Chapter 2 )

Hardy Inequalities on Homogeneous Groups

This chapter is devoted to Hardy inequalities and the analysis of their remainders
in different forms. Moreover, we discuss several related inequalities such as Rellich
inequalities and uncertainty principles.

In this chapter we will use all the notations given in Chapter 1 concerning
homogeneous groups and the operators defined on it. In particular, G is always a
homogeneous group of homogeneous dimension ) > 1. Some statements will hold
for @ > 2 or for @ > 3 but we will be specifying this explicitly in formulations
when needed.

2.1 Hardy inequalities and sharp remainders

In this section we analyse the anisotropic version of the classical LP-Hardy in-
equality

f

|z| &

p
< Villiomny, =2, 1<p<mn, 2.1
Loy M IV (R™) (2.1)

where V is the standard gradient in R, |z|g = /22 + --- + 22 is the Euclidean
norm, f € Cg°(R"), and the constant ” is known to be sharp. We also discuss
in detail its critical cases and remainder estimates. As consequences, we derive
Rellich type inequalities and the corresponding uncertainty principles.

2.1.1 Hardy inequality and uncertainty principle

First we establish the LP-Hardy inequality and derive a formula for the remainder
on a homogeneous group G of homogeneous dimension () > 2. The radial operator
R from (1.30) is entering the appearing expressions.

Theorem 2.1.1 (Hardy inequalities on homogeneous groups). Let | - | be any ho-
mogeneous quasi-norm on G.
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(i) Let f € C§°(G\{0}) be a complez-valued function. Then we have

f

||

p
< Rfll; oy, 1<p<Q@Q, 2.2
ey S @ p RIr) (2.2)

where the constant Iip is sharp. Moreover, the equality in (2.2) is attained
if and only if f =0.
(ii) For a real-valued function f € C§°(G\{0}) and with the notations

p

= =— R
wimu@) =" Rf@),
vi=o(x) = f(;)7
we have
lullzo @) = I0Zn(e) = p/GIp(uu)\v — ul’da, (2.3)
where .
) = (0=1) [ lgh+ (- E)gp e (24
(iii) For Q > 3, for a complex-valued function f € C§°(G\{0}) we have
2 2 2
REIZ :<Q—2> f HR Q-2f (25
IRfIZ (G) 9 2] . +|Rf + 2 | . (25)

that is, when p =2, (2.3) holds for complez-valued functions as well.

Remark 2.1.2.

1. In the case of G = R” and |z| = |2|p = /23 + - - + 22 the Euclidean norm,
we have Q = n and R = 9, is the usual radial derivative, and (2.2) implies the

classical Hardy inequality (2.1). Indeed, in this case for 1 < p < n inequality
(2.2) yields

f p p
< ||Rf||LP Rn) — ||8Tf||LP R™
25 || ey ~ =P E) " n—p (&)
Lr (&) (2.6)
p €T p
= : S Vf ny s
n—p ‘x‘E Lo®™) n—p || ||LP(R )

in view of the Cauchy-Schwarz inequality for the Euclidean norm.

An interesting feature of the Hardy inequality in Part (i) is that the
constant in (2.2) is sharp for any homogeneous quasi-norm | - |.

2. In the setting of Part 1 above the remainder formula (2.3) for the Euclidean
norm |- | in R™ was analysed by Ioku, Ishiwata and Ozawa [I[1017].



2.1. Hardy inequalities and sharp remainders 73

3. In Theorem 2.1.1, Part (ii) implies Part (i). To show it one can notice that
the right-hand side of (2.3) is non-negative, which implies that

f

p
|I’| —p ||Rf||LP(G) ) 1 < p < Q7 (27)

Lr(G) - Q

for any real-valued f € C§°(G\{0}). Moreover, by using the following identity
we obtain the same inequality for all complex-valued functions: for all z € C
we have

T =1 i
|z|P = (/ | cos 9”d9) / |Re(2) cos @ + Im(z) sin 0|” d6, (2.8)
which is a consequence of the decomposition of a complex number z =
r(cos ¢ + isin @).

That is, we obtain inequality (2.2), and also that the constant P is
sharp, in view of the remainder formula. Now let us show that this constant
is attained only for f = 0. Identity (2.8) says that it is sufficient to look only
for real-valued functions f. If the right-hand side of (2.3) vanishes, then we
must have u = v, that is,

p

) @
0" R

T
This also means that Ef = — Q;p f. Lemma 1.3.1 implies that f is positively

homogeneous of order — Q;p , 1.e., there exists a function h : ¢ — C such that

) =lal (7). (2.9

||

where g is the unit sphere for the quasi-norm | - |. It confirms that f cannot
be compactly supported unless it is identically zero.

4. The identity (2.8) has been often used in similar estimates for passing from
real-valued to complex-valued functions, see, e.g., Davies [Dav80, p. 176].

5. Let us denote by Hz (G) the functional space of the functions f € L?(G) with
Rf € L*(G). Then Theorem 2.1.1 can be extended for functions in Hx (G),
that is, the proof of (2.2) given above works in this case. As for the sharpness
and the equality in (2.2), having (2.9) also implies that fl(wzl) = |x|” Ph (|i|>
is not in LP(G) unless h = 0 and f = 0.

Remark 2.1.2, Part 2, shows that (2.3) implies Part (i) of Theorem 2.1.1, that
is, we only need to prove Parts (ii) and (iii). However, we now give an independent
proof of (2.2) for complex-valued functions without relying on the formula (2.8).
We see that this argument will be also useful in the proof of Part (ii).



74 Chapter 2. Hardy Inequalities on Homogeneous Groups

Proof of Theorem 2.1.1. Proof of Part (i). Using the polar decomposition from
Proposition 1.2.10, a direct calculation shows that

P gy [ [P 01y
0 © rP

c |zl
== /wrQ-pRe [ enr=2ren Y aswyar

Q-p
[f(@)[P~2 f () df ()
dx. 2.10
T A 210
Now by the Holder inequality with 11) + ; =1 we obtain
14 p 2
IO gy 2 g [ VIO,
¢ lzf? jzfp=t dl|
1 1
p—2 q d p P
_ v ( [ ) ([0 )
Q@—p \Je |z c| dlz]
o ( |F@)lP dx>1 df ()
Q-p\Jg [zl d|z| L?(G)
This proves inequality (2.2) in Part (i).
Proof of Part (ii). Since
p f(z)
u:=u(r) =— Rf, and wv:=wv(x
@=-3" @ =",
the formula (2.10) can be restated as
[0l 0) = Re [ 0P 2vud. (2.11)
G

For a real-valued f the formula (2.10) becomes

s@pe, P2 ) i),
Q- p/ I

c |zl lzlp~1 d|z|
and (2.11) becomes
ol ) = /@, fofP~2vuda. (2.12)

Moreover, for any LP-integrable real-valued functions v and v, we have
el ) = 0117 g + P /G (o]? = [oP~2vu)da

(2.13)
= /(IU\” + (= Dl = plofP~?ou)dz :p/ Ip(v,u)|v — ul*dz,
G G
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where .
I(v,u) = (p— 1) / €0+ (1— E)ulP¢de.

To show the last equality in (2.13), we observe the identity, for real numbers u # v,
1 1
a4 (1= 1Y 1oP = oP~2ou
p p
1
= (1= 0 ) o = ) = a0~ =)
1
— (1) [ g0+ (1= QuP o+ (1~ Guide (0 - w)
0
1
~- 1) [ e+ (- Qul P uto - w)
0

— (1) / €0+ (1 — O)ulP26de (v — u)?,

using the integral expression for the remainder in the Taylor expansion formula.
Combining (2.13) with (2.12) we arrive at

e A RACRDIEETE
It completes the proof of Part (ii).

Proof of Part (iii). When p = 2, the equality (2.11) for complex-valued func-
tions reduces to

||11||%2(G) = Re/Gvudx.

Then we have

||U||%2(<G,) - HUH%Z(G) = ||U||%2(G) - HUH%Z(G) + 2/@(02 — Revu)dzx

= /(|u\2 + [v]? — 2Rewvu)dz = / lu — v|*d,
G G
that is, (2.5) is proved. O

As a direct consequence of the inequality (2.2) we obtain the corresponding
uncertainty principle:

Corollary 2.1.3 (Uncertainty principle on homogeneous groups). For every com-
plez-valued function f € CG°(G\{0}) we have

d P 1/p 1/q _
(/ /(@) da:) (/ q:q|fqdﬂc> > @ p/ |f|?d. (2.14)
c| dlz| G p G
Here QQ > 2, |- | is an arbitrary homogeneous quasi-norm on G, 1 < p < @Q and
1,1
+l=1.
p T a
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Proof. The inequality (2.7) and the Hélder inequality imply that

(L[rra) (fomns)’
e ([’ (L) =57 [

This shows (2.14). O

df (x

Remark 2.1.4. In the Abelian case G = (R",+) with the standard Euclidean
distance |z|g, we have Q = n, so that (2.14) with p = ¢ = 2 and n > 3 implies the
uncertainty principle

/Rn de/w |2 |% u(e)|*dz > ("22)2 (/ u(:l:)de)Q, (2.15)

which in turn implies the classical uncertainty principle for G = R™:

| vu@pds [ jaliu)Pds > (" ) 2)2 (/ u(m)2dx>2, n>3.

2.1.2 Weighted Hardy inequalities

x

-Vu(x)
ks

In this section G is a homogeneous group of homogeneous dimension ) > 3. Let
| - | be an arbitrary homogeneous quasi-norm on G. Here, we are going to discuss
weighted Hardy inequalities on G which are the consequences of exact equalities.

Theorem 2.1.5 (Weighted Hardy identity in L?(G)). Let G be a homogeneous group
of homogeneous dimension QQ > 3 and let | - | be a homogeneous quasi-norm on G.
Then for every complex-valued function f € C§°(G\{0}) and for any o € R we
have the equality

= —
12(@) 2

The equality (2.16) implies many different inequalities. For instance, by tak-
ing a = 1 and simplifying its coefficient, for any ) > 3 we obtain the identity

i =%
|| G)_ 2

By dropping the last term in (2.16) which is non-negative we obtain:

1 2

||

f

‘x‘a—‘rl

1 Q—-2-2a

R R
y f+ 2|z|o+

] 12()

(2.16)

L2(G)

2

f

|z[?

Q-4 |
2\z\2f

L2(G)

'Ryt (2.17)

L2((G) ||
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Corollary 2.1.6 (Weighted Hardy inequality in L?(G)). Let Q > 3 and let « € R be
such that Q —2 —2a # 0. Then for all complez-valued functions f € C5°(G\{0})

we have

f 2 1
< Rf (2.18)
2l L2y 1@ =2 =2a] [[lz[* ]2

Here the constant |Q72272a| is sharp and it is attained if and only if f = 0.
Remark 2.1.7.

1. It is interesting to note that the constant |Q72272a| in (2.18) is sharp for any

homogeneous quasi-norm | - | on G.
2. When o = 1, (2.17) or (2.18) also imply that
f

, Q>5, (2.19)

|z[2 L2(G)

2 1
< Rf
L2(G) Q-4 H|x|

again with QQ_ 4 being the sharp constant.

3. If & = 0, the identity (2.16) recovers Part (iii) of Theorem 2.1.1. However,
we will use Part (iii) of Theorem 2.1.1 in the proof of Theorem 2.1.5.

4. In the Abelian case G = (R™,+), n > 3, we have QQ = n, so for any homoge-

neous quasi-norm | - | on R™ identity (2.16) implies the following inequality
with the optimal constant:
—2-2 1
In o £+1 < N . -Vf for all o € R.
2 || L2(R™) |z|* || L2(R™)

In the case of the Euclidean distance |z|z = /2?4 - - - + 22, by the Cauchy—
Schwarz inequality we obtain the following estimate:

—-2-2 1
In oAl 1 < H LV (2.20)
2 215" Nl L2y 2% L2(R™)

for all & € R and for any f € C§°(R™\{0}). The sharpness of the constant
|"72272a| in the Euclidean case of R" with the Euclidean norm, (2.20) was

shown in [CWO01, Theorem 1.1. (ii)].

5. Hardy inequalities with homogeneous weights have been also considered by
Hoffmann-Ostenhof and Laptev [HOL15]. There are also further many-part-
icle versions of such inequalities, see [HOHOLTO08] and many further refer-
ences therein. We will discuss some of such inequalities in Section 6.11 and
Section 6.12.

6. Theorem 2.1.5 was established in [RS17b]. Its extension from L? to L spaces
presented in Theorem 2.1.8 was made in [Ngul7].
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Proof of Theorem 2.1.5. We first observe the equality

1 f f
Rf=R 2.21
ol = R e ¥ @ g 220
for any a € R, which follows from
1 1
R fa = LWRI+IR .,
x| ]
and hence, by using (1.30), we have
1411 1 .
|| T odrre O‘Ta+1 - O“I‘aH’ r= 1Tl
Then using (2.21) we can write
1 2 2
och = HR fa aaf+1
|| L2(G) || || L2(G)
2 2
= HR fa + 2aRe/ R < fa> Z-&-l dz + aaﬁl .
|| L2(G) G || || || L2(G)
By applying (2.5) to the function |gja and using (2.21) we have that
2 2 2 2
-2 1 —-2-2
HR r _(Q ) T | Loy @ 272040
| Nl L2 ) 2 |z 2@ el 2|x| L2(G)

In addition, a direct calculation using the polar decomposition in Proposition
1.2.10 shows that

f £ F aa [ d (flry)) flry)
2aRe/(;R(|x|a> |x|a+1dm—2aRe/O @ 2/pdr< o ) o do(y)dr

2

F o[ d Uﬁ@?) f
—a [T [0 doly)dr = ~0(Q ~ 2
! T . o(y)dr a(Q —2) N .
/O o dr 2 [z[*H | L2 )
In conclusion, combining these identities we arrive at
1 2 -2 2 2 1 —2-2a |

RS _<Q a> A RS (L e ,
|| L2(G) 2 || 2 |17l 2|z L2(G)
yielding (2.16). O

To present a weighted LP-Hardy inequality on G we will use the following
function R, in analogy to I, in (2.4). For £,n € C we denote

fngmwzgmw+p;1mw—Ramw4@» (2.22)
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By the convexity of the function z — |z|P we see that R,(&,n) > 0 is non-negative
and Rp(&,m) = 0 and if and only if £ =7. If {,n € R, we then have

1
Ry(em) = (p— 1) / b€+ (1 — )Pt | — nf?,

analogous to I, in (2.4).

Theorem 2.1.8 (Weighted Hardy identity in LP(G)). Let G be a homogeneous group
of homogeneous dimension Q. Let 1 < p < @ and o € R. Then for any homoge-
neous quasi-norm | - | on G and for all complex-valued functions f € C3°(G\{0})

we have
i | f[P
/G |x|p(1+a)d$
1 —p(1+
+p/ Ry <—Q p(l+a) f ,Rf> da.
G || p 2]

By dropping the last term in (2.23) which is non-negative we obtain:
Corollary 2.1.9 (Weighted Hardy inequality in LP(G)). Let 1 < p < Q and let
a € R. Then for all complez-valued functions f € C§°(G\{0}) we have

Q-p(l+a)|| f Rf

p [t +e ||

Rf

||

P ’Q—p(l +a)
Lr(G) p

(2.23)

(2.24)

Lr(G)

LP(G) .

If Q — p(1 4+ «) # 0, then the constant IprélJra)I in (2.24) is sharp and it is
attained if and only if f = 0.

Proof of Theorem 2.1.8. We can assume that @ — p(1 4 «) # 0, otherwise there is
nothing to prove. A direct calculation gives

PP % o

/Gmpma) du = /O rampre) =t /p |f(ry)|Pdo(y)dr
1 - Q—p(14a)y/ p

| ey [isenpasaar

T Q-p(l+a)
st [ [l )R o)
S

o @2 f(2) RS ()
TTQ-p(1+ ) g fafemn0se) fafe

-1 p 1 p P
_p / Ifl\ 4 < p ) / IRFI” .
P Jg lwPtte) p\IQ—-p(+a)l) Jg |l

B o p Rf
/«;Rp (l‘”“’ Q—-p(l+a) l‘“) e

which implies the identity (2.23). O
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Proof of Corollary 2.1.9. The equality (2.23) implies inequality (2.24) since the
last term in (2.23) is non-negative. Let us now show the sharpness of the constant.
For this we approximate the function r—(@=P(1+a))/P by smooth compactly sup-
ported functions, for details of such an argument see also the proof of Theorem
3.1.4. Using (2.23) it follows that the equality in (2.24) holds if and only if

—p(1
T R
p |z
or, equivalently,
—p(1
Rf=_Q-pl+a)f
p |z
In turn, this is equivalent to
Q-p(l+a«
Ef=-— ( )f.
p
By Proposition 1.3.1 it follows that f is positively homogeneous of order —(Q —
p(1+ a))/p. Since |f|/|z['T* is in LP(G), it follows that f = 0. O

2.1.3 Hardy inequalities with super weights

In this section we discuss sharp LP-Hardy type inequalities with super weights,
i.e., with weights of the form
(a + blz|™) ;
|z[™
Such weights are sometimes called the super weights because of the arbitrariness of
the choice of any homogeneous quasi-norm as well as a wide range of parameters.
However, all the inequalities can be obtained with best constants.

(2.25)

Theorem 2.1.10 (Hardy inequalities with super weights). Let G be a homogeneous
group of homogeneous dimension Q@ > 1. Let a,b > 0 and 1 < p < co. Then we
have the following inequalities:

(i) If a8 >0 and pm < Q — p, then for all f € C§°(G\{0}) we have

(a + bla|*) >
|

(a+blz|) >

Q—pm—p f
||t

p

Rf (2.26)

Lr(G) Lr(G)
If Q # pm + p then the constant Q_p;n_p is sharp.
(ii) If aB <0 and pm — af < Q — p, then for all f € C§°(G\{0}) we have
(a+blal*)7
|z

(a+blz|o)”
‘l“m'H

Q—-pm+af—p
P

RS . (2.27)

Lr(G)

Lr(G)

If Q # pm + p — af then the constant prm;raﬁfp 1s sharp.



2.1. Hardy inequalities and sharp remainders 81

Proof of Theorem 2.1.10. Proof of Part (i). We can assume Q) # pm + p since in
the case @ = pm + p there is nothing to prove. As usual with (r,y) = (|z|, Iil) €
(0,00) X p on G, where

p:={zeG: |z| =1},

using the polar decomposition in Proposition 1.2.10 and integrating by parts, we
obtain

blz|™ b
/ (a|1|p,[f+'p) faras= [ / O et dotyar. (229)

Since a,b > 0, a8 > 0 and m < Qpp we obtain

blx|*)?
[

< /OOO /P(a + br)fpQ@-l-pm—p <(a N bra(;(ﬂéﬂfpm ) + 1> |f(ry)|Pdo(y)dr
A I G I

> (e —pm—p p—2 df(’l"y)
[ @ iyeeomrge [ son Y dowar

Q-—pm-—p
(a+b\“f\a)ﬁmf(af)\lf(m)lp_ldm
T 1Q—pm—p |p[pm-tp—1
B(p—1) B
_ p (a+0blz|*) > |f(@)[P! (a+ blz|*)r
- Q *mep/ || (m+1) (p—1) |z|m IRf(z)|dz.

Now by using Holder’s inequality we arrive at the inequality

bla[ )
[ s

p (@+blz)? N ([ (a+bla]?)? Y
< gy (L s ) ([ meepar)

which gives (2.26).
We need to check the equality condition in the above Holder inequality in
order to show the sharpness of the constant. Setting

g(x) = 2|,
where C' € R,C' #£ 0 and Q) # pm + p a direct calculation shows

s P B(p—1) N
U ((atdlz[*)r [Rg(x)] \ _ ((a+bla|*) > |g(a)P~!
|z|m || (m+1D) (p=1) ’
which satisfies the equality condition of the Hélder inequality. This gives the sharp-
ness of the constant Qi”;"*p in the inequality (2.26).

1
C
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Proof of Part (ii). Here we can assume that @ # pm + p — a3 since for Q =
pm~+p—af there is nothing to prove. Using the polar decomposition in Proposition
1.2.10, as before we have the equality (2.28). Since a8 < 0 and pm — a8 < Q —p
we obtain

a z|*)?
[ s
G

[zl
S/ /(a+br“)ﬁrQ_1_pm_p
0 Jo
bre a Q@—pm—p »
: do(y)d
8 <a+br°‘ +a+b7’a Q—pm—p+af [F(ry)|do(y)dr

o bre BpQ—1—pm—p bre
B /o J @5 —rpgzr—m af (f e+ Q=pm p) [Fry)lPdo(y)dr
15

B °°/ d ((aerra)Bermp
0o Jodr\ Q—pm—p+ap
o p
Q—pm—p+af

. /ooo(a +br®) P97 Re / [F(ry) P2 £ (ry) dfc(z:y) do(y)dr
[

) |f(ry)|Pdo(y)dr

p (@ +0lz|*)? IR f ()| f(z) P~
= ‘Q_pm—p—ﬁ-aﬂ‘[g ||pmtp—1 dx
_ P (a+blz[*) "% 1 F @) (@ + bla])
- Q*pmfp+oz6/@ || (m+1)(p—1) | (R f()|du.

By Holder’s inequality, it follows that

A;(a+b|x|a)5f(x)pdx . » (/G (a+b|x|a)ﬁf(;v)pd;z:) (r-1)/p

fem+ =Q-pm-p+as s [owms
blale)B 1/p
(LI Ri@pa)
¢ lzfPm

which gives (2.27).
To show the sharpness of the constant we will check the equality condition
in the above Holder inequality. Thus, by taking

h(l‘) = |x|C7
where C' € R,C' # 0 and Q # pm + p — a3, we get
8 P B(p—1) p/(p—1)
’ <<a+bma>p Rh(m)) _ <<a+b|x|a> 2 |h<x>|p1>

1
’ 2| 2 (m+@-)

C

which satisfies the equality condition in Holder’s inequality. This gives the sharp-
ness of the constant Qi”mp*p+°‘6 in (2.27). O
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2.1.4 Hardy inequalities of higher order with super weights

The iteration process gives the following higher-order LP-Hardy type inequalities
with super weights. Here as before, G is a homogeneous group of homogeneous
dimension ) > 1 and | - | is a homogeneous quasi-norm on G.

Theorem 2.1.11 (Higher-order Hardy inequalities with super weights). Let a,b > 0
and 1 <p<oo, Q@ >1, ke N. Then we have the following inequalities.

(i) If a8 >0 and pm < Q — p, then for all f € C§°(G\{0}) we have

k—1 8
— . a+ blx|¥)r
Il © p—(m+J) ( ,uk) f
, P ||
=0 Lr(G) (2.29)
(a + blz|*)» '
P
GT O RE
|| L)

(ii) If aB <0 and pm — af < Q — p, then for all f € C5°(G\{0}) we have

k=1 o ?
H(Q”O‘Bmw)) N
=0 3 L2 (@) (2.30)
(a+blal)7
a0
L?(G)

Remark 2.1.12. 1. In the case of k = 1, (2.29) gives inequality (2.26), and (2.30)
gives inequality (2.27).

2. In the Euclidean case G = R™ and |- | = | - |g the Euclidean norm, the super

weights in the form (2.25) have appeared in [GMO8|, together with some

applications to problems for differential equations. The case of homogeneous

groups, as well as the iterative higher order estimates as in Theorem 2.1.11
were analysed in [RSY17b, RSY18b].

Proof of Theorem 2.1.11. We can iterate (2.26). That is, we start with

B B
o o blale blale
Q-] @t} | (@ blal")? 25
p e | o]
?(G) LP(G)
In (2.31) replacing f by Rf we obtain
B
— — b @) p b X p
p afm . afm
(G) L?(G)
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On the other hand, replacing m by m + 1, (2.31) gives

8 s
Q@—-pm+1)—p (a+blxla)Pf (a+b|x|a)pr
p || +2 ol
L (G) L (G)
Combining this with (2.32) we obtain
s
(Q—pm—p> (Q—p(m+1)—p) (a+blxla)Pf
m—+2
p p |z Lo(6)
s
a+ blx|*)»
(U
Lr(G)
This iteration process gives
k—1 ] B
— blz|«)» blz|«)»
: P || mtF |z[™
j=0 LP(G) Lr(G)

Similarly, we have for a8 < 0, pm —af < Q —2 and f € C5°(G\{0}) that

k—1 B
Q—p+ap . a+ blz|*)r
— () | @R
] p |z
Jj=0 LP(G)
s
@t blei)? o |
|z[™ L6
completing the proof. O

2.1.5 Two-weight Hardy inequalities

In this section, using the method of factorization of differential expressions, we
obtain Hardy type inequalities with two general weights ¢(x) and 1 (x). The idea
of the factorization method can be best illustrated by the following example of an
estimate due to Gesztesy and Littlejohn [GL17].

Example 2.1.13 (Gesztesy and Littlejohn two-parameter inequality). Let o, 8 € R,
x € R"\{0} and n > 2. Let us define the operator

Top = —A+alz|z%z -V + Blz| 5>
One readily checks that its formal adjoint is given by

T;’ﬁ = —A —alz|;%z - V+ (8 —a(n —2)|z|;%
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Using the non-negativity of the operator T;gTa,ﬁ on C§°(R™\{0}), for all f €
C§°(R™\{0}) we can deduce that

| @an@Pds (=10 -25) [ el 1)) s
—a@=4) [ ol (V) @)Pdo (2.33)
.

+B(n =40 =2) =) [ Jol|f@) P

By choosing particular values of  and [ it can be checked that this inequality
yields classical Rellich and Hardy—Rellich type inequalities as special cases, see
[GL17] for details.

On the other hand, using the non-negativity of the operator 7, 5T(I g, it was
shown in [RY17] that for e, 5 € R and n > 2, and for all f € C§°(R™\{0}) we can
deduce another two-parameter inequality

[ 1an@pd (234
> (na=29) [ WlIVA@P —ala+4) [ bl (V)@ Pde
+ Q= 4)(a(n—2) = 8) =200 =2+ ofn— ) [ [ol'If(@) P

The following result is a two-weight inequality on general homogeneous
groups with general weights.

Theorem 2.1.14 (Two-weight Hardy inequality). Let G be a homogeneous group of
homogeneous dimension @ > 3 and let |-| be a homogeneous quasi-norm on G. Let

¢, € L2 _(G\{0}) be any real-valued functions such that R, Ry € L2 _(G\{0}).

loc loc

Let o € R. Then for all complez-valued functions f € C§°(G\{0}) we have in-
equalities

/G (6(2)2 IR (2) P
> a /G (D) R(x) + (2 RS(@)) | () 2dx (2.35)
_ P(z)v(z) 2)2de — a2 N2 F ()12 de
ra@-) [ PO @R — ot [ )Rl
and

/G (6(2))2[Rf () Pd
> o [ (We)Ro@) — HIRY@) |f ()
G
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Q-1 / ¢(x|)‘f(x) f@)Pde — o2 /G ((@))? 1 () 2da
G o [ @R o
@-v [ U re@ra+@- [ " @k
4 / H(2)R26(x) | f (2) P d. (2.36)
G

From Theorem 2.1.14 one can get different weighted Hardy inequalities. Let
us point out several examples.

Remark 2.1.15.

1. If we take ¢(z) = 1 in Theorem 2.1.14, we obtain for all & € R and for all
f € C§°(G\{0}) families of inequalities

¥(x)

[Rf(x)]?dz > | {aR¢(x) +a(Q — 1) = a?(P(2))* ) |f(2)Pdz
J A )

and
/ Rf(x) 2de
G

-/ (am(z)w@l)“z)

)@ - 9wk

|

2. If we take ¢(x) = |2|=% and ¢(z) = |2/~ for a,b € R, then (2.35) implies
that

Rf(x)? fla flz
/G z(fa) dr > a(Q —a—b—-1) LaerHdm—a/ |2b

In the case when we take b = a + 1, we get

R 2 2
; | ‘i(;l;) dx > (a(Q — 2a —2) — 042)/G |£(2?_12 dx.

Then, by maximizing the constant (a(Q — 2a — 2) — a?) with respect to «
we obtain the weighted Hardy inequality from Corollary 2.1.6, namely,

[ RIGR g5 (@228 [P, o)
G G 7 .

|| 20 = 4 || 202

for which it is known that the constant in (2.37) is sharp.
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3. If we take ¢(x) = |z|~*(log |z|)¢ and ¥ (z) = |z|~*(log |z|)? for a,b,c,d € R,
then we obtain from (2.35) the inequality

og |z 2c
/G 108 ™ () 2
(c+ d)(log |} + (@ — 1 — a— b)(log )Y |
Za/G( )f(af) da

‘z‘aerJrl
(log [
B az/@, o M@

If we take a = 9,2, b= ¢, c=1and d = 0, it follows that

/G(loga?) |Rf(x)|?dx > (a — o?) /()] dx.

jz]@2 c |7

After maximizing the above constant with respect to o we obtain the critical
Hardy inequality

1 ’ L ’
[ ey mapaez [ R ae ea

recovering the critical inequality in Theorem 2.2.4. There, it is shown that
the constant } in (2.38) is sharp.

4. We can refer to [GL17] for a thorough discussion of the factorization method,
its history and different features. We also refer to [GP80] for obtaining the
Hardy inequality and to [Ges84] for logarithmic refinements by this factor-
ization method.

The inequalities in Theorem 2.1.14 were obtained in [RY17] which we
follow for the proof.

Proof of Theorem 2.1.14. Let us introduce the one-parameter differential expres-
sion

T, = 6(@)R + av(a).
One can readily calculate for the formal adjoint operator of T, on C§°(G\{0}):

/¢()Rf( dm+a/w
/ / 8(ry) | (Fr))g(ry)r® o (y)dr + o /G (@) f(@)g(@)d

—~ / / o(ry) f(ry) ddr (g(ry))r® *do(y)dr
0 ©

~@=1 [ [ etrsrugtrnn® 2dot)ir + [ v (@aa)da
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/f 2)Ryg(x d;z:f —l/f <|;|) (x))dz
—/Gfx Ro(x)g(x) dm+a/(;fx

Thus, the formal adjoint operator of T, has the form

Q-1

+ . _
T = —¢(x)R -

[e3

¢(x) — Ro(x) + ap(x),
where z # 0. Then we have

(ToTaf)(2) = — ¢(@)R(6(2)Rf(2)) — ad(x)R(f(x)(x)) — ot (¢(x)*Rf(x)

g
=@ o@uo)f @) - ole)RoIRS (@) - av(o) (DR

+ag(@)(2)Rf (2) + o (U (2))* f(x).

By the non-negativity of T, T,, introducing polar coordinates (r,y) = (|z|, Iil) €
(0,00) x p on G, where g is the quasi-sphere as in (1.12), and using Proposition
1.2.10 one calculates

0< [ (Tuf)(@)?de = | f(a)(Td Taf)(x)da

/‘G’ /‘G’ (2.39)

= Re/ F@)TETof)(x)de = Iy + Io + I3 + Iy + I5 + I,
G

where we set

n=—ne [ [ senota) (¢<ry>j () )@ do()ar, (2.40)

— —afe [ / Fry)otry) | (Fryyb(ry)r® do(y)dr,
hi= - (@-URe [ / ) POV D) 0104
o) ()
b [ WP —a [ Rewpols@F s

ta /( ()21 (x) 2d,
o= =T [ [ 500 g 0uotra) gy (Few))r o)

and

o =ake [ [ oot y () oty
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Now we simplify the sum of the terms Iy, I, I3, I5 and Is. By a direct calculation
we obtain

—@- e [ / (6(r))? £ry) L (£ r0))r9 (o)

* e/o / Ty))dci, (f(ry))rQ_ldO'(y)dr
©
e/ / ¢ )dd f(Ty)f(Ty)TQ_lda(y)dr
0

f(ry)) Qilda(y)dr

’ ; /0Oo /go o) g (¢(Ty))dr |[fry)*r9 do(y)dr

y))| ¢ Y do(y)dr

- dr
_@-n@Q-2 | OO/ (6(ry))?| () Pr9 3 da(y)dr

- 71/ /¢7’y o(ry))| f (ry) PrO 2 do(y)dr

[ [ (e ) F(r)*r do(y)dr
/ [0 g G )1 oy

B 2 /0 /gJ¢(ry)dcf~( o(ry))|f (ry) Pr9 2 do(y)dr

R (@ D@=2) [ (@)
—/(;(cb( )RS (@) A TET

—@-1) / AR o) P - [ (Rota)? \f(z)\%lx
/R2 )| dx — /¢

Now we calculate I as follows,

B= —ate [ [ otunn ) () taoty)in
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o(r Gry)|f (ry) Pr9 " do (y)dr

Q
ﬁ

o(r |f(ry)Pr@  do(y)dr

l\')Q
c\g

o(ry) , (W(ry)|f(ry) *r@ do(y)dr

[ oo
[ o0
[ o0
- a4m4¢ g F(ry) Pr dor(y)dr
[vew
L
1)

Q
O\é

Y(r o(ry)| f (ry)|*r®  do (y)dr
o(ry) , (W(ry)|f(ry)*r® do(y)dr
/ /qﬂ’y (ry)| f (ry)[>r® 2 do (y)dr

/wxmmmm|m+ /¢mnwwﬂwdm
*1/¢ 1) Pl — /@ YR ()| ()

For I3, one has
Iy = / /@ (f (ry))r®~2do(y)dr
:—Q;1 /wwwj|<W92w@m
- ,1/ A (B(ry))|  (ry) PrO=2do(y)dr

¢ @-0@-2 /./ 6(ry)?1 £ (ry) 2r9 2 do (y)dr

o1 [O@RIE) e (@-1@Q-2) [ (6
- @ wA R faypae+ 9T [ OO fayan

For I5, we have

&
Il
\
=
)
0\8
T
=
<
s
S
—~
=
<
S
pES
<
S
QU
—~
K‘\"
—~
<
<
S~—
S~—
QO
—
QL
2
S—
QU

I
[N
S—
8
)
-
—
3
<
N—
Q
S
(V]
—
3
<
~—
-
~
—
3
<
N—
o
o
—
QU
S
—
U
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A / (6ot ) () Pr9 Vo (y)dr
_1/ /M Fry)Pr9 " do(y)dr

/ R ) dw; /G (Ro())?\f (@)
Q-1 [ Ro(z)p(x) 2
) /G Do) P

Finally, for Is we obtain
o d
Is = aR, Q1o (y)d 2.41
s =ake [ [ fewotrn)vtm) g (Fr)ro oty (241)

- i; / © [ ot 1P dowyar

/ /dr o(ry))(ry)| f (ry)>r@ do (y)dr
©

5 | [ et toar
Q*l) -~ ry)(r |f Q1 4,
/0 /Pqﬁ y)P(ry) do(y)dr

/ Ry o)1 \dm—z / S R ()| (2)?da

‘1/¢|x| f(@)2da.

Putting (2.40)—(2.41) in (2.39), we obtain that

/ (6(2))2 R () 2dx
G

o) (x)

£E2l'
2O Irwka

—a /G (¢<x>m<x> L (@R +(Q 1)
+a /G (6(@))*|f (@) Pdz > 0,

which implies (2.35).
Thus, we have obtained (2.35) using the non-negativity of 7 T,,. Now we can
obtain (2.36) using the non-negativity of T, 7. Similar to the above we calculate

Q-1

o (ORI

(TTy f)(@) = — ¢(@)R((@)Rf (%)) + ad(2)R(f ()1 (x)) —
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- a(ﬁ?ﬂ Y o(0)0(@)£ (@) — H@IRO@RF (@) — () (@)R()

~ ag(@hp(@) R (x) + 0X((@))? ()
Q- 1)6(@) f@)R (‘W)) ~ b@) @R ().

||

Using the non-negativity of T, 7} we get
0< [ ITup)@)Pds = [ f@TTE ) @)

= Re/ F@)(TTd f)(@)de = I, + I + I + Iy + I5 + I,
G

where B _ _ _ _ _
L=5hL,L=~I, Iz3=1I3 Iy =14+ A, Is =I5, Is = —I¢
with
A= _—(0—-1 20 o(x) de — R2 24
=—-(Q@-1) ; o(x)|f ()] 2] ) Gcb(x) o(2)|f(2)]"da.
Taking into account these and (2.40)—(2.41), we obtain (2.36). O

To finish this section, we observe another version of weighted Hardy inequal-
ity with the radial derivative. Anticipating the material presented in later chapters,
the proof will be based on the integral Hardy inequality from Theorem 5.1.1.

Theorem 2.1.16 (Weighted Hardy inequality for radial functions). Let G be a
homogeneous group of homogeneous dimension Q. Let ¢ > 0, ¥ > 0 be positive

weight functions on G and let 1 < p < g < oo. Then there exists a positive constant
C > 0 such that

( /G ¢(x)|f(x)|qu> oy ( /G w(;ﬂ)Rf(z)pdx) v o2

holds for all radial functions [ with f(0) =0 if and only if

a / Ly A\ WP
sup </|z|>R¢(z)dz> (/O (/prQw(ry)da(y)) dr> < oo. (2.43)

Remark 2.1.17. In the Abelian case G = (R”, +) and @ = n, (2.42) was obtained
in [DHK97] and in [Saw84]. On homogeneous groups it was observed in [RY18a]
and we follow the proof there.

Proof of Theorem 2.1.16. For r = |z|, let us denote f(r) = f(x). We also denote

o(r) 12/7’@_1615(7’1/)%(2/)7 w(r) 1=/7’Q_11/)(7’y)d0(y)~
& S
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Consequently, using f (0) = 0, we have

([eonora)” = (f / Loty f o))
(e

([ e / i ar)

c(/ U(r) pdr>1/p

—o( [ voripe) "

if and only if the condition (2.43) holds by Theorem 5.1.1, namely by (5.2) and
(5.3). O

Rf(r)

2.2 Critical Hardy inequalities

In this section we discuss critical Hardy inequalities. The critical behaviour may be
manifested with respect to different parameters. For example, one major critical
case arises when we have p = @) in (2.2). In this case, in the Euclidean case of R™
with p = @ = n it is known that the Hardy inequality (2.1) fails for any constant,
see, e.g., [ET99] and [IIO16a], and references therein. In such critical cases it is
natural to expect the appearance of the logarithmic terms.

One version of such a critical case is the inequality

S .
|x|log|z| _Q

for all f € C§°(G\{0}), where we denote

||Rf||LQ((G,) , Q=2 (2.44)

fr(x) Z=f<R|i|> for 1€ G and R > 0.

In fact, this inequality is a special case (with p = @) of the following more general
family of critical inequalities derived in Theorem 2.2.1, namely,

1
sup f =k < b o Rf , (2.45)
f=0 mplOgm () b |z[ L7 (G)
for all 1 < p < oo. Here the constant pfl in (2.45) is sharp but is in general

unattainable.



94 Chapter 2. Hardy Inequalities on Homogeneous Groups

The inequalities (2.45) are all critical with respect to their weight |x|_cp2
in LP-space because its pth power gives |z|~% which is the critical order for the
integrability at zero and at infinity in LP(G).

Moreover, we show another type of a critical Hardy inequality on general
homogeneous groups with the logarithm being on the right-hand side:

f

2] < Ql(log[z))Rfl| e (@)- (2.46)

LR(G)

Furthermore, we also give improved versions of the Hardy inequality (2.1)
on quasi-balls of homogeneous (Lie) groups, the so-called Hardy—Sobolev type
inequalities.

2.2.1 Critical Hardy inequalities

First we discuss a family of generalized critical Hardy inequalities on the homoge-
neous group G mentioned in (2.45). In this section, G is a homogeneous group of

homogeneous dimension ) > 2 and | - | is an arbitrary homogeneous quasi-norm
on G.

Theorem 2.2.1 (A family of critical Hardy inequalities). Let f € C§°(G\{0}) and
denote fr(z):= f(R%)) for x € G and R > 0. Then we have the inequalities

||

f—1fr p
sup o R < 1
R>0 |gj| P 10g|$| Lo(6) p

Rf , l<p<oo, (247)

1
Q1
! L?(G)

||

18 sharp. Moreover, denoting

ug(x) == f(@) = fn(@) and wv(x) =

Q
|z| » log |1§| ||

where the constant pfl

Rf(z),

S5O

-1

for each R > 0 we have the following expression for the remainder:

P

P
I —Ir :< p >p 1 RS
|7 log 7 P=1/ a7
lz| [l L7 (G) Lr(@) (2.48)
2
p p
—p/IuR,— v v+ugr| dz,
G ( p—1 ) p—1

where I is defined by
Lo 1 P p—2 -2
I(u, g) = plgl 1, ul” = [u["""Re(ug) | u—g|™ 20, u#g,

p—1,
L(g,9):=", laI" 2.
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Remark 2.2.2.

1. For p = @ the inequality (2.47) becomes

J—/fr
‘z‘10g|z|

Q

S Q HRfHLQ(G) ) Q 2 27 (249)

which gives the mentioned critical estimate (2.44).

2. In the Euclidean isotropic case G = R™ with the Euclidean norm |- |g, similar
to Remark 2.1.2; Part 1, inequalities (2.47) yields inequalities for the usual
gradient V in R" for all 1 < p < oc:

- 1
sup f—Ir Spfl

720 | Ja)

v : (2.50)

LP(R")

-1

10g|x1TE L (R") ‘l“g
where fr(z) := f(RI;IE) for z € R™ and R > 0. The critical inequality (2.49)
becomes

ffR

sup
|x|Elog Py

n
< Vlinmny, n>2. 2.51
sup IV F ey (2.51)

Ln(R")

3. For the sharpness of the constant pf , in (2.47) we refer to the Euclidean
case with the Euclidean norm where this constant is known to be sharp
but is in general unattainable. This was shown in [IIO16a]. In the case of
general homogeneous groups this follows from the expression (2.48) for the

remainder.

4. For p = 2, in the Euclidean case G = R™ with the Euclidean norm, the
estimate (2.50) was shown in [MOW17al. In principle, this case can be also
obtained from [MOW15a, Theorem 1.1]. Inequality (2.51) in bounded do-
mains of R™ was analysed in [II15].

Proof of Theorem 2.2.1. Using the polar decomposition in Proposition 1.2.10, a
straightforward calculation shows

[ M-,
BO.R) IwIQ|10g|R|\p
|/ (ry )\ o-
// rQ log " 1d0(y)d7’
L p
- dr<p 1 (log) p1/\f ry)~ f (Ry)Pdoy ))dr
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R
- P ke ( (log;),,_l / |f<ry>—f<Ry>P-2<f<ry>—f<Ry>>df§:y)da<y>>dr

p—1

R
=0 e (Uog | If(ry)—f(Ry)”Q(f(ry)—f(Ry))dfc(l:y)do(y)> .

where o is the Borel measure on g and the contribution on the boundary at r = R
vanishes due to the inequalities

Fw) -~ Bl < C®-r), T <logl

By using the formula (1.30) we obtain

[f(z) = fr(z)[?
d
/B(O,R) \I\Q\10g|R||” ’

p i . df (ry)
L (1og o [ 150w = st = s ¥ Y do i
p—2
_p g £~ )| (@)~ fale) 1 A,
pil e/B(O,R) |x|glog|§| |1‘|210g|1§| |I|Q 1 d|l'| ’

Similarly, one has

F@) = fr@) [ (1) —fRYP oy o
/Bc(o,R) 2|2 [log [} [P I /R /P rQ (log 7.)" do(y)d
< d 1 1 )
:_/R dr (pl (log ) p—1/|f(7’y)—f(Ry)\ dU(y))dr

+ P ke [ ( - 1= s (y)—f(Ry))dff;y)dow))dr

p—1

R f@)-in@)| @) -fa) 1 @),
p-1 e/BC(OR) 2|7 log |7 log f || ¥ 71 dle] !
This implies that
@)~ f@P

: \m\@\log, It .

[z (f(z) = fr(z)) 1 df(x)
= d
—1 /‘ \m\plogll \x\gloglfl \;E\Q —1 d|z| !

p p
= I —
<p_1> ||U||LP(G) p/G (u, p—lv)

2

p dx

p_leru

7
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with
f(z) = fr(z) 1 df(x)

B T2 dla]

Q ) = Q
|x|p10g|]§| || »

and [ is defined by
Lo L p—2 -2 1 1
I(f,9) =\ lgI"+ NP =1fI"""Re(fg) ) [f —gI7" 20, f#g9, + =1,
p p p P

p—1,
Ig,9):=", gl

Thus, we establish

P
P _( P P _ _ b P
||U||Lp((;,) = (p 1) ||U||Lp(<(;,) p/@[ (u7 b 11)) ‘p 1v+u

This proves the equality (2.48) and the inequality (2.47) since the last term is
non-positive. O

2
dz.

We have the following consequence of Theorem 2.2.1:

Corollary 2.2.3 (Critical uncertainty type principles). Let 1 < p < oo and [ €

C§°(G\{0}). Then for any R > 0 and 11) + ; = with ¢ > 1, we have

1 p—1 || f(f—fr)
Q _1Rf HfHLq(G) > Q R (2.52)
|| » LP(G) || » log o)
and also
2
1 f=TIr p=1| f—Jr
Q_q Q R > p |x|§]o R (2.53)
|I| P LP(G) ‘l“ﬁ IOglrl L7 () g|$| L2(G)
1,1 _
for , + , =1

Proof of Corollary 2.2.3. By Theorem 2.2.1 and Holder’s inequality we have

1 p=1| f—Jr
o Rf oy =™ oy R £ 1 2oy
[l LP(G) =7 log 21 [] 1, g
12
2% 2p .
— — 2
_>p 1 / I—Ir de / ‘f|2gdl‘ !
P\ Je|lz|?log P e
||
) 1/2
S Aol P Rl (LA
= Q = Q
p G \m\vloglfl p |x|P10g|§| L)

The formula (2.52) is proved. The proof of (2.53) is similar so we can omit it. [
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2.2.2 Another type of critical Hardy inequality

In this section we analyse another type of a critical Hardy inequality when the log-
arithmic term appears on the other side of the inequality. This extends inequality
(2.38) that was obtained for p = 2 by a factorization method.

Theorem 2.2.4 (Critical Hardy inequality). Let G be a homogeneous group of ho-
mogeneous dimension @ > 1 and let |- | be a homogeneous quasi-norm on G. Let
1 < p < oo. Then for any complex-valued function f € C§°(G\{0}) we have

| (@)[? p [ loglzl[P »
el dx <p L afa-r |Rf(x)|Pdx, (2.54)

and the constant pP in this inequality is sharp.

Remark 2.2.5.

1. Inequality (2.54) was mentioned in (2.46) as another type of a critical Hardy
inequality in the critical case of p = @, in which case we have

(@)
[V o< @0 /G (log o) R f ()| Q. (2.55)

2. In the Euclidean case G = (R™,+) we have Q = n, so for any quasi-norm
| - | on R™ the inequality (2.54) implies a new inequality with the optimal
constant: For each f € C§°(R™\{0}), we have

f

<n
||

(2.56)

(ogle) |\ -V

Lm(R"™) L (Rn)

If we take now the standard Euclidean distance |z|p = /o7 + - + 22, it
follows that we have

f

< n|(log|z|£)V Il Lngny (2.57)
2|k

Ln(R™)
for all f € C§°(R™"\{0}), where V is the standard gradient in R™. The con-
stants in the above inequalities are sharp.

3. The inequality (2.57) and its consequence are analogous to the critical Hardy
inequality of Edmunds and Triebel [ET99] that they showed in R™ for the
Euclidean norm | - |g in bounded domains B C R™:

f(x)

n
< VSl mim, n>2, 2.58

L™(B)

with sharp constant ", which was also discussed in [AS06]. This inequality

was also shown to be equivalent to the critical case of the Sobolev—Lorentz
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inequality. However, a different feature of (2.57) compared to (2.58) is that
the logarithmic term enters the other side of the inequality. Inequalities of
this type have been investigated in [RS16a].

Proof of Theorem 2.2.4. Let R > 0 be such that suppf C B(0,R). A direct cal-
culation using the polar decomposition in Proposition 1.2.10 with integration by
parts yields

el e [0 PrQ=1-Q i (1)) dr
/B<O,R> oo = /pf (0-))] do(y)d
df (6,(y))

R
=p [ tomrte [ i@ dowar

Rf(@)||f(z)|P~t
<p [ PRICRION og ufjar
B(0,R) ||
IR f()|[log ||| | f(2)[P~"
:p/ Q4 Q-1 4T,
B(0,R) |gj| p |gg| p

and by using the Holder inequality, we obtain that

p—1

1
P p P P p P
[y ([ R ) (] sr,)
BO,R) 7| B(0,R) |z|<Q=P BO,R) |7

which gives (2.54).

Now it remains to show the optimality of the constant, so we need to check
the equality condition in the above Holder inequality. Let us consider the test
function

h(zx) = log|z|.

<|Rh<x>|logm|>” <|h<x>|p-1>“
Q_y = Qpr-1) )
| 7 e

which satisfies the equality condition in Holder’s inequality. This gives the opti-
mality of the constant p? in (2.54). O

Thus, we have

As usual, the Hardy inequality implies the corresponding uncertainty princi-
ple:

Corollary 2.2.6 (Another type of critical uncertainty principle). Let G be a ho-
mogeneous group of homogeneous dimension @@ > 2. Let | - | be a homogeneous
quasi-norm on G. Then for each f € C§°(G\{0}) we have

1 Q-1
X Q X ¢ X ?1 ?1 X ¢ 1 2I
(/G|<1og| RS d) (/G AT d) zQA;If\ dr.  (259)
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Proof. From the inequality (2.54) we get

Q—1

1
Q Q
[ loglehre@ar) ([ jelatifatie
B(0,R) B(0,R)

1 Q
1 Q “ ¢ 1
> / oo / jela’r|flede) > |f[2de,
Q \Jpo.r || B(0,R) Q JB(o,R)

where we have used the Holder inequality in the last line. This shows (2.59). O

2.2.3 Critical Hardy inequalities of logarithmic type

In this section we present yet another logarithmic type of critical Hardy inequalities
on the homogeneous group G of homogeneous dimension ) > 1. As usual, let | - |
be a homogeneous quasi-norm on G.

Theorem 2.2.7 (Another family of logarithmic Hardy inequalities). Let 1 < v <
oo and max{l,y — 1} < p < oo. Then for all complex-valued functions [ €
C°(G\{0}) and all R > 0 we have the inequality

Py

p— R p
ol (e 1) 7 s
2]

where fr(x) = f (R|§|>, and the constant 7111 is sharp.

f—=1Ir < b

¥ =
Q v—1
1 R)”
|I'|P (Og || L (G)

; (2.60)
Lr(G)

Proof of Theorem 2.2.7. For a quasi-ball B(0, R) we have using the polar decom-
position in Proposition 1.2.10 that

[f(@) = fr@)P [T [ 1fry) = FRYP oo
/B dx—/O /p <~ do(y)dr

ol vy
(0,R) ‘l"Q ’10g |§| ’ re (log Ij)

Rd 1 )
- ( ) (g ) [ 150~ sty do<y>> ar

R —v+1
b Re/ (log R)
y—1 0 r

< [ 1) — s s0rw) — 5E0) T do(y)ar
B P R R\
Ty 1Re/o <log 7")

< [ 1o~ SR r0) — 1) T o
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where p—v+1 > 0, so that the boundary term at » = R vanishes due to inequalities

R _R-
Fry) ~ F(RY)| < C(R =), dog "= "

Then by the Holder inequality we get

Tl f(ry) = f(Ry)l?
/0 /p . (log 13)7 do(y)dr

R —v+1 T
—— P mef (e ) [0 = s ) - ) do
&

y—=1 "Jo dr
p [T R\ oot | A (ry)
SO A (30 I T B e

(p—1)/p
p B fry) — f(Ry)l?
y-1 </0 /g; r (log )" da(y)dr)

([ L oY )

dr
Thus, we obtain
1/p

‘ do(y)dr

[ -y,
B

-
(0,R) |z|@Q ‘log |1;”| ’

(2.61)
_ 1/
P p—
< [ el ) RE@ )
v —1\UBo,Rr) ||
Similarly, we have
1/p
[ g,
c R
R p—=" 1/p
< P / l2|P~ 2 |log Rf@)|Pdz| .
v—1 Be<(0,R) ||

The inequalities (2.61) and (2.62) imply (2.60). Furthermore, the optimality of the
constant in (2.60) is proved exactly in the same way as in the Euclidean case (see
[MOW15b, Section 3]). O

Corollary 2.2.8 (Another family of logarithmic uncertainty type principles). Let
1<p<ooandq>1 be such that;—i—; = 1. Let1 <~y < oo andmax{l,y—1} <
p < oo. Then for any R > 0 and f € C3°(G\{0}) we have

. R (p—)/p _1
ol "+ (l"g ) RS !
xr

p

f(f = fr)

(@) =
1 lzece) 2] (log(R/ |a])"/”

Lr(G)

L2(G)
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Moreover,

P—7

ol (1og ) R f=tr
»

Q 2=,
LP(G) |:L‘|P’ (log |1§|)

L' (G)
X (2.63)
y=1| f—-/r
> o R
P || |x|2 log 2l || 2y
holds for 11) + 1}’ =1.
Proof of Corollary 2.2.8. By (2.60), we have
o R\ y-1|l - f
"> (log Rf [ fllLa)= S [ fllzacc)
|| p Q R\"”
L7 (G) || » (log m)
Lr(G)
2p 25
12
—1 — 2q
SN | ([r@pta)
G |3;‘| It (log |1;|> G
and using Holder’s inequality, we obtain
R p—
P—Q P
[ » {log Rf 1l Lae)
|| Lo
(@) ) 1/2
Lot [ [l e ) e s
) Q v/p P Q v/p
G || » (log |1;|) || » (log |§|> Lac)
Similarly, one can prove (2.63). O

Remark 2.2.9. When ~ = p, the statement in Theorem 2.2.7 appeared in [RS16a,
Theorem 3.1] in the form

f—1rfr

1 log ’\x\’”’pQRfHLP(G), 1<p< oo, (2.64)
x| r 10g le

!
= o1
L (G)
for all R > 0. For general p and + it was analysed in [RS16a]. In the Euclidean case
with the Euclidean distance such inequalities have been analysed in [MOW15b,
Section 3.
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2.3 Remainder estimates

In this section we analyse the remainder estimates for LP-weighted Hardy in-
equalities with sharp constants on homogeneous groups. In addition, other refined
versions involving a distance and the critical case p = Q = 2 on the quasi-ball are
discussed.

The analysis of remainder terms in Hardy inequalities has a long history
initiated by Brézis and Nirenberg in [BN83], with subsequent works by Brézis and
Lieb [BL85] for Hardy—Sobolev inequalities, Brézis and Vdzquez in [BV97, Section
4]. Nowadays there is a lot of literature on this subject and this section will contain
some further references on this subject.

2.3.1 Remainder estimates for LP-weighted Hardy inequalities

Let G be a homogeneous group of homogeneous dimension ) > 3 and let |- | be a
homogeneous quasi-norm on G. We now present a family of remainder estimates
for the weighted LP-Hardy inequalities, with a freedom of choosing the parameter
beR.

Theorem 2.3.1 (Remainder estimates for LP-weighted Hardy inequalities). Let

2<p<Q, —oo<oz<Q;p7
and let
+ pb
51:Q*p*0¢p*Q .
p
b
Go=Q—-p—ap— T
p—1

for b € R. Then for all complez-valued functions f € C5°(G\{0}) we have

L R

c |zor p |z [pletd)
(s £ )P lafordz)” (269
> Cp s p—1"
(Jg If (@)[P|a|>dz)
where the constant C), = ¢, Q(p_pé)_pb 3 is sharp, with
cp= min ((1—t)? —* +pt?P~ ). (2.66)

0<t<1/2

Due to the positivity of the last remainder term, Theorem 2.3.1 implies the
LP-weighted Hardy inequalities with the radial derivative. In the case of the Eu-
clidean norm, they reduce to the usual LP-weighted Hardy estimates:
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Remark 2.3.2 (LP-weighted Hardy inequalities).

1. If we take b = “?~Y we have Cp = 0, and then inequality (2.65) gives the
LP-weighted Hardy inequalities with sharp constant on G:

s (O [,

—00 < a< ; , 2<p<@Q,

for all complex-valued functions f € C§°(G\{0}). Such inequalities on ho-
mogeneous groups have been investigated in [RS17b], and their remainders
have been analysed in [RSY18b].

2. If G = (R",+) with Q = n, the inequality (2.67) gives the LP-weighted
Hardy inequalities with sharp constant for any quasi-norm on R™: For any
complex-valued function f € C3°(R™\{0}) we obtain

[ |2 wrl b= (Y [P,
R™ R

. » Jafptat)
where —o00 < a < ”;p and 2 < p < n, and where V is the standard gradient

in R”. Now, if we take the Euclidean norm |z|g = /23 + 23 +--- + 22, by
using the Schwarz inequality we obtain the Euclidean form of the LP-weighted
Hardy inequalities with sharp constants:

IV f ()P n—p—ap\” |f ()P
/ g E plo+1) 0
o el P R [

-p

x

Vi(z)

||

(2.68)

n
—o<a< , 2<p<n,

for any complex-valued function f € C§°(R™\{0}).
3. Moreover, for any function f € C§°(R™\{0}) and for any b € R, we have

L n—p—oap\” |f(2)[P
/Rn V()| |zl pdx( » )/Rn ‘m‘p(a+1)dx

P01 dz)P -
e (Jan [F (@) P2 x)ip 2<p<n, —co<a< ' P
(fen | F(@)lPfal2d)” 3

where V is the standard gradient in R™. As in Part 2 above, by the Schwarz
inequality with the usual Euclidean distance | - | g, we obtain

/ Vf(x)lpdx_(n—p—apY/ [f@r
no el p R Bl

(Je 17 @) lal 2 ) )

n
1y 2<p<n, —o<a< ,

(e 1@l ar)” v

€T

- (2.69)
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for all complex-valued functions f € C§°(R™\{0}) and for any b € R, where
the constant C), is sharp.

4. In R™ a variant of inequality (2.65) is known for radially symmetric functions.
Let m» > 3,2 <p<nand —o0 < a < ";p.LetNEN,tE (0,1),

v < min{l — ¢, p;N} and § = N —n + 17];’77 (7+ "ﬂ’pfap). Then there

exists a constant C' > 0 such that the inequality

IV fIP n—p—ap\’ | fIP
dr — dzx
e |2lE p R BT

p(1—t—7)
N
Ve 1 lalfdz)

Nt
= 1t
(fin | fPl2l " d) ¢

holds for all radially symmetric functions f € Wol”O’Z(R”), f # 0, where

Wol”g (R™) is an appropriate Sobolev type space. For a = 0 this was shown
by Sano and Takahashi [ST17] and then extended in [ST18a] for any —oo <
a < ”;p .

5. The constant ¢, in (2.66) appears in view of the following result that will be

also of use in the determination of this constant:

Lemma 2.3.3 ([FS08]). Let p > 2 and let a, b be real numbers. Then there
exists ¢, > 0 such that

ja =" > |al” — pla|""2ab + c,|b]”

holds, where ¢, = min/ (1 — )P —tP + ptP~1Y) is sharp in this inequality.
0<t<1/2

6. Remainder estimates of different forms are possible. In general, it is known
from Ghoussoub and Moradifam [GMO8] that there are no strictly positive
functions V' € C1(0, 00) such that the inequality

n—2\? 2
/ Vf|*dz > < > / ‘f|2 dz+ | V(lz|p)|f[da
R™ 2 R™ ‘l"E R™

holds for all Sobolev space functions f € W2(R™). At the same time, Cianchi
and Ferone showed in [CF08] that for all 1 < p < n there exists a constant
C = C(p,n) such that

P n—p i |f‘p 2p*
[ s dxz( , )/ o (14 O (777

holds for all real-valued weakly differentiable functions f in R™ such that f
and |V f| € LP(R™) go to zero at infinity, where

_n—-p
= C\l’\E ! ||LP*v°°(]R”)

c€R ||f||LP*«P(Rn)

dp(f) =



106 Chapter 2. Hardy Inequalities on Homogeneous Groups

with p* = " and L™7(R") is the Lorentz space for 0 < 7 < oo and
1 < 0 < oo. In the case of a bounded domain €, Wang and Willem [WWO03]
for p = 2 and Abdellaoui, Colorado and Peral [ACP05] for 1 < p < oo
investigated other expressions of remainders, see also [ST17] and [ST18a] for

more details.

In the following proof we will rely on a 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.

Proof of Theorem 2.3.1. Let f € C5°(G\{0}) be a radial function, then f can be
represented as f(x) = f(|z|). By using Brézis—Vazquez’ idea ([BV97]), we define

Q—-p—ap ~
P

f(r). (2.71)

Since f = f(r) € C§°(0,00) and a < Q;p7 we have g(0) = 0 and g(+o00) = 0. We
set

g(r):=r

9(x) = g(lz)
for 2 € G. Introducing polar coordinates (r,y) = (|x|, |;f|) € (0,00) x p on G, by
Proposition 1.2.10 we have

T L R
G

6 lz[or p jr[pletD)

>l d ~ p —m— P poo
= ‘@‘/ g f(’l") T*aPJrQ*ldr - ‘@‘ <Q p Oép) / ‘f(?")|p7"7p(a+1)+@71d7’
0 r P 0
| (Q-p—ap) e _@-p—an d _
=l ; » r—oroglr)—r— ¥ drg(r)

ol (7P [Tiopetan

p
r@-1=ar g,

where |p| is the @ —1-dimensional surface measure of the unit sphere. Here applying
Lemma 2.3.3 to the integrand of the first term in the last expression above, we get

Q—pfozp _Q-ap _ _Q-p—ap d _ P Q—1—ap
(9707 g T )|
S p
> (@70 e) arenpgpp ) o
p

Q-p—op\"" e Ao (2, () g oiea
-p » () [7=2g(r) | glr)rt e DTy P

d

P
p g(r) pQtptap,.Q—1-ap
T

+ ¢p
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P —p— -l
= (077 ) o = (U7 et e
P

vep| g g

Since g(0) = g(+o0) = 0 and p > 2, we note that
e p—27% d = d P
p | lgr)lP=g(r) . g(rydr= [ (lg(r)|")dr = 0.
0 r 0
This gives a so-called ground state representation of the Hardy difference J:

00 d~
>
s= gl [ ] 1)

Putting a = Q;p in Lemma 2.3.3, we obtain for any b € R that

Qp—1)—pb _Q+pb
’ ( 2) gl |z dx
p G

1 p—1
< ( / RgPMdI)” ( / |g|px—f”1dx> '
G G

It gives the estimate

p

Pl dr = cp/ (Rg(z)|P|x|P~9da. (2.72)
G

72 e, [ [Rota)Plal s
G
_Q+pb
(J lglPlal =" dz)" (2.73)
_ bp pP—
(J: lglelal =" de)
Taking into account that g(z) = g(|z|), x € G, and (2.71), one calculates
g g g
I_Q+pb pdx* Q p— apf Py Q:perfldr
£
-/ P70 [ 1@plath s
G G

Qp—1)—pb|”

>c
p2

P

On the other hand,
[l g@pds = lol [ @ rerl e ar
0
p—ap— b
:/G|f($)|p\$\Q pap Pfldx:/(;|f(x)|p|x|52dx.
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Putting these equalities into (2.73), we obtain

Qlp—1)—
p2

J>c

P

(Je I f @) P[]’ )"
—1-
(Je | @)IP|a]?2da)”
Now let us prove the statement for non-radial functions. For a non-radial function

f we consider the radial one obtained as its spherical average with respect to the
homogeneous quasi-norm | - |:

o=, / fro)Pdao)) g (2.74)

Using Holder’s inequality, we calculate

d 1/ 1 ) v . d
w00= (o [ 100 do<y>) o | PP g fewdoty

S(é/plfrylda ) o |4
(wfp'f’”y'd“ ) 1</
|l

\1@\
- (o ot )"

Here we note that since there exists the function h(z) = e~1*! which satisfies the
equality

f(ry)

o) ([ i)

do(y)

d
a (ry)

f(ry)

p

d p—1y,%,
)] = (-

the equality condition in the above Hélder inequality holds. Thus, we have

CZU(T) < ( ! pdo(y)) :

ol

rQ-1- O‘pdr<|p|/

_ / RA || da,
G

jrf (ry)

It follows that

\p\/
0

U(r

dr

that is,

/\RUV’ |x|~Pdx < / IRfIP ||~ *Pdz. (2.75)
G G
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In view of (2.74), we obtain the equality
/G U (2P| dz = [g] / U@)Pr+e-1dr (2.76)

~1ol [ h N / Fn)Pdr(ui*? dr = [ 17(@)Plal’de.

for any 6 € R. Then, it is easy to see that (2.75) and (2.76) imply that (2.65) holds
also for all non-radial functions. O

2.3.2 Critical and subcritical Hardy inequalities

Here we discuss the relation between the critical and the subcritical Hardy in-
equalities on homogeneous groups. We formulate this relation for functions that
are radially symmetric with respect to a homogeneous quasi-norm | - | on G.

Proposition 2.3.4 (Critical and subcritical Hardy inequalities). Let G be a homoge-
neous group of homogeneous dimension Q > 3 and let G be a homogeneous group
of homogeneous dimension m > 2, and assume that Q > m + 1. Let | - | denote
homogeneous quasi-norms on G and on G. Then for any non-negative radially
symmetric function g € C§(B™(0, R)\{0}), there exists a non-negative radially
symmetric function f € C3(B?(0,1)\{0}) such that

m Q- m>m |f(z)|™
R dr — d
/190(0,1) IR ()" de ( m /BQ(O,l) || !

-G

—1 m m
X / |Rg|™dz — (m ) / 91 mdz
B (0,R) m B ©.8) |2 (log f% )

holds true, where |p| and |p| are Q — 1- and m — 1-dimensional surface measures
of the unit sphere, respectively.

Proof of Proposition 2.3.4. Let r = |z|, z € G and s = |2, z € G, where G is a
homogeneous group of homogeneous dimension m. Let us define a radial function
f = f(z) € C}B2(0,1)\{0}) for a non-negative radial function g = g(z) €
Co(B™(0, R)\{0}):

f(r) = g(s(r)),

where s(r) = Rexp(1 —r~ p ), that is,
Q-—m Re Q —m Q-—m
T m-1 =] / = R .
r S s'(r) 1" s(r)

Here we see that s'(r) > 0 for r € [0,1] and s(0) = 0, s(1) = R. Since g(s) =0
near s = R, we also note that f =0 near r = 1.
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Then a direct calculation shows

/ IRf|™da — (Q_m) / mmdx
BR(0,1) m BR(0,1) ||

1 , B Q—m>m 1 -
_ m,.Q 1d o m Q—m 1d
ol [ rorseta— (90 ol [ oo tar

m,Q-1(g ds
— ol [ @0 <>S,(T(S))

d

(Qmm> |p|/ e l(s)s’(rfs))
p(Q T) /O\g()\msm’lds
(@=m\"m=1 T g (s)

(9.7) ol G

_ gl (Q—m)’"‘l
ol \m—1
m m—1)" gl
Rg|™dz — AN

’ /B”W) e ( m ) /Bm(o,m Izlm(logfﬁ) Z

yielding (2.77). O

2.3.3 A family of Hardy—Sobolev type inequalities on quasi-balls

Let G be a homogeneous group of homogeneous dimension ¢ > 3. It will be
convenient to denote the dilations by d,. () = rz in the following formulations. Here
we discuss another type of Hardy—Sobolev inequalities for functions supported in
balls of radius R. As usual, we denote by B(0, R) a quasi-ball of radius R around
0 with respect to the quasi-norm | - |.

Theorem 2.3.5 (Another type of Hardy inequalities for @ > 3). For each f €
C§°(B(0, R)\{0}) and any homogeneous quasi-norm | -| on G we have

) 1/2
</B(O,R) |z[?

1/2
- 5R(x)>‘2 2 )
f(x) f( 2 da < 02 /B(O,R) |Rf|?dx ,
and

(2.78)

1

1 2 2 Q é 1 ) %
</B(O,R) |2 | f(z)]| dm) < (QQ) R </B(0,R) |f(z)] dm) (2.79)
2 Q 2 ) . 2
To-2 <1+<Q—2> ) </B(O,R)Rf| d > .
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Remark 2.3.6.

1. Theorem 2.3.5 could have been formulated for functions f € C§°(G\{0})
choosing R > 0 such that suppf C B(0, R). The introduction of R into the
(SR(:E)

notation is essential here since the dilated function f ( fal

) appears in the
inequality (2.78).

2. In the Euclidean setting with the Euclidean norm inequalities in Theorem
2.3.5 have been studied in [MOW13b].
In the case @ = 2 we have the following inequalities:

Theorem 2.3.7 (Another type of critical Hardy inequality for @ = 2). Let G
be a homogeneous group of homogeneous dimension Q = 2. Then for each f €
C§°(B(0, R)\{0}) and any homogeneous quasi-norm |- | on G we have

1/2

1 6 2 1/2
/ ) ‘f(x) f< Tﬁ”)] ar| <o (/ Rf|2dx> 7
X
BO0.R) |2 ’log II:jI’ B(0,R)
(2.80)
and
1/2
/ f@r
2
B(0,R 2
©R) |42 <1+‘loglfl ) (2.81)

1/2

/2 1/2
< R (/}3(071%) f(;l:)de> +2 (1 + \/2) (/13(0712) Rf|2dx>

Proof of Theorem 2.3.5. By the polar decomposition from Proposition 1.2.10, we
write (r,y) = (|z], |i|) € (0,00) x p on G, where p is the unit quasi-sphere, so that

b4

R
- / / FG2()) — FGr)rO3do(y)dr

r=R

e L / FGr ) — [ Gr(y))Pdoly)

r=0

: /ORT“ (C‘f / f(5r(y))f(5R(y))l2d0(y)> dr

“0-2
2

_ " af (6, (v)
=gl [ e [ () - stont) G dete
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Now using Schwarz’ inequality, we obtain

/Bm,m o |01 (675))

R
< QiQ (/ / £ (6-(y)) — f(éR(y))ler‘?’dJ(y)dT)
©

( r@- 1do(y)dr> -
2 1/2
=0 (/B(O,R) \;\2 fw) =1 <JT£T)>‘ dl’) (/Bm,m IR] 'Qd‘"”> |

This implies that
2 1/2 1/2
s = (" ae) < 2 (] rsan)
Q-2 \Jpo,r

/ 1
B(0,R) |z ]2 ||
that is, the inequality (2.78) is proved. The triangle inequality gives
o 1 ey () :
2de | = ) — i dx
</B<o ot ) </B<O,R> a1 () s (7
. aR(x)> AN | ‘ (5R(x)>’2dx :
§</B<O,R) e 1= (7 Lo o2 (o |
(2.82)
Moreover, we have
1 6R(«I)> 2dl’ : _ " 5 QT’QinO' dr :
( / o £ [ [1sen )
R®P—2 ) 2
= (g_ [ 1rEnt P
Q-2
(R_Q}%/ [ 15 6mw 9 ooy )
: 1 5R(l’)>’2d :
(Q 2) R(B(OR) f( || !
; 5R($)> - 2 2 , 2
(Q 2) R (( B(0,R) f( ] f) dm) " </B(0,R)f| dm) )

2
dxr

1/2

1/2

IN
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<(0%2) ([ i (1) =10
+(o2,) & (/B(O’R)IJ”dey?

thus,

1

2 2
dm)

NV
d;E) (2.83)

(
: (ngf </B<O,R> el () -1
1 1/2
- (QQ 2) ;% </B(0,R) f|2dx> .

Combining (2.83) with (2.82) we arrive at

. 1/2
|f[Pd
</B(O,R) |z[?

1/2
0 >1/2 1 (JR(;z:)> 2
1 - d
= ( - (Q—2 /B(O,R) |z ]2 U || !
/2
) /2 4 , 1
- (Q - 2) R </B(O,R) | de .
Now by using (2.78) we arrive at (2.79). O

Proof of Theorem 2.3.7. By using polar coordinates (r,y) = (]z/, |i|) € (0,00) X p
on G, where p is the unit quasi-sphere, one calculates

2

1 . JR(I) .
/Bm,R) B A ( 1 ) I
R 1
= 6-(y) — f(0 2 ,do(y)dr
| fisew = semwr et
r=R

1 2
= oty 100 = £t )

r=0

- /oR IOg(;/r) (ci /p |£(0,(y)) — f(5R(y))2da(y)) dr



114 Chapter 2. Hardy Inequalities on Homogeneous Groups

_ [ 4f (6, (4)
__2/0 log(R/r)Re/p(f(ér(y))_f(‘SR(y))) o do(y)dr.

Here we have used the fact that

1og(R/r)_1og<1+(f1)) S e

r r

and that
£ (6-(y)) = F(6r(y))]* < CIR —r[*.

Using Schwarz’s inequality we obtain

f@) - 1 (5R(m))‘2d:c

||

1
/B(O,R) |z[?[log(R/|[)|?

= </0R/p r (log(i%/r))2 17 w)) - f(5R(y))2d0(y)dr>
. ( [ | 5
- </B<om eyt 0~ (L) dx>2 </B<0,R> - dz)

It completes the proof of (2.80). To show (2.81) we calculate

1/2
1
x)|2dx
</B(O,R) [z]? (1 + |10g(R/|x|)D2|f( ) )
) 1/2
f@) — 1 (‘SR(“?))’ dx) (2.84)

1
2

rda(y)dr)

||

(e)ar)

1
: </B<0,R> 22 (1 + llog(R/Ja]))?

1
* (/B(O,R) 2|2 (1 + [log(R/|])])?

Moreover, we have

() ae)

R 1 . !
) </0 /w(1+ tog(rym2 R d"(y)dr>

1
</B<O,R> 22 (1 + flog(R/ ) |)?
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=< /R | |f<6R<y>>|2do<y>>2
o (L log(R/MD?

R 2
/ f<5R<y>>2da<y>)

1
- (1 + [log(R/7)|

V2 !
- </B<O,R) |2[2 (1 + [log(R/|])])? /

1

V2 2\
+ ( /| @ dx> ,

where we use the simple inequality

1 1

R =21 4 log(ryryet "€ O R

Therefore, we obtain

f (617?) ‘2 da:) ; (2.85)

\/2 1 5R(x) — f(x 2d1’>2
- </B<0,R> 2 (1 + log(R/ ) | (hy) s

1

%: o\
+ (/B(wf(m) dm) .

Combining (2.85) with (2.84) we arrive at

1
</B(0,R) ]2 (1 + [log(R/|x])])?

1

1 2
x)|2dx
(/B(O,R) |z[2 (1 + [log(R/|z[)])? S )
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1

s (7))

1
< (1+V2) </B(07R) 2|2 (1 + [log(R/|z])])?

V2 )
+ R (/B(O’R)|f(x)| dz) .

Finally, using (2.80) we obtain (2.81). O

2.3.4 Improved Hardy inequalities on quasi-balls

For p = @ = 2 and any homogeneous quasi-norm | - | on G we have the following
refinement of Theorem 2.3.7 with an estimate for a remainder.

Theorem 2.3.8 (Remainder estimate in critical Hardy inequality for Q = 2). We
have

1 2
/ \Rf|2dx74/ £ (=D ,dv (2.86)
B2(0,R B2(0,R 2 R

0. O[22 (log /)

2

R 1-1
o ()
> _, supv f(|x dx| , Vv >0,
R?[5] >0 B2(0,R) (le) 2 ||

2] (1og )

for all real-valued radial functions f € C§°(B%(0, R)\{0}), where B%(0, R) and |7|
are 2-dimensional quasi-ball with radius R and 1-dimensional surface measure of
the unit sphere, respectively.

Proof of Theorem 2.3.8. Let us define the new function g = g(x) on B%(0, R) as

g(r) = (log f)z f(r), r=l|z|, z € B%0,R).

One calculates

1 2
1) = / |Rf|?dx — / d o dx
B2(0,R) 4 JB2(0,R) \1’\2 <log | I)

R
—8 / 2 ‘U|
ol [T [ i 10g ,rdr
glr) Rl T
2 g(r * g
|J\/ ( (log ) . —l—(logT) g(r) /rlog
= \o\/ dr+|a|/ )|*rlog Rdr
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B 8/% . R[5 /R, 4 R
- 2 0 (g (r)) dr + 4 O |g (r)| RQTIOg dr b

and applying ¢(0) = g(R) = 0, we obtain

2|1~ R
I = Ri"' (/O POk R2rlog Rdr).

Taking into account that éﬂ fOerog f‘dr = 1 and using Holder’s inequality, we
get

1 1 1
R 2 R 2 R 2
R R 4 R
! 1 dr | = ! 1 d 1 d
(/ 9 pyrios ) (/ 9 pyrios ) (R/ riog ! )
n 4 R
2/0 |g/(r)|R2rlog Tdr.
It follows that
2
R[a| [ [* 4 R 4o
\ (/ 90 pyriog | > 17
Using ¢(0) = g(R) = 0, we have

"(r)rl dr = — r) (1 —1)dr = r dr
/Og() g /09()<ogr > /Of()(logr)

1 1 —log II;I
1

"6l Jrom R\
' ‘l“ (log |x|)

2
(2.87)

R
R
/ g (r)rlog " dr
0 T

gl
Y%

Putting this in (2.87), we arrive at

4 log p
-[1 > R215 / f(l‘ ! 1 AT
o] B2(0,R) 12| (log IRI) 2

Now we note that I is invariant under the scaling f — f,(r) = v~ 2 f(R'""r").
Then setting

1—1log It |z| g It
B = f@ ,dr = o] / & ar
B2(0,R) |l’| (log - log 2

b
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one obtains 4

I > L(f,)? 2.88
for any v > 0. On the other hand, we have
(R 1—log & N R 1—log
L(f) =lol [ fu(r) tdr=1glv 2 | fOVRTY) 1 dr.
0 (log 57)* 0 (log 57)*
v—1
Using a change of variable s = r* R'™", dr = i (f) ¥ ds, one calculates
1
N R 1—log(®)" 1 /R -
ARl VT O G I
0 R ‘1/ 2 V S
(10g(%)")
R —log B /R 1-1
b [ " (T) e
0 (lg{) N7
v — log 1;” R\l v
:,,—2/ f(z) el (Iw|> da. (2.89)
B2(0,R) R ?2
|| (log le)
The estimates (2.88) and (2.89) imply (2.86). O
Theorem 2.3.9 (Remainder estimate in critical Hardy inequality). Let G be a ho-
mogeneous group of homogeneous dimension @@ > 2. Let | - | be a homogeneous
quasi-norm on G. Let ¢ > 0 be such that
-1
a=a(q,L):= QQ g+L+2<Q,

for =1 < L < @Q — 2. Then for all real-valued positive non-increasing radial func-
tions u € C§°(B(0, R)) we have

_1\“ Q
/ |Ru|®dx — (QQ ) / ()] odx
B(0,R B(0,R Re
(0,R) (0.R) |2]Q (10g le)

Q (2.90)
coptes ([ e,
a B(O,R) |z|Q (log Ifjj)
where |p| is the measure of the unit quasi-sphere in G and
1 1\ “e'a
Cl'=0C(L,Q,9)7" = / st (log > ds
0 S
- -1
= (p+1)~(%'sp <QQ a+ 1> ,

where T'(+) is the Gamma function.



2.3. Remainder estimates 119

Proof of Theorem 2.3.9. As in previous proofs we set

Q-1

-9 —1
v(s) = (log Re> u(r), where r=|z|,s=s(r)= (log Re) ,
r T
/ s(r)
= > 0.
s (r) rlog Iff -

We have v(0) = v(1) = 0 since u(R) = 0 and, moreover,

W) = — (Qq—) 1) (log fie)‘é v(Sﬁf’)) n (log }i@) el V' (s(r))s' (r) < 0.

It is straightforward to calculate that

= /B(O,R) [Ruda - (QQ_? 1>Q/ B |z|Q (llcb>|:|z|)de
~1ol [ ’ )t (99 ) 1 / 1og
— 1ol /R (Q‘ ! (log }ff)_Q ”(Sﬁr)) - (log }fne> “ v'(s(r))s'(r))QrQldr
(% ) 1 / 1og

By applying the third relation in Lemma 2.4.2 with

o= QC; ! <1Og }fff)é v<s7§r)) and b= <log }ff> “ o (s(r)s' (),

and dropping a® > 0 as well as using the boundary conditions v(0) = v(1) = 0,
we get

_ Q-1 (R
zzmcz(QQl) / o(s(r)) @1/ (s(r))s (r)dr (2.91)

Flol [ W GENIAE 9 (riog R)Qd

=i (%) [ e sy o

R Q-1
1 Re
Hol [ (s (rlog ) dr
0 r? (log H;e)%? "
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=i (%) [ e s o

+ 1ol / [0/ (5(r)[@s(r)@ 1S’ () dr

— @—1 o lstflv's S 111'3 Re@1gg
IpIQ( Q) / (s) <>d+|p|/0 ()22 14

1
= || / v/ (5)| @@ ds.
0

Moreover, by using the inequality

1 1
/v'(t)dt’— / v'(t)tQQl_QQldt‘
s s o

1
1 Q 1 Q
< ([ wereeta)” (s])
O S
we obtain

1 1 & 1\ “e'd
/ lv(s)|9s"ds < (/ |v’(s)|QsQ1ds> / st (log ) ds
0 0 0 S

for —1 < L < @ — 2. Thus, we have

v(s)| =

/01 W (5)| 5@ ds > O (/01 |v(s)qsLds> " (2.92)

Now it follows from (2.91) and (2.92) that

1 @ R . Q
I>plCY (/ |v(8)qsLds> = |plCT / |“(TZJ€ dr
0 o 7 (log %)
R q q
= ol 7C% / @)
0 |z|Q (log ﬁj)

where o = a(q, L) = Qélq + L 4 2. The proof is complete. O
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2.4 Stability of Hardy inequalities

Expressions for the remainder in an estimate in terms of the distance function to
the set of extremisers are sometimes called the stability estimates in the literature.
The purpose of this section is to discuss such estimates for the Hardy inequalities.
Several results of such a type have been established in the Euclidean space R™ in
[San18, ST17, ST18a, ST15, ST16]. In the following section our presentation on
homogeneous groups follows [RS18].

2.4.1 Stability of Hardy inequalities for radial functions

Let G be a homogeneous group of homogeneous dimension ¢ > 3 and let | - | be
a homogeneous quasi-norm on G. We note that although sharp constants in the
Hardy inequalities are not achieved the formal extremisers of such inequalities are
given by homogeneous functions. To this end let us denote

fale) = lal= "% (2.93)

for —co < a < Q;p, and

: / (2.94)
’10g |z |’ ‘z‘p (e+1)

for functions f, g for which the integral in (2.94) is finite. We start with the case
of radially symmetric functions.

Theorem 2.4.1 (Stability of Hardy inequalities for radially symmetric functions).
Let G be a homogeneous group of homogeneous dimension @ and let |- | be a
homogeneous quasi-norm on G. Let

2<p<@Q and —oo<a<Q_p.
p
Then for all radial complex-valued functions f € C§°(G\{0}) we have
P —p— p P
RIG, (Q-n=on)’ [ VP,
G |zloP p G |zt
p—1Y\" »
> ¢p sup dr(f,cp(R)fa)”,
p R>0

where c¢p(R) := R F(R) with f(z) = f(r), |z] =r, R := dri:| is the radial
derivative, cp is defined in Lemma 2.3.3, i.e.,

(2.95)

= i 1—¢)P —¢P Pl
Cp 0321?/2(( ) + ptP™h),

and fo and dg(-,-) are defined in (2.93) and (2.94), respectively.
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Proof of Theorem 2.4.1. Since p > 2, as in (2.72) in the proof of Theorem 2.3.1,

we have
p oy p p
G |$|ap p G |z[pla+D)

d ~P N d p
Zcp\p\/o ’drg P~ dr:cp/G P |lz[P~9d.
By Corollary 2.2.8 with v = p, we obtain
P
_1\e [ Je@) g<fj;7>
J(f) > cp/ |Rg[P|xP~Qdx > ¢, / dx
e
Q-p p

ey g e @ - R f(fi”f)
; ( > / ’10g| |’ [@ o

for any R > 0. Here using f(z) = f(r), r = |z|, we can estimate

Q p ap Q—p—ap |P
_1ye g @) - Flal ="
J(f) > / dx
log (1| faptet
Q-p—ap |P

C1\ g @) = el

= ( ) / dx,
’10g |z| ‘g;‘p a+1)

yielding (2.95). O

2.4.2 Stability of Hardy inequalities for general functions

Here we discuss the stability of LP-Hardy inequalities for functions which do not
have to be radially symmetric. Before discussing the stability estimates for non-
radial functions let us recall the following relations.

Lemma 2.4.2. Let a,b € R. Then

(i) We have
ja = b7 — |al” > —pla[""?ab, p>1.

(ii) There exists a constant C = C(p) > 0 such that
la = bP —[al” > —pla[""2ab+ C[BIP, p>2.
(i) Ifa >0 and a —b >0, then

(a—b)P +pa"'b—a? > P, p>2.
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Proof of Lemma 2.4.2. One has (see, e.g., [Lin90]) the inequality
|dIP > [P +ple[P2c(d =), p>1,

which is the condition for the convexity of the function |z|P. Now, taking a = ¢
and d = a — b we get the first relation. Furthermore, consider the function

g(s) == |1—s|P —|s|P +p|s|P~2s, seR.
To show (ii), it is sufficient to prove that g(s) > C' > 0, and then take s = . Let
s > 1. Then for p > 2 we have
g(s)=p((t =P =) 4 p(p—1)s" 2 = p(p— 1)(s"> = 77%) > 0,

by the mean value theorem for the function #P~2, x > 0. Thus, we have

g(s) > g(1)=p—1

for all s > 1. Similarly, we get g(s) > ¢g(0) = 1 for all s < 1. Let now 0 < s < 1.
Setting
Cp := min f(¢),

0<t<1

we assume that C, = f(so) for some 0 < 59 < 1. The first relation implies that
Cp, > 0. If C, = 0, then we have f(sg) = 0 and 5°p_1f’(so) = 0 which implies
so = 0, contradicting that f(0) = 1. Therefore, we have g(s) > C, > 0. This
proves (ii). The Taylor formula yields that

1
(@ —b)P + pa?~tb—a? > |b]P = p(p — 1)b2/ (1 —t)(a — Tb)P~2dr.
0
Thus, if b < 0, then a — 7b > 7|b|, which implies (iii) in this case. On the other
hand, if 0 < b, then a — 7b > (1 — 7)|b| which implies (iii) in this case as well. O

To formulate the following result, for R > 0, let us set

1
’u(z)fRQ;pu(RliO \z\_Q;p ’p !
du(u; R) := /G ol log de | .

Then we have the following stability property.

Theorem 2.4.3 (Stability of Hardy inequalities for general real-valued functions).
Let G be a homogeneous group of homogeneous dimension Q and let | - | be a
homogeneous quasi-norm on G. Let 2 < p < Q. Then there exists a constant
C > 0 such that for all real-valued functions u € C§°(G) we have

—\? P
/ |Ru|” dz — (Q p) ful dz > Cp sup di; (u; R). (2.96)
G p G |zfP R>0
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Proof of Theorem 2.4.3. Let x = (r,y) = (Jz|, |i|) € (0,00) x p on G, where g is
the unit quasi-sphere p := {z € G : |z| = 1}, and

o(ry) =" u(ry),
where u € C§°(G). It follows that v(0) = 0 and that lim v(ry) = 0 for y € p since
T—00

u is compactly supported. Using the polar decomposition from Proposition 1.2.10
and integrating by parts, we get

_ p D
:/ |Rul? dx — (Q p) [ul dx
G D G |zP
o) P o p
Lo (5
§©
o A T B

- <Qpp>p |v(7’y)\pr71drdy.

P
r@-1

Now using relation (ii) in Lemma 2.4.2 with the choice a = Q;prfgv(ry) and

b=r 2" 2 v(ry), and using the fact that [;° [v|P=v (] v) dr = 0, we obtain

b= [ / p(O0) b e o e

+C r” Ydrdy

a v(ry)
= C’/ |z[P~9 |Rv|? da.
G

Finally, combining (2.97) and Remark 2.2.9, we arrive at

D>C/v( o) o) C//m‘“ry  dray
-7 G ‘LE‘Q‘logl ||p ‘log ’

_ Q-
=, // = R (B drdy,

R
rlﬂ’ Q|log *|P

for any R > 0. This proves the desired result. 0

2.4.3 Stability of critical Hardy inequality

Here we discuss the stability of the critical Hardy inequality, i.e., the LP-Hardy
inequality in the case p = @. For this, let us denote
Q-1

—1 1 Q
frr(z) ::TQQ U (Re_T v > (log R)
|| ||
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We also introduce the following ‘distance’ function:

Qr

lu(z) — fT,R(x)‘Q

Q
O.R) |z|@ ‘log II;I‘ ‘Tlog II;I

depr(u; T, R) = /B (2.98)

Q b

for some parameter 7" > 0, functions w and fr g for which the integral in (2.98) is
finite.

Theorem 2.4.4 (Stability of critical Hardy inequality). Let G be a homogeneous
group of homogeneous dimension Q and let | - | be a homogeneous quasi-norm
on G. Then there exists a constant C' > 0 such that for all real-valued functions

u € C§(B(0,R)) we have

B Q Q
ey _(Q 1> w@@
/B(O,R)' unfFdr={ g /B<0,R> 212 log )2 (2.99)

> C)p sup d?H(u; T,R).
T>0

Proof of Theorem 2.4.4. With polar coordinates (r,y) = (|z, |i|) € (0,00) x p on
G, where p is the sphere as in (1.12), we have u(x) = u(ry) € C§°(B(0, R)). In
addition, let us set

Q-1

Q

)= (1os )7 utra), vew

5= s(r) = <log f) o

Since u € C§°(B(0, R)) we have v(0) = 0 and v has a compact support. Moreover,
it is straightforward that

where

;ru(ry) . (Qé 1) <log ‘f)é “(jy) + (log f) “ ;Sv(sy)s’(r).

A direct calculation using the polar decomposition in Proposition 1.2.10 gives

Q Q
—1
S = / |Ru|® da — (Q > / ful odx
B(0,R) Q B(0.R) |7|Q (log |R|>

:/</OR gru(ry)’QrQ1—<Ql>Q “(Ty)Qer> dy

Q /o (iog ™)
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_ /P/OR ( (QQ 1> (rlog f)é o(sy) + <rlog f) “ gsv(sy)s'(r) ’

(% 1)‘? oy,

rlog .
Now by applying relation (ii) from Lemma 2.4.2 with the choice

1 Q-1
_ Q-1 R\ < B R\ © 0 ,
a= 0 rlog . v(sy) and b= {rlog . asv(sy)s (r),

and by using the properties that v(0) = 0 and lim v(ry) = 0, we obtain

r—00

s [ [1(=(%")" meni®eton L owsr
2| 60 (rlogR)Q_l)drdy
[ (-e(9 N e 2w )

0 @ 1 R\
+C v(sy)’ (r log > )drdy
Os rQ (log R)2Q r

r

-/ [~ (") mewetuon e

+C

+C 0 ( )’Q ! " ))d d
v(sy 4 S\r ray
05 (1og )

// ( ( 1>Q_1 v(sy)|97? (Sy)aasv(s)
vel?

) (y)’ 59 1>dsdy

= C’/ IRv|€ d,
G

that is,
s> C/ IRv| da. (2.100)
G

According to Remark 2.2.9 for v € C§°(G\{0}) with p = @ and (2.100), it
follows that

v Q Q
Sch/H) ("”"dc// y” dsdy
G |$|Q|10g| |‘Q 5|10g
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_ Q
_ Q-1 _
(108 %)~ u(ry) —T%lume-%y)]
=C // drdy
"Jo Jo r(log ®)[log(T log 7)|@
Q-1 @
— T3 u(Re~+y)(log 1) |
—C’ drdy.
/ / r(log 7)@|log(T log 7)| Y

Thus, we arrive at

Q-1 1 59
u(lz) =T @ u (Re’T |i|> (log II;I> ‘
5=2G B(O,R r |9 rR\|¢
(0.F) |z|@ ’10g ia| ’ ’10g (Tlog |z|>’
for all T' > 0. This completes the proof of Theorem 2.4.4. O

Open Access. This chapter is licensed under the terms of the Creative Commons At-
tribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/),
which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons license and indicate if changes were made.

The images or other third party material in this chapter are included in the chap-
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