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Abstract. We prove a range of critical Hardy inequalities and uncertainty type principles on
one of most general subclasses of nilpotent Lie groups, namely the class of homogeneous groups.
Moreover, we establish a new type of critical Hardy inequality and prove Hardy—Sobolev type
inequalities. Most of the obtained estimates are new already for the case of R™. For example, for
any f € C§°(R™\{0}) we obtain the range of critical Hardy inequalities of the form

— 1
sup fgifRR _L —a—V/f , 1 <p<oo,
R>0 |I|P10gm LR p—1|z|» Lr(R")
where fr = f(Rﬁ), with sharp constant ﬁ, recovering the known cases of p = n and p = 2.
Moreover, we also show a new type of a critical Hardy inequality of the form
f
. < n|[(loglz))Vfll L mn)
|:C| Ln(Rn)

for all f € C5°(R™\{0}), where the constant n is sharp.

1. Introduction

In a very short note [Har20] related to the convergence of different series related
to an inequality by Hilbert, Hardy proved an inequality (in one variable) now bearing
his name, which in the multidimensional case of R"™ can be formulated as

flx 2
(L) s Y 7 IR

||

L2(R")

where V is the standard gradient in R, f € Cg°(R™\{0}), and the constant —%5 is
known to be sharp. Nowadays this inequality plays an important role in many areas
such as the spectral theory, geometric estimates, the theory of partial differential
equations, associated to the Laplacian, see e.g. [Dav99], [BEL15| and [RS19] for
reviews of the subject. In the modern analysis of the p-Laplacian and for many other

problems, the LP-version of (1.1) takes the form

(12) ‘ f(z)

|z]

p
< _ ||vf||Lp(Rn) , N > 2, 1< p<n,
Lr(Rn) NP

again with the sharp constant nLip.
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We note historically, that for sequences (1.2) was first given as an analogue of
Hardy’s original version of (1.1) in an immediate response by Marcel Riesz to Hardy’s
demonstration of his inequality to Riesz, see [Har20| for an account of this.

In the critical case p = n the inequality (1.2) fails for any constant. In bounded
domains, however, the inequality

/()
2](1+ log 1)

n
<
—n—1

L"(B)

(13) 197 iy, 722,

is valid, with sharp constant —-, see Edmunds and Triebel [ET99], where such
inequality was also shown to be equivalent to the critical case of the Sobolev—Lorentz
inequality. However, (1.3) is not invariant under scalings in the same way as (1.1)
and (1.2) are, and in Ioku, Ishiwata and Ozawa [IIO16] a global scaling invariant

version of (1.3) was established:

f—Ir

2| log 7}

(1.4) sup |y

R>0

Vf , n>2,

Ln(Rn)

“n—1]||x|

Ln(Rn)
again with sharp constant "=, fr = f (R‘—z‘) We refer also to [II15] for the discussion
of (1.3) and (1.4) in bounded domains. In the case of R", we extend this inequality
to the whole range of critical Hardy inequalities of the form

- 1
(1.5) sup % < Ll j% -V f
R>0 |[L’ p Ogm LP(R™) p |$ P LP(R™)
P 1
S—l ——V/f ., 1<p< oo,

with the sharp constant. In addition, among other things, compared to (1.3), we
show another type of critical Hardy inequality, namely,

f

m < n |[log |$\Vf||L"(R") )

Ln(Rn)

for all f € C5°(R™\{0}), where the constant is sharp.
In the case of homogeneous Carnot groups inequalities of this type have been
also intensively investigated. In this case inequality (1.1) takes the form

2
< —9 ||va||L2(G)> Q237

(1.6) H% e @

where @ is the homogeneous dimension of the homogeneous Carnot group G, Vy is
the horizontal gradient, and d(x) is the so-called £-gauge (a particular quasi-norm)
obtained from the fundamental solution of the sub-Laplacian: d(z) is such that
d(z)?79 is a constant multiple of Folland’s [Fol75| fundamental solution of £. Thus,
in the case of the Heisenberg group (1.6) was proved by Garofalo and Lanconelli
|GL9I0|, and its extension to p # 2 was obtained by Niu, Zhang and Wang [NZWO01],
see also [AS06]. On general homogeneous Carnot groups weighted versions of (1.6) are
also known, see Goldstein and Kombe [GKO08]|, and its further refinements including
boundary terms over arbitrary domains were obtained by the authors in [RS17].
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The LP-versions of (1.6) analogous to (1.2) in the form

< P

(1) H% @ @-p

IVufllppg, @23, 1<p<@,

are also known: on groups of Heisenberg type [DGP11], on polarisable groups [GKO0§],
see also [D’A05], and [CCR15].

In this paper we establish the global version of the critical Hardy inequality (1.3)—
(1.4) on general homogeneous groups. Homogeneous groups are Lie groups equipped
with a family of dilations compatible with the group law. The abelian group (R"; +),
the Heisenberg group, homogeneous Carnot groups, stratified Lie groups, graded Lie
groups are all special cases of the homogeneous groups. Homogeneous groups have
proved to be a natural setting to generalise many questions of the Euclidean analysis.
Indeed, having both the group and dilation structures allows one to introduce many
notions coming from the Euclidean analysis. We note that homogeneous groups are
nilpotent, and the class of homogeneous groups gives almost the class of all nilpotent
Lie groups but is not equal to it; an example of a nine-dimensional nilpotent Lie group
that does not allow for any family of dilations was constructed by Dyer [Dye70]. Thus,
our methods of proofs are not specific to R™ and so it is convenient to work in the
generality of homogeneous groups. However, already in the case of isotropic R" some
of our estimates are new while other results also provide new insights because of the
freedom of the choice of a quasi-norm | - | which does not have to be the Euclidean
norm.

Thus, in particular, we show that for a homogeneous group G of homogeneous
dimension () > 2 and any homogeneous quasi-norm | - | we have the inequality

Q

Q-1
LR(G)

f—rIr
1.8 —

R>0

IRfNl o)

for all f € C3°(G\{0}), where R := ﬁ is the radial derivative. Here we denote fp =
f(R%) for x € G and R > 0. The operator R appearing in (1.8) is homogeneous of
order —1 and can be interpreted at the radial operator on the homogeneous group
G.

In fact, we will show more than the inequality (1.8). Namely, we will show the

whole range of inequalities

(1.9) sup f-Ir < P 1 Rf
R>0 Flog B p—1 71 ’
20| || 7 log s 17(G) || LP(G)

for all 1 < p < oo, where R = ﬁ. For p = @ this is the same as (1.8). For p = 2,
in the abelian case G = R" the estimate (1.9) was shown by Machihara, Ozawa and
Wadade in [MOW16]. The abelian case of (1.9) in principle can be obtained from
IMOW15, Theorem 1.1], when | - | is the Euclidean norm.

Consequently, (1.9) implies critical versions of uncertainty principles on homoge-
neous groups that will be given in Corollary 4.3.

The inequalities (1.9) are all critical with respect to the weight in the left hand

Q
side, namely, all the weights |z| 7 in L? give |2|~? which is the critical order for the
integrability at zero and at infinity.
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The constant 25 in (1.9) is sharp but is in general unattainable (see [II15, II016]
for the Euclidean case). In fact, the proof of Theorem 3.1 yields also the precise form
of the remainder, i.e. of the difference between two terms in (1.9).

One can readily see that the inequality (1.8) extends the critical Hardy inequality
(1.4). Indeed, in the case of G = R", we have ) = n and if |z| is the Euclidean
norm, (1.8) reduces to (1.4). Our proof of (1.9) is based on the Euclidean ideas [II016]
and [MOW15| combined with further analysis on homogeneous groups developed by
Folland and Stein [FS82|, and later in [FR16| as well as [RS19].

Since we are dealing with general homogeneous groups there may be no grada-
tion nor stratification available in its Lie algebra—therefore, the appearance of the
operator R in (1.8) or (1.9) is rather natural. Moreover, we note that we do not have
to rely on a particular gauge d(z) as in (1.6) and (1.7), but can use any homogeneous
quasi-norm |z| in (1.8) and (1.9). In fact, also in the stratified case, one does not
always need to work with the gauge (a particular norm) coming from the fundamen-
tal solution, and we refer to [RS17¢| for critical Hardy and other inequalities in the
horizontal setting of stratified groups.

We also note that (1.8) is the critical case of LP-Hardy inequalities on homoge-
neous groups that were established in [RS17al, taking the form

f

|z]

P

(1.10) <
LP(G) Q—p

IRfl oy, 1<p<Q.

This inequality can be regarded as an extension of (1.2) and (1.7) to the setting
of homogeneous groups, we refer to [RS17a| for explanations (see also [RS17b]). From
this point of view the inequality (1.8) is the critical case of (1.10) with p = @ in the
same way as (1.4) is the critical case of (1.2) with p = n.

Thus, the main aim of this paper is to obtain a critical Hardy inequality on ho-
mogeneous groups generalising the known critical Hardy inequality of the Euclidean
case as well as critical Hardy inequalities that would be already new also on R".
Moreover, such inequalities will also imply the corresponding versions of critical un-
certainty principles on homogeneous groups.

Furthermore, we establish a new type of critical Hardy inequality on general
homogeneous groups, and also give improved versions of the inequality (1.2) for p = 2
on quasi-balls of homogeneous (Lie) groups. This also generalises many previously
known results on subclasses of nilpotent Lie groups. Such inequalities are also called
Hardy—Sobolev type inequalities.

In fact, the Euclidean case of our homogeneous group results says that for each
f e Ce(B(0, R)\{0}), B(0,R) = {z € R", |z| < R}, we have

(1.11) / EAC] / [ log |||V £|" d,
B(0,R) B(0,R)

[

with the optimal constant, which can serve as a new critical version of the Hardy
inequality (1.2), while it is also generalised to arbitrary quasi-balls of homogeneous
(Lie) groups.

In Section 2 we very briefly review the main concepts of homogeneous groups and
fix the notation. In Section 3 we prove critical Hardy inequalities and uncertainty
type principles. In Section 4 a new critical Hardy inequality is given. In Section 5
we discuss a class of improved Hardy—Sobolev type inequalities on quasi-balls of
homogeneous (Lie) groups.
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2. Preliminaries

Following Folland and Stein [F'S82| we briefly recall the main notions concerning
homogeneous groups. We adopt the notation from [FR16] and refer to it for further
details.

A family of dilations of a Lie algebra g is a family of linear mappings of the form

o0

L (ln(n)A)

Dy = Exp(Aln)) = o
k=0

where A is a diagonalisable linear operator on g with positive eigenvalues, and each
D, is a morphism of the Lie algebra g, that is, a linear mapping from g to itself
which respects the Lie bracket:

VX,Y €g, A >0, [D\X,D,Y] = D,[X,Y].

Definition 2.1. A homogeneous group is a connected simply connected Lie
group whose Lie algebra is equipped with dilations.

Homogeneous groups are nilpotent, the exponential mapping is a global diffeo-
morphism from g to G, thus leading to the dilations on G which we continue to
denote by Dyx or simply by Ax.

If z denotes a point in G the Haar measure is denoted by dz. The Haar measure
of a measurable subset S of G is denoted by |S|. One easily checks that

(2.1) |DA(S)| = A9|S| and /Gf()\x)dx:)\_Q/Gf(z)dx,

where

Q= Tr A.
Let us denote by { X7, ..., X,,} a basis of the Lie algebra g of G, so A is a n-diagonal
matrix

(2.2) A = diag(vy, ..., ),

where v} is the homogeneous degree of Xj. The number @) is larger (or equal) than
the usual (topological) dimension of the group:

n=dimG < Q,

and may replace it for certain questions of analysis. For this reason the number @ is
called the homogeneous dimension of G.

Definition 2.2. A homogeneous quasi-norm is a continuous non-negative func-
tion
G oz x| €10,00),
satisfying
e (symmetric) |27t = |z| for all z € G,
e (1-homogeneous) |Az| = A|z| for all x € G and A\ > 0,
o (definite) |z| = 0 if and only if z = 0.

Every homogeneous group G admits a homogeneous quasi-norm that is smooth
away from the unit element but we do not need it here. The |-|-ball centred at z € G
with radius R > 0 can be defined by

B(z,R) :={y € G: |z 'y| < R}.
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We also use notation
B(z,R) :={y € G: |z7'y| > R}.

The following polar decomposition was established in [FS82] (see also [FR16, Sec-
tion 3.1.7]).

Proposition 2.3. Let G be a homogeneous group equipped with a homogeneous
quasi-norm | - |. Then there is a (unique) positive Borel measure ¢ on the unit sphere

(2.3) S ={zr e G: |z| =1},
such that for all f € L'(G), we have

(2.4) / f(z)dx = / / flry)r®tdo(y) dr.
el o Je
We now fix a basis {Xj, ..., X,,} of g such that
AXk = I/ka

for each k, so that A is given by (2.2). Denote by e(z) = (e1(z), ..., e,(x)) the vector
that is determined by

expg (z) = e(x) -V = Z e;(z)X;.

Then one has

r =expg (e1(2) X1 + ... +e,(2)X,),
re = expg (rer(z) Xy + ... +1r"e, () X,),

e(rx) = (rtey(x),...,r"e,(x)).
Thus, since r > 0 is arbitrary, without loss of generality taking |z| = 1, we obtain
(2.5) ﬁ (rz) = %f(expG (rey () Xy + ... +1"en(2)X,)).
Denoting by
d
2.6 R = —
(2.6) €

for all x € G this gives the equality

d
2.7 - =R
(27) T ) = R (e).
for each homogeneous quasi-norm |z| on a homogeneous group G. The formula (2.7)
plays a role of radial derivative on G and will be useful for our calculations. We note
that the operator

(2.8) Euler := |z|R

is homogeneous of order zero and can be thought of as the Euler operator on the
homogeneous group G characterising the homogeneity of functions: a continuously
differentiable function f is positively homogeneous of order pu, ie. f(rz) = r*f(z)
for all » > 0 and = # 0, if and only if Euler(f) = uf.
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3. Critical Hardy inequalities and uncertainty type principle

We now present a range of critical Hardy inequalities on the homogeneous group
G. In the isotropic (standard) Euclidean case of R" with the quasi-norm being
the Euclidean norm, the following result was obtained in [IIO16] for p = @ and in
[MOW16] for p = 2. Thus, already in such setting the following inequalities for the
whole range of 1 < p < 0o are new.

Theorem 3.1. Let G be a homogeneous group of homogeneous dimension () > 2
and a homogeneous quasi-norm denoted by |-|. Let f € C5°(G\{0}) and fr = f(R%)

|z]
for x € G and R > 0. Then the following generalised critical Hardy inequality is
valid:

1
(3.1) sup f I SL RS , 1< p< oo,
70 | [2] log e »
Izl [ Lr (@) LP(G)
where R is the radial operator on G with respect to the quasi-norm | - |, and where

the constant - is optimal.
p

It follows from the remainder formula obtained in the proof (i.e. the exact ex-
pression (3.3) for the difference between two sides of (3.1)) that the constant £ in
(3.1) is the best constant.

We note that for p = @ the estimate (3.1) becomes

f=Ff Q
‘.CL’“OgE S j HRfHLQ(G) ) Q Z 27
||

LR(G)

(3.2)

which gives the critical estimate (1.8). In the Euclidean isotropic case inequalities
(3.1) with the Euclidean norm imply (1.5).

Proof of Theorem 3.1. Introducing polar coordinates (r,y) = (|2, 3;) € (0, 00)x

S on G, where |z| is a homogeneous quasi-norm of z € G (see Definition 2.2) and
using Proposition 2.3 one calculates

$12) = falo) sy = -
/B(O,R) ||| 10g Tzl |p / / rQ log do(y) dr

:/di< oy 1og /|fry F(Ry)P doy >>dr

ke [ <1g = [ 156w = £ >—f<Ry>>dff;y)do—<y>)dr

- tome [0 <1Og = [ 150 - R >—f<Ry>>df§:y>da<y>) ar,

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

|f(ry) — f(Ry)| < C(R—r),
R—r R
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Using the formula (2.7) we arrive at

£(2) = Fa(@)]?
/B(o,m o[ @log Ep ™"

||

=t [ [ e 1t sy T )
P p [ @A) U@ ) 1 G
p—1 /Bam) ] log & ol log & |z|7 7" dl]

Similarly, one obtains

|f () - [f(ry) = F(RY)I” o §
/;%QR> Ixﬁﬂlog‘\P // t/ﬁ rQ log%% redoly)d
:_Alﬁ<—1 %py/VW @HMU>W

b lore [ ( ot L0~ R0 2(f(ry)—f(Ry))df(ry)da(y)>d?“
og )

:—LRe/ f(x) — fr(z ) (f(x>_fR($)) 1 Wd
Be(0,R) R

Z.
Pl 2l log & | falFlog & fofnt dle

[a]

It follows that

@) = fa)

& [o°[log Zr

p—2
(f(x) = fr(x)) 1 df(z)
a]7 log & |27 dl2l

p
p p
~ (525 Wlty = [ Tu—L0)

p—1

p
-——R
p—le

f(@) = Inle)
2/ log &

2

P dx,

p—1

v+ u

where
A0 fele) 1 )
\:C|?log‘—f‘ \x|__1 d|z|

and [ is defined by

1 1 _ . _ 1 1
10.9) = (Slgb+ AP =12 Relig) ) [ =gl 220, [, T+1 -1
p p p
p—1
I(g,9) = —5—lgl"™*
That is,
P 2
33)  ulle = (=) JvI” —p/ I(u,——2—v) v+l da.
e = \p-1 @l p=1"p—1
This proves the inequality (3.1) since the last term is non-positive O

Note that in the Euclidean case the equality (3.3) was proved in [IIO17].
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Theorem 3.1 implies the following uncertainly type principles:

Corollary 3.2. (Uncertainly type principle on G) Let 1 < p < oo and f €
C°(G\{0}). Then for any R > 0 and % + % = 1 with ¢ > 1, we have

1 p—11f(f—fr)
(3.4) g Rf 1/l Le(@) = » R
v L7(G) [P log g1 | 2
and also
2
(3.5) }2 1 fQ— fRR Zp—l fQ_l fRR
b 7 Jog& p 2logr
|| Lr(G) || logm (@) || 2 0814 (@)
1,1
fOI" ;; + 17 = 1.

Proof of Corollary 4.3. By using the critical Hardy inequality in Theorem 3.1
we have

1 p—1| f—/r
o RS 1l o) = 5 a— 11 Lo
|| LP(G) \xlplogm 10(G)
12
2% 2p 12
J— _ 2q
_pr-1 / fetr L / 1£[23 da
P G ||z Flog R G
|z log
2 2
p—1 f(f = fr) _p= 11 f(f = fr)
2 UelniBoer | @) = T
P \Je |lalFlog Pl oef | Lo,

where we have used the Holder inequality in the last line. This shows (4.5). The
proof of (3.5) is similar. O

4. Another type of critical Hardy inequality

In this section we prove another type of a critical Hardy inequality. This estimate,
or rather its corollary (4.3), is analogous to the critical Hardy inequality (1.3) of
Edmunds and Triebel, however, a new feature here is that the logarithmic term
enters the right hand side. As such, this result is new also on R"™, however, our
techniques allow us to establish it also in the setting of homogeneous groups with
arbitrary quasi-norms.

Theorem 4.1. Let G be a homogeneous group of homogeneous dimension Q).
Then for all complex-valued functions f € C5°(B(0, R)\{0}), and any homogeneous
quasi-norm | - | on G we have

(@)@ o 0
4. d 1 R d
(4.1) / o s / o 1Bl R @)

where the constant Q© is optimal. Here B(0, R) is the quasi-ball with respect to the
quasi-norm | - |.
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Remark 4.2. In the abelian case G = (R", +) we have ) = n, so for any quasi-

norm |- | on R" (4.1) implies a new inequality with the optimal constant: For each
f e Ce(B(0, R)\{0}), we have
(4.2 L < 1 (logel) - 0§

[ 0.y =] L™ (B(0.R))

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

|z| = /2?2 + ...+ 22, since R is arbitrary this implies the Euclidean version of the
critical Hardy inequality for G = R" with the optimal constant:
f
(4.3) T2l < n|[log [z[V f[l p(rony -
Ln(Rn)

for all f € C5°(R™\{0}). Here V is the standard gradient in R".

Thus, even in the abelian case of R™, for example, the inequality (4.2) also
provides new insights in view of the arbitrariness of the choice of the not necessarily
Euclidean norm.

Proof of Theorem 4.1. A direct calculation with integrating by parts gives

NC 2012 g g
/B oo = / / £, () do(y) d

! -
——p [ ogrte [ 1760127000 L doty)

RS (@) f(2) [P~ (RS ()] log |=||[ | f ()"~
< p/ zjo- |log |x|| dz =p o] o d-
B(0,R) =T| B(0,R) |g:| P |g;| P

By using Holder’s inequality, it follows that

p P[] p v p n
[V gy ([ R (] )T
BO.R) 7] B(0,R) |z|@P BO.R) 7]

which gives (4.1).
Now we show the optimality of the constant, so we need to check the equality
condition in above Holder’s inequality. Let us consider the function

h(z) = log |z|.

3

Then a straightforward calculation shows that

(4.4) <|Rh(|$)‘gl_01g|x\\) _ (%) = |

which satisfies the equality condition in Holder’s inequality. This gives the optimality
of the constant Q% in (4.1). O

Corollary 4.3. (Critical uncertainty principle on a quasi-ball B(0,R) C G)
Let G be a homogeneous group of homogeneous dimension () > 2. Then for each
f e Ce(B(0,R)\{0}) and an arbitrary homogeneous quasi-norm | - | on G we have

1 Q-1
Q Q
(45) (/ |(log|x|)Rf|de) ( [ el dx) .
B(O,R) B(O,R) Q JBo,r)
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Proof. From the inequality (4.1) we get

1 Q-1

Q Q. Q. Q
(/ |<log|x|>nf|%x) (/ |x|@1|f|@1da:)
B(0,R) B(0,R)

1

Q-1
1 Q Q Q. 1

z—(/ %dw) (/ \x%m%dx) > — I da,
Q B(0,R) |z] B(0,R) Q B(0,R)

where we have used the Holder inequality in the last line. This shows (4.5). O

5. A class of Hardy—Sobolev type inequalities on quasi-balls

This section follows the Euclidean ideas from [MOW13] which can be modified
to suit our setting. In the following inequalities having arbitrary quasi-norms seems
interesting.

Theorem 5.1. Let G be a homogeneous group of homogeneous dimension () >
3. Then for each f € C§°(B(0, R)\{0}) and any homogenecous quasi-norm |- | on G

we have
60 ([l (O ) <555 ([, mree)
and
52 ([ Ll ab:)é < (%)é =/ ET daz)é

ot (%) ), mre)

where B(0, R) is a quasi-ball with respect to the quasi-norm | - |.

In the case () = 2 we have the following inequalities

Theorem 5.2. Let G be a homogeneous group of homogeneous dimension () =
2. Then for each f € C§°(B(0, R)\{0}) and any homogencous quasi-norm |- | on G
we have

1
2

: .
| <o ( / |Rf|2dx) |
B(0,R)

fw)— f (‘”{(”J))

|z]

1
o) |
BO.R) |z]2 ’log‘—f‘

and

N

2 :
5o | [ IOL | <2([ )
BOR) |10 (1 N ‘log |?R|‘ ) B(0,R)
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Proof of Theorem 5.1 Introducing polar coordinates (r,y) = (|2, 13;) € (0, 00)x
S on G, where & is the quasi-sphere in (2.3), and using the formula (2.4) one

calculates
fw) - f<5R( ))‘ s

/OR B E
/ [ 1) = FEr) e doty) dn

/ 76, w() do(y >
—Q—/ ( /|f Pdoty))
=gty [ reRe [ - f<aR<y>>>df TCLD 1) i

Now using Schwarz’s inequality, we obtain

/B(O’R) # f(@)—f (&TT(T)) ‘2 da

" :
[ [ 10600 = Fonta e dote ar

Q
(/ / o A Q‘ldo—<y>dr>2
55 (e ()

|z
This implies that
o) — 53(517)) ’
) -7 (2

2 3 i
dx) (/ |Rf|2dx) :
B(0,R)
.- |
B(0,R) |z]?

2 9 %
dr] <2 </ |Rf\2dx) |
) Q@ —2 \po,r)
that is, the inequality (5.1) is proved.

To prove (5.2) let us recall the triangle inequality in the form

N de)l
(s
< (i ()
’ </B<O,R) el (51\%:5?))‘“)
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On the other hand, we obtain

(/ T (% ) ) </ L rospre dowya )
(RQ2/|f5R )2 do(y) ) (SQ;?Q/ /WR D@ do(y) d )
(%) % (Lo () o)
<—> ((/m (59) o
( ol (H) — 7
+(@-z)zﬁ(/3(m'f'2dx)é’

that is,
(b () < (6%) (el () 10

9 %l 'y 3
o) 3 )

Combining (5.6) with (5.5) we arrive at

(L ‘2d“”“)1 (1 ¥ (&ﬁ </B<O,R> o

1

2
dm)
Q \71 , )%
o &) )

Now using (5.1) we obtain (5.2). O

2 3 z
dm) + (/ |f\2dx) )
B(0,R)
2 3
dx)

2 3
dx)

[NIES

) -1 ()

||

Proof of Theorem 5.2. Introducing polar coordinates (r,y) = (|2, 73;) € (0,00)x
S on G, where & is the quasi-sphere in (2.3), and using the formula (2.4) one

calculates
1 L (Sr@\ [
/Bm,m e e P ( 2] )
R ) 1
- / / £ () — F(6r())] mda@) dr

G /|f #() P doy)

_/0 log R/r (dr/ |£(0r f(5R(y))|2dU(y)) dr

dx
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R 1 :
=2 [ e [ 06 w) — £ TG doty)ar.
Here we have used the fact

log(R/r) = log <1+ (?—1)) 2?—1: Ror
1£(0:()) = fOr(y)? < CIR —r[”

Using Schwarz’s inequality we obtain

—f

i) -

F(5nly)) do(y) d )

/B(OR |[?| log( R/\56|

(
([ [ logR/ "=
(e )

:2</0R srrsgrane [~ |3§|))

This proves (5.3). To prove (5.4) we notice

69 (o TR ) 1
) -1 () 2d°””> |

" </B<O,R> o2 (1 +\1ig<R/\x|>|>2 ‘f (&Ti )) dx) -
On the other hand, we have
(/Bm |x|2<1+|1ig<3/|x|>|> () 2d$>2
(// H“ A ) () )

< 1+|1ogR/ /‘f Cr)I doly )
(1+10g (R/7) /'f () doly )
( | Grw) do(y) ) ( / [ )P ity )

> </ |’Rf\2dm>2.
B(0,R)

1
<

- (/B(O,R) ]2 (1 + |log(R/|z])])”
|
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() )

/ (5R(9’)) ~ @)

|z]

&) (.,
2((L.

1
</;(O,R) ]2 (1 + |log(R/|[)])”

V2 (f . |f(x)|2dx)%,

where we have used the fact
1 1

7 = 201 1 log(R/))?

1 (59)] )
V2 (/B(om O Tes SR

+ g (/B(O’R) |f(:)3)|2dx)% :

Combining (5.9) with (5.8) we arrive at

1 3
. )2 dx
(510 </B<0,R> P @ og/p ) )

1
< (14+v2) (/B(O’R) 2|2 (1 + | log(R/|z])])*

+ g </B(0,R) |f(x)|2dx)%.

Finally, using (5.3) we obtain (5.4). O

1

2 3 1
2

d:);) + </B(O,R) |f(x)] da:)

2\ 3

dx)

IN

IA
S

r e (0,R).

That is

1
5.9
(5.9) (/B(O,R) |22 (1 + |log(R/|z]))?

N

2
dx)
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