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SHARP POINCARE-HARDY
AND POINCARE-RELLICH INEQUALITIES
ON THE HYPERBOLIC SPACE

ELVISE BERCHIO, DEBDIP GANGULY, AND GABRIELE GRILLO

ABSTRACT. We study Hardy-type inequalities associated to the quadratic form of the shifted
Laplacian —Agny — (N —1)2/4 on the hyperbolic space HYY, (N —1)2/4 being, as it is well-known,
the bottom of the L2-spectrum of —Apyn~. We find the optimal constant in a resulting Poincaré-
Hardy inequality, which includes a further remainder term which makes it sharp also locally: the
resulting operator is in fact critical in the sense of [17]. A related improved Hardy inequality on
more general manifolds, under suitable curvature assumption and allowing for the curvature to
be possibly unbounded below, is also shown. It involves an explicit, curvature dependent and
typically unbounded potential, and is again optimal in a suitable sense. Furthermore, with a
different approach, we prove Rellich-type inequalities associated with the shifted Laplacian, which
are again sharp in suitable senses.
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1. INTRODUCTION

The problem of existence of optimal, namely “as large as possible”, Hardy weights dates back to [1]
and has been brought to a high level of sofistication, see e.g., and without any claim of completeness
the papers [4, 5, 6, 8, 9, 10, 14, 20, 22, 26, 31, 33, 35, 36] and references quoted therein. By a Hardy
weight we mean a non zero nonnegative function W such that the following inequality

(1.1) g(u) > / Wudz, Yue CX(Q),
Q
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Key words and phrases. Hyperbolic space, Poincaré-Hardy inequalities, Poincaré-Rellich inequalities, improved
Hardy inequalities on manifolds.



2 ELVISE BERCHIO, DEBDIP GANGULY, AND GABRIELE GRILLO

holds true, where Q is a (e.g. Euclidean) domain and ¢(u) = (u, Pu) is the quadratic form of a
linear, elliptic, second order, symmetric, non-negative operator P on .

In several of the above mentioned papers, improved versions of classical Hardy inequalities are
dealt with, starting from the seminal papers by Brezis and Vazquez [11] and Brezis and Marcus [10].
The recent paper by Devyver, Fraas and Pinchover ([17]) deals with general second order subcritical
elliptic operators P, either on domains in R™ or on noncompact manifolds, and provides optimal
weights in Hardy-type inequalities related to the quadratic form of P, in terms of properties of
positive supersolutions of Pu = 0.

As concerns the analogue of the classical Euclidean Hardy inequality on Riemannian manifolds,
G. Carron [13] has shown that the inequality

2 2
(1.2) / IV uf2do, > D=2 / Y du, YueCX(M)
M 4 M Q(J?, .1‘0)2

holds on any Cartan-Hadamard manifold (namely a manifold which is complete, simply-connected,
and has everywhere non-positive sectional curvature), ¢ denoting geodesic distance, whereas V4, dv,
now indicate the Riemannian gradient and measure. Notice that the constant (N — 2)2/4 coincides
with its optimal Euclidean counterpart. Further results are given in the recent papers [14, 26, 40].

On the other hand Cartan-Hadamard manifolds whose sectional curvatures are bounded above
by a strictly negative constant, are known to admit a Poincaré type, or L2-gap, inequality, namely
there exists A > 0 such that

/|Vgu\2dvg2A/ u?*dv, Yue CX(M).
M M

The most classic example one has in mind is of course the hyperbolic space HY , where A = (N —1)%/4.
Furthermore, it is known that the L?-spectrum of the Riemannian Laplacian is the half line [A, 0o)
and that the infimum

fHN |VHN’U,|2 d’UHN
1
weHEN\{0}  [gn [u|? dugs

(1.3) A= \(HY) =

is never achieved.

Our first goal here will be to deal with sharp, improved Hardy inequalities on the hyperbolic space,
where we take the attitude that the improvement is done on the gap, or Poincaré inequality (1.3),
and in particular we are interested in the following:

Problem 1. Does there exist ¢ > 0 such that the following Poincaré-Hardy inequality

2 (N -1)° 2 u? oo (TN
(1.4) |Va~vu|® dogy — ———— u” dvgn > ¢ — dvgy  Yu € C°(HY)
HN 4 HN HN r2
holds, where r := o(x, o) and o € HY is fived? Which is the optimal value of c if such a constant
exists? Is the resulting inequality further improvable? Does any improved Hardy inequality hold on
more general manifolds under curvature conditions, and if yes is it sharp in a suitable sense?

It is clear that, if the above problem has a positive answer, the constant (N —1)2/4 in the Lh.s. of
(1.4) is sharp by construction. It is also clear that (1.4) has no Euclidean counterpart, in contrast
with (1.2).

One should notice that Problem 1 is different from that treated in [26, 27, 40], where the optimal
Hardy constant (N — 2)2/4 is taken as fized, and one looks for bounds for the constant in front of
|ul|2,, or for some different reminder terms. Such approach resembles instead more closely the kind
of improvements given in the case of Euclidean bounded domains by [10, 11], a setting in which the
value of the optimal Poincaré constant is in general not known.

In regard to Problem 1, we notice that a positive answer to its first question is suggested, on
the one hand, by the explicit bounds for the heat kernel on HY (see e.g. [15]) which show that
the nonnegative operator —Agny — (N — 1)?/4 admits a Green’s function (for N > 3), and hence
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an inequality like (1.4), with the weight 7=2 replaced by a suitable positive weight W, holds. On
the other hand, the supersolution construction of [17], using as ingredients the known asymptotic
behavior of the Green’s function of the shifted Laplacian P = —Ag~y — A and of the positive radial
solution of the equation Pu = 0, yields, after an easy calculation which is omitted here, that the
decay at infinity of the corresponding optimal Hardy weight should be exactly cr~2 for a suitable
¢ > 0. It is important to remark that this method does not give a sharp value for ¢ since some of
the quantities involved are not known explicitly with the detail needed.

In Theorem 2.1 below, we shall answer in more detail this question by proving (an improvement
of) the following inequality, which relies on a supersolution technique:

N —1)2 1 2
(1.5) / |V~ ul? dogsy — u/ u? dogn > 7/ * dogn
HN 4 HN 4

HN 7"2

for all uw € C2°(HY). Furthermore, the constant 1 in (1.5) is sharp. In fact, we shall prove a stronger
inequality, involving an additional positive remainder term, call it w, with a second optimal constant,
which tends to reproduce better and better the Euclidean Hardy inequality, with optimal constant,
for functions with support in a Riemannian ball B¢(x¢), as ¢ — 0. Notice that our result entails
that the operator
(N —1)? 1

4 4r2
beside being nonnegative is also subcritical, hence in particular it admits a finite positive Green’s
function, and this is not true if the constant 1/4 is replaced by any larger one. Furthermore, the
operator

Py = —Agy —

w being the additional positive remainder term mentioned above, is critical in the sense of [17,
Definition 2.1] hence no further positive weight may be added to the r.h.s. of the quadratic form
inequality we prove, see Remark 2.1.

Clearly, when restricted to functions supported on a fixed geodesic ball, P, is no more critical
and in Proposition 2.6 we provide, as a sample of further generalization of the previous methods, an
infinite expansion of logarithmic weights that can be added to the r.h.s., with sharp constants.

After completing this paper, we got aware of the paper [2], where inequality (2.1) is proved in H",
but with a different proof. Also the optimality issues, which are our main task here, are addressed
there in a different and less direct way. Indeed, our methods exploit the explicit knowledge of radial
solutions suitable combined with the criticality theory developed in [17]. Furthermore, the arguments
applied are flexible enough to allow to prove sharp inequalities also on more general manifolds under
curvature conditions, see Theorem 2.5. Improved Hardy type inequalities of different type are also
shown to hold in more general manifolds in [2], but they seem not to be comparable with ours since
they do not depend explicitly on curvature bounds.

We are aware of few Hardy-type inequalities which are related with ours. A first one can be
deduced as an application of [17, Theorem 2.2], by which an optimal weight for the laplacian in

SN 2
HY \ {o} is 1 (%((:))) where, for a suitable positive constant ¢, G(r) = ¢ f:oo(sinh 5)~ (V=1 ds is

1N 2
the Green function of —Apgn~y. Since i (%((:))> > A for every r > 0, the corresponding inequality

(1.1) can be read as an improvement of (1.3). The above weight behaves like the Hardy weight (1.2)
near 0 but converges to A exponentially fast at infinity, hence it does not give an answer to Problem

1\ 2
1. It’s worth noting that in [7, Example 5.3] the weight i (%8;) has been explicitly computed

by an iterative argument. The above argument works for model manifolds also, by exploiting the
corresponding (known) Green function, which provides however a much less explicit Hardy weight,
involving an integral function, when compared to the result given below in Theorem 2.5. A second
inequality bearing some resemblance with ours is proved in [28, Example 1.8], where a Hardy-type
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inequality in terms of a weight weight w(r) tending to A as r — +o0o, but behaving as const/r as
7 — 0, is shown on general Cartan-Hadamard manifolds with sec < —1.

When N = 3, i is exactly the classical Hardy constant % and (1.5) can also be seen as an
optimal Hardy inequality with an optimal L? remainder term. See also Remark 2.2.

It is worth noting that, after performing a suitable “conformal change of metric”, (1.5) yields an
Hardy inequality in the Euclidean ball involving the distance from the boundary, see Corollary 2.2,
which is a slight improvement upon a (already optimal) inequality given in [4] and seems not to be
known. See [4, 10] for further improved Euclidean Hardy inequalities involving the distance from
the boundary. In a similar way, in Corollary 2.3 we provide a nonstandard remainder term for the
Hardy-Maz’ya inequality [29, 2.1.6 Corollary 3] in the half-space. See also Corollary 2.4.

1.1. General Cartan-Hadamard manifolds. By the same strategy used on HY, one can prove
related inequalities on model (i.e. spherically symmetric) manifolds, and this enables us to extend
the previous result to general manifolds under appropriate curvature assumptions, which allow for
sectional curvatures possibly unbounded below. This is the content of Theorem 2.5. While negative
curvature always implies that a suitable Hardy inequality holds (see [13]) it is conceivable that
unbounded negative curvature implies that the constant term (n — 1)2/4 above can be replaced by
an unbounded, nonconstant positive potential. In fact, the Hardy weight we construct is explicitly
related to sectional curvature in the model manifold naturally associated to the curvature bounds
assumed. The weight is unbounded when sectional curvature is unbounded below, thus in particular
giving rise to a Schroedinger operator H = —A — V' with positive, unbounded potential V', which is
nevertheless controlled from below by the Hardy potential, so that H > 1/4r2+ (positive remainder
terms). The previous result on H” is of course a special case of this fact. This is our second main
result and we stress that this result is again sharp in the following sense: given any v as in Theorem
2.5 there exist a manifold satisfying the upper bound on curvature as requested in (2.7) in terms of
1) and such that the Schroedinger operator defined in Theorem 2.5, and involving the Hardy term,
is critical.

1.2. Rellich-Poincaré inequalities. The final topic we shall deal with here is concerned with
the validity of Rellich-Poincaré inequalities, namely inequalities involving the quadratic form of the
shifted operator A%y — A?, where as above A = (N —1)?/4. Rellich inequalities in the Euclidean
setting go back to [37], and a number of refinement and improvements have been given till quite
recently, see e.g. without any claim for completeness [6, 12, 16, 22, 23, 33, 39]. The very recent paper
[32] proposed a method of proof involving a decomposition in spherical harmonics, which turns out
to be useful in the present case as well. See also [39] and [42] where spherical harmonics were applied
in the context of Hardy and Rellich inequalities. The basic Euclidean inequality one starts from is
the following well-known one:

N2(N — 4)? 2
/ |Aul? dz > ¥/ u—4 dez,
RN 16 RN |x|
valid for all u € C2°(RY) provided N > 5.

Likewise, various forms of Rellich inequalities on HY, including improved ones, have been proved
recently in [26, 27]. We are not aware of further results in this connection and, also motivated by
the fact that the following infimum is never attained

; fHN |AHNU‘2 dUHN _ (N — 1)4
weH2HN)\{0} [y~ [ul? dugy 16’

we shall be interested here to deal with the following analogue for higher order of Problem 1:

Problem 2. Does there exist a nonnegative, non identically zero weight w such that the following
Rellich-Poincaré inequality

N —1)4
(1.6) / | Ag~u|? dugy — !/ u? dogy 2/ wu? dogy
HN 16 HN HN



holds for all u € C°(HN)?

It is again clear that, if Problem 2 has a positive answer, the constant (N —1)*/16 in the Lh.s. of
(1.6) is sharp by construction.

We shall show in Theorem 3.1 that the answer to Problem 2 is affirmative, and show that one can
take, setting as before r = o(x, z):

(N —1)? N 9
8r2 1674

w(z) = + (positive correction terms)

2
In Section 3 we show that the constant % is sharp and we state some facts pointing towards

the optimality of %. It should be remarked that:

e The positive correction terms in the above expression of w are such that
N2(N — 4)?
1674
where the r.h.s. is exactly the optimal Euclidean weight. In such sense, our bound recovers
the Euclidean Rellich inequality for functions supported in a ball with small radius. See

Remark 3.1 for a precise statement;

e After having remarked that the weight w has the sharp Euclidean behaviour for small r, it
should be noted that the leading term in w is instead the one involving the quantity 1/r?
for functions supported outside a large ball, namely as r — 4o00. Hence, it is particularly
important to determine the sharp constant in front of such a term to capture the non-
Euclidean feature (e.g. the leading term when r is large) of the inequality we prove. Notice
that the term of the form 1/r?, which already appeared in some of the (Euclidean) results
of [22], of course does not violate any scale invariance for the inequality we consider. The
problem of finding the best constant when w is of the form ¢/r* remains however open. See
however Remark 6.1 for some clue pointing towards sharpness of the constant 9/16 found
here.

w(z) ~ asr — 0,

We stress that, although the statements look very similar, the proof of our Poincaré-Rellich
inequality is completely different from the one of (1.5). Here, orthogonal decomposition in spherical
harmonics and a suitable 1-dimensional Hardy type inequality are the main tools exploited. As in
the first order case, we give a sample of the results which can be derived, in the Euclidean space,
from our main result, see Corollary 3.2. When restricting to radial functions a further Euclidean
inequality is derived in Proposition 6.3.

The paper is organized as follows: in Section 2 we introduce some of the notations and some
geometric definitions and we state our Poincaré-Hardy inequality first on HY, and then on more
general manifolds under sectional curvature assumptions. When M is the hyperbolic space, we
give the precise statement of a refinement of (1.5) in Theorem 2.1 and of the associated Euclidean
inequality in Corollary 2.2. It is worth noticing that the weight appearing in the general Theorem
2.5 has a precise geometrical meaning in terms of sectional curvature of a model manifold, modeled
on a function v in terms of which the relevant curvature assumptions are given.

In Section 3 we state our Poincaré-Rellich inequality and some Euclidean Rellich inequalities
derived from it in the half space. Sections 4 contains the proof of the Poincaré-Hardy inequality on
HY and of Theorem 2.5. In Section 5 we give and alternative proof of optimality in Theorem 2.1
and prove Corollary 2.2 as well. Section 6 contains the proof of the Poincaré-Rellich inequality while
Section 7 contains the proof of Corollary 2.3, Corollary 2.4 and Corollary 3.2. Finally, the proof of
Proposition 2.6 is given is Section 8.

2. POINCARE-HARDY INEQUALITIES

We state here our main result about Poincaré-Hardy inequalities on HY. Below, r := o(x,z) for
a given 29 € HY and B, := {x € H", o(x, z¢) < €}.
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Theorem 2.1. Let N > 3. For all u € O (HY) there holds

N —1)2 1 2
/ |Vinul? dogsy — %/ u? dogy 21/ U—Q dvgn
HN HN HN T

(N—l)(N—S)/ u?
H

4 ~ sinh?r

(2.1)
_|_

dUHN .

Besides, the operator
(N-12 1 (N-1)((N-3) 1
4 4r2? 4 sinh? r
is critical in HN \ {0} in the sense of [17, Definition 2.1]; that is, the inequality

N —1)?
/HN Vv u|? dvgs — (4)/HN u? dogn > . Vu? dogy  Yu € C(HN \ {o})

is not valid for any V > 15 + %

472
The constant (N21)2 in (2.1) is of course sharp in the sense that the l.h.s. of (2.1) can be negative

if such constant is replaced by a larger one, and the criticality of the operator H yields that also the
constant i in (2.1) is sharp in the sense that no inequality of the form

N—1 2 2
/ |V~ u|? dogy — %/ u? dogn > c/ u—z dvogn
HN HN HN T

holds for all u € C°(HYN) when ¢ > 1/4. Finally, the constant W is sharp as well in the
sense that no inequality of the form

(N —1)2 / 9 1 / u? / u?
\Y 2 dvy — ~—-— d > = — d + ———— dugn.
/HN [Vavul® dug 1 . u” dugn 2 o v 72 VRN + ¢ v ShZ VRN

holds, given any € > 0, for all u € C°(B.) when ¢ > (N —1)(N — 3)/4.
Remark 2.1. Set

(N—-1)2 (N—-1)(N-3) 1
4 sinh? r and - W(r) = 4r2

by Theorem 2.1 the operator P — W is critical and since the corresponding ground state does not lie
in L2(HN \ {o}, W), P—W is also null critical, see the proof of Theorem 2.1 and [17, Definition 4.8].
Furthermore, arguing as in [17, Example 3.1], since for 7 > 1 the radial solutions of the equation
Pv = nW v oscillate near zero and near infinity it follows that the best possible constant for the
validity of the inequality associated to P —nW, in any neighborhood of either the origin or infinity,
is 7 = 1. Besides, the bottom of the spectrum and the bottom of the essential spectrum of W~!'P
is 1.

P .= —AHN —

Remark 2.2. Recalling (1.3), (2.1) can be seen as an improvement of the (best possible) Poincaré

inequality where an optimal Hardy remainder terms have been added. On the other hand, when
N = 3, 1 is exactly the classical Hardy constant % and (2.1) can also be seen as the (best
possible) Hardy inequality with an L? remainder term.

Besides, if N > 3 and A € [0, \; (HY)], from Theorem 2.1 it is easily deduced the existence of a

positive constant h(A) such that the following family of inequalities holds

2
(2.2) / |Vinul|? dogy — )\/ u? dugy > h()\)/
HN HN

- dUHN,
for every u € C$°(HY). Moreover one has:

o h(0) = M is the Euclidean Hardy constant and equality in (2.2) is not achieved;
e A(A(HY)) = § and equality in (2.2) is not achieved;
e the map A — h(\) is non increasing and concave, hence continuous.



Furthermore, from [40, Theorem 5.2] we know that
(v —2)?

4
where % < An < A (HY). Our results yield the further information: A3 = A (H?) and Ay <
AL (HY) for all N > 3.

Let B(0,1) be the Euclidean unit ball and o : B(0,1) — BY, where B" is the ball model for the
hyperbolic space, be the conformal map. By defining

h(\) = YO <A< Ay,

N—-2

(2.3) v(m)=<2) U wo(@) «e B(0,1)

1—|zf?

from Theorem 2.1 we derive

Corollary 2.2. Let N > 3. For alluw € C5°(B(0,1)) the following inequality with optimal constants
holds

1 2\’ 1 2\’ 2
/ |V1}|2 dr — 7/ < 2) v? dx > 7/ ( 2> 5 dx,
B(0,1) 4 Jpo,y \1—[z] 4 Jpo,) \1— |z] (1og <1+\w|)>

1—|a]

1

where dx denotes the Fuclidean volume.

As far as we are aware this inequality is not known in literature and is a slight improvement upon
an inequality proved in [4, Theorem A], which is already sharp in a suitable sense, see Section 5.

Finally, in the spirit of [30, Appendix B], we consider the upper half space model for HY, namely
RY = {(z,y) € R¥"~! x RT} endowed with the Riemannian metric ‘;—5 By exploiting the transfor-
mation

(2.4) v(z,y) =y 7 u(w,y), xeRY Ly eRY.

for u € C*(HY), (2.1) yields an improved Hardy-Maz'ya inequality in the half space. Before
stating it, we recall that the constant 1/4 in the Hardy-Maz’ya inequality

1 2
Vol? de dy > ~ Y dr dy,
4 2
R+ JRN-1 R+ JRN-1 Y

where (z,y) € RV~! x Rt is sharp, see [29, 2.1.6, Cor. 3] and also [19, 21].
Corollary 2.3. Let N > 3. For all v € C°(RY) the following inequality holds

(2.5) // IVo]? da d 1// " e d >1// " e d
. v - = — - — ,
R+ JRN-1 Y 4 R+ JRN-1 y2 y= 4 R+ JRN-1 y2d2 4

where (z,y) € RV=1 x R* and d := cosh™* (1 + %) The constant 1/4 in the r.h.s. of
(2.5) is sharp.

Remark 2.3. It is easy to see that d := d((z,y), (0,1)) ~log(1/y) as y — 0.

Using similar arguments we have the following improved Hardy-Maz’ya inequality, see [30, Ap-
pendix B] for further details.

Corollary 2.4. Let N >3 and k € IN,. For allv=v(z,y) € C°(RYN~1 x R¥), with v(x,0) =0 if
k =1, the following inequality with optimal constants (in the sense of Corollary 2.8) holds

k —2)? v? 1 v?
> dr dy > (7/ / — dx d 7/ / —— dx d
/Rk /RN—l |VU| T = 4 Rk JRN-1 y2 T oyt 4 Rk JRN-1 y2d2 v

where d := cosh™* (1 + %) .
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The results of Theorem 2.1 can be generalized to more general manifolds under suitable curvature
assumptions, which allow for curvature being unbounded below and yield a stronger Hardy inequality
in such cases. In fact we have the following

Theorem 2.5. Let N > 3 and M be a Riemannian Manifold with a pole o satisfying the assumptions

(2.6) Cut{o} = ¢.

(2.7) Knlz) < 5 Voe,

where Kr denotes sectional curvature in the radial direction, 1 is a positive, C? function which is
increasing and such that ¥ (0) = ¥"(0) = 0, ¥'(0) = 1. Moreover we also require that

(2.8) (N —2)¢" + (N —1)ry” > 0.
Then for all uw € C°(M), there holds

[0 [ B ot

1 u? (N —1)(N —3) u?
24/1T2+#/Mﬁo

In particular (2.9) holds when M is a Cartan-Hadamard manifold and condition (2.7) holds with v
a convex function satisfying 1(0) = " (0) =0, ¢'(0) =

Assumption (2.8) is not required if M coincides with the Riemannian model with pole o defined
by 1 (see Section 4).

Finally, (2.9) is sharp in the following sense: given any function v s.t. ¥(0) = " (0) = 0
¥'(0) = 1, the operator
NV -1) 2ﬂ+( )(¢’2—1) 1 (N-DHIV-3)
4 ) P2 4r2 4a)?
is critical on the Riemannian model corresponding to v, on which of course the curvature condition
(2.7) holds as an equality.

(2.9)

(2.10) A

Of course we recover our first result when we consider the model manifold corresponding to
1) = sinh r, which is well-known to coincide with the hyperbolic space.
We also comment that the quantities appearing in the second integral in the L.h.s. of (2.9) have
a geometrical meaning: in fact,
" N2 _ 1
grod = Y pa g = W1 LQ
where K;?Td (resp. H};‘T) denote sectional curvature relative to planes containing (resp. orthogonal

to) the radial direction in the Riemannian model associated to 1, see Section 4 for some further
detail.

Example 2.1. The weight in the second term in the Lh.s. of (2.9) can be unbounded. Consider
e.g. a Riemannian model associated to a function v satisfying ¥(r) ~ e™ asr — 400, where a > 1.
Then sectional curvatures are unbounded below and one has:

(N —1) {212}” 3) (w/z); 1)} N —41)2G2T2a_2 s 7 — 400

1 [« (N-1D((N-3) [
\V/4 2 _ 2>, — . — PR
/M| | /Mwu *4/M ’I“2+ 4 /MW'

+ (N

Hence



where 5 5
N-—-1
w(r) ~ 7< 1 )a 22 g5 r = 400.

Some complementary results can be given on bounded domains in HY. When restricted to a
bounded domain, the operator P defined in Remark 2.1 is clearly not critical anymore; in Proposition
2.6 we show that our methods immediately provide an infinite expansion of logarithmic weight that
can be added to (2.1) when posed on geodesic balls. Before giving a precise statement, we first
introduce some auxiliary functions, which are basically the iterated log functions arising in several
paper in the euclidean setting, see for instance [20]. Let X;(t) = (1 —logt)~! for t € (0,1]. We
define recursively the functions:

Xi(t) = X1 (Xg—1(8), k=2,3...
The X} are well defined and that for £k =1,2... one has
X(0) =0, Xi(1) =1, 0< Xi(t) <1, forte(0,1).
We denote as before r := p(o, z) and we prove

Proposition 2.6. Let B := B(o,1) C HY be a geodesic ball of radius 1 and N > 3. Then for every
u € C°(B) there holds

9 (N —1)? / 5 1 / u? (N —-1)(N -3) / u?
d - d > | = d d
/B |Va~yu|® dogw 1 Bu vy 2 i VRN + 1 fen VRN

1 — u?
(2.11) +ZZ/BT7X§(T)X§(T)...X3(T) dvgn .
=1

Moreover, for each k = 1,2... the latter constant is the best constant for the corresponding k—
improved inequality, that is

L e (Puw) = 580 [ EXE)XE(). . XE(r)u® dugs

= m
4 ueCr(B) [p =XEX3 .. XPu? dogw ’

2

where (Pu,u) := [ |[Vg~ul? dogs — (NZI)Z [ u? dogy —1 [ ';—j dvgy — (N_IL(N_?’) Ip 5= dogy .

3. POINCARE-RELLICH INEQUALITIES

In this section we state our Poincaré-Rellich Inequality on the hyperbolic space and related Eu-
clidean inequalities. First we have

Theorem 3.1. Let N > 5. For all u € C°(HY) there holds

(3.1)
_1)4 12 2 2
/ |Ap~ul? dogy — u/ u? dogny > M/ il dogn~ + g/ * dugn
HN 16 HN 8 HN 7'2 16 HN 7'4
(Nz—l)(N—3)2/ u?
d
+ 8 g~ sinh?r Ve
(N — 1)(N — 3)(N? — 4N — 3) / u?
d
+ 16 v sinh? 7 VN

w-1)* is of course sharp in the sense that the l.h.s. of (3.1) can be negative if such

16
2
constant is replaced by a larger one. Furthermore, the constant (Ngl) appearing in (3.1) is sharp

in the sense that no inequality of the form

N-—-1 4 2
/ |Ag~ul? dogy — %/ u? dogy > c/ u—z dvogn
HN HN HN T

The constant
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holds for all u € C°(HY) when ¢ > %.
Remark 3.1 (Joint sharpness of some of the constants). The multiplicative constants appearing in
two of the terms in the r.h.s. of (3.1), namely:
9 d (N—l)(N—3)(N2—4N—3)/ u?
16 HN ’1"4 16 H

are jointly sharp. By this we mean that the inequality

N —1)4 2 2
/ |AHNu|2 dvgn — !/ u? dogny > cl/ u—4 dogn + 02/ .u 17— dvgn
HN 16 HN HN T HN sinh™ r

cannot hold for all u € C2°(HY), or even for for all u € C2°(B,) given any € > 0, if

; 1 d’UHN
~ sinh™ r

_ _ 2 _ _
B I € e [ s ek R
16 16
N — 1)(N — 3)(N? — 4N —
0D (NSN3 AN - 3)
16 16

This is a consequence of the following elementary facts:

9 (N—1)(N-3)(N?—4N —3) NZ*(N —4)?

6 " 16 B 16
and the r.h.s. is the known best constant for the standard N dimensional Euclidean Rellich inequal-
ity, both on the whole RY or in any open set containing the origin. The claim follows by noticing
that sinhr ~ r as r — 0.

We refer to Remark 6.1 for a discussion of the possible sharpness of the constant 9/16 found here.

Clearly, should this value be sharp, sharpness of the constant (N — 1)(N — 3)(N? — 4N — 3)/16 in
an obvious sense would then follow as well by the above discussion.

We give a sample of the several Euclidean inequalities which can possibly be deduced from Theorem
3.1. We consider e.g. the half space model for HY exploiting the transformations

(3:2) v(z,y) =y “ule,y), reRYLyeRY,
with a = (N —4)/2 or a = (N — 2)/2 from (3.1) we derive the following statement.
Corollary 3.2. Let N > 5. For all v € C°(RY) the following inequalities hold

N(N -2 —4N +1
/ / (yQ(Av)Q + (2)|sz> dx dy > > + / / y— dx dy
Rt JRN-1 R+ JRN-1
3.3 —_—
( ) + 8 R+ JRN-1 y2d2 R+ JRN-1 y2d4

and

N2 —2N —4 2
/ / <(Av)2 + ( ) |V12}| ) dx dy > g(2N2 AN —7) / / — das dy
]R+ RN-1 2 y 1 R+ JRN-1 y

N —1)2
/]R+ /]RN ! y4d2 iyt g /R+ /]RN ! y4d4 do dy.

Furthermore, the constants in (3.3) satzsfy the following optimality properties:

(=)

e no inequality of the form

2N2 — 4N +1 2
/ / (v*(Av)? + ¢|Vo|?) dz dy > —+/ / U—Z dz dy
R+ JRN-1 16 R+ JRN-1 Y
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holds for all u € C(HN) when ¢ < X2=2).

e no inequality of the form

/ / <y2(Av)2 + N(N2)|VU|2) dx dy > c/ / — d{,C dy
R+ JRN-1 2 R+ JRVN-1 Y2

holds for all u € C2°(HN) when ¢ > 2N=AN+1,

e no inequality of the form

N(N —2 4N 1
/ / (yQ(Av)2 + ()|Vv|2> dx dy > > i / / — dx dy
R+ JRN-1 2 R+ JRN— 1y
02
dx d
+C/R+/RN—1y2d2 T dy

holds for all u € C°(HYN) when ¢ > Q.

Similarly, the constants W, 2 (2N? — 4N —17) and % in (3.4) are optimal in the
above sense.

4. PROOF OF THE POINCARE-HARDY INEQUALITY (2.1) AND OF THEOREM 2.5

We shall first state, also for later use, a result on Riemannian models, namely an N-dimensional
Riemannian manifold admitting a pole o and whose metric is given in spherical coordinates by

(4.1) ds* = dr* + ¢*(r)dw?

where dw? is the metric on sphere S¥~! and 1 is a O nonnegative function on [0, 00), strictly
positive on (0,00) such that ¢(0) = ¢”(0) = 0 and ¢'(0) = 1. The coordinate r represents the
Riemannian distance from the pole See e.g. [24, 34] for further details. It is well known that there

exist an orthonormal frame {F}},=1  n on M, where Fiy corresponds to the radial coordinate, and
Fi,...,Fn_1 to the spherical cordinates, for which F; A F; diagonalize the curvature operator R :

1

R(Fi/\FN) = —%Fz‘/\FN, i <N,

N2
-1
R(F; A Fj) = _%Fi AF;, ij < N.
The following quantities
" N2
-1
(4.2) Kot = —% and  HL%' = Dt 1/}2

then coincide with the sectional curvature w.r.t. planes containing the radial direction and, respec-
tively, orthogonal to it.

Notice that the Riemannian Laplacian of a scalar function ® on M is given by
(4.3)

1 0
Ag(I)(r,Ql,.. 9]\] 1)

2 or [(1/)(T))N_ o - (r 017~~79N1):| ngSN 1 (7,01, .., 08 -1),

where Agny-1 is the Riemannian Laplacian on the unit sphere SN !, In particular, for radial functions,
namely functions depending only on r, one has

#2 r N—lajr =o' (r _ Y'(r) '
T |G G 0] =+ (v - e,

where from now on a prime will denote, for radial functions, derivative w.r.t . Note that the

(4.4) Ay ®(r) =

quantity (N — 1)12/((:)) has a geometrical meaning, namely it represents the mean curvature of the
geodesic sphere of radius r in the radial direction.
We are now ready to state the following result:
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Proposition 4.1. Let N > 3 and M as given in (4.1). For all w € C°(M) there holds

N -1
/ |V gul? dv, + -1 / (2K + (N — 3)HI" ] w® do,
M 4 M ) i
(N—-1)(N-3) u? 1 u?
>f Mﬁdvg+1 Mﬁd’Ug.

First we prove some preliminary results which are useful to define a supersolution to a suitable
pde. We took inspiration from [3] where a similar construction was applied in a completely different
setting.

«@
Lemma 4.2. Let ®(r) = <@) , where « is real parameter, then ® satisfies the following equation:

—Ag® —a [K% 4+ (=24 N)HI'| & = —a(a — 2+ N)

o
02
2 _ /
B 04(0¢2+1)(I)Jr 20° 4+ a(N 1)%(11
r
Hence, ®(r) = (dr))% satisfies

r ¥
—A,® + % [2K7% 4+ (N = 3)HIT | & = W@ (1 . ) .

w2
Proof. The expression of the Riemannian Laplacian (4.4), enables us to write
(4.5)

/ll}/
AP =-9"—(N-1)—9".
It is easy to see that

Y 42 Sl L
(4.6) '(r) =a (T) [T - 7,2] ,
and
a—2 2 2 / a—1 " ’
(4.7) ' (r) =ala—1) (f) % + qu — 2%7’3” + (f) [wr — 2g + 2¢} .

Now we can compute (4.5), using (4.6) and (4.7),

—®"(r) — (N — 1)12'@' = —a(a—1) (f)w

7'4 TB
()
(7[5
- [(a(a D +a(N-1) (Wz;_ D Q“H o
~(afa—1)+a(N - 1))52 “(O;j Y

N (202 + a(N — 1)) ﬂ@.
r (4
The proof is concluded using formulas (4.2).




Proposition 4.3. Let f : M\{o} — R be a smooth radial function and ®(r) = (¢ )¥, then
O(r) = ®(r)f(r) satisfies

. (N-1 . (N=1D((N=-3)d (N-1)(N-3)d
~agb+ T it (v - gy b = I3 5 (NS DN §
7 N_ll
—(f 5 he.

Proof. From the expression of Riemannian Laplacian on M for radial function, we easily conclude

—Ag®(r) = (~2y®(r)) f(r) = 20/ (r) [ (r) — @(r) /" (1)

I R
(N =) 5 ()

Now, using Lemma 4.2, we have

—A,B(r) + (N4— 1) [2K7 4 (N — 3)H!"] $(r) = M‘M;j’z
(N-1)(N-3) ® W )
- 1 ol (N - 1)E<I>(7")f (r)
~ D) ) — v 7(r)
- (V=) a ),
and hence we have the result. 0

Proof of Proposition 4.1 completed.
(2—N

The proof is based on supersolution technique. If we choose f(r) = r— 2 > in Proposition 4.3,
N-1
2 (2-N

then a(r) := (ﬁ) r&5 satisfies

(N-1)

~ rad tan ~_(N71)(N73) (0 1au
—Agu+ (2K +(N—3)Hmn]u_fﬁ+iﬁ
Hence, @(r) is a supersolution of
(N — 1) rad tan u
—Agu+ 1 [2K% + (N = 3)HL | u — 2=
Then, since @(r) € H} (M \ {o}) and %, ﬁ € L},.(M), [15, Theorem 1.5.12] applies and the result
follows, in principle for functions supported away from o, then by approximation. O

Proof of the Poincaré-Hardy inequality (2.1) and of some further statements of Theorem 2.1.

Inequality (2.1) follows from Proposition 4.1 noticing that the hyperbolic space coincides with
the model manifold associated to 1(r) = sinhr and that in that case K};"‘Td = —land H" = —1.
Hence, the operator H defined in the statement of Theorem 2.1 is nonnegative. To prove that H is
critical we show that the equation Hu = 0 admits a ground state in HY \ {0}, namely a positive
solution of minimal growth in a neighborhood of infinity in HY \ {0}, see [36, Section 1]. From
Proposition 4.3 two linearly independent solutions of the equation Hu = 0 are given explicitly by

No1
v4(r) = ux(r)®(r), where ®(r) = (55=) * and us are two linearly independent solutions of the
Euler equation

N-1 u
" /
U—CHTQ,

r
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(N-2)2 . (2—N)
where Cy = == is the well known Hardy constant. Then ui(r) = r~ 2 and u_(r) =
P& log(r?=™) hence vy is a positive global solution while v_ changes sign. Since [v_(r)| is a

positive solution of Hu = 0 near infinity of HY \ {0} and

vy (7) . vy (r)

00 (r) o o (r)]

)

by [17, Proposition 6.1] we conclude that vy is a positive solution of minimal growth in a neigh-
borhood of infinity in HY \ {o} and hence a ground state of the equation Hu = 0. Namely, H is
critical.

At last, the fact that the constant (N —1)(NN —3)/4 is sharp in the sense described in the statement
of Theorem 2.1, follows by noticing that

L, (NN -3) _ (N2

4 4 4 ’
that sinhr ~ r as r — 0, and that the best Hardy constant on a domain including the origin is
(N — 2)?/4 whatever the domain is. O

4.1. Hardy type inequality for general manifolds. In this section we prove Theorem 2.5.
Before proceeding further we first recall some known facts.

Let (M, g) be a Riemannian manifold. Take a point (pole) o € M and denote Cut(o0) the cut locus
of 0. We can define the polar coordinates in M \ Cut*(0), where Cut*(0) = Cut(o) U{0}. Indeed, to
any point @ € M \ Cut*(o) we can associate the polar radius r(z) := dist(z, 0) and the polar angle
6 € SV, such that the minimal geodesics from o to x starts at o to the direction 6.

The Riemannian metric g in M \ Cut*(o) in the polar coordinates takes the form

ds® = dr? + am»(r, 9)d919j,

where (61,...,0n_1) are coordinates on SV ~1 and ((@i,j))ij=1,..n is a positive definite Matrix.
Let a := det(a; ;), B(o,p) = {z = (r,0) : r < p}. Then in M \ Cut*(o) we have
1 0 0 02 0
Ay = —F— a. A or) =™ 7.9 79 a. A 0,7)s
M Vaor <ﬁ8r> T 208 or? +m(r )8r + 208
where App(o,r) is the Laplace-Beltrami operator on the geodesic sphere dB(o,r) and m(r,0) is a
smooth function on (0,00) x S¥~1 which represents the mean curvature of dB(o,r) in the radial
direction.
Our result follows by standard Hessian comparison. We give some details for completeness and
for the reader’s convenience.
N1
Lemma 4.4. Let ®(r) := (ﬁ) s for r > 0. Then, ® is non increasing if condition (2.8)
holds.
Proof. 1t is easy to see that
0P 1 _w-y 1’

vl LR

e S - (N - ).
Let us define
p(r) =4 — (N = 1)ri/,
then
p(r)=—(N—=2)¢' = (N -1)ry” <0,
hence by our hypothesis, we obtain the assertion. O

We recall a well known fact.
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Lemma 4.5. [24, 25] Let M be a manifold with pole o satisfying the assumptions (2.6), (2.7). Then

m(r,0) > (N — 1)25((:)) forallr >0 and § € SN 71,

Proof of Theorem 2.5. Using Lemma 4.5, the monotonicity property stated in Lemma 4.4 and
Proposition 4.3 with the choice f(r) = r@, we get that & satisfies
(N -1) [, v (v -1) N-DH(N-3)® 1@
—Apyd > 24—+ (N — ) — .
M* Z 4 ¢ + ( ) wg + 4 w2 4 7“2
From the above calculations the proof of Theorem 2.5 follows at once by the supersolution
method.The proof of optimality is identical to the corresponding one given for the corresponding
statement of Theorem 2.1.

5. ALTERNATIVE PROOF OF OPTIMALITY IN THEOREM 2.1 AND PROOF OF COROLLARY 2.2

Inequality (2.1) follows from Theorem 4.1 with ¢ (r) = sinhr. In this section we give an alternative
proof of the optimality of the constants using a suitable transformation. As a byproduct this will
yield the proof of Corollary 2.2.

Let Cy~ be the best constant in (2.1), i.e

12
(5 1) CHN = inf fHN |VHNU"2 dU]H[N - fHN (N41) u? dU]H[N

2
O (HN) Jigw 4 dvgn

Then clearly, from (2.1) it follows that Cg~x > %. We shall show that Cyny < %.
Let B(0,1) be the Euclidean unit ball, BY be the ball model for the hyperbolic space and o :
B(0,1) — BY be the conformal map. We recall the definition (2.3), namely

o(x) = (2) = ulo(x)) =€ B(0,1)

1= |af?

Then, it is easy to check that

N
(5.2) / | Vv u|® dogs :/ |Vo|2de + ———~ ( / ( 2) 2 dz,
HN B(0,1) B(o,1) \1— ||

1— |.’I,'|2 N-2 2
5.3 / u? dogn :/ ( ) v? / v? dx,
(5:3) HN " B(0,1) 2 1- |95|2 B(0,1) \1— |~’U\2

and
£L'
1+\w\ (1 le2>
- m

2 B o\ N—2
(5.4) / L dvgn :/ <1 i >
HN T B(0,1) 2 (
2 2
:/ < 2 2> 5 d.
B, \1— 2] ( (1+\x|))

<

1—|a|

Now, substituting (5.2), (5.3) and (5.4) in (5.1), we have the following inequality in the Euclidean
space:

1 2\’ 2 \? 2
/ |Vo|? dz — 7/ (2> v? dr > CHN/ < 2) v 5 d.
B(0,1) 4 Jpoa) \1— |z] B, \1— 2] (log GHEI))
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In particular, this proves Corollary 2.2. On the other hand, the fact that

(oo (P55 < (- (57))

together with elementary computations, gives

(5.5) / V|2 1/ " s G / vt dx
. - - - = N T — 5
B(0,1) 4 Jpa) & 5 o) (1 —log(4))2
where d(z) := d = dist(0B(0,1),z) = (1 — |z|). Comparing (5.5) with [4, Theorem A], we finally get
1
CHN S Z
Hence, Cy~y = % and we conclude. (I

6. PROOF OF THEOREM 3.1

In Section 6.1 we prove the stated Poincaré-Rellich inequality by using orthogonal decomposition
in spherical harmonics and a suitable 1-dimensional Hardy-type inequality. Then, in Section 6.2 we
prove the optimality of the first constant and state some hints suggesting optimality of the latter.

6.1. Proof of inequality (3.1). We first prove the following 1-dimensional Hardy-type inequality.
Lemma 6.1. For all u € C°(0,00) there holds

) u/2 9 00 u2 00 u2
dr > — —dr + / — dr.
/0 sinh? r — 4 /0 sinh®* r o sinh?r

Proof. The proof mainly relies on integration by parts. Let us put u := wsinh r, where w € C2°(0, 00)

and compute
< 2 T e ,cosh?r ,coshr
— = W+ w —s— + 2ww — dr
o sinh®r 0 sinh” r sinh r

(6.1) - )
2 9 w ,coshr
= W w + ——— + 2ww' ——| dr
0 sinh® r sinh r
Moreover,
/Ooww/c.oshr dr:_/“ Cf)ShT /wz dT—/Ooww/C?Shr ar.
0 sinh r 0 sinh r 0 sinh r
and hence
e h 0o 2
(6.2) 2/ ww' Tdr:/ e
o sinh r o sinh®r

Now putting (6.2) in (6.1) and using 1-dimensional Hardy inequality, we have

%) u/2 ) 2 ) w2 ]
—_— = w +w*+2———| dr
/0 sinh? r /0 [ sinh? r
1 0 ,w2 [e'e) e’} w2
- —dr—i—/ der—i—Q/ dr
4 /Q r2 0 0 sinh2 T

1 [ w? <, < w? . .
- ——— dr + w* dr + 2 ——— dr (since,sinhr > r)
4 Jy sinh®r 0 o sinh’r

Y

v
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wQ] dr

9
4
9
T

e
|

[e'e] u2
d'f’ +/ 5 dT‘,
sinh?* r o sinh®r
this proving the claim.
([l

Let us recall some informations on the spherical harmonics and Laplace-Beltrami operator on
the hyperbolic space. By (4.3) with ¢(r) = sinhr, the Laplace-Beltrami operator in spherical
coordinates is given by

2

0 0
AHN = ﬁ + (N ) COth TE Smh2 ASN 1,

where Agn -1 is the Laplace-Beltrami operator on the unit sphere S ~1. If we write u(z) = u(r,0) €
C>(HN), r € [0,00),0 € S¥71 then by [38, Ch.4, Lemma 2.18] we have that

u(z) = u(r,o) Zd

in L2(HY), where {P,} is a complete orthonormal system of spherical harmonics and

dn(r)z/SNilu(r 0)Pa(0) do.

We note that the spherical harmonic P, of order n is the restriction to
harmonic polynomial of degree n. Now we recall the following

SV of a homogeneous

Lemma 6.2. [32, Lemma 2.1] Let P, be a spherical harmonic of order n on SN=1. Then for every
n € Ny

Agnv-1 P, = —(n? + (N — 2)n)P,.
The values N\, := n? + (N — 2)n are the eigenvalues of the Laplace-Beltrami operator —Agn—-1 on
SN=1 and enjoy the property A, > 0 and Ao = 0. The corresponding eigenspace consists of all the
spherical harmonics of order n and has dimension d,, where dy =1, dy = N and

J N+n-1 N+n-3
" n n—2 ,
forn > 2.

From Lemma 6.2 it is easy to see that

Agnu(r,o) = ZO (dﬁ(r) + (N — 1) cothrd,(r) — m) P,(o).

Let u € C2°(HY) and make the following transformation

v = (sinh r)%u.
Then

A —82+(N 1) cothr2- + A (sinhr) 7"
HNU = 92 co T@r smh2 sN-1 | (sinh7r U.

We compute:

W(Slnhﬂ *7 coth? r u+ (N — 1)(sinhr) ** coshr o

AHN’U = r
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N — B B 2
+ ( 5 (sinhr) T (sinhr) =N %
”
N —1)2 - -
+ % coth? r(sinh r) T+ (N — 1) cothr(sinhr) =N ?
r
n-1 1
inh ———Agn-
+ (sinhr) 2 R U
~voa [0%u ou 1
= (sinh — + (N —1)cothr— + ———Agn-
(sinhr) 2 [(%2 +( )co ron T I m]
N —1)(N - N —1)? - N-1 -
+ {( )4( 3) + ( ) } COth27"(SiIlh?")N2lu+ ( 5 )(sinhr)N21u

+ (N = 1)(sinh )™= coshr {;((smh o v)]
N-1 — — —1)2
— (sinhr) 7 (M) + [(N DN-3) N1 ] coth? o
(N-1) (N —1)? 9 v
+ 5 ¥ 5 coth®rv+ (N —1) COthr@r
N1 N —1)(N — N -1
= (sinhr) 2 (Ag~yu) + W=DV =3) coth? rv + ( )v + (N —-1) cothr@ .
4 2 or
Hence, we have
(6.3)
Agvu = % |:AHN’U — ((NI)M coth? 7 + (Nl)) v —(N —1) cothrav}
(sinhr) =2 4 2 or
2 _ _ _
[P (W e Y, L)
(sinhr) =z LOr 4 2 sinh®r
Now, expanding v in the spherical harmonics
v(@) = 0(r,0) =Y dn(r)Py(o)
n=0

and putting this in (6.3), we have

/HN |Ag~ul? dogny = Z/o (dg(r) - W coth? rd,, (r)
n=0
An

B0 - ) an

2 sinh” r
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where the eigenvalues \,, are repeated according to their multiplicity. We consider any given term
in the series above and write it as follows:

* — — _ 2
| (- EEE2E = o ran) - B a0 - Zran) ar
0

4 sinh” r

_ /Ooo(az;;(r))2 dr+/000 <(N_1)4(N_3)coth2r+ <N2_ D, siII\}:LZT)Zdi dr
(UV—D(N—?’)
2

2
coth®r 4+ (N — 1) + An ) A (r)d,(r) dr

sinh? r "
oo [e'e] N _ 1 2 2
64) = (d" (r))? dr+/ (()di(r)—i- ,A—"4di(r)
0 0 4 sinh® r
N — 1)(N —3)\? N — 1)2(N — N — 1)\,
4 (WD =3 3)) cotht rd2 (r) + =WV =8 oz ey o N =D 2” > (r)
4 4 sinh” r
N —1)(N — h? N —1)(N — o0
+ ( )(2 3 C.Ot 5 Tdi> dr — W -1V =3) )2( 3) / coth? rd!! (r)d,, (r) dr
sinh” r 0
o0 o0 1
(V1) / & (1) dy (r) dr — 22, / L)) dr.
0 o sinh”r

Now we consider each term separately. First let us evaluate the negative terms using integration by

parts :
W=DV =3) /OO coth? rd” (r)d,, (r) dr = W=DV =3) 1)2(N —3) /Oo(d;(r))2 dr
0 0
(N—D(N-3) [ 1 (N—1)(N—3) [® cothr d
(6.5) B 2 /0 sinhzr(dn(r))2 dr+ 2 /0 sithrJ(aln(r))2 dr
D W=y <, e (NSDWN =3 [
- | ez | ) d
+ g(N— 1)(N—3)/0 Sini4r(dn(r))2 dr + (N — 1)(1\[—3)/0 ﬁ(dnm)2 dr.
(6.6) (N—1) /OOO & (1) (r) dr = —(N — 1) /(Joc(d;(r))Q dr.
> 1 " L >~ 1 ' N2 dr OOCOth?”i N2 dr
2 [ i) dr = =20, [ (@) 2, [ S ) d
<1 , 9 1 2
= [ @ aree, /O (A (r)? dr
(6.7) +an, /0 ﬁ(dnm)? dr.

Taking in to account (6.5), (6.6), (6.7) and inserting in (6.4) we get,

gy~ WDV =) o V=D N
[ (o ! 02 rd (1) dn(r) 4) d

- n
sinh? r

_ 00117,27, _ OO/TQT (N_l)(N_3) Oo/r27,
—/O (d(r)? dr + (N 1)/0 (d!,(r)? dr + /O<dn< )2 d

2
(N—l)(N—?))/OO 1
+ —
2 o sinh®r

S|
(d,(r))? dr + 2)\n/0 m(cl;(r)2 dr
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o) _1)2 2 _ — 2
+/0 <(N41) (dn ()% + 2 (dn(r))2+<(N D 3)> coth (d (r))?

sinh?* r

—3) coth? r(dn(r))? + 7(

— — CcO 27‘
(dn(r))? + Y= DAV =3 coth de)w

. n
2 sinh? r

L (da(r)? dr

)
sinh” r

3 > 9 °
—;N—UW—@A ;@g@m»dwwN—mw—mA

e’} 2 [es} 2
— 6A, / d”(z) dr — 4\, / W)
0 0

sinh™ r sinh? r

Upon simplifying further we get,

° - - _ 2
7 (ann - EEEE o va ) - B a0 - Zran)ar

4 2 sinh?r
0o _1)2 o0 _ — o0
= [z ar s B [T ars (BEUEE o) [T a2 a
(V=1 [ g (2 s V=DV =3) (V- )PV - )
T/@ (dn(r))? dr + <)\n e B+ -

R Ve —3)) /OOo ﬁ(dn(r)f dr + (“V‘ 1>8(N— 3)° , (N - 1)4(N— 3)

(N-1)(N-3)

o0 1
. »#4N—5Mn—MP4xN—@)A

+
sinh? r

(dn (r))2 dr.

In order to estimate the second order term we use the 1-dimensional Rellich inequality [37]:

0o 0o d2
/ d!(r) dr > 9 n(r) dr,
0 16 0 7"4

combining this with the Lemma 6.1 and one dimensional Hardy inequality we get

| (- EE2 = o v - B a0 - ) ar

sinh” r
9 [ d3(r N —1)2 [*®d(r N —1)* R
21—6 ; ?jl)dr—l—( 3 )/0 7;(2)d1"+( 16)/0 d;. (r) dr
> dy(r) > dy(r)
+An/0 sinh?* r dr—i—Bn/O sinh? r ar,
where
An: |:>\2 +N(]\;_4)>\n+ ((N—]-)l(év_?)))Q —B(N—].)(N—?)):|
and
_ [N+ 1)V -3) (N-1?(N-3) ((N-1)(N-3)> (N-1{-3)
B, [ 5 An + 1 + 3 - 2 }

We note that

N —1)(N —3)(N? — 4N —
min A, = ( I 3)( 3) and min B, =
neNg 16 neNy 8

so that they are both positive for N > 5. Also we have
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o0 o)
/ u? dogn z/ v%(sinh r)_(N_l) dogn = Z/ dz dr,
HN HN —Jo

2 e [e ST 2}
u dz (r)
iy d’UHN = / I
/HN r2 7;) 0 T2
and so on.
Now using all these facts we obtain

N-—-1 4 2 N-—-1 2 2
/ |Ag~ul? dogsy — u/ u? dogny > 9 4 dvg~ + !/ Y dogn
HN HN H

similarly,

16 16 HN ’1"4 8 N 7‘2
(N—l)(N—3)(N2—4N—3) /°° u? (N —1)(N—3)2 /C>O u?
dvgn + dugn,
16 o sinh*r By 8 o sinh?r HY

namely (3.1). O

6.2. Optimal constant in (3.1). In this section we show the optimality of the first constant in

(3.1). Inspired by [41], we introduce the following change of variables:
ds dr

6.8 = .

(6:8) sN=1 " (sinhr)N-1

By (6.8) and restricting to radial functions, one has

S

A U(r) = (nh()>w U av(s)

where V(s) = U(r(s)) and A denotes the Euclidean Laplacian. Reading (3.1) with the above
transformation we have

Proposition 6.3. Let N > 5 and r = r(s) be as defined in (6.8). For every v € C°(0,400) there

holds
> 1 N—-1)* [

(6.9) / ——(Av)2sN Tt ds > %/ p(s)v?sV =1 ds
0 0

p(s)
9 [ p(s) 02V ds 4 (N_1)2 /Oo p(8) o N1 ds,
0

* 16 J, r4(s) 8 r2(s) v

o 2(N-1)
where p(s) = (M> :

S

Remark 6.1. As the asymptotics performed here below reveal, when v is supported in the comple-
ment of a large ball all the constants in (6.9) coincide with those of the optimal inequality obtained
in [12, Theorem 5.1-(iii)]. This observation suggests that also the constants found in (6.9) should be
optimal. This cannot, however, be deduced from [12] since the weight p is close to the homogeneous
one considered in [12] only at infinity.

Proof. From (6.8) we have

/ (Ag~u)?(sinh )N 1 dr
HN

Av2N1ds

stV 2(q; ov-1)_ L
/ (Sinh 1(s) D (Av)?(sinhr(s))>V )51\17—1 ds

:

00 2(N-1) (N-1)
2/ N 1 smhr(s)) S N—1
h dr d
/HN u’(sinhr) /0 §2(N-1) (Sinhr(s))Nfls s

oo
/v Nlds
0
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The other integrals in (3.1) can be rewritten similarly. All these terms replaced in (3.1) yields the
thesis.

|
Next we provide the asympotics of the transformation (6.8).
Lemma 6.4. Let s = s(r) be as given by (6.8). Then
N—-1 N-3 N-3
s(r) = c1e¥=2" —cpe” V2" +o(e” ¥2")  asr — o0,
where c¢1 and cy are positive constants.
Proof. From the trasformation (6.8), we have
1 J
N —-2)" %= o N2
s(r) = % </ (7 —e o) NFL da> .
2N2 .
Notice that, as r — oo,
/ (€2U _ 1)7N+160(N71) do = / (1 _ y2)7N+1yN72 dy
r 0
— [ -0y o) dy
0
—r(N-1) (N _ 1)
e
= + e "D 4 (e (VAL
(N -1) (N+1) ( )
Hence, as r — oo,
1 —1
_ (=27 EE [ ND N S RN
s(r) = e =D +N+16 +o(e )
=1 (N —1)° -2 -2 }
—ce' V2 |l ——— L T4 ple™?"
! { (N +1)(N - 2) ()
I (N —1) -2 -2 }
=ce"v2 |[1l— ———— 7 7" L o(e” )],
! [ (N +1)(N —2) ()
where
N-1 \7=
ar <2N—1<N - 2))
This proves the lemma setting
(N — 1)2 C1
Cgi= ——— .
TN+ (N -2)

Next we need the precise asymptotics of p.

Lemma 6.5. Let p be defined as in Proposition 6.3, then

sinh 7 (s) Ay —2N+4+2 —2L=1 2 2
p(s) == (s) = (2c1) e 2n=2r(s) (1 + ke ") Lo T(S)) , s § — 00,

2(N71)(Cg*€1)

o and ci,co are as in the previous lemma.

where k1 =



Proof. By Lemma 6.4,
e(2N—2)r(s)

P(S) = 221\[7*2 |:(1 - <2N — 2)6—21“(3) + O(e—2r(s)))
—2N
(Cle%:ér(s) — cpe”F2T0) 4 o(e*%r(s))) 2 +2}
_oN+2
= 02121\[72 6—2%r(s) (1 + kle—Qr(s) + 0(6_27"(3)) ’

this proving the claim.

Now, following the idea in the proof of [12, Theorem 5.5] we can state

Proposition 6.6. If A € R is such that

00 _1)4 0 e8]
(6.10) / L(Av)gsN_1 ds > u/ p(s)v?sN 1 ds+A/ @vQSN_l ds
0 0 0 7%(s)

p(s) 16

(N—1)?
for every v € C°(0,00), then A < “=5—.
Proof. Set

v(s) = s_<N;2)w(— log s),

where v € C°(0,00) & w € C°(—00,00). We compute

N —2)?
(6.11) Av(s) = s [w"(—log s) — %w(—log s)} .
Inserting (6.11) in (6.10), we get

/ODO i [(w”(— log s)) + (N2_2>4w2(— log s) — 2 (]\72—2>2 w" (- log s)w(— log 3)1 ds

p(s)

_1\4 oo > po(s) s
(le)/o p(s)sw2(flogs)ds+A/0 ’;2(?9) w(—logs) ds.

Now substituting o = —log s we have

>

| wrer Lo do+(N‘2)4/°° w(o) s s do

oo p(e=7) 2 oo ple=
1

o <N2‘2>2/_0; e

> <N21>4/w w?(o)p(e™7)e " do + A/Oo w2(0)7f;t3)

— 00 — 00

23

for all w € C°(—00,00). As above inequality holds true also for w(o) = z(to), for all ¢ > 0 and

z € C°(—00,0), we obtain

/_OO<> [t4(z"(:v))2 + (]\72_2)4%(3:) —2 <N;2>2t22//(x)z(x)] ,0(7
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Ifx € K C (—00,0), where K is a compact set, then | | — 0o uniformly as ¢ — 0. Since, by Lemma
6.4 and Lemma 6.5, as s — oo

g\ N1

o) =tog () oln).

and
4(N -1 .
p(8)82 22—2N041172N (1 ( )6—27(3) O(e—2r(s))> ,

the above inequality yields

2N —4 0 1=l N-1
4(N —1 t —2(N=2) |z|
t* 2; 2N/ ( //)2 1+ (N+1) < o ) +ole T 7)) | da
ol \ N3
N-1)% [° 4N =1) [e 27\ _a(N-2) |z
- | 2 ) / S| (]V—i—l)(e ) +o(e N T | da
—o00 C1
ol \ N3
0 2 _9 —
z 4N-1) [e —2(N=2) |2|
A — N-1 ¢ d
+ /Oo| E Nl ( - ) +o(e ) T
N—2
- 0 — - % Nt —2 2) |z
- 2)2£N § / : 8(z<rv+1l) (e ) toe= T T) | de| 20
—00 &1

Hence, as t — 0 and integrating by parts, we obtain

(Nfl)Q 0 / 2 0 22
T[m(z(x)) dzzA[dex.

A . A FU LR

Hence,

—_—r < in
N—-1)2 0o 0 _
( 5 ) veCX (—00,0) f, ‘.73| 2|Z‘2 4

and we conclude.

7. PROOF OF COROLLARY 2.3 AND COROLLARY 3.2

Proof of Corollary 2.3.
From the transformation (2.4) and since r = d((z,y), (0,1)), we obtain that

dvgn — dx d —d N = dx d
Joort e = [ g [ e = [ e
/ | Vv u|? dogs :/ / |Vo|? dx dy+((—>/ / —dx dy
HN R+ JRN-1 R+ JRV-1 Y2

Inserting the above identities into (2.1), (2.5) follows at once together with the optimality of the
constants that comes from those in (2.1). O

Proof of Corollary 2.4

For all u € C2°(HY), we replace transformation (2.4) with

_N-2 -
v(z,y) = ly|" 7 ulz,|yl), 2€RV yeRF.

and
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Hence, v € C°(RN+#~1) has cylindrical symmetry and compact support in RV +*=1\ RN=1 Then,
the same density argument of [30, Appendlx B] allows to conclude that

2
wk/ U deN—/ / —dxdy, wk/ U—deHN:/ / %dxdy
HN Rk JRN-1 y HN T Rk JRN-1 Y d
wk/ |V~ ul? dogs :/ / |Vo|? dz dy + <( - ) / / — dac dy,
HN Rk JRN-1 Rk JRN-1 y

for all v = v(z,y) € CFX(RVN~1 x R¥), with v(z,0) = 0 if k = 1, where wy, is the volume of the k
dimensional unit sphere. Using the above identities in (2.1) yields the claim.

and

|
Proof of Corollary 3.2

Before going further we state the following

Lemma 7.1. Let N > 3. For u € C°(HY), define v(z,y) := y*u(z,y), (z,y) € R¥N"1 x R, then
0
Agvu = 52 Av + (2a — (N — 2))yaai’ +a(a— (N — 1)y
Y

Proof. The proof follows by considering hyperbolic space as upper half space model RY = {(z,y) €
RN-1x R*} endowed with the Riemannian metric % and using the explicit expression of Laplacian
in these coordinates, namely Agy = y?A — (N — 2)y. O

Proof of (3.3). Let u € C°(HY), from the transformation (3.2) and Lemma 7.1 with a =

(N —2)/2, we deduce that
/ u? duogn */ / — dx dy,
HN R+ JRN-1 y

u2
d = dx d d = dx d
/HN 7’2 vEN = /]R+ AN 1 y2d2 v /HN vEN = /]R+ ‘/]RN 1 y2d4 vy

N(N -2
/]HIN |Ag~ul|? dogny = /R+ /RIW1 y2| Av|? da dy + (2)/]R+ /}RN?1 |Vo|? dx dy
N2(N — 2)2 / / v?
G+ — dx d
16 R+ JRN-1 y2 Y

where r = d((z,y), (0,1)). The above identities inserted into (3.1) yields (3.3). Next we turn to the
optimality issues. Assume by contradiction that the following inequality holds

—4N +1
/ / (v*(Av)? + ¢|Vo|?) dz dy > > AV AN+ / / — dm dy
R+ JRN-1 R+ JRN-1 Y?

for all u € C(HY) with ¢ < N(N 2) | The above inequality, Jomtly with (2.4) and (2.5), yields

/ |Ag~ul? dogny > %/ u? dvgn + (N > / / |Vo|? da dy
HN HN R+ ]RN 1
—1)2 _
Zu/ u2deN—|—1 M_C / / v—dmdy
16 HN 4 2 R+ JRN-1 y2
_ (N-1)2 1 /N(N-2) / 9
= ( 6 + 1 5 c . u* dogn ,

a contradiction with (1.3). The optimality of the other constants follows straightforwardly from
what remarked above.

and
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Proof of (3.4). Let u € C°(HY). One could proceed by using a change of variable in (3.3), but
we give a short proof using the method just used above. By exploiting the transformation (3.2) with

a = (N —4)/4, we have
02
/ u? deN:/ / — dx dy
HN R+ JRN-1 Y

2 2 2 2

u v u v
= dvgy = —_dz d — dvgy = —dz d
/IHIN r2 O /nw /Rw—l yraz “ Y /]H[N ra O /R+ /RN—I yrat Y

Furthermore, by Lemma 7.1 a = (N — 4)/2 and by integration by parts, we obtain

v2 (N —4)%(N +2)? 02
Agnu)? N = Av)? +4-2L —
[ @aup dog /W/Rm(( o+ 4k =L :

and

Y

v (N —4)(N +2) vAv U
f4gyAv— 5 5 +(N74)(N+2)y73y dz dy
7 o, (N=42(N+2)°v*  (N?—-2N —4)|Vo|
7/R+ /RM ((Av) + ¥ S+ - ) do ay.

Taking into account the above relations in (3.1) we obtain (3.4). As concerns the optimality of
the constants, it follows in the same way of (3.3). The main difference is that here, to show the
optimality of the constant in front of the term involving the gradient, (2.5) has to be replaced by

the inequality
Vol? 9 2
/ / | 12}| dxdyzf/ / Ujdxdy
R+ JRN-1 Y 4 Jr+ Jrv-1 Y

for v € C’é’o(Rf ), the proof of which is readily obtained combining integration by part with Holder
inequality. (]

8. PROOF OF PROPOSITION 2.6

The proof follows by exploiting several ideas from [20, Theorem 6.1] and is divided in three steps.

N-—1

Step 1. Let us denote ®5(r) = ®(r) f4(r), where ®(r) = (4—) * , then using Proposition 4.3

we have
i (N-1?L o (N-D(N-3) 1 = (N-D(N-3)1:
Agn (1) () 1 () 1 2 ®(r)
N -1

(8.1) () - T pee.

Set fo(r) = P and, for k=1,2,...,

e-N) 1 _1 _1

(8.2) felr)=r—7= X, 2(r)X, 2(r)... X, 2 (r),

from [20, Theorem 6.1] we know that

(N —1) 1 ((N-2)? 1 1 1
—(F) = fu) = 5 (e X XX XY XE ).

Now substituting (8.2) in (8.1) we obtain,

(N —1)? - (N-1)(N-3) 1 - 1.

7AHN§3]€(T) — 1 (I)k(T') = @k(’f‘) — 7@]@(7”)
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k
(8.3) +5) %X%(T)Xg(r) X2 () B (r)

=

7

=1
Step 2. We consider u € C°(B) and settled u(z) = ¥(x)v(z) we compute

/ |V~ ul? dogs :/ V2| Vyvol? dogws —|—/ V2| Vv U % dugw +2/ vU(Vynvo, Vg U) dogw,
B B B B

after integration by parts the last term of above expression we obtain

/ |V~ ul? dogy = —/ U (A~ ¥)v? dogs —|—/ U2V~ o|? dogy
B B B
AU
= —/ —u? dogw +/ V2|V~ o|? dogy
B ¥ B

(8.4) > —/ gzﬂ dogn .
g ¥

By choosing ¥ = ® f;, where f;, defined as in (8.2), in (8.4) and taking the limit k — oo, we derive
(2.11).

Step 3. Next we prove the optimality issue. Let us denote

N —1)? N —-1)(N - 2 1 2
Ik(u) 2:/ |VHNU|2 d’UHN - !/ u2 - ( )( 3) / Y - */ uf d'UHN
B 4 B 4 H 4 H

~ sinh?r N 72
k
1 u?
_ZE /Bﬁxfxg...x,f dvgn .
i=1

Then clearly, for K =1,2...

1 u?
L1 (w) = I(u) + Z/ ﬁxfxg...x,f dogw .
B

Then it easy to note that

I_1(u Ii.(u 1
(8.5) u? 2k21( ) 2 = uZ 2 ];( ) 2 7
CEX2XZ. . XEdvgy [, X2XZ.. X2 dugn A

By choosing u = v (with dy, as in step 1) and following step 2, we obtain

Iy (w) :/ 2|V~ v|? dugw,
B

and hence _
Ii—1(u) _ fB (I’i|VHN’U|2 dogn~ 1
SUXIXZ . XP dvgy [ B XPXE . XD dogy 4
Now we choose v = U, , where
(8.6) Ue,a(1) = ve,o(r)(r) = r X7 X532 .. X8 (r),

the parameters €, a; will be positive and small and eventually will be sent to zero. The function ¥ (r)
is a smooth cut-off function such that ¥ (r) =1 in Bs and ¢(r) = 0 outside Bgs for some J§ small.
Arguing exactly as in [20, Theorem 6.1] one sees that as the parameters € and a; go to zero, then

fB &)z|VHN’U|2 dUHN

u? v2y2 2
XXX dugn

— 0.
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This immediately gives

inf le—1(u) < 1
cx(B) [ S X2X3 .. X2 dogn 4
and proves the optimality issue.
O
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