lerpar) = 457 [

where we have used the Holder inequality in the last line. This shows (3.6)). 0

In the Abelian case G = (R", +), we have Q = n, e(x) = x, so that (3.6) implies
the uncertainly principle with any quasi-norm |z|:

(fowerae) = (525) LR

which in turn implies the classical uncertainty principle for G = R™ with the standard
Euclidean distance ||z||:

( - WW)Q < (%) [ IVu(a)Pde / alPlu(@) e, (35)

which is the Heisenberg-Pauli-Weyl uncertainly principle on R".

dr | |z]*|u(x)|*dr, (3.7)

R

3.3. The case a = 1. If a =1, (2.1)) gives the equality
2

1P —4\° 4
LR e C = Y A E PR
|| L2(G) 2 |z L2(G) |z 2| L2(G)
Then (3.9) implies the estimate
f 2 1
5 < ——||=5Rf , Q>5, 3.10
[ || o) — @ —4]llz 12(G) (310)
again w1th ;7 being the best constant.
In the Abehan case G = (R",4), n > 5, we have Q =n, e(z) =z = (x1,...,2,),
so for any homogeneous quasi-norm |- | on R™ it implies the new inequality:
o 2 | L. df (3.11)
|| reny "4 || d|z| L2(R") ’
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which in turn, again by using Schwarz’s inequality with the standard Euclidean dis-

tance ||z|| = /2% + ... + 22, implies the weighted Hardy inequality for G = R™:
2 1
Fipe T
| reny N4 [z L2(R")
for all f € Cg°(R™\{0}).
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