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Abstract

We prove a new inequality which improves on the classical Hardy inequality in the sense that a non-
linear integral quantity with super-quadratic growth, which is computed with respect to an inverse square
weight, is controlled by the energy. This inequality differs from standard logarithmic Sobolev inequalities
in the sense that the measure is neither Lebesgue’s measure nor a probability measure. All terms are scale
invariant. After an Emden—Fowler transformation, the inequality can be rewritten as an optimal inequality
of logarithmic Sobolev type on the cylinder. Explicit expressions of the sharp constant, as well as minimiz-
ers, are established in the radial case. However, when no symmetry is imposed, the sharp constants are not
achieved by radial functions, in some range of the parameters.
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1. Introduction and main results

The classical Hardy inequality in R?, d > 3, states that for any smooth, compactly supported
function u € D(RY), the following inequality holds:

|u|?

4
—dx < ———— | |Vul*dx. 1
2 (d—2)2/' ul"dx ()
R4 R4

The constant 4/(d — 2)? is the best possible one. Many studies have been devoted to extensions
and improvements of Hardy’s inequality in bounded domains containing zero. In this direction,
the first result is due to Brezis and Vazquez; see [24]. In [56], nonlinear improvements have
been established, whereas in [42,2] linear and Sobolev type improvements are given. In [3], the
best constant in the correction term of Sobolev type is computed. We also refer to [30] for im-
provements involving nonstandard correction terms. A recent trend seems to be oriented towards
weights involving a distance to a manifold rather than a distance to a point singularity; see for
instance [11,32,5,54]. In particular, when taking distance to the boundary, the dependence of the
correction term on the geometry of the domain has been established in [46,39,10]. In the special
case of the half-space in three space dimensions, the best constant of the Sobolev term in the
improvement of Hardy’s inequality has been found in [18] and it turns out to be the best Sobolev
constant.

On the other hand a subject of particular interest has been the analysis of the link between
Hardy’s inequality (1) and Sobolev’s inequality. A family of inequalities that interpolate between
Hardy and Sobolev inequalities is given by the Hardy—Sobolev inequality,

Jul? ,
—__ax) <cus(p) [ |VulPdx )
|x|4=7"P

R4 R4

forany u € D(RY), where 2 < p < 2d/(d —2),d > 3, for a certain Cys(p) > 0. Extremals for (2)
are radially symmetric and the best constant Cyxs(p) can be explicitly computed: see [44,49,29,
47,28,35]. We shall recover the expression of Cys(p) at the end of Section 3.1. Extensions and
improvements of the Hardy—Sobolev inequalities, and more generally of the Caffarelli-Kohn—
Nirenberg inequalities established in [26], have been the object of many papers. We refer the
reader for instance to [11,59,1,5,54,3] for various contributions to this topic.

The purpose of this paper is to investigate the connection between (1) and another classical
Sobolev type inequality: the optimal logarithmic Sobolev inequality in R established in [45]
which, expressed in a scale invariant form due to Weissler in [60], reads as

d 2
/|u|2log|u|2dx<Elog(%/wuﬁdx) 3)

R4 R4

for any u € H'(R?) such that ]Rd u*dx = 1. We point out a parallel between these inequalities:
just like (1) is an endpoint of the family (2), that connects with Sobolev’s inequality, inequality
(3) can be viewed as an endpoint of a family of optimal Gagliardo—Nirenberg inequalities that
also connects to Sobolev’s inequality; see [33,34] for more details.
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We emphasize that Hardy’s inequality (1) in R? cannot be improved in the usual sense, that
is, there are no nontrivial potential V > 0 and no exponent g > 0 such that, for any function u,

2/q 4 ) |u|2
R4 R4

R4

for some positive constant C, as one can easily see by testing the above inequality with u¢(x) =
|x|_¥+€, [x] <1, and ue(x) = |x|_%_f, |x| > 1, and sending € to zero.

Instead of improving on the potential, we study here the possibility of improving on the control
of u. The weight is fixed to be 1/|x|? and we try to get a control on |u|2log |u|? instead of a
control on |u|? only, as can sometimes be done for inequalities which appear as endpoints of
a family, like (3). As a result, we obtain inequalities of logarithmic Sobolev type, with weight
1/|x|? in the term involving the logarithm. Such an inequality is somewhat unusual, because
in most of the cases, logarithmic Sobolev inequalities involve bounded positive measures. The
euclidean case with Lebesgue’s measure is an exception and can actually be reinterpreted in terms
of the gaussian measure, see for instance [27,15] for some recent contributions in this direction.
In the case of bounded measures, there is a huge literature: one can refer to [51,22,13] for a few
key contributions.

The logarithmic Sobolev and Hardy inequalities play an important role in a number of in-
stances. The first one is a very natural tool for obtaining intermediate asymptotics for the heat
equation, see [12,55,8,7,37,14] with natural extensions to nonlinear diffusions (see for instance
[21,23] and references therein). These inequalities are also useful in obtaining heat kernel es-
timates (see for instance [45,31]). A related logarithmic Sobolev inequality recently appeared
in [40,41], where it was used for obtaining upper bounds for the heat kernel of a degenerate
equation.

We shall denote by DL2(RY) the completion of D(R?) under the L%(R?) norm of the gradient

of u. Let
L [r@)i_, (2
_nd(d—Z)[F(%)] - HS(d—2>

be the optimal constant in Sobolev’s inequality, according to [9,53]. Our first result states the
validity of the following logarithmic Hardy inequality.

Theorem A. Let d > 3. There exists a constant CLy € (0, S] such that, for all u € DL2(RY)Y with

4 g =1, we h
fRdW x =1, we have

ul? d
%log(|x|d_2|u|2) dx < E1og[cLH/ |Vu|2dx]. 4)
R4 R4

Inequality (4) can be viewed as an infinitesimal form of the Hardy—Sobolev inequality at
p = 2: we observe that its left hand side is nothing but the derivative in p at p = 2 of the left hand
side of (2), up to a factor 2. Compared to an entropy term with respect to the measure |x| =2 dx,
there is however a log(|x|?) term. Such a term is easily explained by scaling considerations
and compensates for the presence of a super-quadratic nonlinearity |u|?log |u|?. The quantities
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involved in (4) give a precise account of the fact that, to exert control by the Dirichlet integral of
a power of u larger than two, the singularity has to be at the same time milder.

It is natural to search for the optimal constant and extremals for inequality (4). Our second
result answers this question in the class of radially symmetric functions, depending only on |x]|,
xeR9.

Theorem B. Let d > 3. If u = u(|x|) € DV2(R?) is radially symmetric, and fRd % dx =1, then
Jul? d-2y, 12 d * 2
B log(Ix]“ 7 [ul”) dx < 2log Ciy | |Vul*dx|,
Rd R4

where

- ._i[F(%’>13[ d-1 }
M d L greyt L@ —22]

Equality in the above inequality is achieved by the function

i . - (d —2)? 2
fRd :”E where ii(x) = |x|” o exp( = )[loglxl] )

Ford > 2 and a < (d — 2)/2, by starting from a more general weighted Hardy inequality,

u> 4 / |Vul? )
X< X,
|x|2(a+1) (d—2—2a)2 |x|2“
R4 Rd

we prove the validity of a whole class of weighted logarithmic Hardy inequalities. If we denote
by Dtll’z(Rd) the completion with respect to the norm defined by the right hand side of (5) of
D[R4 \ {0}) if d > 2 and of {u € D(R): u’(0) =0} if d = 1, our result reads as follows:

Theorem A’. Let d > 1. Suppose that a < (d — 2)/2, y > d/4 and v > 1/2 if d = 2.
Then there exists a positive constant CgLy such that, for any u € Dl (RY) normalized by

Jra \x|2<“+1> =1, we have

i log(|x|97*7%|u|?) dx < 2y log| C Mdx (6)
| |2(a+1) g X 4y 10g| LGLH |x|2a .
Rd

On the other hand, in the radial case, we have a more general family of sharp inequalities:
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Theorem B'. Lerd > 1, a < (d —2)/2and y > 1/4. Ifu = u(|x]) € D (Rd) is radially sym-
metric, and [ga HZL(—J,H) dx =1, then

Ju|? d—2-2a, |2 |V ”|2
mlog(pﬂ |ul*) dx <2y log cGLH e dx |, (7)
Rd
where
1 4y—1
o 1 [F(4)]> 4y —1 e . Lo
o=
L= gt \(d—2—2a)? e
(rée 1
Coun=n-ir I7=7 ®)

Ify > %, equality in (7) is achieved by the function

i 22 d —2—2a)*
u2 whereﬁ(x):|x|_d 52 exp —M[logpd]2 .
fRd Iu\z 44y — 1)

x|

Theorems A and B are special cases of Theorems A’ and B’ corresponding toa =0, y =d /4,
d > 3. The family of inequalities of Theorem B’ implies on the one hand the logarithmic Sobolev
inequality, and on the other hand the Hardy inequality, with optimal constants, as we shall see in
Section 4. In dimension d = 1, radial symmetry simply means that functions are even.

We notice that inequalities (6) and (7) are both homogeneous and scale invariant. Actually,
all integrals are individually scale invariant, in the sense that their values are unchanged if we
replace u(x) by u;(x) = A(@=2-2a)/2; (3 x). This is of course consistent with the fact that the
inequalities behave well under the Emden—Fowler transformation

u(@) = x|~ T w(y)  with y = (s, ) := <—10g|x| ﬁ) eC:=R x ! )
X

and have an equivalent formulation on the cylinder C, which goes as follows.

Theorem A”. Letd > 1,a < (d—2)/2,y >d/4and y > 1/2 ifd = 2. Then, for any w € H'(C)
normalized by [, w*dy =1, we have

1
/ wllog [wl dy < 2y 10g<CGLH[ / Vuldy+ 1@ —2- 2a>2D. (10)
C C

The optimal constant CgLy is the same in Theorems A’ and A”. Similarly, the case of radial
functions depending only on |x| corresponds to the case of functions depending only on s =
—log |x].
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Theorem B”. Let d > 1, a < (d —2)/2 and y > 1/4. If w € H'(C) depends only on s € R and
is normalized by fc w?dy =1, then

2 2 * 2 1 2
w*loglwl®dy <2y log(Couu| [ IVwiPdy+ (@ —2-2a) ). (11)
C C

The value of the optimal constant C§; 1y is given by (8). If y > %, equality in (11) is achieved by
the function

= 2
w(s) = ——=— where w(s) = exp(—wsz).
w=dy 44y — 1)

If d =1, C is equal to R. For any d > 1, one may suspect that the optimal constant for (6)
(resp. (10)) is achieved in the class of radially symmetric functions (resp. functions depending
only on s € R) and therefore CoLy = C§; jy- Using the method developed in [28,38,36], it turns
out that there is a range of the parameters a and y for which this is not the case.

Theorem C. Let d > 2 and a < —1/2. Assume that y > 1/2 if d = 2. If, in addition,

1 (d—2a-2)*

<
Y<it 4u-y

9

Y

then the optimal constant CgLy in inequality (6) is not achieved by a radial function and CgLy >
CkLipy
GLH

This paper is organized as follows. In Section 2, we derive Theorems A, A" and A” as a
consequence of a Caffarelli-Kohn—Nirenberg interpolation inequality. In Section 3, we present
a complete study of the radial case and in particular we prove Theorems B, B’ and B”. This
study is based on a sharp one-dimensional interpolation inequality. In Section 4, we show that
Theorem B’ implies both the logarithmic Sobolev inequality (3) and the Hardy inequality (1). In
the final section, we study the symmetry breaking of the interpolation inequalities as well as of
the logarithmic Hardy inequality, thus establishing Theorem C.

2. Interpolation inequalities. Proof of Theorems A, A’ and A”

In this section, we will give the proofs of Theorems A, A" and A” with the help of a general
inequality of Caffarelli-Kohn—Nirenberg type and a differentiation procedure with respect to
some of the parameters of the inequality. Our starting point is the following inequality, which
has been established in [26]:

2
ul?  \7 |Vul|?
( B dx> gcCKN(p,a)/ Pz dx YueD(RY). (12)

R4 R4
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Restrictions on the exponents are given by the conditions: b € (a +1/2,a+ 1] incase d =1,
be(a,a+1]whend =2 and b € [a, a + 1] when d > 3. In addition, for any d > 1, we assume
that

d-2 2d

a<—— and p=——"-—"—".
d—242(b—a)

5 (13)

See for instance [28] for a review of various known results like existence of optimal functions.
In the limit case b =a + 1, p =2, (12) is equivalent to (5) and the optimal constant is then
Cckn(2,a) =4/(d — 2 — 2a)?.

The range a > (d —2)/2 can also be covered with functions in the space D(R? \ {0}). Inequal-
ities are not restricted to spaces of smooth functions and can be extended to the space D, ,(R?)
obtained by completion of D(R? \ {0}) with respect to the norm defined by

Nl = 1~ 3 gy + 1617 Ve[ G2

but some care is required. For instance, if a > (d — 2)/2, it turns out that, for any u € Da,h(Rd),

lim r7d||u||L2(B(O’r)) =0.
r—04
See [36] for more details.

A key issue for (12) is to determine whether equality is achieved among radial solutions when
Cckn is the optimal constant, or, alternatively, if symmetry breaking occurs. See [28,38,50,36,35]
for conditions for which the answer is known. Here are some cases for which radial symmetry
holds:

(i) The dimensionisd = 1.
(i1) If d > 3, we assume either @ > 0 or, for any p € (2,2*), a <0 and |a| is small enough, or
for any a <0, p — 2 > 0 is small enough.
(iii) If d =2, we assume either a < 0 with |a| small enough and |a|p < 2, or, for any a < O,
p — 2 > 0 is small enough.

In such cases, optimal functions are known and Cckn(p, @) is explicit (see Section 3.3). Alter-
natively, it is known that for d > 2, if

d d—2-"2a
b<l4+a——-|1- , 14
asr=iTa 2( \/(d—2—2a)2+4(d—1)> (1

minimizers are not radially symmetric. In such a case the explicit expression of Cckn is not
known. More details will be given in Section 5.
Let2*=occifd=10ord =2,2*=2d/(d —2) if d > 3 and define

d(p—2)'

H(p.d) = 2

We have a slightly more general family of interpolation inequalities than (12), which has also
been established in [26] and goes as follows.
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Theorem 1. (According to [26].) Let d > 1. For any 6 € [V (p,d), 1], there exists a positive
constant C(0, p, a) such that

2
ul? . \7 Vu?  \ Jul? = 12(rd
( T dx) <C@,p,a) / o dx G dx Vu € Dy7(RY). (15)
R R4 Rd

Inequality (15) coincides with (12) if 6 = 1. We will establish the expression of C(6, p, a)
when minimizers are radially symmetric and extend the symmetry breaking results of Felli and
Schneider to the case 8 < 1 in Sections 3 and 5 respectively. Before, we give an elementary proof
of (15), whose purpose is to give a bound on C(6, p, a) in terms of the best constant in (12),
and to justify the limiting case that is obtained by passing to the limit & — 04 and p — 24
simultaneously.

Proposition 2. Letb € (a+1/2,a+ 1]whend =1,b € (a,a+ 1] whend =2 and b € [a,a + 1]
when d > 3. In addition, for any d > 1, we assume that (13) holds. Then we have

() Let R:={ke(0,2): k<d—(d—-2)p/2ifd > 3}. Forany 6 € [V (p,d), 11N (1 —-2/p, 1],

we have
C(@ < inf|C —2(p_k) 1_% —2 2(%+9_1)
©.p.a)< Inf | Cern| == —a d—2—24 '

(i) Letd > 2. Suppose thata < (d —2)/2, y >d/4andy > 1/2 ifd =2. We have

4y
CoLH < CcknN ,a ).
2y — 1

Proof. If d > 3 and p = 2%, that is for b = a, then ¥ (p,d) =1 =0 and (15) is reduced to a
special case of (12). Assume that p <2*. Letu € DRY). For any k € (0, 2), we have:

k _
mww_/ Ju| Pt
|x|b[7 |x|1+a |x|bp7k(1+a)
R4 R4
2—k

_ Jul? : Mi=: B
X |x—|2(a+l) dx 72[71)—1((1-%—11) dx . (16)
|x| 2~k
R4

R4

We observe that (12) holds for some a, b and p if, due to the scaling invariance, these parameters
are related by the relation

11
b=a+1+d(———)=a+l—ﬂ@J)
p 2

For any k € (0, 2), we also have the relation B=A + 1 + d(% — %) if

_2p—h)

2 — k(1
A=a, pP— and BP:M.

2—k 2—k
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Hence, using (12), we have that

2—

p—k
|u|2ﬂ p—k —k |VM|2
(/ 2 bp—k(+a) dx < CeknN Zﬂ M dx a7
R4 |X| 2=k

R4

~

provided that 2 < 2(p — k)/(2 — k) <2* if d > 3, which is equivalent to k < d — (d —2)p/2
using the fact that k < 2. On the other hand, we may estimate the first integral in the right hand
side of (16) by (5) and get

|ue|? 4 IVul?  \'™ |ue|? .
/ Ix[2@+D) dx < d—2—2a2 ) |xpe dx / x[2@+D dx (18)
R4 R4

Rd

for any « € [0, 1]. Combining (16), (17) and (18) we get

2
P \7» vul? O\’ Jue|? =0
( NG dx <C@, p,a) MG dx 7|x|2(“+1) dx
R4 R4 R4

with 6 =1 — ak/p € [0 (p,d), 1] and this proves (15). Notice that for d > 3, the restriction
0 > v (p,d) comes from the condition k <d — (d —2)p/2. Ifd=2,0 > 9% (p,2)=1—-2/p
is due to the restriction k < 2. However, if 8 = ¥ (p, 2), inequality (15) still holds true. For this
case, we refer to [26]. If d = 1, one knows that the inequality (15) holds true under the condition
0 > 1 —2/p, but the inequality still holds under the weaker condition 6 > ¥ (p, 1) =1/2—1/p.
See Section 3.1 for further details in the one-dimensional case.

Let P € (2,2*]ifd >3, P > 2ifd =1 or2.Forany p € [2, P) we choose k = 2ﬂ € (0, 2],
which also satisfies k < d — (d —2)p/2 so that P = 2’2’_k < 2% ifd >3 and k < 2. We also set

B:=a+1- d(% — %), so that BP = ZW. Then (16) can be written as

P—p p—2
|ul? |ul? =2 |ul? =
< _— .
NG dx < Y dx x[BP dx (19)
R4 R4

Here we assume thatb =a + 1 + d(— — —) If d > 3, estimate (19) is valid forany 2 < p < P <
2*, and it is an equality for p =2 and any P € (2,2*]. By differentiating (19) with respect to p
at p =2, we get that for any P € (2, 2*],

Ju] ” 2
|M|2 |x|d 2— 2a|u|2 |u|2 (f]Rd IxulBP dX)P
|x|2(a+1) fRd 2( +1> dx p 2 |x|2(a+1) log .
‘ a

R fRd ‘2(a+l)

R4

Ford > 3,let2y := P 5 e[z,oo) Ford =1,2,let2y := P 5 € (1,00). Then, forany y > d /4
ifd >3 andany y > 1/2ifd =1, 2 and any a < (d — 2)/2, using once more (12), we have
shown (ii). O
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Proof of Theorems A, A’ and A”. The existence of Cgry is a straightforward consequence
of Proposition 2 if d > 2. This proves Theorem A’, except for the case d = 1 which will be
considered in Section 3.4. Theorem A follows with y =d/4, d > 3 and a = 0. In particular we
get an upper bound for the optimal constant: Cpy < Cckn(2*,0) =S.

By the Emden—Fowler transformation (9), the inequalities of Proposition 2, on RY, are trans-
formed into equivalent ones on the cylinder C =R x S¢~!. More precisely (15) can be reformu-
lated as

2
g 2 1 2 2 o 2 =
wirdy)” <c@.p.a)( [ IVuPdy+ 3@ =2-2) [ wldy) ( [ wPay) .
c C c c

(20)

Notice that by standard arguments, the sharp constant in (20) is achieved in H'(C) when the
parameters are in the range corresponding to the assumptions of Proposition 2, provided p > 2
and 0 > ¥ (p,d).

By (9), the logarithmic Hardy inequality (6) of Theorem A’ takes the form (10) of Theorem A”
ify>d/4,d>3anda <(d—2)/2,ory >1/2,d =2 and a < 0. The one-dimensional case,
for which C =R, will be directly investigated in the next section. O

3. The one-dimensional and the radial cases. Proof of Theorems B, B’ and B”

In this section we will study the Caffarelli-Kohn—Nirenberg interpolation inequality (20) as
well as the logarithmic Hardy inequality (10) in the one-dimensional case and under the restric-
tion to the set of radial functions. As a consequence, we shall also establish Theorems B, B’
and B”.

3.1. The sharp interpolation inequality in the one-dimensional cylindric case

If w depends only on s = —log|x|, inequality (20) can be reduced to its one-dimensional
version,

% 6 1-6
(/|w|pds> <K(9,p,a)<f|w’|2ds+02/|w|2ds> </|w|2ds) , (2D
R R R R

for any w € H'(R), with o = (d — 2 — 2a)/2, provided C(0, p,a)|S¢'|'~2/P = K(0, p, o).
Inequality (21) is however of interest by itself and can be considered as depending on the param-
eters 8, p and o, independently of a and d.

If 6 > 9 (p, 1), the proof of the existence of an optimal function is standard. After optimizing
the inequality under scalings, (21) reduces to a Gagliardo—Nirenberg inequality, whose optimal
function is defined up to a scaling and a multiplication by a constant. Let us give some details.

If we optimize inequality (21) under scalings, we find that it is equivalent to the one-
dimensional Gagliardo—Nirenberg inequality. Let

0 1-6
Olw] :=</|w/|2ds+02f|w|2ds> </|w|2ds>
R R R
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be the functional which appears in the right hand side of inequality (21) and consider w; (s) =
A/Pw(rs), A > 0. These scalings leave the left hand side of inequality (21) invariant, while

6 1-6
Olw;] = (Az—”/|w’]2ds+azr”/|w|2ds) </|w|2ds>
R R R

with b = (p — 2)/(p8). We observe that a = 2 — b is positive if and only if 6 > (p —2)/(2p) =
?(p, 1). Hence we find that

(1) if6 < ¥ (p, 1), theninf) o Q[w,] = lim)_ « Q[w;,] = 0, and inequality (21) does not hold;
(i) if 6 =¥ (p, 1), then

) ?(p, 1) 1-9(p,1)
inf Q[w;] = lim Qw,]= </|w’| ds) </|w|2ds> ,
2>0 A—00
R R

so that (21) is equivalent to the one-dimensional Gagliardo—Nirenberg inequality
?(p,1 1-9(p,1
lwiizray < Con w750 Twll el Ywe H' ®R). (22)

Hence K(% (p, 1), p,o) = CéN is independent of o > 0, and inequality (21) admits no opti-
mal function if 6 = ¥ (p, 1), o > 0. It degenerates into (22) in the limit o — 0, for which
an optimal function exists;

@iii) if @ > ¥ (p, 1), then inf, - Q[w,] is achieved for

b 0? [plwl*ds

a2= 22 RO
a [plw'?ds ’

that is

) ?(p,1) 1-9(p,1)
inf Q[wk]=K</|w/| ds) </|w|2ds>
>0

R R

-2
with & = (3%) 7 (42627, e,
2 152 9
1 _ (p—2)0 2 [24(20—1Dp
Kk |2+@8—-1p 2pfo? ’

As a consequence, K(6, p, o) =« ! CéN and optimality is achieved in inequality (21), since
(22) admits an optimal function; see for instance [4,52].

The above Gagliardo—Nirenberg inequality (22) is equivalent to the Sobolev inequal-
ity corresponding to the embedding HOI(O, 1) — L%(0,1) for some g = g(p) > 2; see
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[19,57,58] for more details. Also notice that, using the radial symmetry of the minimiz-
ers of the optimal functions of the Hardy—Sobolev inequality (2), we recover the expres-
sion of Cys(p) =[S~ 1= (P=2/PK(1, p, (d — 2)/2) that can be found in [29,47,28,35], using
IS =272/ (d)2), /7 '(d) =2%""T(d/2)I"((d + 1)/2) and Lemma 3 below. Similarly,
in all cases for which optimal functions are known to be radially symmetric in inequality (12)
(see Section 2), we have Ccgn(p, a) = [S9~1=(P=2/PK(1, p, (d — 2 — 2a)/2). The constant
K@, p, o) can be computed as follows.

Lemma 3. Let 0 >0, p > 2 and 0 € [9(p, 1), 1]. Then the best constant in inequality (21) is
given by:

p=2
P

(p — 2202 :|p2_172|:2+(29—1)p:|9|: 4 Tz_p”[ﬂﬁ+%)] )

K@, p,o) = [—

2+Q260—-1p 2pho? p+2 ﬁ[‘(ﬁ)
If 0 > ¥ (p, 1), the best constant is achieved by an optimal function w(s), which is unique up to
multiplication by constants and shifts and is given by

1

_2_ 1 2 2
B(s) = (cosh()) 72 with k= 5(p =)o [m} .
Proof. Using the Emden—Fowler transformation, the value of K(9, p, o) can be computed using
the equation

(p—2)%w" — 4w +2plw|PZw=0 (24)

such that w'(0) = 0 and limg|—, oo w(s) = 0. A minimizer for (21) is indeed defined up to a
translation (a scaling in the original variables) and a multiplication by a constant, which can be
adjusted to fix one of the coefficients in the Euler-Lagrange equation as desired. An optimal
function can therefore be written as w(As) for some A > 0, on which we can optimize. The solu-
tion w of (24) is unique if we further assume that it is positive with a maximum at s = 0. This can
be seen as follows. Multiply (24) by w and integrate from s to +00. Since lim|sj— oo w’(s) =0,
the function s — %(p —2)2w/(5)? — 2w(s)% + 2w(s)? is constant and therefore equal to 0. This
determines w(0) = 1, so that the solution is unique and given by

2
w(s) = (coshs) P2 VseR.

Hence

2
Sy
K0, p, o) = max
S A WA AT AT

where

I, :=/|w(s)|qu and J :=/|w’(s)|2ds.

R R
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2 2
With A = u?, let g(n) := ;LFHQ_I % + 02;ﬁ_1 and observe that
2
Iy

KO P2 = im0 gy

If 6 > 9(p, 1), the minimum of g(u) is achieved at A2 = % = %02% and

=

1
) o J2\?
(gggg(u)) =h(p,9,a)<1—2>

p—2
2420-1pl > 2p002  7°
where h(p,0,0) := u g P A .
(p —2)o2 24+260—-1p
If & =9 (p, 1), then inf, 0 g(n) = f—; and we set h(p,0,0) :=1. For any 0 € [J(p, 1), 1], we
thus obtain

2

Iy
K@, p.o) = YT
h(p,é’,a)]z2 ”122 P

Using the formula

s _JAl(@) _
/(coshs)q Ty T 1@,
R 2

we can compute

and get
VAT (53) | _ 4D , L 41
=, = , 2= —F Uy — =
25 "p+2 (P=22"" T (p+2(p=2)
Hence

K@ _ (p __2)262 %i% 2‘%(29 —'])p 0 4 %ﬂg 1 P
(’p"’)_[2+<29—1>p} [ 2pho? ][p+2i| [—} ’

which proves (23). O
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3.2. The sharp logarithmic Hardy inequality in the one-dimensional cylindric case

With 2y = p/(p —2) and 6 = y(p — 2), we observe that the condition 6 € [§(p, 1), 1] is
equivalentto y € [1/(2p), 1/(p —2)] and that 2+ (20 — 1) p = 2y p — 1)(p — 2) is positive for
any p > 2 since y > 1/(2p). Substituting 6 with y (p — 2) in the expression of K(@, p, o) given
by (23) and taking the logarithm, we get

p—2 202 2yp —1
logK(y(p—2),p.o) = o IOg[zyp Jﬂ/(p 2)10g[ 2pyo?

6— 4 -2 rGEH+3)
+ 2p10g|: +2j|+p log|: 272 ]
P P P NENE=INC=)
r+d)

Using Stirling’s formula, it is easy to see that lim;_, 5, NG =1, so that lim,_., K(y (p — 2),

p,o) = 1.Hence, forany y > 1/(2p), let

d
K(y,0):==2—[K(y(p = 2), p.0)]|

dp p=2

and consider the limit as p — 2 in inequality (21). We observe that 1/4 > 1/(2p) for any p > 2
so that y > 1/4 guarantees y > 1/(2p) uniformly in the limit p — 24. The case y = 1/4 is
achieved as a limit case.

Lemma 4. Let o > 0 and y > 1/4. Then for any w € H' (R) the following inequality holds true
2 / 2d
/|w| 1og< |2 )ds—l—lC(y,a)/ |w|2ds <2y/|w|2dslog|:fR|w7|2S +02:|,
Jr lwl?ds Jr lwl?ds
R R
(25)

with sharp constant given by

4y —
402

4y —1 N 1
K(y,0)=2ylogy — ”2 log< >+510g(27{e) (26)

ol ). If y = 1/4, then K(y,0) =

if y > 1/4, and equality holds in (25) for w(s) = exp P

2y logy + % log(2me).

Proof. The result follows by taking the logarithm of (21) and differentiating at p =2 for y >
1/4. The equality case in (25) can be checked by a direct computation. 0O
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3.3. The sharp inequalities for radial functions

Let d > 2 and consider the interpolation inequality (15) restricted to the subset D} (Rd) of
radial functions in D, (R?), i.e.

2 1-6
ul? N _ Vul> ' Jul? (o
( |x|bl7 dx < C (0, P, a) |x|2a dx WTde Yu e Da(R )
R4 R4 R4

where C*(6, p, a) denotes the best constant. Let 0 = (d — 2 — 2a)/2. By the Emden—Fowler
change of coordinates (9), the above inequality is equivalent to

2 0 1-6
(f|w|f’dy>” <C*(9,p,a>(f|Vw|2dy+ozf|w|2dy) (f|w|2dy) 27)
C C C C

for all functions w € H'(C) depending only on s = —log|x|. Up to a normalization fac-
tor depending on |S¢~1| = 27%/2/I"(d/2), (27) is equivalent to the one-dimensional inequal-
ity (21) with the best constant K(0, p, o). It is straightforward to check that C*(0, p,a) =
|Sd_1|_(”_2)/”K(9, p, o). We also note that the range of 6 is as in Lemma 3, that is, 6 €
[9(p. 1), 1].

Similarly, inequality (25) is equivalent to (11) with [/C(y, o) + log |Sd -1 [1=—2ylog CELH.
This proves Theorem B”. Theorem B’ follows by the Emden—Fowler change of coordinates (9).
Theorem B corresponds to the special case a =0, d > 3. Notice that, with o = (d — 2 — 2a)/2,
inequality (7) written in terms of a function f on R™ such that u(x) = f(|x|) takes the form

o oo
/ d—3— 2a|f| log( d—2— 2L1|f| )dr + ’C(]/, O') 2]/ 10g|:/ rd—l—Za‘f/|2dr:|’
0 0

under the normalization condition fooo rd=3=2a| £ 124 = 1.
3.4. The sharp interpolation inequality in the case of the one-dimensional real line

Recall that inequalities written on the euclidean space R? are equivalent to one-dimensional
inequalities on C by the Emden—Fowler transformation (9) only in case of radial functions and,
for d = 1, only for even functions. However, in this case, we may notice that the restriction
a < (d —2)/2 = —1/2 means that the weight |x| 2 corresponds to a positive power, so that
we may consider the problem on R* and R™ as two independent problems when dealing with a
smooth function u such that u’(0) =

Using Xy log X4 4+ X_logX_ < (X4 + X-)log(X+ + X-) with X4 = fRi lxllzbf—[lil)dx, we

get
Jul? log i 2“|u|2 J
x[|2@+D) P .

fR \x|2(a+l)
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|ul?

PG log(|x 97272 |u|?) dx — (X1 + X_)log(X4 + X_)

Ju|? e
mlog(md 2724y 1Y) dx — X_log X —

Ju|?
/I 2@+D) log(|x|7272|u|?) dx — X log X

B |M|2 1 |X|d —2— 2a|u|2 J |u|2 1 |)C|d 2— 2a|u|2 4
[ [2@+1) X+ I [2@+D) X
_ R+

flR* lx \2(a+1) fR+ |x |2(n+l>

By the Emden—Fowler transformation, we know that

2 d—2—2a 2
u X u Y.
/ |2(z|1+1) ( ol e Jul )dx 2y Xy 10g|:CGL]-[—Xi ]

] fRi [x[2@tD dx *

with Y4 = fRi de. Using X_ log[%] + X4 log[§—:] < (X4 + X_)log[)&i?_], we end

|x |2a
up with the inequality

[Vul?
|M|2 |x|d —2— 2a|u|2 | |2 il c fR |Xr2“ dx
| |2(a+1) | |xpla+n ¢ 08 GLHf Ju? ’

fR Ix |2(a+l) R Jx)2@FD dx

which completes the proof of Theorem A’ in the one-dimensional case.
4. Connection with logarithmic Sobolev and Hardy inequalities

In this section, we study the connection of the logarithmic Hardy inequality (4) and its gen-
eralized form (5) with the euclidean logarithmic Sobolev inequality (see below), the Hardy
inequality (1) and its generalized form (2), and the logarithmic Sobolev inequality on C (see
below).

As we have seen in the previous section, the weighted logarithmic Hardy inequality of Theo-
rem B’ (radial case) is equivalent to the one-dimensional inequality (25) with sharp constant given
by (26). With the choice 20 =4y — 1, we observe that lim, 14 C(y,4y — 1) = %log(%) and
recover the one-dimensional logarithmic Sobolev inequality written in the scale invariant form
(see [60]) with optimal constant, namely

2 "2
2 |w| / 2 f]R|w |“ds
1 ds < < 2ds1 —_— 28
R R

Actually, inequality (25) can be written in a simpler form in terms of a function v € H'(R),
such that w(s) = v((d — 2 — 2a)s //4y — 1) as follows. For any y > 1/4 and any v € H'(R),
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2
1
/‘|v|210g(#> ds+[2y10gy+—log(2ne)}/|U|2ds
Jr Iv?ds 2
R R

72
ds 1
<2y/|v|2dslog|:fR| il +y —].
R

f||2d 4

Consider the y -dependent terms, i.e.

v'[2ds 1
f|v|2dslog[M+y - —} —2ylogy/|v|2ds
R

Jg lv>ds 4

[ /|v| ds - /|v| dS}f(t)

with f(t) := %log(t +1)and t = $[4% ‘ﬁ)\lzjj — 1]. An elementary analysis shows that f is

decreasing so that, in terms of y, the minimum of the right hand side is always achieved at
y = 1/4. In this case we recover the one-dimensional logarithmic Sobolev inequality written in
the scale invariant form (28). On the other hand, if we send y to co which implies that t — 0
and f(¢) — 1, we recover the logarithmic Sobolev inequality in the standard euclidean form

(see [45]):
vl
lv[*log s— ) ds + ? dslog[2we?] <2 [ v/’ ds. (29)
Felvizds J

We can also recover Hardy’s inequality from (25) by taking the limit y — +o0 and observing
that lim, _, ;oo K(y, 0)/(2y) =2logo. The radial function u € D},’Z(Rd) given in terms of w by
the inverse of the Emden—Fowler change of coordinates (9) satisfies

1 2 Vul|?
Z(d—2—2a)2 degw “ o (30)

|x|2(a+1) |x|2“
Rd Rd

This holds true for any d € N, d > 2 and any a < 0. For d > 3, if we define f(x) := |x|™%u(x),
x € R?, then inequality (30) is equivalent to the usual Hardy inequality (with a = 0), namely

2
%(d—zf ||f—||2dx</|Vf|2dx, feD"(RY). (31)
X
Rd

R4

Using Schwarz’ symmetrization, it is then straightforward to see that optimality is achieved
for radial functions, thus showing that, with 0 = (d — 2 — 2a)/2, inequality (25) implies in-
equality (30) for any function u € Di’z(Rd) (and not only for radial functions), that is Hardy’s
inequality if @ = 0 and all Caffarelli-Kohn—Nirenberg inequalities with b =a + 1, a < 0, other-
wise.
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Summarizing, the family of inequalities (7) of Theorem B’ implies as extreme cases the loga-
rithmic Sobolev inequality (28) at the endpoint y = 1/4, and the euclidean logarithmic Sobolev
inequality (29) and the Hardy inequality (31) as y tends to +o00. In both cases, one-dimensional
versions of the inequalities are involved. On C, it is possible to recover the optimal logarithmic
Sobolev inequality from the logarithmic Hardy inequality as follows.

Letdu and dv, (1) := Qro?)~1/2 exp(—t2 / (262))dt be respectively the uniform probability
measure on S?~! induced by Lebesgue’s measure on R¢ and the gaussian probability mea-
sure on R. Using the tensorization property of the logarithmic Sobolev inequalities (see for
instance [6]), we obtain the

Lemma 5. For any d > 2, the following inequality holds

2
2
/|w|ﬁog<%>dy+l€§/|w|2dygmax{d_l,Zoz}/lezdy vwe H'(C)
C
C C ¢

(32)

with optimal constant

1 2 1 grdtly2
K% = ~log(27e?a2|ST ) =1+ = log[ ——— ).
d > og( me o | | ) + > og F(d/2)2

Proof. The sharp logarithmic Sobolev inequality on the sphere S?~! is

|w|? 2 2 1 (qd—1
lw|? o (— du < —— / IVw|?dn Ywe H'(S
/ *\ Jorr [wl?dp d—1 &)
§d-1 gd-1

where dy is the uniform probability measure on S¢~! induced by Lebesgue’s measure in R,
Using a method which can be found for instance in [16], this inequality can be obtained as the
limit as ¢ — 2 of sharp interpolation inequalities stated in [17], namely

2
2 q 2
A wra) = [wra]< 2 [ vutan
i gd—1 gd—1 gd—1

and optimality is easily checked by considering the sequence of test functions w, =1 + ¢1/n,
where ¢ is a spherical harmonic function associated to the first non-zero eigenvalue of the
Laplace—Beltrami operator on the sphere. On R, the logarithmic Sobolev inequality associated
to the gaussian probability measure dv, has been established by L. Gross in [45]:

2
/|w|210g<fl|%) dvg <202f|w/|2dv0 vw e H' (R).
w|2dvy
R R 7 R

Again the constant 202 is optimal as can be checked considering the sequence of test functions
wp =1+ ¥ /n, where ¥ (¢) = texp(—t2 /(20)?) is the first nonconstant Hermite function, up
to a scaling.
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The tensorization property of the logarithmic Sobolev inequalities shows that

wl® 2
/|W|210g<m dﬂ@d\)a < max d_1,20'2 /|VU)|2dﬂ®dl)0
C c

Taking into account the normalization of du and dv,, |S¢~!| = 274/ /I'(d/2) and rewriting
Gross’ inequality with respect to Lebesgue’s measure, we end up with (32). The constant K
is optimal as can be shown again by considering a sequence of test functions based either on
spherical harmonics or on Hermite functions. O

As a special case, for 62 =1/(d — 1) and K := K9, we have the following inequality on the
cylinder.

Corollary 6. For any d > 2, with Kg = 1 + 4 log(—32"— ), the following inequality holds

d—Drd)2

w|? 2

[wProg( s ) s [y < 2 [19wPay vwen'©. @
C

C C C

Using log(1 + X) <« — 1 —loga + aX for any o > 0, X > 0, which amounts to write
log¥ <Y —1with Y =a(X +1), and applying itin (10) with X =02 [, [Vw|*dy/ [, |w|*dy,
o=(d—2-2a)/2,a =0%/(y(d — 1)), we deduce that

2 lw[? o’ 2
|w|” log m dy =2y log(y(d—l)CGLH)er—l |w|”dy
C ¢ C
2
<djf|w|2dy
C

for any w € H'(C). We may observe that

Ka + 2y [log(y(d — Clyp) + o ==Y 7 1 1oz
0 - ——1= —1-1o
d y|logly GLH yd—1) ) g
. 402
@dy —Dd-1

Hence, if 462 = 4y — 1)(d — 1) and if (for this specific value) CgLy = C*GLH, then the optimal
logarithmic Sobolev inequality (33) is a consequence of (10).

We may observe that 402 = (4y — 1)(d — 1) means Z = 1 and exactly corresponds to the
threshold for the symmetry breaking result of Theorem C. Notice that proving that CoLy = C§; i
is an open question.
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5. Symmetry breaking. Proof of Theorem C

In this section we study the symmetry breaking of the Caffarelli-Kohn—Nirenberg interpola-
tion inequality as well as of the logarithmic Hardy inequality. To achieve this, we use a technique
introduced Catrina and Wang in [28] and later improved by Felli and Schneider in [38]. Also see
[25,50,36]. The method amounts to consider a functional made of the difference of the two sides
of the inequality, with a constant chosen so that the functional takes value zero in the optimal
case, among radially symmetric functions, when the inequality is written for functions on R?.
Equivalently, we can consider functions depending only on one real variable in the case of the
cylinder. By linearizing around the optimal radial function, we obtain an explicit linear operator
and can study when the eigenvalue corresponding to the subspace generated by the first nontrivial
spherical harmonic function becomes negative. It is then clear that the functional can change sign,
so that optimality cannot be achieved by radial functions. This proves the symmetry breaking. We
will apply the method first to the interpolation inequality (20), thus generalizing the results of
Felli and Schneider to a more general Caffarelli-Kohn—Nirenberg interpolation inequality than
the one they have considered, and then to the logarithmic Hardy inequality (10).

5.1. Symmetry breaking for the interpolation inequality

Based on (27), consider on H'(C) the functional

2

- Uehot dy e

1
Jlw] :=/ (|Vw|2 +qd=-2- 2a>2|w|2) dy —[C*(0, p,a) 7
; (Jolwldy) T

Among functions w € H'(C) which depend only on s, J[w] is nonnegative, its minimum is zero
and it is achieved by

w(y) = [cosh(ks)]_ﬁ, y=(,0)eRx S 1=,

with A := %(d —2-2a)(p—2),/ 2,;0{7?;—2)' See the proof of Lemma 3 for more details. We can
notice that

-0
_1 1 — 2d 7

[C®. p.a)] " =f <|Vw|2 +Ld-2- 2a)2|w|2> ay ST T
(Jo lw|? dy)??

With a slight abuse of notations, we shall write w as a function of s only, which solves the ODE

A2 (p—2)2w" — 4w+ 2plw|P 2w =0

and, as in the proof of Lemma 3,
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2 4
/ |u)/| ds = )\.]2 = 2—]2,
p-—4

R

/|_|”d L, 41,
w S =—- = —0—17.
AP T p2a?
R

In terms of p and 8, we investigate the symmetry of optimal functions for (15) or, equivalently,
for (20) in the range

4
O<p—2<ﬁ and 9(p,d) <0 <1.

Consider now J[w + e¢] and Taylor expand it at order 2 in &, using the fact that w is a critical
point and assuming that fC wP~lpdy=0:

1 2
8—2J[w+e¢]=/|w|2dy—xfw”—2|¢|2dy+uf|¢|2dy—v(/wqmy) +o(1)
C C C C

as ¢ — 0, with

K= pT_li(szz + %(d -2— 2a)212),
= i(d —2-2a)*+ %%(ﬁh + i(d —2- 2a)212),
V= 12;20 1%2( 20+ %(d —2- 2a)212>.
Spectral properties of the operator £ := —A + kw” > 4 1 are well known. Eigenfunctions can

be characterized in terms of Legendre’s polynomials, see for instance [48, p. 74] and [38]. Using
spherical coordinates and spherical harmonic functions, see [20], the discrete spectrum is made
of the eigenvalues

. . e 4k R
Ai’j=M+l(d+l—2)—Z l+ﬁ—(1+2j) Vi, jeN,

as long as /1 + 4« /A2 > 2j + 1. The eigenspace of £ corresponding to Ag g is generated by w.
Next we observe that the eigenfunction ¢ o) associated to A ¢ is not radially symmetric and
such that [, we¢1,0)dy =0 and [, WP p1.0)dy = 0. Hence, if 11,0 < O, optimal functions
for (20) cannot be radially symmetric and, as a consequence, C(0, p,a) > C*(0, p, a).

A lengthy computation allows to characterize for which values of p, 8, a and d, the eigenvalue
A1,0 takes negative values. Using the fact that for any a < (d — 2)/2 the quantity 2 4+ p(26 — 1)
is positive, the corresponding condition turns out to be

4p(d —1)(p* +2p +80 — 8) — (d* +4a” —da(d —2))(p — 2)(p +2)* < 0.
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This is never the case in the admissible range of our parameters if 0 < a < (d — 2)/2. On the
other hand, for a < 0 there is always a domain where symmetry breaking occurs. More precisely
let

d(p—2
ﬂ(P»d) = %7
p
p—2
O(a, p,d) = m[(p +2)?(d* +4a* —4a(d —2)) — 4p(p +H(d — D).

Symmetry breaking occurs if 6 < ©(a, p,d). We observe that, for p € [2,2%), we have
¥ (p,d) < O(a, p,d) if and only if a < a_(p) with

d—2 2d-1)
a-(p)i= = = —

We note that the condition ¢ (p, d) < 1 is always satisfied under the assumption p € [2,2*). On
the other hand the condition ® (a, p, d) < 1 is equivalent to

d-2 24d -1

a> -

2 Vo= +2)

Finally, we notice that d /4 = 09 (p, d)/p|p=2 < [1+(d — 2a — 2)2/(d —1)1/4=030O(a, p,d)/
oplp=2 if @ < —1/2. See Fig. 1. Summarizing these observations, we arrive at the following re-
sult.

Theorem 7. Let d > 2, 2 < p < 2* and a < a—(p). Optimality for (15) (resp. for (20)) is not
achieved among radial (resp. s-dependent) functions, that is, C(0, p,a) > C*(0, p, a) if either

d—2 24/d -1
?(p.d) <0 <O(a,p,d) whena> -

2 Jp=2)(p+2)

or

d—2 24/d -1

H(p,d) <01 whena< —

2 Vo= +2)

In other words, symmetry breaking occurs for the optimal functions of (15) if a, 6 and p are in
any of the two above regions. Moreover, if a < —1/2, there exist € > 0, y1 > d /4 and y> > y
such that symmetry breaking occurs if 0 =y (p —2) forany y € (y1,y2) andany p € 2,2+ ¢).

An elementary computation shows that, @ (a, p, d) > 1 amounts to (14). This condition is the
symmetry breaking condition for Caffarelli-Kohn—Nirenberg inequalities found in [38].
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5.2. Symmetry breaking for the weighted logarithmic Hardy inequality. Proof of Theorem C
We now consider the weighted logarithmic Hardy inequalities of Theorem A’ in the equivalent

form of Theorem A”. As we have seen in Section 2, after the Emden—Fowler transformation these
inequalities take the equivalent form:

jw? 2 2 JelVwPdy
|w|210g<7 dy + 2y log C¢ /|w| dy<2y/|w| dylog| =————+o0
c/ Jelw?dy o) ) Je lwPdy

with 0 = (d —2 —2a) /2. It is an open question to give sufficient conditions for which optimality
is achieved among functions depending on s only, so that 2y log C§;; ;; = K(y, 0) + log |S4-1.
We recall that equality among radial functions in (26) is achieved by

w(s,w) = \Sd71|_1/2w(s), y=(s,0) eRx S 1=¢,

where

402 174 o2s?
wEs)==—— expl —— Vs e R.
2n(4y — 1) 4y — 1

We note that @ (s, w) is normalized to 1 in L%(C). As a consequence, it follows that

IC()/,G)—l—log]Sd1|:2y10g[/|vw|2dy+02} —/|w|210g|w|2dy.
C C

After these preliminaries, consider the functional

Vw|*d
Fuy o= VA
fc|w| dy

_|Sd_l|%exp[lc(y’0)+i/ il log( ol )dy].
2y v Jelwldy =\ [ lw|*dy

We know that F[w] = 0. Let

Tl +eg]
Glo] = glfb TSI

We have in mind to consider an angle dependent perturbation of w, so we shall assume that

/w¢>dy:0 and /1og|w|2¢dy=o.
C C

Under this assumption,
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~ 1 ~
Glg] =f|V¢>|2dy - f |Vw|2dy/ 61> dy — 5(/ |Vw|2dy+o~2>
C C C C

x [(2—f|w|210g|w|2dy)f|¢|2dy+flog|w|2|¢|2dy].
C C C

After some elementary but tedious computations, one finds that

Glg) = / (Lo)pdy,
C

with L¢p := —A¢p + %A2|s|2¢ - %Ad) and A := 4‘;,”_21. By separation of variables, it is straight-

forward to check that the spectrum of L is purely discrete and made of the eigenvalues
Aijj=id+i—-2)+A(j—1) Vi,jeN.

It follows that A1 o < 0 if

d 1 (d —2a —2)?
- < —r+ == 34
4 7/<4< T ) ©H

Hence symmetry breaking occurs provided that

d 1 (d —2a—2)>?
s I R
4<4< S )

which is equivalent to a < —1/2. This concludes the proof of Theorem C.

We recover the limit range for symmetry breaking in the interpolation inequalities studied
in Section 5.1. Condition (34) asymptotically defines a cone in which symmetry breaking oc-
curs (see Theorem 7) given by d /4 = 09 (p,d)/9plp=2 <y <[1+(d —2a — 2)2/(d —1]/4=
00(a, p,d)/dp|p=2. See Figs. 1 and 2.

5.3. Plots

o o o o
ST - N
o o o o
[T - N S
o o o o
ST - N
o o o o
[T - N N

0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1

Fig. 1. Plot of the admissible regions (gray areas) with symmetry breaking region established in Theorem 7 (dark grey)
in (n, 0) coordinates, with 1 := b — a, for various values of a, in dimension d = 3: from left to right, a =0, a = —0.25,
a=—0.5and a = —1. The two curves are n — ¥ (p,d) =1 —n and n+— O(a, p,d), for p =2d/(d — 2 + 2n). In the
range a € (—1/2,0), they intersect for a = a—(p), i.e. n =2a(1 — d)/(d + 2a). They are tangent at (1, 0) = (1, 0) for
a = —1/2. The symmetry breaking region contains a cone attached to (n,0) = (1,0) for a < —1/2, which determines
values of y for which symmetry breaking occurs in the logarithmic Hardy inequality.
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Fig. 2. Left. For a given value of 6 € (0, 1], admissible values of the parameters for which (15) holds are given by (13): in
terms of (a, n) with n = b — a, this simply means n > 1 — 6 (grey areas). According to Theorem 7, symmetry breaking
occurs if 6 < ©(a, p,d), which determines a region 1 < g(a, ) (dark grey). Notice that n < g(a, 1) corresponds to
condition (14) found by Felli and Schneider. The plot corresponds to d = 3 and 6 = 0.5. Right. Regions of symmetry
breaking, i.e. 1 — 60 < n < g(a,0), are shown for 6 =1, 0.75, 0.5, 0.3, 0.2, 0.1, 0.05, 0.02. For each value of 6, the
supremum value for which symmetry breaking has been established is a = a— (p) for p =2d /(d —26), which determines
a curve 1 = h(a) by requiring that 6 = 1 — 7. The limit case n = 0 = h(0) corresponds to the case studied by Felli and
Schneider, while #(—1/2) = 1 determines the supremum value for which symmetry breaking has been established in the
limit case n = 1, i.e. p =2, consistently with Theorem C.

6. Concluding remarks

The purpose of this paper is to establish a new family of inequalities in the euclidean space R¢
and in the cylinder R x S9~!. These inequalities are stronger than Hardy’s inequality and the
logarithmic Sobolev inequalities, but are related to both of them and, for this reason, we have
called them logarithmic Hardy inequalities. They are invariant term by term under scaling, which
distinguishes them from usual logarithmic Sobolev inequalities. On R?, they are written for
unbounded measures and, as far as we know, cannot be easily reduced to inequalities written for
probability measures or for Lebesgue’s measure. They also appear as an endpoint of a family
of Caffarelli-Kohn—Nirenberg inequalities, which is more general than the subfamily studied for
instance by Catrina and Wang in [28].

A very natural question is to determine whether optimal functions on R are radially symmet-
ric or not. Using the method introduced by Catrina and Wang in [28] and extended in [38] by Felli
and Schneider, we prove that optimal functions in R? are not radially symmetric functions in the
case of the general Caffarelli-Kohn—Nirenberg inequalities and in the corresponding logarithmic
Hardy inequalities, for parameters in a certain range. The method is rather simple. It amounts
to linearize the inequality around an optimal function among radial functions and study the sign
of the first eigenvalue of an associated operator. A negative eigenvalue then means that optimal-
ity is achieved among non-radial functions. The results of symmetry breaking that we obtain by
this method are fully consistent with previously known results. They allow us to characterize a
whole region where the weights are strong enough to break the symmetry that would naturally
arise from the nonlinearity in the absence of weights (and can then be proved either by sym-
metrization techniques or by moving plane methods as in [43]). The symmetry region is by far
less understood, although it has recently been established in [35] that both regions are separated
by a curve (in the case of the subfamily considered by Catrina and Wang). In the general form
of the Caffarelli-Kohn—Nirenberg inequalities, there is an additional term which competes with
the nonlinearity to break the symmetry, thus making the analysis more difficult. Hence the main
challenge is now to establish the range for symmetry of the optimal functions. This would have
some interesting consequences. As mentioned in Section 4, if, for instance, symmetry holds in
the complementary region of the one for which symmetry breaking has been established, then we
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would recover the optimal logarithmic Sobolev inequality on the cylinder as a direct consequence
of the logarithmic Hardy inequality.
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