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Rellich, Caffarelli-Kohn—Nirenberg, and
Sobolev Type Inequalities

This chapter is devoted to other functional inequalities usually associated to the
Hardy inequalities. These include Rellich and Caffarell-Kohn-Nirenberg inequali-
ties. We also discuss different aspects of this analysis such as their stability, higher-
order inequalities, their weighted and extended versions.

3.1 Rellich inequality

In general, the Rellich type inequalities have the following form

[V e [ SO,

|2|% |z|?,

for certain constants «, 8 and p. The classical result by Rellich appearing at the
1954 ICM in Amsterdam [Rel56] was the inequality
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To find analogues of (3.1) on the homogeneous groups is an interesting ques-
tion. The first obstacle to it is that there is neither stratification nor gradation
on general homogeneous groups, so there may be no homogeneous left invariant
hypoelliptic differential operators on G at all, to formulate an expression of the
form of the right-hand side of (3.1).

However, similar to the results on the Hardy type inequalities before, the
inequality (3.1) can be expressed in terms of the radial derivative
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taking the form
f
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It is well known that in the spherical coordinates on R™ the Laplacian Agn
decomposes in the radial and spherical parts as
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So, the operator on the right-hand side in (3.2) is precisely the radial part of the
Laplacian on R", which can be also expressed as
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Although there is no analogue of the Laplacian on general homogeneous groups,
using the radial operator R from Section 1.3, the expression (3.3) on a homoge-
neous group of homogeneous dimension ¢ and homogeneous quasi-norm |- | makes
perfect sense in the form of
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One aim of this section is to show that the Rellich inequality in the form
(3.2) extends to general homogeneous groups using the radial operator R, taking
the form:

R2f + R (|z|°7'Rf) . (3.4)
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for all complex-valued functions f € C§°(G\{0}). The operator on the right-hand
side of (3.5) is thus an analogue of the radial part of the Laplacian on R™.

Thus, in the sequel we will be frequently use the Rellich type operator ap-
pearing in the right-hand side of (3.8) which we may denote by

Q-1
]

Rf:=R>f+ RY. (3.6)

Similarly to the Hardy type inequalities from Chapter 2, the expression on
the right-hand side of (3.5) appears to be natural since there is no analogue of ho-
mogeneous Laplacian or sub-Laplacian on general homogeneous groups to extend
(3.1). Moreover, even on a group where such operators exist, this would usually
give a refinement of those inequalities since derivatives only in one direction ap-
pear.
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3.1.1 Rellich type inequalities in L?

In this section we prove the Rellich type inequality (3.5) and its weighted version.
This will be a corollary of the following identity relating different expressions
involving the radial derivatives and radially symmetric weights.

Theorem 3.1.1 (Identity leading to Rellich inequality). Let G be a homogeneous
group of homogeneous dimension Q) > 5. Then for arbitrary homogeneous quasi-
norm | - | on G and every complez-valued function f € C§°(G\{0}) we have the
identity
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Since the left-hand side of (3.7) is non-negative, this implies the following
Rellich type inequality on G for @Q > 5:

Corollary 3.1.2 (Rellich type inequality in L?(G)). For all complez-valued func-
tions f € C5°(G\{0}) we have
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where the constant Q(S—4) 1s sharp and it is attained if and only if f =0.

Remark 3.1.3. Let us show that the constant Q(S%) in (3.8) is sharp and is never

attained unless f = 0. Indeed, if the equality in (3.8) is attained, it follows that
both terms on the left-hand side of (3.7) must be zero. In particular, it means that

1 Q—-4,
meJr 22 f=0, (3.9)
and hence Q-4
Ef =-— 9 I

In view of Proposition 1.3.1, Part (i), the function f must be positively homoge-
neous of order 7Q2_4 which is impossible since f € C§°(G\{0}) unless f = 0, so
that the constant is not attained unless f = 0.

Furthermore, the first term in (3.7) must be also zero, and by using (3.9) this

is equivalent to
Q-2

R2
T

Rf =0

which means that R f is positively homogeneous of order — Qg 2 Thus, by taking
an approximation of homogeneous functions f of order — Q; 4 we have that Rf is
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homogeneous of order — Q2 , so that the left-hand side of (3.7) converges to zero.

Therefore, the constant Q(Q g in (3.8) is sharp.

Thus, in view of Remark 3.1.3, the statement of Corollary 3.1.2 follows from
the identity (3.7), which we will now prove.

Proof of Theorem 3.1.1. Introducing polar coordinates

() = (Jal. 1)) € 0.00) x 0

on G, using the polar decomposition formula from Proposition 1.2.10, as well as
integrating by parts we obtain
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For the first term, using identity (2.16) with o = 1, we have identity (2.17), i.e
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For the second term a direct calculation shows
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Combining (3.11) and (3.12) with (3.10) we arrive at
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Collecting same terms, this gives
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Multiplying both sides by 0 ((3_ 2) and simplifying we obtain
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On the other hand, we also have
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From (3.13) and (3.14) we obtain
8 1 Q-4 |7
- R
Q@4 Hm T o )
4 VR@-4) f | e, Q-1 7 FP
(Q(Q—4)) 4 |z TR || / L2(<G,)Jr |12
4 2 Q-1_ |7
- R? R :
(Q(Q—4)) I || / L2(G)
thus,
Q-1 QQ—4) | Q(Q—4)H1 Q-4
R? R R
‘ U |z T Afx|? d LZ(G)Jr 2 ] I 2| I L2(G)
2 2 2
e+ e GRS
|| L2(G) 4 212 1l L2 (e
This gives identity (3.7). O

In the Euclidean setting of R™ the equalities of the type of Theorem 3.1.1
were analysed in [MOW17b]. Theorem 3.1.1 was obtained in [RS17b] and it can
be extended to all & € R. We present these results next, following [Ngul7], also
correcting relevant statements. We will be always using the notation

Q-1
||
Theorem 3.1.4 (Weighted L2-Rellich inequalities). Let G be a homogeneous group

of homogeneous dimension QQ > 5 and let | - | be a homogeneous quasi-norm on G.
Then we have the following properties:

Rf:=R>f+ Rf. (3.15)

(1) For any « € R, for all complez-valued functions f € C§°(G\{0}) we have the

identity
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where
(Q+20)(Q —4—2a)
1 .
(2) For any a € (—Q/2,(Q — 4)/2), we have the following weighted Rellich in-
equality for all complez-valued functions f € C§°(G\{0}),

f
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C, = (3.17)

Ca (3.18)
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where the constant Co, > 0 as in (3.17) is sharp and it is attained if and only
if f=0.

Proof of Theorem 3.1.4. Part (2) is an immediate consequence of Part (1), so we
prove Part (1) now.

We can assume that C,, # 0 since otherwise (3.16) trivially holds. Moreover,
we can assume for the proof below that Q —3—2« # 0. If this is zero, the statement
(3.16) would follow by continuity from the same identity for other o’s.

As in the proof of Theorem 3.1.1, we calculate
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By Theorem 3.1.1 we have
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By integration by parts we obtain
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we [ IR gy @0t [ U,
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Plugging (3.20) and (3.21) into (3.19) we get
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which gives equality (3.16).

The inequality (3.18) is a straightforward consequence of (3.16) since C,, > 0
for a € (—=Q/2,(Q — 4)/2). Let us now show that this constant is sharp. For this,
we consider the test function g(r) := r~(@=%72%)/2 which can be approximated
by smooth functions. For example, let n € C§°(R) be such that n =1 on (—1,1)
and 7 = 0 on R\(—2,2). For any € > 0, define f.(r) := (1—n(r/e))r—" 2 “n(er),
then

lim /() = g(0)

We have
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which shows the sharpness of C,,. If for some function f, there is equality in (3.18),
then from (3.16) we must have

Q—4—-2«

R
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In terms of the Euler operator this can be equivalently expressed by

Q—4-2«a

Ef=-°",

f.

By Proposition 1.3.1 this implies that f is positively homogeneous of order —(Q —
4 — 2ar)/2, that is, there exists function h : p — C such that

f(z) = |2|7 @472 2 R(a /|2

Since f(x)/|z|*T® is in L?(G), we must have h = 0 on p and, consequently, f = 0
on Q. g
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3.1.2 Rellich type inequalities in L?

In this section we describe the LP-versions of the L2-properties presented in Section
3.1.1, where we have followed the proofs in [RS17b]. In this section we follow
[Ngul7]. We start with the identity analogous to that in Theorem 3.1.1.

Theorem 3.1.5 (Identity leading to LP-Rellich inequality). Let G be a homogeneous

group of homogeneous dimension @ and let |-| be a homogeneous quasi-norm on G.

Let 1 < p < Q and o € R. Then for all complez-valued functions f € C5°(G\{0})

we have
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where p' =p/(p—1) and R, is as in (2.22).

Proof of Theorem 3.1.5. First, a direct calculation shows
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This implies further equalities,
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Since the remainder term on the right-hand side of (3.22) is non-negative,
this implies the following LP-version of the Rellich type inequality on G:

Corollary 3.1.6 (Rellich type inequality in LP(G)). Let G be a homogeneous group
of homogeneous dimension Q and let |- | be a homogeneous quasi-norm on G. Let
1 <p<@Qand a € R. Then for all complez-valued functions f € C§°(G\{0})

we have
[ (R1+%5 1)
|| ||

where the constant Q(574) s sharp and it is attained if and only if f = 0.
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As a consequence of Theorem 3.1.5 we have

Corollary 3.1.7. Let G be a homogeneous group of homogeneous dimension Q.
Let | - | be any homogeneous quasi-norm on G and 1 < p < Q/2. Then for any
complez-valued f € C3°(G\{0}), we have

Rf|P ‘o Rf|P 1 'aRf -
IRFP . _ 1Q+pa / IRf| dmﬂ)/ R, Q+pa f7Rf i
c |z @)p  Jg lxpte) G |z[P* Pz
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for any o € R. Here Ry, is as in (2.22). As a consequence, we obtain the following
weighted LP-Rellich type inequality

|Q+p'a
p/

RS
ja1+)

Rf

< . (3.24)
LP(G) || |z|

LP(G)

for any o € R and any complex-valued function f € C§°(G\{0}). Moreover, the
inequality (3.24) is sharp and equality holds if and only if f = 0.

Proof of Corollary 3.1.7. The equality (3.23) is exactly (3.22) with f being re-
placed by Rf. The inequality (3.24) follows immediately from (3.23) by dropping
the non-negative remainder term on the right-hand side of (3.23). The sharpness
of (3.24) is proved by using approximations of the function p=(@P(1+a))/P Tf the
equality occurs in (3.24) for some function f, then by (3.23) we must have

/
Rf=9 PRy
P[]
which is equivalent to
—p(1
repy @ U rp, g
plz]
This can be also expressed as
Q-p(l+a
E(Rf)=— (p )Rf.

Hence Rf is positively homogeneous of degree —(Q'p(1 + «))/p, which forces
Rf =0 since Rf/|x|*T* is in LP(G). Thus, we get f = 0. O
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Theorem 3.1.8 (Another weighted LP-Rellich inequality). Let G be a homogeneous
group of homogeneous dimension Q. Let 1 < p < Q/2. Let | - | be a homogeneous
quasi-norm on G. Then we have the following properties.

(1) For all & € R and for all complez-valued functions f € C§°(G\{0}) we have
the identity

Rt » [ fIP
2| = |Cp.al /| |p(2+a)dm+p |pa dr
Lr
flP—2 2+a
Gl Cpatp -1 [ I
S (Im(fRS
+p|Cp.alP2Ch.a / 71 2]t 2+(a) )’ de. (3.25)

Here Ry, is as in (2.22) and

@—=2p—pa)@+pa) 1 1 _ (3.26)

/
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(2) For any o € (—(p — 1)Q/p,(Q — 2p)/p) and all complez-valued functions
[ € C5(G\{0}) we have
Rf

||

f

Cha (3.27)

@) H Lo (@)
Moreover, the constant Cp o > 0 as in (3.26) is sharp and equality in (3.27)
holds if and only if f =0.

Proof of Theorem 3.1.8. Inequality (3.27) in Part (2) follows from Part (1) in view
of the positivity of the constant C), , > 0 under the corresponding conditions on «,
so we prove Part (1) now. For the argument below we may assume that C) o # 0,
and that the constant on the left-hand side in the following estimate is non-zero.
Then a direct calculation using Proposition 1.2.10 and integration by parts gives

@-plrap@-rra) i) [ Wl
G

p jafp(zo)
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=l /OOO<TQ-P<2+Q>“>’ / | (ry) P2 f(ry) R f (ry)do(y)dr
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By using Theorem 3.1.1 for |f|2, we obtain
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Plugging this in (3.28) we get
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The equality (3.25) now follows from (3.29) and the equality
py P P_1
RAS12) = G RASD-

Part (2). Clearly, inequality (3.27) follows from equality (3.25). As in the
proof of Theorem 3.1.4, the sharpness of (3.27) follows by considering appropriate
approximations of the function r—(@=P(2+)/P Moreover, if we have equality in
(3.27) for some function f, then in view of Part (1) we must have

Q-p2+a)

R+ 0

[f1=0.

This means that

Q—-p2+a)

E(f]) = - /-

By Proposition 1.3.1 the function |f| must be positively homogeneous of degree
—(Q — p(2+ «))/p. Since | f|/|x|*t* is in LP(G) we must have f = 0. O

3.1.3 Stability of Rellich type inequalities

The method used in the previous section also allows one to obtain the following
stability property for Rellich type inequalities. We present such a result following
[RS18].

Theorem 3.1.9 (Stability of Rellich type inequalities). Let G be a homogeneous
group of homogeneous dimension Q. Let | - | be a homogeneous quasi-norm on G
and let p > 1. Let k > 2, k € N, be such that kp < Q. Then for all real-valued
radial functions u € C§°(G) we have

RulP P
/G Rl de — K? [l g

|o|(k=2)p o |z
N - - e |2
‘\U(l’)\ 2 u(z) — R u(R)| "2 w(R)|x|~ 2 (3.30)
>C sup/ , dr.
R>0.JG ||k ‘log |1;"| ’

where
Q-1

Rf=R*f+ ]

Rf

and
(@ = kp)[(k =2)p + (p —1)Q]

Kyp=
P p2

(3.31)
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Proof of Theorem 3.1.9. For k > 2, k € N, and kp < @, as in the assumptions of

the theorem, let us denote

Q—kp

v(r):==r » wu(r), where r€0,00).

(3.32)

In particular, we have v(0) = 0 and v(o0) = 0. We then calculate as follows:
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p
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— T P22 (R%(r) + i (2(]“” ~9 - 1)) mm)

p
= pk—2- b (K pv(r) — 1"273161)(7’)),

where K}, , is as in (3.31), and where we denote

_ 2k + 9= 1
Rif = R>f + rp Rf.

By using the first inequality in Lemma 2.4.2 with a = K}, ,v(r) and b = 7"27~2kv(r)7

and the fact that [ [v[P~2vv'dr = 0 in view of v(0) = 0 and v(co

, [RulP B |ul?
J.—/Gz K—2)p d;l:ka,p mk dx

|p|/ |~ Rur) @12 gy \m/

) = 0, we obtain

\prQ kp=1 gy

= |@|/O |, po(r) — r* Ry (r)|P — (Kkypv(r))”> Ly

Y

o0
,p‘p\[(i’;l/ |v[P 2 v Ry vrdr
0
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) 2% + Qr-2) _4
= 7p\p\K,f;1/ [v[P~2v (v"Jr P o' | rdr
s r

o0
= —p‘p‘K,I;;l/ [v[P~ 200 rdr.
0
On the other hand, we have

—/ [o[P~2 00" rdr = (p — 1)/ |o[P~2(v")2rdr +/ [v[P~2v0 dr
0 0 0

—=1) [l

= 4(pp2 . /0 : (p22>2 [o]P=2(')2dr
D [T o= 2w+ bl
= 4(ppg 1) /OOO <(|v|p22),v + vp22v’>2rdr

Ap—1) [ o
= (pz )/0 (o] "2 v PPrdr

+

p
4(p—1 bz |2
_ 2)/ [R(wl"+" v)| da,
lp2|p Ga

where G3 is a homogeneous group of homogeneous degree 2 and |po| is the mea-

sure of the corresponding unit 2-quasi-ball. By using Remark 2.2.9 for |v| "o e
C§°(G2\{0}) in p = @ = 2 case, and combining the above equalities, we obtain

p—2 p—2 x 2

0@ "> v@) = (R 2" v(R 2)|

J > 01/ dz
G2

2 R 2
|| ‘log |w|‘

r

2
o [[o()]"2" v(r) = [o(R)| "2 v(R)|
- Cl/o r [log 2

oo [lu(r)] 5 u(r) ~ B u(R)) T u(R)r 5

= Cl/ 2 dr

0 rl—Q+kp |log f|
for any R > 0. That is, we have
- - - 12
P / \\u(z)\pzzu(x) — R u(R)|"2 u(R)|x|~ 72" )
- sup 2 X.

e o} log |

The proof is complete. O
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3.1.4 Higher-order Hardy—Rellich inequalities

In this section we show that by iterating the already established weighted Hardy
inequalities we get inequalities of higher order. An interesting feature is that we
also obtain the exact formula for the remainder which yields the sharpness of the
constants as well. That is, when p = 2, one can iterate the exact representation
formulae of the remainder that we obtained in Theorem 3.1.1. It implies higher-
order remainder equalities that can be then also used to argue the sharpness of
the constant.

Theorem 3.1.10 (Higher-order Hardy-Rellich identities and inequalities). Let G
be a homogeneous group of homogeneous dimension Q@ > 3. Let « € R and k € N
be such that

o
, 2

7=0
Then for all complex-valued functions f € C‘”(G\{O}) we have

(@) £0.

k—1

f %] |
N < (a4 . R (3.33)
|5+ L2(G) JE[O 2 |z LZ(G)
where the constant above is sharp, and is attained if and only if f = 0.
Moreover, for all k € N and a € R, the following identity holds:
1 2 k—1 Q-2 2 P
R f = ( —(a+ j))
l21* " Ml j[[o 2 2 || 2(g)
k—1 [1- 2
S (%) )
=1 |5=0
1 . Q=20+1+0a) . .7
X Rk lf + Rk l 1f
|x|l+a 2| |l+1+a L2(G)
1 Q-2 2
- R¥f + k=lf (3.34)
Hafo‘ 2|z |t L2(G)

Remark 3.1.11. Let us point out some special cases of inequality (3.33).

1. For k = 1 inequality (3.33) gives the weighted L?-Hardy inequalities from
Corollary 2.1.6.

2. In particular, for k¥ = 1 and a = 0, inequality (3.33) gives the L2-Hardy
inequality, i.e., (2.2) in the case of p = 2.

3. For k = 2, inequality (3.33) can be thought of as a (weighted) Hardy—Rellich
type inequality, while for larger k this corresponds to higher-order (weighted)
Rellich inequalities.
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Proof of Theorem 3.1.10. For any a € R and @) > 3 let us iterate the identity

2

1 ? —2 ?
aRf = <Q - a> £+1
Eq 12(6) 2 2] ] L2
, (3.35)
1 —2(a+1
] ems+ e )
|| 2|x| L2(G)
given in (2.16), as follows. First, replacing f in (3.35) by Rf we have
1 2 9 20 pr |2
aR2f = (Q B a) ofH
|| L2(G) 2 ] L2(G)
) (3.36)
1 —2(a+1
o R R
|| || L2(G)
Furthermore, replacing o by o + 1, (3.35) implies that
1 2 _y 2 2
H as1 RS = <Q —(a+ 1)> £+2
|| L2(G) 2 || L2(G)
1 Q — 2(a +2)
+ wr1 R+ N f .
||t 2||ot2 L2(G)
Combination of this with (3.36) gives
2 2 2
2 -2
e ], = (27 0) (%27 0 0) [
|| 2 2 |z L2(G)
Q-2 )2 1 Q—2(a+2)
+ -« Rf+
( 2 ||+t 2|z|ot? L2(G)
2
1 —2-2
+H aR2f+Q Ry
|| 2| L2(G)

By using this iteration process further, we eventually arrive at the family of iden-

tities
2 k—1 2
Q-2 )
- H( S (atd)
L2(G) j=0

7=0

1 2

||

f

‘I‘kJra

RFf

L*(G)

1 Q-2(+1+a)

k—1—1
2|+ 1+ R f

RFLF 4
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Q-2-2a 2

k—1
2‘I‘1+O‘ R f

. k=1,2,...,

1
+ H JREf+
|| L2(G)

which give (3.34).
Now, by dropping positive terms, these identities imply that

2 2

1
RS
2

)

L*(G)

f
el
L2(G) |l

where .
_ Q _ 2 ‘ 2
Cro = H ( 9 —(a+3)) -
7=0
If Ck,q # 0, this can be written as
f

|x|k+o¢

2 2

1
2 Ok

1

||

Rk f

7

L2(G)

which gives (3.33).
Now it remains to show the sharpness of the constant and the equality in
(3.33). To do this, we rewrite the equality

RFUfF Q—-2(+1+0a)

k—l—1p _
‘x‘l+o¢ 2|x|l+1+a R f =0

as

Q—-2(l+1+«)
2

and by Proposition 1.3.1, Part (i), this means that R*~/~! f is positively homoge-

neous of degree —g 41+ 14 . So, all the remainder terms vanish if f is positively

2| R(RETITLF) + (RE-71f) =0,

homogeneous of degree k — g + «. As this can be approximated by functions in
C5°(G\{0}), the constant Cy, ¢ is sharp.

If this constant was attained, it would be on functions f which are posi-
tively homogeneous of degree k — 622 + «, in which case le{ +o would be positively

homogeneous of degree — ? These are in L? if and only if they are zero. O
Theorem 3.1.4 and Theorem 3.1.10 were proved in [RS17b]. They can be

extended further to derivatives of higher order. Such results have been recently
obtained in [Ngul7] and in the rest of this subsection we describe such extensions.

Theorem 3.1.12 (Further higher-order Hardy-Rellich identities and inequalities).

Let G be a homogeneous group of homogeneous dimension Q and let | - | be a
homogeneous quasi-norm on G. We denote

~ -1 2 —4-2

R =R+ Q Ry, 0= QFTIE D @

|| 4
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for B € R, for the constants appearing below. Let k € N be a positive integer and
let o € R. Then for all complez-valued functions f € C§°(G\{0}) we have the
following identities:

(1) If Q > 4k + 1, then we have

k-1 2 2
H Caita QJ:HQ
i=0 ] L2(G)
~ 2 ~
Rk - kal
21 [ oy II12 IR ||
k—1 S
1 e Rk—]—lf
‘ (H 027,-‘,-(1) |2 +o RV f+ Cojta ]2
=\ L*(G)
- — 420 - 2
— 20, RRM1p) 4+ @ VRE-1f
2|x| L2(G)
k=1 [k—1 2
= (H 02i+a> Cojta (3.38)
j=1 \i=0
1 . Q—4—20—4j -, - ,.|I°
X R(RFITLE) + RE—i-1y
||t Het2d 2|x| 12(G)
(2) If Q > 4k + 3, then we have
k—1 2 2
-2 -2«
@ H Coit1+a 2,£1+
2 i=0 2] “llee)
. 2
_|[R(RRy) H Ly 4 @220, ’
2l ey Ml 2] L2(@)
(Q-2-2a)%| 1 |, RFLf
_ A 2o RYf 4 Cita o2
L2(G)
2
L9 gq)2 ol (i
_@ > (H Caita
j=1 \i=
1 Sk—j RF-I-1f
x || 1+2i 4 R f+ Cojtita |2
x T 12()
(Q -2 —2a)? Sho1 Q-6-20_, 4 ||
- Cat1 R(R*™ )+ R f
4 |2t 2|z| L2(G)
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2
- 2 —20)2 2 (5
_ @ Z (H 021+1+a> C2j414a (3.39)
j=1 \i=0
1 . Q—6—2a—4j
IR Rk 7j—1 Rk: j—1
epprasas RO T Moy

As consequences, for all complez-valued function f € C§°(G\{0}) we have the
following estimates:

(3) If Q >4k +1 and v € (—Q/2,(Q — 4k)/2), then we have

k—1 ~
f REf
(HC”*“> o2t oy = | It (340
i=0 L2(G) L2(G)
4) If Q > 4k + 3 and o € (—(Q +2)/2,(Q — 4k — 2)/2), then we have
k-1 .
Q-2-2 / R(R"f)
( 5 H Critita |2k 1+ < 2o (3.41)
i=0 L2(6) L2(G)

Moreover, these inequalities in Parts (3) and (4) are sharp and the equalities hold
if only if f=0.

Proof of Theorem 3.1.12. The equality (3.38) follows by induction using Theorem
3.1.4, which gives the case of k£ = 1. Furthermore, we have

/ IR(R _(@=2-2a) [ [R*f?
|x|204 4 G |x|2+2a (3 42)
1 e Q—2-2a, | '
- oo [ROREF) + REF| da.
G || 2|

Thus, (3.39) follows from (3.38) and (3.42). The inequalities (3.40) and (3.41)
follow directly from these equalities since Cyyo; > 0,Cqq2i41 > 0 for any i =
0,...,k — 1 corresponding to each case. To check the sharpness of constants, we
use the arguments similar to those in the proof of Theorem 3.1.4, considering
approximations of the function r~(@=4~2)/2 Indeed, one has

| fel?

o ||tk 2 dz = (—Ine)lp|+ O(1),

and )
ﬁ,kf 2 k-1
G:ﬂ@! de = (H Coita | (—Ine)|p|+O(1).
=0

This proves the sharpness of (3.40). For (3.41), we use the approximation of the
function 7~ (@—2-4=29)/2 4nd similar calculations.
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Finally, suppose that for some function f we have an equality in (3.40). Then
by (3.38), we must have

Q — 4k — 2«

R
I g

f=o.

This is equivalent to
Q — 4k — 2«

2 I
By Proposition 1.3.1, Part (i), it follows that f is positively homogeneous of order
—(Q — 2 — 4k)/2. Since f/|z|*t?* € L%(G), this forces to have f = 0. The
sharpness of (3.41) is proved in a similar way. O

Ef = -

Theorem 3.1.12 can be used to derive further weighted Rellich type inequal-
ities. First we start with one iteration, continuing using the notation R as in
(3.37).

Theorem 3.1.13 (Iterated weighted Rellich inequality). Let G be a homogeneous
group of homogeneous dimension QQ > 5, and let |- | be a homogeneous quasi-norm
on G. Then for any oo € R and for all complez-valued functions f € C§°(G\{0})
we have the identity

2

Rf (@Q+20)? | Rf
«@ - 1+«
S P ! ™ ) (3.43)
2
1 - 2-2«
+ H . IR+ @ Rf .
|| 2|x| L2(G)
As a consequence, for any a € R we get the inequality
|Q + 2 Rf (3.44)
2 |z || oy |l ]2]@ )
( ) LQ(G)

for all complez-valued functions f € C5°(G\{0}). For Q + 2a # 0 the inequality
(3.44) is sharp and the equality holds if and only if f = 0.

Proof of Theorem 3.1.13. By definition (3.37) we have

[ RAE o - [IREDE
G

]2 ¢ |z[*

2
dz+2(Q—1)Re ﬁ;ﬁﬁff de+(Q—1)? ; ﬁ{m da.

G

Moreover, we have

R(Rf) Rf B f|2
2Re | |20+ - / \2+2a
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On the other hand, by Theorem 3.1.1 we have the identity

ROy @220 [ RIE
G

|$|2+20‘
<[,

Combining these inequalities we obtain (3.43).

6 |z

Q-2-2a_ |

R2Ef + ] Rf| dx.

Identity (3.43) then implies inequality (3.44). The sharpness of inequality
(3.44) can be verified by using approximations of the function r~(@—2a=4k)/2 Tf
the equality in (3.44) holds for some function f, then we must have

Q—-2-2«

R2
U

Rf=0.
This is equivalent to
Q—2—2a

E(Rf)=-"""

Rf

which implies, by Proposition 1.3.1, Part (i), that R f is positively homogeneous of
degree —(Q — 2a — 2k) /2. Since R f/|z|' T is in L?*(G), this implies that Rf = 0.
Consequently, we must also have f = 0. 0

Theorem 3.1.13 implies further identities and inequalities.

Theorem 3.1.14 (Further higher-order Rellich type identities and inequalities).
Let G be a homogeneous group of homogeneous dimension QQ with a homogeneous
quasi-norm | - |. Let k,l € N be such that Q > 4k + 1 and k > 1+ 1. Then for all
complez-valued functions f € C5°(G\{0}) we have

> 2 k—I1— 1 2 -
RN f N H 2z+a) RR'f
|| - (Q —2a)2 |z|2(k—)—1+a
L2(G) L2(G)
k—1—2 2 ‘Rzﬁler Q+2— 42(|k| 1)— 2aRsz’
H Caita jz[20k—1-1)+a
- 12(@)
‘ﬁkf—i_canf |21 2 geneylint ’ ’Rk ]f+02]+a k| ]|21f’ ’
’ Ci [} *
" || - Z (U o > || 29+
LQ(G) Jj=1 =0 LQ(G)
k—1 Q—-4—-2apk—1
+2C, ‘RR I+ "R f‘
@ |z|1+e

L2(G)
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k—1—2 2 ‘R(Rk IT1f) 4 Q—4—2a— 4j7ék,j,1f

j—1

2|

+2 Z <H02i+04> Cojta || 1+25+o
j=1 \i=0

L3(G)
(3.45)
aTL
k k—l—1 o . 5 2 -,
RR _ Q° —4(14+2i+ «) RRLf
|$|a o H 4 ‘I‘Q(kfl)Jra
- L2(G)
») ~ 2
L @- 2—2a s 2 ’R2R1f+ Q+2742(Il;|71)72aRle’
H Coit1va T
L*(G)
Pk Rh lf
4 |l‘|0‘
L2(G)
e, R s+ o™
(Q —2- 20[ C JHlta g2
* 4 Z H 2i+14+a |x|2j+a+1
j=1 =0 e
~ 2
20 (Q72* ‘RRk 1f)+Q2? |2aRk71f’
+ 1+a 4 ‘$‘2+a
L*(G)
2
_9_ 20[ o k—1-2
+ 2 (Q 4 Z H CQ’L+1+OL 02j+1+a
2
‘R (RE—3- 1f) + @ 62“20'06 4JR’“*J*1f‘
|| 12+
L2(G)
k’ Q- 2 20 R f
‘RR n -
" (3.46)

||
L*(G)
As consequences, we have the following weighted Rellich type inequalities for
all complez-valued functions f € Cg°(G\{0}):

(1) Foranya € (—Q/2,(Q—4(k—1-1))/2) ifk>1+2anda eR if k =1+1,
we have

k—1—1 2

2 ~
4 Q% — 4(2i + a)? RR'f
@ e (1771507

|z |2(k—D—1+a

L2(G) || L2(G)

(3.47)
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(2) For any v € (—(Q +2)/2,(Q —4(k—1)+2)/2) if k> 1+ 2 and o € R if
k=1+1, we have

(i ey

Moreover, inequalities (3.47) and (3.48) are sharp and there is an equality in each

of them if and only if f =0.

~ 2
RRE f

||

RRLf
|x|2(kfl)+oz

L2(G) H L2(G)

(3.48)

Proof of Theorem 3.1.14. Let g := RET1f. Applying (3.38) to R¥F~'~1g and then
Theorem 3.1.13 to RR!f, one obtains equality (3.45). Note that

Q+4(k —1—1)+2a’“li[20 2 T Q2 - 4(2i + )2
2i+a .

2 i=0 Q—2a o 4
By applying Theorem 3.1.1 to RR¥ f, and then using (3.45) for R* f with weights
|z[2(1F9) | together with the equality

Q-2-20(Q+4(k—1—1)+2+2a)2 "2 e 1+o¢+22)
Hc2i+a— H

2 4

we also obtain (3.46).

Consequently, inequalities (3.47) and (3.48) follow from respective identities
(3.45) and (3.46) by dropping non-negative remainder terms on the right-hand
side. The sharpness of (3.47) and (3.48) follows by considering, respectively, as in
the previous theorems, approximations of the function r—(@=22¢=4k)/2 and of the

function r—(@—20—2-4k)/2

If for some function f we have the equality in (3.47), then (3.45) implies that
we have

_ —4— 9% -
RRELf) + 9 REp =0,
2|z|
This means that A
- —4—9%2q ~
]E(Rk—lf) _ _Q ) asz—lf.

By Proposition 1.3.1, Part (i)~, it follows that R¥~1f is positively homogeneous of
order —(Q—4—2a)/2. Since RE=1f/|z|?* € L*(G), we then must have R¥~1f = 0,
which in turn implies f = 0. The same arguments also work for (3.48). O

Using the established theorems, as a corollary one gets the following weighted
LP-Hardy—Rellich type identities which will, in turn, imply the corresponding in-
equalities.
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Theorem 3.1.15 (Higher-order weighted LP-Hardy—Rellich type identities). Let G
be a homogeneous group of homogeneous dimension @), with a homogeneous quasi-
norm |- | on G. Let k € N be a positive integer, let 1 < p < Q/k, and let a € R.
Then for all complex-valued functions f € C§°(G\{0}) we have the identities:

(1) If k=2l,1> 2, then

RN
||

LP(G)

p,2ita

p ~
[f17 RV
/|w|p(k+a>dx+p | |p°‘ Cr.e |[? TRT )

! RITITNV
H Ch2ita / |x|1’<23+0‘) (Cp,2j+a ER -R Jf) dx

+p2

Jj=1[i=0
R P2 5l—1 Q-p2+a) 51|
+ Bp,a(p - 1) I{E|p<2j+o‘)72 RlR fl + pl{E' |R fl dx
(R (Im(RT FRRIZL))?
+ B, / (e dz (3.49)

B le TP Im(RTITRRIZIS)?
P2 |z |P(2G+1)+a) 2

H Cp 2i+«

i=0

53

j=1

[REI fp-

PG+ 1) +a)
+-1 o |z|pU+FDF -2

2
pla| R de,

RIRVI1 | + Q

where Ry, is as in (2.22), i.e.,

1 —1
Ryl&n) = Inl” + P , l€r = Re(lel”¢),

as well as
Byat2j = p|C’ ,oc+2j| Cp,a+2;>
and
o _@=2p—pa)@+pa) , _p
P, — , ) p = 1
pp p
(2) If k=20l+1,1>1, then
p
RRN|”  _|@-pA+a) |17 T

H IIE| Lo (G) - ’ HCP Zitlta G |x|P(k+a) dz

1 Q-pl+a)R'f ~z>
+p/@lx|w1~zp< ) o] ‘RR ) da

1 R s
+Ap,a/¢;|x|p(l+a>Rp (C,,,Ha R ) d
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J ﬁlfjflf .
+ Apa 1 H) Cp2itita / |m|P<23+1+°‘) (Cp,2j+1+a 2 -R f> dx
j=111
+ A Bp,cx+1 ( _ ) |7€l*1f|p72 Rlﬁlflf| + Q 7p(3+a) ‘7%171 2d{E
ne g |z[pBte)=2 plz|
Bp.at1 IR FIP~4(Im(R' ! fFRRI-1 f))
+ Apa » /G j[p(3+0) -2 (3.50)
I=11]5-1 1—j—1 4 I—j—1
Bp - |R P (IR FRRIG)?
+ Apa H Cp2itita | [p(2i+3+0)—2
j=11]i=0
Fp-1) [RL—i—1 pp=2 R4 4 Q—p(2j +3+a) it 2 .
P g lafpersar-2 pia] |
_ o |e-p(+a) P
where A, o =D ’ »

Proof of Theorem 3.1.15. The equality (3.49) follows from (3.25). The equality
(3.50) is consequence of (3.49) and (3.32). Note that in (3.50), if k =21+ 1,1 > 1,
then the terms concerning the sum from 1 to [ — 1 do not appear if [ = 1. 0

By dropping the non-negative remainder terms in (3.49) and (3.50), we obtain
the following higher-order weighted LP-Hardy—Rellich type inequalities.

Corollary 3.1.16 (Higher-order weighted LP-Hardy—Rellich type inequalities). Let
G be a homogeneous group of homogeneous dimension @ and let | - | be a homo-
geneous quasi-norm on G. Then for any o € R and all complez-valued functions

f € C§°(G\{0}) we have:
(1) if 1 <p<Q/2k and a € (=Q(p — 1))/p, (Q — 2pk)/p), then

k—1
/
(H Cp,2i+a> H || (2k+a)
=0
(2) f1<p<@Q/(2k+1) and o € (—(Q +p')/P. (Q — p(2k + 1)) /p), then

Qptro) (e, !
p p.2itlto ||kt 1+0)

i=0

REf

||

(3.51)

Lr(G) B L?(G)

||Rka

Lr(G) Lr(G)

(3.52)

In the above inequalities

_ 9y /
o = (Q—2p pOj)(Q tre) P
pp p—1
Inequalities (3.51) and (3.52) are sharp and equalities hold in each of them if and
only if f=0.
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Proof of Corollary 3.1.16. Inequalities (3.51) and (3.52) are immediate consequen-
ces of equalities (3.49) and (3.50), respectively, since Cp 2i1a4+1 > 0for 0 <i < k—1
under the respective assumptions on indices. The sharpness of constants in (3.51)
and (3.52) can be checked by approximating the function r~(@=P2k+e)/P and the
function 7~ (@—PEk+1+))/p regpectively, by smooth compactly supported func-
tions. Moreover, if for some function f an equality holds in any of these inequal-
ities, then it follows from Theorem 3.1.15 that |f| is positively homogeneous of
degree —(Q —p(2k+«))/p and —(Q —p(2k+ 1+ «))/p, respectively, which implies
that f =0 in view of the condition of LP integrability. 0

As usual, Hardy inequalities imply the corresponding uncertainty principles.

Corollary 3.1.17 (Higher-order Hardy—Rellich uncertainty principles). Let G be a
homogeneous group of homogeneous dimension @ and let | - | be a homogeneous
quasi-norm on G. Let k € N be a positive integer and let p > 1. Then for all
complex-valued functions f € C§°(G\{0}) we have:

(1) ifk=20,1>1,and a € (—Q(p—1)/p), (Q — 2pl)/p), then

-1 Leip 1/p / / l/p/
HC 214 / ‘f|2d$ < |R fl (/ ‘f|p |x|p (2l+a)d$> )
i=0 G c |=lP G

(3.53)

(2) ifk=20+1,1>0, and a € (—(Q+p")/p'. (Q —p20+1))/p) if L > 1 and
Q- p(1+a) l
Hcp 2i+14+«

aeRif1=0, then
JAERE
p,2l+1+o¢i 0

RRLf|P P
< ( | | |pf dx) </ FAE (2l+1+a)d1'> :
G |T|P G

Proof of Corollary 3.1.17. By the Holder inequality, we have

1 1

|f] 20+ |fIP i e 20+ o

|fPde = | fllz[* T dx < da |fIP P P da |
/G G |z|?Fe G |z[Pi+e) G

Further, applying inequality (3.51) to this, we get (3.53) with Ca;4, > 0 for
0<i<l—1land a € (—Q(p—1)/p,(Q —2pl)/p). Inequality (3.54) is proved in
the same way. 0

(3.54)

Combining Corollary 3.28 and Theorem 2.24, we obtain the weighted
LP-Rellich type inequality below which is an LP-analogue of Theorem 3.1.14.

Theorem 3.1.18 (Higher-order LP-weighted Rellich identities and inequalities).
Let G be a homogeneous group of homogeneous dimension Q) and let | - | be any
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homogeneous quasi-norm on G. Let k,l € N be non-negative integers such that
k>1+1 andlet p > 1. Then for any a € R and for all complex-valued functions
f € C§°(G\{0}) we have

RrEFI
x|, ©
k—i—1 ) ) p .
_ P’ H (Q—p2i+a)(Q+p'(2i+ ) IRRLf|P o
Q= palr s pp’ o |z|p2k—D)—1+a)
k—1—2 p

Q+p' 2(k—I—1)+a) RR'f 7~21+1f)
dx

Chp.2i /Rp( P’ E
21t i o
ZI:IO - |z |P(2(k—1=1)+a)
pk—1

+P/ Ry (~Cra " RA1) dx
G

[P

k—1-2

+pz

J=1

Rk 1 p|p—2
+Bp,a(p*1)/‘ /1

‘x‘p (24a)—

Jj—1

H Cp 21+«

=0

/ e (*szﬂojé |:z)|2 T RM Jf) i
X

|z|P (2j+a)

2

R|Rk LA+
plz|

[R¥1 1]

B |7i’“*1f\p*4<lm<7zl LRRMLNZ
P |x|p(2+a) 2

k—l—21j—1 k—j—1 4 k—j—1
[RF=I=1f|p=4(Im(RF—I -1 fRRE-I-1 f))?

+ Zl H)CPQHQ Bp,a+2j ‘I‘pQ(]+1)+Oé) dz

7 7

[RF=i=1 fp=2 h—j—1

+r- 1)/@ |z |PG+D) +a) - ‘R|R 7

Q-p2G+1)+0a) spi1 |

(;I ) >\R’f A de, (3.55)

where Ry, is as in (2.22):

Ry(€m) = ;m\p 7 YeP - Re(le2en).

Bp a+2j = p\Cp a+2J| p a+275
and
o _(Q@=2p—pa)(@+pa) , _p
P, — / 9 p = .
P p—1
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We also have

rRRFF[

Ed

Lr(G)

17 (@-p2i+1+0)(Q+p(2i+1+a))
11
=0

p -
RRUP
& [z]pt——1+a) *7
Q+p' (2(k—1)—1+a) RR'f 7~€l+1f)
dx

Rp ( p/ |f1;| 9
G |[p(2(=D=1+0)

Sk—j—1 - .
By (~Cpava™ 0 RE )
: g [p1+e) de

k—1—2 P

H Cp2it1+a

=0

+Apa

+ Apa

Sk—j—1p ~, .
/ Ry <_Cp,2j+1+aR |$J|2 f7Rk_]f)

|x|p(2j+1+a)

-1 r

[1Cr2it1ta

=0

k—1—2
dzx
1

Jj=

o k 1rp—2 N — (3 + 2
+Apa| P, +1 /| f‘ R|Rk_1f|+Q z(x a) d

| |p(3+a) 2

|7~2k—1

A Bp7a+1/ (R fP~ (Im(RA ! FRRF- 2,
D,
G

P |x|p(3+a) 2

k—1—-2

o2

Jj=1

[REI P (Im(RFI ! fRREZ3-1f))
* G ||P(2(+1)+1+a) -2

Jj—1

H C 20414«

=0

Bp72j+a+1
P

dx

[RF=I-1fp=2
+p - 1>/G |2 |PG+)+1+0)-2

< [RiRE-1p 4+ @ p(ﬁ; D) prs

1 Cp—paREf -
+p/ R, L@ PR prkr) g, (3.56)
c |z|P P |z

2
dzx

where

—p(l+a)l?
Am_p‘Q p(1+a)

Consequently, we obtain the following inequalities for all functions f € C§°(G\{0}):
forany a € (—Q(p—1)/p, (Q —2p(k —1—1))/2) if k —1 > 2 and for any o € R
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if k=141, we have

k—1—1 . )
(Q —p(2i + ) (Q+p'(2i + @)
I ittt

RRLf
|x|(2k )—1+a)

|| Z|* |,

and for any a € (—(Q +p') /P, (Q —p2(k —1—1)+1))/p) sz—l>2andf0r
any « € R if k =1+ 1, we have

k—1-1

p
1Q — pal

(3.57)

ﬁ Q- p22+1+a))(Q+p’(2i+1+a))| RRLf
L o | G-D=14a) ||
’ T
RREf
<
|| o(6)

Moreover, these inequalities (3.57) and (3.58) are sharp and equality in any of
them holds if and only if f = 0.

Now let us present an extension of the critical Hardy inequality to the higher-
order derivatives. To do this, still following [Ngul7] until the end of this section,
we present a critical Rellich inequality for R as follows.

Theorem 3.1.19 (Critical Rellich identity and inequality for R). Let G be a ho-
mogeneous group of homogeneous dimension Q > 3 and let | - | be a homogeneous
quasi-norm on G. Let f € C5°(G\{0}) be any complex-valued function and denote

fr(x) = f(Rx/|z[)
for any x € G and R > 0. Then we have

I (eeay e,
17 ! /G:EQ ’111 i m
Rf =~
+p/((} |x|$—2pRp ((Q —2) If,Rf> dx (3.59)

» 1 p=1f—-fr
Tr(Q@-2) /GJ?QPRP< p ‘I“n| | Rf) o

for any 1 < p < oo and any R > 0. Here R, is as in (2.22). As a consequence,
for all complex-valued functions f € C§°(G\{0}) we have

r-1(@Q-2) f fR

sup
p R>0 |x|

2
L?(G)

Rf

| |Q72 , l<p<oo, (3.60)
x|l p

Lr(G)

Wz

Lr(G)
with the constant sharp (p — 1)(Q — 2)/p.
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Proof of Theorem 3.1.19. Let 1 < p < oo. Let us first restate equality (2.48) in
the form

\Rf|”d _ (p—1Y\* \f = Irl? d
Q™= Qm B ™
s la p ) Jeleloim |

) . (3.61)

p— —JR
er/ i RS | d,
G ‘x‘Q pP ( p ‘l" In |1;|
for any R > 0. It follows from Theorem 3.1.7 for oo = (Q — 2p)/p that

Rf|P Rf|P
[ R o [ Y
G |l’| P G ‘;E‘ P (3.62)

1 Rf -

The combination of (3.61) and (3.62) gives (3.59), which in turn implies (3.60).
Let us now check the sharpness of (3.60). For small enough €,6 > 0 and for
R > 2, let us define the function

ﬁmwzonf)kbﬁmmx

where g is the function as in the proof of Theorem 3.1.4. A straightforward calcu-
lation gives

Ris(r) = — (1 - ; —5> L (m R>_;_6g(7’) + (m f)l_;_ég/(r)

Therefore, we have

Rfs(r)= —2 (1— 11) —6) i (ln f)_;_ég/(r)
Q-2 (1;5) :2 (m f)ésg(r)

. (1 B 119 - 5) (zlv " 5) r12 (m f)_l_;_ég(r) + (m f)l_;_éfzg(r).
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Since (fs)r = 0 we obtain

\fs = (f5)rl”

2
1
dr = InR—1Inr)"'7%%g(r)Pd
o l2/9]| P o [ty

1
1

> |p|/ (InR —1Inr)~1=%Pdr
0 T

1

In R)P7|p|.
YL
Thus,
_ P
lim/ |5 (f(;)lf" dxr = .
§—=0 Jg |z]Q|| In Izl‘p
At the same time, direct calculations also give
1 |1/ Ry 3
)" | = o).
/lelQ‘zp |z ( |z
_1-1_5 p
1 1 R\ v
1 dr =0(1
f oo o (m) 7 ot a2 =0,
1 p
1 R\ » 9
1 R dxr = 0(1
Lo | () 9llel) de=O(),

and

/ 1
G [z|97%

p

_1_g 2
1 R P ’ o 1 —1—6p P
" (ln ;1:> g (|z])| dx= \p\/o T(lnR Inr) g(r)Pdr

-~ \f&*(fa)R|pdx

G mQH In |I§| |P

Consequently, we obtain

Rfs|?

i Jo 1aty da _((p=1(@Q=2)\*

5%] [fs—(fs)rIP da o ’
G |$|Q||1n |Iz||p

This proves the sharpness of (3.60). O

Consequently, the following identities hold true.

Theorem 3.1.20 (Higher-order critical Rellich identities for R). Let G be a homo-
geneous group of homogeneous dimension Q@ > 3 and let | - | be a homogeneous
quasi-norm on G. Let f € C3°(G\{0}) be any complex-valued function and denote

fr(x) = f(Rx/|z[)
forx € G and R > 0.
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Then for 2 < k < Q/2 we have
k—1 p
Q-2\" f—falP
‘( ) (e STl (3.63)
L?(G) P i=1 G |z|?| ‘ln Igl‘
k—1 p
1 Rf =
+o( T a / R (Q—2 ,Rf)dm
(U Q) o o (972
! 1 1 f—f
p— R
+ _2p ai7 / R — 7’]2 dm
p(Q ) (H Q) c |I|Q7p P ( P \a?\ln le f)
k 1f L
—Qf— d
“’/ -2 i { -1 p T RS Jdo
k—2 /k—1 p 1 ’fzk*jflf —_
+pz Hain /[;|x|Q—2(k—j)pRp ~ak—j-1,Q |z|2 SRS de
j=1 \i=1

2(k — 1)‘ -
|z

Rk f

< —2k

|| »

pk—1 £|p—2
p—1 o ‘R f‘
+pag_ op 1)/G || @-2(k—1)p—2

|Rk lf‘p 4 Im('Rk 1fRRk 1f))
+ paj,_ lQ || @=2(k—1)p—2

2
RIRFLf| + da

p

-1
+pz H ak—i—1,Q ai:;*lyQ

j=1 \i=k—j

[REZI7LfP= (Im(RFI 1 FRREZIZLF))?
|| @—2(k—j—1)p—2
p

-1 [ k-1
—HDZ H ak—i—1,Q GZ:LLQ(Z?—U

j=1 \i=k—j
[ R
& |7]Q2(k—i—1)p—2

where

X
G

2

RIRFI=1f| 4
plz|

IRFILf]

ajQ =2j(Q —2j—2)
and Ry, is as in (2.22). For 1 <k < (Q —1)/2 we also have

rREf | ERICEAY (’“ ) F = fal?
= (2k)P ( ) @i,Q pd
2 S | P E /GMQ‘]H |§|’

k—1 p
1 Rf =~
p(2k)? (Hai,cg> [ st (@27 Ri)as
=1
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P
1 p=1f—=1Ir
FrEe (HG’Q> J; e (‘ p e ® Rf) o
1 RE- 1f
+p(2k)p/6‘z‘Q72kpRp (—ak_l,Q ]2 ka> da

k-2 [ k-1 P .
1 Rk—]—lf s
—l—p(2k)pz H a;,Q /GzQQ(kj)PRp (—ak_j_le ]2 SRV | dx
k—j

j=1 \i=k—
ok—1 £|p—2 2
p—1 [RF=1fIP 20~ 1) g
+p(2k)Pay_; o(p — 1) o |z|@-20—1p—2 2] S
L[ R am (R FRRELS)
+ p(2k)P Z—LQ |x|Q 2(k—1)p—2
k—2 [/k—1 g
+ p(2k)P (H ak—i—LQ) aijfva
j=1 \i=1
|Rk j— 1f|p 4(Im(Rk J— lfRRk Jj— 1f))
|| @—2(k—j~1)p—2
Z <Hak i 1Q> ak:;fl,Q(p_ b
J=1 \i=1
o [ REUE ey QWU D) i
G |z]Q@20k—i—1)p—2 plal
1 ka 5k
er/(s xQ—(2k+1)PRp< =] 7 R f) " o

Proof of Theorem 3.1.20. Denoting g = Rf and applying (3.49) to the function g
with [ = k& — 1, and then using (3.59), we arrive at (3.63). To prove (3.64) we use
Theorem 2.1.8 with a = (Q — 2(k + 1)p)/p which gives

~ D ~
RRF RF f|P
RR"S _ (2k)p/ R 4o
|| » ~(@k+D) G |x|@2
Lr©) (3.65)
1 REfF -,
+p/@ - Crip (—% o RRA | d
Now, the combination of (3.65) and (3.63) implies (3.64). O

As a consequence of Theorem 3.1.20 we have the corresponding inequalities.

Corollary 3.1.21 (Higher-order critical Rellich inequalities for 7%) Let G be a ho-
mogeneous group of homogeneous dimension () > 3 and let | - | be a homogeneous
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quasi-norm on G. Let f € C3°(G\{0}) be any complex-valued function and denote

fr(z) = f(Rx/|z])

with x € G and R > 0. Let 1 < p < co. Then for any 2 < k < Q/2 we have

26-1(k — )l(p—1) - 3
k=001 T 2i—2sup| LI &
p i=0 E>0 1z » In |1 L (@) || » Lr(G)
(3.66)
Furthermore, for any 1 < k < (Q —1)/2 we have
2kl(p — 1) Rk
< —2(k+1)
(3.67)

Moreover, the constants in inequalities (3.66) and (3.67) are sharp.

Proof of Corollary 3.1.21. Inequalities (3.66) and (3.67) are immediate consequen-
ces of identities (3.63) and (3.64), respectively, since we have a; o > 0 for 1 < ¢ <
k — 1, as well as the equalities

k—1 . k—1
Rl | TR | (CREE]

and - ) o
= =0

To show the sharpness of the constants in (3.66) and (3.67) we can use the same
argument as in the proof of Theorem 3.1.19 with the test function

fstw) = (1 f)l’l’égqxn.

This completes the proof. O
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3.2 Sobolev type inequalities

In this section we restate some of Hardy inequalities from the previous chapter in
terms of the Euler operator E from Section 1.3.2, relating them to Sobolev type
inequalities. We also briefly recast some of their proofs for the convenience of the
reader since fixing the notation in terms of the Euler and radial operators will be
useful in further arguments, especially for the analysis in Chapter 10.

The classical Sobolev inequality in R™ has the form

l9llLr @y < COIVYl Lo @), 1 <p,p* < o0, (3.68)
where V is the standard gradient in R™ and
1 1 1

p p*on
The aim of this section is to discuss another version of the Sobolev inequality (we
call it Sobolev type inequality) with respect to the operator 2:-V instead of V, that
is, the inequality
9l e @ny < C'(D)llz - Vgl Lagn).- (3.69)
For any A > 0, by setting g(z) = h(Az) in (3.69), it is straightforward to see that
p = ¢ is a necessary condition to have inequality (3.69). So, one may concentrate
on the case p = ¢. In the case of R” this inequality was analysed by Ozawa and
Sasaki [0S09], now we concentrate on the setting of general homogeneous groups.
We also note that the classical Sobolev inequality (3.68) can be extended to
nilpotent Lie groups: for stratified groups see Folland [Fol75], for graded groups
see [FR17], with a general summary presented also in [FR16], and for another
version on general homogeneous groups see Section 4.3.

3.2.1 Hardy and Sobolev type inequalities

The inequality (3.70) below is such an extension of (3.69) formulated in terms of
the Euler operator E. Moreover, it turns out to be possible to derive a formula
for the remainder in this inequality. For indices 1 < p < @ this Sobolev type
inequality implies the Hardy inequality and for p = 2 they are equivalent. All this
is the subject of the following statement, an analogue of Theorem 2.1.1.

In this section, unless stated otherwise, G is a homogeneous group of homo-
geneous dimension @ > 1 and | - | is a homogeneous quasi-norm on G.

Proposition 3.2.1 (Sobolev type and Hardy inequalities). We have the following
properties.

(i) For all complez-valued functions f € C3°(G\{0}),
p
Hf”LP((G) < Q ||]Ef||LP((G) ;1< p < 00, (370)

where the constant g is sharp and the equality is attained if and only if f = 0.
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(ii) Let
u:=u(x) = ngf(x), vi=uv(x) = f(x).

Then we have the following expression for the remainder:
Full 6y — ol ) = p /G L(v,wlo —uffds, 1<p<oco, (3.71)

for all real-valued functions f € C§°(G\{0}), where
1
) = (0=1) [ lgh+ (- a2

(i) For all complex-valued functions [ € C§°(G\{0}) the identity (3.71) with
p = 2 holds and can be written in the form

2

., Q>1. (372
L2(G)

2
B0 = (5 ) 11+ [+ 5 1

(iv) In the case p = 2 and Q > 3 the inequality (3.70) is equivalent to Hardy’s
inequality, i.e., for any g € C§°(G\{0}) the inequality

2

2 1
9 IRgll 26y = Q-2

]

<
||

3.73
e @ (37

L2(G)

(v) In the case 1 < p < Q the inequality (3.70) yields Hardy’s inequality for any
[ € C3P(G\{0}), i.e., the inequality

f

||

P
< RE| 7o - 3.74
e Q,pH|hm) (3.74)

Remark 3.2.2.

1. As mentioned above in the Euclidian case, for any A > 0, substituting g(x) =
h(A\x) into the Sobolev type inequality

lgllzrc) < CP)IEGllLa), 1<p,q< o0, (3.75)

and using the fact that the Euler operator is a homogeneous operator of order
zero, we obtain that p = ¢ is a necessary condition for having inequality
(3.75).

2. In the Euclidean case G=R" the inequality (3.70) was observed in [BEHLO0S]:
for any n > 1 and 1 < p < o0, for all f € C§°(R™) we have

D
||f||LP(]R”) < n - vf”LP(R”) :
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Indeed, this is a consequence of a simple integration by parts:
n [ 1f@Prde= [ div@)|f@)pds
n R’ﬂ
——pRe [ @ Vi@ @)
R’ﬂ

<o( [ vstra) " ([ i)

using Holder’s inequality in the last line.
There is a weighted version of the above inequality given in Theorem
6.6.1, see also Remark 6.6.2, Part 3.

3. The analysis in this section is based on [RSY18d].

Proof of Proposition 3.2.1. Let us first show that Part (ii) implies Part (i). By
dropping non-negative term in the right-hand side of (3.71), we get

p
||f||LP(G) < Q ||]Ef||LP((G) ’ 1< p < oo, Q > 17 (376)

for all real-valued functions f € C§°(G\{0}). Consequently, this inequality is valid
for all complex-valued functions if we use the identity

™ -1 o7
VzeC: |zP = </ |cos€pd0> / |Re(z) cos @ + Im(z) sin 6" df, (3.77)

see (2.8).

So, the inequality (3.70) holds true and the expression for the remainder
implies that the constant 2 is sharp.

Let us show that this constant is attained only for f = 0. In view of the
identity (3.77), it is enough to check this only for real-valued functions f. If the
right-hand side of (3.71) is zero, then we must have the equality

- gEﬂx) = f(x),

which yields that

Q

Ef=—"“F.
p

By the property of the Euler operator in Lemma 1.3.1 this means that f is posi-
tively homogeneous function of order ,g’ i.e., there exists a function h: p — C,

where g is defined by (1.12), such that

flx) = at?h(é'). (3.78)
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In particular, (3.78) means that f cannot be compactly supported unless it is
identically equal to zero. Therefore, we have shown that Part (ii), namely (3.71)
implies Part (i) of Theorem 3.2.1.

Nevertheless, let us also give another direct proof of (3.70) for complex-valued
functions without using formula (3.77) and without using the remainder formula
in Part (ii).

Proof of Part (i). Introducing polar coordinates (r,y) = (|z|, |i|) € (0,00) x p

on G, where the sphere @ is defined in (1.12), we now apply the polar decomposition
formula (1.13). This and integrating by parts yield

[ @ra= [ / )P do (y)dr

= _g /Ooo rQ Re/p|f(ry)|172f(ry)df((i:y) do(y)dr (3.79)

—_PRe P2 f(x x)dx
- QR/GIf( )P f (2)Ef (x)d

By using the Hélder inequality with an index ¢ such that 11) + ; = 1 we obtain

ch:—p e )P f(x x)dx
/G\f(a?)\ do == PR /(;'If( P2 f(2)Ef (x)d

([ 1w ( [ mrras)

p
Q
g(/ fa pdz) 1A e -

which gives inequality (3.70) in Part (i).
Proof of Part (ii). With the notation
u:=u(x) = ngf and  v:=o(z) = f(x),

the formula (3.79) can be reformulated as
0156y = Re [ ol 2vude. (3.50)
For any real-valued function f formula (3.79) becomes
p _
[1f@Pae=={ [ 1#@P 2 @E )
G QJe

and (3.80) becomes
||U||1£p(@,) = /(G [v[P~2vudz. (3.81)
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Moreover, for all LP-integrable real-valued functions u and v the following equali-
ties hold

4l 0y = 0l +2 [ (o = 0P 0u)da
(|U‘p (p — D||P — plvP~2vu)dx

/ (v,u)|v —ul?dz, 1<p< oo,
where

1
L(o,u) = (p— 1) / €0+ (1— E)ulP2¢de.

Combining this with (3.81) we arrive at

Jul gy — o1y = P /G L(v,w)lo — uf*d,

which proves the equality (3.71).

Now we prove Part (iii). If p = 2, then the identity (3.80) can be rewritten
as

||v||%2(G) = Re/@vudm.

Thus, we have
lullZ2@) — 1vll72c) = lulliz@) — I0l7e) + 2/G(Ivl2 — Revu)dz

= /(\u|2 + [v]? — 2Revu)dz
G

= / lu — v|?dz,
G
which gives (3.72).
To show Part (iv) first we verify that the inequality (3.70) implies (3.73). A
direct calculation shows
2

Ef|22q = |ES
1B a0 = [

L2(G)
g(ry) Q-1
d dr
/ /(dr) r ’ o(y)
_H d\l’\ L2(G)
2 2
d d
= |g —2Re/ gd gdm—kHd g ,
x| L2(G) c |z| dlz| ||
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where g = |z|f. From
d g(ry)rQ_ldU(y)dr

A
:—Re/m/p (1912)r@2do(y)dr
/ / 19273 da(y)dr

—2Re/ g d gdxr = —2Re
c |z| dlz|

=(@Q-2) ;
|95| L2(G)
it follows that
g |I? d |2
By = (@~ 1) e - 3.8
L%(G) |z| 12(6) d|z| 2(6)
Combining (3.70) and (3.82) we obtain
2 2 2
oo =e e
< Q-1 ;
ol ooy = @2 <( Mol ey * e )>

which gives (3.73).
Conversely, let us assume that (3.73) is valid. Then with the notation f =
g/|z| we get

(\:v\f) =If +Ef]7>

L*(G)

o

— [ fIa(q) + 2Re /G @B @)z + [Ef| 2.

Hence by (1.42) and (3.73) it follows that

4
I17z6) < () ~ g2 (IESa@) ~ (@ = DI 2ac))

which gives
2
11l 2y < QHEf”LZ(G)

Now it remains to prove Part (v). We will show that the inequality (3.70)
gives (3.74). We have

IRzl Hllze@) = IEf + flle@) = IEfllze@) — 1 lzee)-
Finally, by using the inequality (3.70) we establish

Q—-p
IRz f)llLr @) > Ifllze ),
p

which implies the Hardy inequality (3.74). O
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3.2.2 Weighted LP-Sobolev type inequalities

Now we establish weighted LP-Sobolev type inequalities on the homogeneous group
G of homogeneous dimension ) > 1.

Theorem 3.2.3 (Weighted LP-Sobolev type inequalities). For all complex-valued
functions f € C5°(G\{0}), 1 < p < o0, and any homogeneous quasi-norm | -| on
G for ap # Q we have

1
fa < ’ b N for all o € R. (3.83)
|| LP(G) Q—ap| ||| LP(G)
If ap # Q) then the constant ’Qfap’ 18 sharp.
For ap = Q we have
f log |z
o <o ey (3.84)
1zl > || o () || » L?(G)

where the constant p is sharp.

Proof of Theorem 3.2.3. Using the integration by parts formula from Proposition
1.2.10, for ap # @ we obtain

o= [T [1renpreterdo i

G |@*P
=Ly e [t son Y dot

Q—ap
Ef@)|1f @) _‘ p | [ EF@IIf @)
/@, eler 7 Q*ap/@ e

g‘ P
Q—ap

By Holder’s inequality, it follows that

(@) ( Ef(mﬂpdx)%( f(m)pdg;)pPl’
G |zoP G |z|*P
which gives (3.83).

p
dr <
c |z[*P ’ Q—oap
Now we show the sharpness of the constant. We need to check the equality
condition in the above Holder inequality. Let us consider the function

1

where C' € R,C' # 0 and ap # Q. Then by a direct calculation we obtain

ef () - ()™
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which satisfies the equality condition in Holder’s inequality. This gives the sharp-
in (3.83).
Now let us prove (3.84). Using integration by parts, we have

@ 0 [ [ @ 2do (g1
e == [ ey doy)d

ness of the constant ‘ Qfa
P

G
:wfnwm )25 ) T doy)ar
dr
P 1 p—1
/meL|IMMW /mfumwm%mm
N

By Holder’s inequality, it follows that

|f ()P < |Ef(z)[?|log |=| ) p ( |f(2)|P ) (r—1)/p
d d p
GmQISPL ale o el ™ ’

which gives (3.84).
Now we show the sharpness of the constant. We need to check the equality
condition in the above Hélder inequality. Let us consider the function

h(z) = (log |z])“,
where C' € R and C # 0. Then by a direct calculation we obtain

P o\ p/(p—1)
" [ |ER(z)[[log |z|| \" _ [ [h(z)[P~"
mcpz m@(p 1

which satisfies the equality condition in Holder’s inequality. This gives the sharp-
ness of the constant p in (3.84). O

E

Let us consider separately the case p = 2, that is, let us restate Theorem
2.1.5 in terms of the operator E:

Proposition 3.2.4 (An identity for Euler operator). For every complez-valued func-
tion f € Cg°(G\{0}) we have

2 2 2 2
1 1 -2
Ef :(Q—a> B Ef+ 22 (3ss)
|| L2(G) 2 |2 {[ L2 (g |z 2|x| L2(G)
for any o € R.
Remark 3.2.5.

1. By dropping the non-negative last term in (3.85) we immediately get the
following inequality for av € R with @ — 2« # 0:

f < 2 1

|z [ 2y ~ 1Q —2af ||[a]*

Ef

, (3.86)
£2(G)
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for all complex-valued functions f € C§°(G\{0}), where the constant in
(3.86) is sharp and the equality is attained if and only if f = 0. This statement
on the constant and the equality follows by the same argument as that in
Remark 2.1.7.

2. By iterating the established weighted Sobolev inequality (3.83) one obtains
inequalities of higher order. Thus, for 1 < p < 0o, k € N and o € R with

Q@ # ap we have
k ]Ekf

|

f

<
|

p
< (3.87)
LP(G) ’ Q—ap

LP(G)

for any complex-valued function f € C§°(G\{0}).

3. For k =1 (3.87) implies the weighted Sobolev inequality and for k = 1 and
a = 0 this gives the Sobolev inequality. In the case k = 2 this can be thought
of as a (weighted) Sobolev—Rellich type inequality.

3.2.3 Stubbe type remainder estimates

The remainders in Hardy inequalities may be described in different ways: there
may be equalities or estimates of different forms. These are discussed in some
detail at various spaces of this book. Here, we give a remainder estimate in the
most basic case of L2. Such a type of inequalities have been analysed on R" by
Stubbe [Stu90], and here we give its general version on homogeneous groups.

In the proof of the following statement we will use the useful feature that
some estimates involving radial derivatives of the Euler operator can be proved
first for radial functions, and then extended to non-radial ones by a more abstract
argument, see Section 1.3.3.

Theorem 3.2.6 (Stubbe type remainder estimate). Let G be a homogeneous group
of homogeneous dimension Q > 3. Let |- | be a homogeneous quasi-norm. Then we

have for all f € C§°(G) and 0 < < %2, the inequality

Q-1

Q? _5) @ 2/2*
z)|2dx — x)|?dx <4 2|2 g(|z)[* da
[Er@pas s [ I)Pa > e ([ 1o ot ac )
(3.88)
with sharp constant, where
g(lzl) = M(f)(|z]) := ‘;‘ /f(lxl,y)da(y)
©
and 20
So = 1015Q%"(Q - 2) (F(Q/ Q}F(gf 9/ 2)) - (3.89)
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Remark 3.2.7.

1. In the Abelian case G = (R",+), we have Q = n, and inequality (3.88)
becomes

| @ ors@pa =5 [ 1@k

R"'L
(rf S5 2 (3.90)
>
)

(2 ; S (/G x2*9<z>|2*dx> .

2. An interesting observation is that the constant in the above inequality on R™
is sharp for any quasi-norm |- |, that is, it does not depend on the quasi-norm
| - |. Therefore, this inequality is new already in the Euclidean setting of R™.
When |z| = /2?2 + 23 + -+ 22 is the Euclidean distance, the inequality
(3.90) was investigated in R™ in [BEHLO08, Corollary 4.4] and in [Xiall,
Theorem 1.1].

3. The following result, proved in [Bli30], will be useful in the proof: Let f be
a non-negative function. Then for s > 0 and ¢ > p > 1 we have

(L1 5o

q p/q 00
rq/pqldr) <C,y, / |f(r)|Pdr, (3.91)
0

where
) (¢—p)/q

Cpg = (q—aq/p) " /et (qf’_ffp
. F( P )F(p(qfl)>

q—p q—p

is sharp. Moreover, the equality in (3.91) is attained for functions of the form
F(r) = er(cor?/P=t 4 1)V P=D ) >0, ¢p > 0. (3.92)

Proof of Theorem 3.2.6. First we prove inequality (3.88) for | - |-radial functions

f(z) = f(|z]). Then we have g(r) = f(r) since
1
alle) = Mo = ) [ 1ol ot
and we also have Ef(z) = |z|f'(|z]). We calculate
[ Efal)Pds — 5@ p) [ 17l Pas
G G

- (/ooo F)Pr+idr — 6(Q - ) /OOO |f<r>|2rQ—1dr> ! o
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where 0 < 8 < Q/2. Using the notation h(|z|) := |z|? f(|z|), and integrating by
parts we obtain

/00 |h'(r)\2rQ+172ﬁdr
0
= / 1B T + 0 P () Pr et 28 g
0
— 732 o 2Q—1d 2Q+1d 2Qd
g [ AFnP s [P OR [ I Per
- / F)2rdr - BQ — B) / F)2redr,
0 0

(3.94)

Moreover, by changing the variables s = r9~2% we get

o0 oo — —1 1 Q—-2B 1d
/ |h,(7")‘27’Q+1_2’8d7":/ ‘(Q—2B)SQQEgﬁ h ( )|2 Q- 2/32; S 2 S
i 0 Q28

— Q- 23)/ S| (s)|2ds.
0
(3.95)
Combining (3.94) and (3.95), we restate (3.93) as

[ B aar = 5@ =) [ 1F(aDde = lol(@ - 28) ( / N s2h’<s>|2ds) .

(3.96)
Now setting ¢(s) := h'(s) and ¥(s) := s 2¢(s™!), and using (3.91) with p = 2
and ¢ = 2*, we obtain

/OOO s*|W(s)[Pds = /OOO s p(s)|?ds = /OO b (s)[2ds

2( ( (Q/2 1+Q/2

%)

( )
o)
)

2

’/ [oh(t)|dt sQst>

2

2
\dt a3 ds)

2
9% 2-2Q 2
5§ Q- 2ds)

( (s)|* se- 2ds)

o ()

) (]
(r Q/2 +Q/2 (
(F Q/z +Q/2 (
I (f

)
r(Q/2)r 1+Q/2>
(
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where we have used s = r9~2% and h(r) = rﬁf(r) in the last line. Thus, now
(3.96) implies that

[ BfabPar—5@Q-) [ 1F(laPas
G G

2I6l(@-29)"%" (QQ2>QQ2 (F(Q/Q)rr(%wm))é ( / OOTJ?(T)F*TQldr)
(

i () (ORGP ([ )
(3.97)

Here, denoting 8 = (Q — \/Q% —46)/2 for 0 < § < Q?/4 and recalling that
g(|z]) = f(|z]), we see that (3.97) (with (3.89)) yields

Rz [ (o]
- (2,) (OB (o)

- (g_f)i) s ( / |x|2*g<x>|2*dm) g (3.98)

That is, we obtain (3.88) with sharp constant for all |-|-radial functions f € C5°(G).

Finally, using Proposition 1.3.3, and in (3.98) with g(|z|) = f(|z]), we get
(3.88) for non-radial functions. Clearly, the constant in (3.88) is sharp, since this
constant is sharp for radial functions by Remark 3.2.7, Part (3). O

3.3 Caffarelli-Kohn—Nirenberg inequalities

This section is devoted to deriving the Caffarelli-Kohn—Nirenberg inequalities in
the setting of homogeneous groups. Here we will be working with the radial oper-
ators and general quasi-norms. The case of stratified groups with the horizontal
gradient and weights will be discussed in Section 6.7.

First, we recall the classical Caffarelli-Kohn—Nirenberg inequalities on R"
due to Caffarelli, Kohn and Nirenberg [CKN84], with | - | denoting the usual Eu-
clidean distance:

Theorem 3.3.1 (Classical Caffarelli-Kohn—Nirenberg inequality). Let n € N and
let p, q, r, a, b, d, § €R be such that p,q>1,r>0,0<d <1, and

1 1 b1
+ 4y + %>, (3.99)

p n'qg n'r n
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where
c=0d+ (1—0)b.

Then there exists a positive constant C such that
2] fllorqny < CHEI Y G0y 121 F | o any (3.100)

holds for all f € C§°(R™), if and only if the following conditions hold:

1 1 a—-1 1 b
+C:5< + ¢ )+(1—5)( + ) (3.101)
roon P n q n
a—d>0 if §>0, (3.102)
1 1 a-1
a—d<1 if 6>0 and ~+ = +9 7. (3.103)
r o n p n

Thus, in this section we are interested in inequalities of this type, and we
show that some Caffarelli-Kohn—Nirenberg inequalities continue to hold in the
setting of homogeneous groups, in particular, including the cases of anisotropic
structures on R"™, i.e., the quasi-norm | - | does not need to be the Euclidean norm
| . ‘E‘ on R™.

Some inequalities will be obtained as a consequence of the weighted Hardy
inequalities. As a particular case of such weighted inequalities we can think of the
inequalities

(/R J;Ep5|f”dx> < caﬁ/R 2|52V f|2da, (3.104)
for f € C§°(R™), where for n > 3:

—o<a< 2 <B<a+1, andp= 2n
(0. « v v an =
2 ’ - - ’ p n—2—|—2(6—u)7

and for n = 2:

2

—oo<a<0,a<ﬁ§a+1,andp:ﬂ .
-«

Here
jolp = /a3 o + a3
is the standard Euclidean norm. Moreover, we are interested in replacing the

FEuclidean norm by a general quasi-norm as well as extending such inequalities
to general homogeneous groups.

As a special case we can highlight the case of p = 2 that was also studied by
[WWO03] in the Euclidean setting. Here, for all f € C§°(R™) we have

/R 1252040 | P < G / (2] 520 f 2,
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with any n > 2 and —co < a < 0, which in turn can be written for any f €

Ce(R™\{0}) as

|Vf| , (3.105)

HI & L2(Rn)
for all o € R.

A homogeneous group version of the inequality (3.105) was obtained in Corol-
lary 2.1.6, that is, it was proved that if G is a homogeneous group of homoge-

neous dimension @, then for any homogeneous quasi-norm |- | on G and for every
f € C§°(G\{0}) we have

Q—-2-2af | f

1
) |z|at1 Rf

|

for all « € R, (3.106)

L2(G) L2(G)

where R is the radial derivative operator with respect to the norm |- |. Note that if
o # Qg 2 then the constant in (3.106) was shown to be sharp for any homogeneous
quasi-norm | - | on G.

Remark 3.3.2.

1. An alternative formulation of Theorem 3.3.1 emphasizing the appearing in-
dices was given by D’Ancona and Luca [DL12].

2. The improved versions of the Caffarelli-Kohn-Nirenberg inequality for ra-
dially symmetric functions with respect to the range of parameters were
investigated in [NDD12]. In [ZHD15] and [HZ11], weighted Hardy type in-
equalities were obtained for the generalized Baouendi—Grushin vector fields:
for v = 0 it gives the standard gradient in R™. We also refer to [HNZ11],
[Han15] for weighted Hardy inequalities on the Heisenberg group, to [HZD11]
and [ZHD14] on the H-type groups, and a recent paper [Yacl8] on Lie groups
of polynomial growth.

3. The analysis in this section is based on [ORS18] as well as on [RSY17b] and
[RSY18b].

3.3.1 LP-Caffarelli-Kohn—Nirenberg inequalities

In this section we generalize inequality (3.106) to LP-cases for all 1 < p < oo. Since
all the inequalities are of similar type we will keep calling them the Caffarelli-
Kohn—Nirenberg inequalities.

Theorem 3.3.3 (Caffarelli-Kohn-Nirenberg inequality for LP-norms). Let G be a
homogeneous group of homogeneous dimension Q@ > 2 and let |-| be a homogeneous
quasi-norm on G. Then we have

<Jn

p—1

1Q — 1
p

f

e

, (3.107)
Lr(G)

|| LP(G) LP((G)
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for all complex-valued functions f € C5°(G\{0}), 1 < p < o0, and all a, f € R
with
y=a+6+1.

If v # @ then the constant |Q;7| is sharp.
Before proving this theorem let us point out some of its implications.
Remark 3.3.4.
1. In the Euclidean case G = (R™, +), Theorem 3.3.3 gives the inequality

P p—1

f

FE

1 df
|| d|x

f

] »°

In — 4]
p

Lr(R™)

Lr (Rn) Lp(Rn)
with the optimal constant. In particular, for the standard Euclidean distance
|z|p = /2% + -+ 22, by using the Cauchy Schwarz inequality, it follows

that
p—1

f

2|

In — 4
p

vf f
2%

Lp(R™) Le@®m) || |z| 5"

LP(R™)
for all f € C§°(R™\{0}), with the sharp constant.

2. In the case « =0, S =p—1, and 1 < p < Q, the inequality (3.107) implies
the homogeneous group version of the LP-Hardy inequality

1
]

f

p
< Rfll Lo s 3.108
e S Qb IRl o) ( )

again with Q’i » being the best constant, see Section 2.1.1.
3. For G = (R",+), n > 3, inequality (3.108) gives

f P H df
|| d|z|

(3.109)

Lerny NP Lr(R") .

For the Euclidean distance, by the Cauchy—-Schwarz inequality, it implies the
classical Hardy inequality:

f

p
< VillLe@ny
|I|E _n—pll fHL (R™)

Lr(R™)

for all f € Cg°(R™\{0}).

4. For the Euclidean distance, the exact formulae of the difference between
the right-hand side and the left-hand side of inequality (3.109) were investi-
gated by Toku, Ishiwata and Ozawa [[TO16b], see also Machihara, Ozawa and
Wadade [MOW17a] as well as [IIO16a].
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5. One can obtain a number of Heisenberg—Pauli-Weyl type uncertainty in-
equities directly from the inequality (3.107) which have various consequences
and applications. For instance, if ap = a4+ 5 + 1, inequality (3.107) gives

_ ) p—1
|Q — ap| ) - RJ; ] o fa (3.110)
p || L (G) || Lr(G) || L?(G)
For o« + 8+ 1 =0 and a = —p, inequality (3.107) gives
) -1
1A ) < el R Al e (3.111)
p Lr()

all with sharp constants.

The Hardy inequality immediately implies a version of the Heisenberg—Pauli—
Weyl uncertainty principle.

Corollary 3.3.5 (Heisenberg—Pauli-Weyl type uncertainty principle). Let G be a
homogeneous group of homogeneous dimension QQ > 2 and let |-| be a homogeneous
quasi-norm on G. Then we have

1F1Z2(c) < Q HRf”Lp(G) =lfll ey gy 1<P <@, (3.112)

for all f € C§°(G\{0}).

Proof of Corollary 3.3.5. By applying the Holder inequality to (3.108) with 1 <
p < @, we get

1
2
110 < | oy

p RSNl N2l

)

(3.113)
giving (3.112). O

Remark 3.3.6.

LP 1((G) LP 1

£l
©)

1. For the Euclidean space G = (R",+) and p = 2, inequality (3.112) implies
the uncertainty principle for any homogeneous quasi-norm |z| on R™:

(/ |f(m)|2dm>2 - (n22>2/w df (z)|?

dfx|
In turn this gives the classical uncertainty principle on R™ with the standard
Euclidean distance:

(/ If(ﬂc)l%la:)2 < (n32>2/R \Vf(x)|2dx/Rn 2|5 | f (2)]d,

which is the Heisenberg—Pauli-Weyl uncertainty principle on the Euclidean
spaces R", n > 2.

dm/ 2| f (@) dz. (3.114)
.
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2. The stratified groups version of Corollary 3.3.5 will be discussed in Sec-
tion 4.7.

Proof of Theorem 3.3.3. In the case v = @ the inequality is trivial, so we may
assume that v # . To use the polar decomposition in Proposition 1.2.10 we
denote (r,y) = (|2, ) € (0,00) x p on G, where p is the unit quasi-sphere. Then
a direct calculation gives that

F@F P g,
M = / S
1 > pdr("?_”Y

ol / el doty)dr

N _Q i ’YRe /0Oo / pf(ry)|f(ry)|P~? (df((i:’y)> T’vlfl TQ_ldJ(y)dr

- / s 2 (i)
2)|P- 1

P d
<lo-+| /. |m|vl dlof T )‘dx
—1

Q-7|Jg |x]oFh

1/ (p=1)/p
J|p ( [Rf ()" dm) ( If(fvﬁ)pl”dx> |
Q- c l|z|*P G |x|r1

using the Holder inequality in the last line. Thus, we obtain

(p—1)/
7| [ Vg, o ([ IRIE) ””( If(fv)l”dz> o
G

o lop a7 6 [o]

yielding (3.107).

Now it remains to show the sharpness of the constant. To do it we have
to examine the equality condition in the Holder inequality. Let us consider the
following function

e~ Slel®, )\::a—pfl—&-l#o,
g(lﬁ): 1 B
2l @ pg T1=0,

where C' = ‘Q;V‘ and v # Q. Then one can readily check that

" Rg@)” _ lg(@)?

|x|ap |I’|Pﬁp1 9

’ Q-7
satisfying the equality condition in the Holder inequality. This means that the
constant |(Q — )/ p| is sharp. O
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3.3.2 Higher-order LP-Caffarelli-Kohn-Nirenberg inequalities

By iterating the LP-Caffarelli-Kohn—Nirenberg type inequalities from Theorem
3.3.3 we can establish higher-order inequalities.

Theorem 3.3.7 (Higher-order LP-Caffarelli-Kohn-Nirenberg inequalities). Let G
be a homogeneous group of homogeneous dimension Q > 2 and let |- | be a homo-
geneous quasi-norm on G. Then for all k,m € N and all 1 < p < oo we have

Q-1 ’ 1 1 "
7 ¥ S Aa,mAﬁ,k a—m e B —kka )
Pl || 2] @) || |z| =2 L3(©)
(3.115)

for all complex-valued function f € C§°(G\{0}),
y=a+f+1,
and o € R such that H;n:_ol |Q — pla—3)| #0, and

-1
m—1
Aa,m ::pm H ‘Q_p(a_j)‘ ’
§=0
as well as € R such that Hf;é ’Q fp(pfl —j)’ #0, and

B .
Qp(p—ljﬂ

For p = 2 the above constants are sharp.

1 —(p—1)

Agp=p* "V T]

=0

Proof of Theorem 3.3.7. First, let us consider in (3.107) the case

1
8= (1 — ) .
p
In this case we have § = (a+1)(p—1) and v = p(a+ 1), so that inequality (3.107)

becomes

1

Ed

f

|x|a+1

p

< R
Lr(G) B \Q—p(a+1)\ f

, 1<p<oo, (3.116)
L?(G)

for all f € C§°(G\{0}) and every a € R with « # % —1.
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Now taking R f instead of f and a—1 instead of v in (3.116) we consequently
obtain
Rf

Ed

1

|x|a71

p

< R2:f
LP(G) |Q — pal

)

Lr(G)

for o # ?. Combining it with (3.116) we get

1

|x|a71

f

ofo

p p

< R?
e 1@ = pla+1)]1Q - pal /

)

L?(G)

for every o € R such that a # ("5 —1land a # ("5. This iteration process yields

f

k
o+ < Agk R™f

Lr(G)

, 1<p<oo, (3.117)
Lr(G)

‘I‘(?Jrlfk

for all f € C§5°(G\{0}) and all # € R such that Hf;é |Q —p(@+1—3)#0, and
-1

k-1
Agr=p" [T 1Q —p(0 +1—4)|

j=0
Similarly, we get
Rf 1
< Agm H R™HLf , l<p<oo, (3.118)
"l o ey ]t Lr(@)

for all f € C5°(G\{0}) and all ¥ € R such that H;’rol |Q —p(¥+1—34) #0, and
-1

m—1
Agm =" | [T 1Q =p(@+1—)

=0

Now putting v +1=caand +1 = pfl into (3.118) and (3.117), respectively, we
arrive at (3.115).

Let us now show the sharpness of the constants in the case p = 2. This will
follow from having an exact form of the remainder in these inequalities. Recall

Theorem 3.1.10 saying that if Q > 3, « € R, k € N and Hf;é ‘Q;2 —(a+j)| #0,
then for all complex-valued functions f € C§°(G\{0}) we have
k—1

f

‘I‘kJra

Q-2

3.119
2 ) ( )

-1
1

s | s
|| L2(G)

2@ j=0



3.3. Caffarelli-Kohn—-Nirenberg inequalities 183

where the constant is sharp. In addition, from (3.34) we have the identity

1P A0 -9 2 A
RS = —(a+)) N
|| L2(G) JI;IO 2 |z |F+ L2(G)
k—1 |1-1 2
—2
+ Z H (Q 5 (a +j)>
=1 =0
1 Q—2(0+1+a) 2
% Rk*lf+ Rk*l*lf
|| 2|1+ o)
1 Q—2-2a 2
+ REf+ RMf ; (3.120)
H || 2|zt L2(G)

for all k£ € N and a € R. When p = 2, Theorem 3.3.3 can be restated that for each
f € C§°(G\{0}) we have

Q=] f

2 | |22

2

f

1
R
f WE

Ed

, Va,BeR, (3.121)
12(G)

L2(G)

L*(G)
where 7 = a + 8 + 1. The sharpness then follows from the following remark. [

Remark 3.3.8. Combining (3.121) with (3.119) (or with (3.120)), one can obtain
a number of inequalities with sharp constants, for example:

Q- f

2

1 1
. SC‘(B,k)H Rf ’ REF| . (3.122)
2 el Nl ~ [l e HelP™ " e
fory=a+f+1andall o, § € R and k € N, such that,
k—1 Q-2 -
C,; = — (B - j
CROEH T | A€ k+J)‘ #0,
7=0
as well as
2
Q= fw SCj(aJs)H ifkR’““f fﬁ . (3.123)
2 lzf2 2 2] 2@ 217 Ml L2

fory=a+f+1andall o, § € R and k € N, such that,

-1

k—1 9
(a+k+j)’ # 0.

Ci(a, k) := H

=0

Q-
2

It follows from (3.120) that these constants C; (5, k) and Cj(«, k) in (3.122) and
(3.123) are sharp.
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3.3.3 New type of LP-Caffarelli-Kohn—Nirenberg inequalities

In this section, we introduce new Caffarelli-Kohn—Nirenberg type inequalities on
homogeneous groups.

Theorem 3.3.9 (New types of LP-Caffarelli-Kohn—Nirenberg inequalities). Let G be
a homogeneous group of homogeneous dimension QQ > 2. Let |- | be a homogeneous
quasi-norm on G. Let 0 < § < 1. Then for all f € C§°(G\{0}) we have

1-96
1
pr+5 o ‘iv‘ f . , l<p<oo. (3.124)
|| L?(G) || L?(G) |x| P llLe (@)
Moreover, we have
R 1-6 0

pr+5 / ! , 1<p<oo. (3.125)

|$| Lr(G) |$| LP(G) |$| P L?(G)

Remark 3.3.10. In the Abelian case G = (R",+) and Q = n, (3.124) implies a
new type of the Caffarelli-Kohn-Nirenberg inequality for any quasi-norm on R™:
For any function f € C§°(R™\{0}) and any 1 < p < co we have

é
logn\i\ (a? ~Vf>
z|"»" \lz]

LP(R™)

1-0

f

- {,p (3.126)
|| »

|z| »

s <
L (R™) L (R™)

By the Schwarz inequality with the standard Euclidean distance given by |z|p =
Va3 + 23+ - + 22, we obtain the Euclidean form of the Caffarelli-Kohn-Niren-
berg type inequality for any quasi-norm on R", for 1 < p < oo, and for all functions

f e G5 (R™M\{0}):

s 1-6
1
! S £ N CRET
pP+6 pP
kP> Lr(R™) |z 5" Lr(R") kP> Lr(R™)

where V is the standard gradient in R™. Similarly, we can write the inequality
(3.125) in the Euclidean case as

5
/ | ovr
p o o B
‘l"E L (R™) |I|E LP(R™)

f

n

Edp

, l<p<oo. (3.128)

Lr(R™)

Note that since p T (=™)} =0, the inequality (3.128) does not follow from the
Calffarelli— Kohanlrenberg inequality in Theorem 3.3.3, thus providing an exten-
sion of (3.107) in terms of indices but also in terms of a possibility of choosing
any homogeneous quasi-norm on R™.
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Proof of Theorem 3.3.9. A direct calculation shows that we have

f - [ e @ f@peD

o] %77+ 6 le|@rrar ™ fo jaff@  fe|(@-p0=0)

P

LP(G)

Using Holder’s inequality it follows that
» § » 1-6
c |=|° G |z|9-P

—p 4
By Theorem 3.2.3, we have

Q
|| L?(G)

p 1 P
| ()| dz < pP (log|z[) IEf(x)[Pdz, 1<p< oo,
¢ |z|@ A

where E = |z|R is the Euler operator. It implies that
P 1 P
@) dx < pp/ (log|a]) IRf(z)Pdz, 1<p<oo.
G

¢ |29 7 |z|@P

Using this in (3.129), one obtains
B 1-5
1 P p
f Sppé / (Og‘l;‘) "R,f(l‘)‘pdl‘ |f(.%‘)7| dr ,
G |z[@7P G |z|@P

| %"+

p

LP(G)

which implies (3.124).
Now let us prove (3.125). Using Theorem 3.2.3, one has

SO gy [,
e

, 1< p<oo.
G |z|@P |z|@-P

Then, using this in (3.130), we obtain

é 1-6
g( f (%pda:> ( Ef S”,J,’”dm)
Lo (G) c |7l ¢ |zl

(e ([ee)

which gives (3.125), completing the proof. O

f p

| %"+

3.3.4 Extended Caffarelli-Kohn—Nirenberg inequalities

In this section, we extend the range of indices for Theorem 3.3.1. Again, we work
in the setting of general homogeneous groups: G is a homogeneous group of ho-
mogeneous dimension @ > 1 and | - | is a homogeneous quasi-norm on G.
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Theorem 3.3.11 (Extended Caffarelli-Kohn—Nirenberg inequalities). Let 1 < p,
g <o00,0<r <oo, withp+gq>r. Letd € [0,1]N [T:q,f] and a, b, ¢ € R.
Assume that

5 1-¢

"L ( )r
p q

Then for all f € C5°(G\{0}) we have the following inequalities:

(i) If Q # p(1 — a), then we have

=1 and c=6(a—1)+b(1—9).

4

¢ p a 5 1-6
Rt P AR N [ 23 O [ AP R
(ii) If Q@ = p(1 — a), then we have
c a k) 1-46
ol Lo < #° Nzl g ol Ry ol Aty - (3130

The constant in the inequality (3.130) is sharp for p = q witha —b=1 orp # ¢
with p(1 — a) + bg # 0. Moreover, the constants in (3.130) and (3.131) are sharp
foré=0o0rdé=1.

To compare these inequalities with those in Theorem 3.3.1 let us first for-
mulate the isotropic version of Theorem 3.3.11 in the usual setting of R", and its
further implication in the case of the Euclidean norm.

Corollary 3.3.12. Let | - | be a homogeneous quasi-norm on R™, n € N. Let 1 <
p,q <00, 0<r<oo, withp+q>r,d§el0,1]N [Pq, f] and a, b, c € R. Assume

that '
or (1 —=0)r
+

p
Then we have the following estimates:

(i) If n # p(1 — a), then for any function f € C§*(R™\{0}) we have
: 1] fHLq(R")'

e (%)
(3.132)

(ii) In the critical case n = p(1 — a) for any function f € C5°(R™\{0}) we have

2] loga] ( : -Vf>

|z

=1 and c=6(a—1)+b(1—9).

é
p

—p(l—a)

R — \
n Lp(R™

5
5
Nzl fllprny <

1-06
H|x|beLq(Rn) . (3133)
Lp(R")
(iii) If |- |g is the Euclidean norm on R™, inequalities (3.132) and (3.133) imply,
respectively,

5
12139 1y 215 | gy (3-134)

c p
rRrr) <
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forn #p(1—a), and

¢ a 5 1-6
2|5 | o gy < 9° W2l 10g |21V f Il o gy (1S || porny (3.135)

forn=p(1—a).

The inequality (3.132) holds for any homogeneous quasi-norm |-|, and the constant
0
n_pfl_a) is sharp for p = q with a —b =1, or for p # q with p(1 — a) + bq # 0.
0

p

Furthermore, the constants ’nfp(lfa) and p° are sharp for § =0, 1.

Remark 3.3.13.

1. If the conditions (3.99) on the parameters hold, then the inequality (3.134)
is contained in the inequalities in Theorem 3.3.1. However, already in this
case, if we require p = ¢ with a —b = 1 or p # ¢ with p(1 — a) + bg # 0,
then (3.134) yields the inequality (3.100) with sharp constant. Moreover, the

B

constants n—p?l—a) and p°® are sharp for § = 0 or § = 1. The conditions
1) 1-9
T—&—( )7’21 and ¢c=d(a—1)+b(1—0)
p q

imply the condition (3.101) of Theorem 3.3.1, as well as conditions (3.102)—
(3.103) which are all necessary for having estimates of this type, at least
under the conditions (3.99).

2. If the conditions (3.99) are not satisfied, then the inequality (3.134) is not
covered by Theorem 3.3.1. So, this gives an extension of Theorem 3.3.1 with
respect to the range of parameters. Indeed, let us take, for example,

n—2p po _ n—4dp

l<p=q=r<oo, a=—

)

p p p
Then by (3.134), for all f € C5°(R™\{0}) we have the inequalities

1-6
\Y

{,M < nip fz : (3.136)

26" Lo @ny 2|5 Lp(R™) 215 11 oy

forall 1 < p < oo and 0 < < 1, where V is the standard gradient in R".
Since we have
1 b 1 1 n
+ = + — = 07
qg n p N p

we see that conditions (3.99) fail, so that the inequality (3.136) is not covered
by Theorem 3.3.1.
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Proof of Theorem 3.3.11. Case § = 0. In this case we have ¢ = r and b = ¢ by
‘Z + (l_qé)T =1and ¢ = d§(a— 1)+ b(1 — §), respectively. Then, the inequalities
(3.130) and (3.131) are equivalent to the trivial estimate
b b
l2®fll o) < 2l o -

with clearly a sharp constant.
Case § = 1. In this case we have p = r and a — 1 = ¢. By Theorem 3.2.3, we
have for Q 4+ pc = @ + p(a — 1) # 0 the inequality

C p (&)
lel* Sl < | 2 | el Bz

where E = |z|R is the Euler operator. Using this estimate we get

(& p C p a
el Fleriey < | o [l R ANerer = | _ P el R v

which implies (3.130). For Q4+ pc = Q + p(a — 1) = 0 by Theorem 3.2.3 we obtain
lz[“f L) < Pz log [z[Ef]| L7 )
= pl||z[**" log |2[R f|| ()
= pll[=[* log |z[Rf|| L» (),

which gives (3.131). In this case, the constants in (3.130) and (3.131) are sharp,
since the constants in Theorem 3.2.3 are sharp.

Case 6 € (0,1)N "7, P]. Using ¢ = 6(a — 1) + b(1 — 6), a direct calculation
gives

1/r or (1=8)r 1/r
el Aoy = ([ wtisras) = ([ 00 L S ae)

Since we have 6 € (0,1)N [T;q, f] and p+q > r, then by using Holder’s inequality

for ‘;f + (l_qé)T =1, we obtain

poo\OP ¢ N (1-9)/a
ot e < (10 )™ ([ 1) ac)

G [alpi= o lol .
5 1-6 :
S f
|z|t—a L?(G) || —b La(G) .

Here we note that when p = ¢ and a — b = 1, the equality in Holder’s inequality
holds for any function. We also note that in the case p # ¢ the function

h(z) = |z| 0o (PA=0)+0D) (3.138)
satisfies Holder’s equality condition
|hf? |h|?

jafpi=) = o] b
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If @ # p(1 — a), then by Theorem 3.2.3 we have

For - p N Ef|°
|zt~ “1Q-pA—a)| [[|z'~*
Lr(@) S . (3.139)
_ P Rf 1
= N s <p <o
Q-—pA—a)| [[|lz]7* ||
Putting this in (3.125), one has
5 5 1-5
c p Rf f
zfllor e <
Il fller @) ’Q —p =) el 22 oo,

We note that in the case of p = ¢ and a — b = 1, Hélder’s equality condition
of the inequalities (3.137) and (3.139) holds true for functions ‘ml‘c, ¢ € R\{0}.
Moreover, in the case of p # ¢ and p(1 — a) + bg # 0, Holder’s equality condition
of the inequalities (3.137) and (3.139) holds true for the function h(x) in (3.138).
Therefore, the constant in (3.130) is sharp when p = ¢ and a — b = 1, or when
p # q and p(1 — a) + bg # 0.

Now let us consider the case @ = p(1 — a). Using Theorem 3.2.3, one has

o s |[log bl ||
e <p L JEf , 1< p<oo.
|z| LP(G) || L»(G)
Then, putting this in (3.137), we obtain
5 1-5
c log || f
Nl fllr@) <P ||, o Bf L
|| L?(G) || L4(G)
s 1-6
1
_ 5 ngzl RS ’ f,b 7
|| Lr(G) || L1(G)
completing the proof. O
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