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HARDY-POINCARE, RELLICH
AND UNCERTAINTY PRINCIPLE INEQUALITIES
ON RIEMANNIAN MANIFOLDS

ISMAIL KOMBE AND MURAD OZAYDIN

ABSTRACT. We continue our previous study of improved Hardy, Rellich and
uncertainty principle inequalities on a Riemannian manifold M, started in
our earlier paper from 2009. In the present paper we prove new weighted
Hardy-Poincaré, Rellich type inequalities as well as an improved version of our
uncertainty principle inequalities on a Riemannian manifold M. In particular,
we obtain sharp constants for these inequalities on the hyperbolic space H™.

1. INTRODUCTION

The classical Hardy, Rellich and Heisenberg-Pauli-Weyl (uncertainty principle)
inequalities play important roles in many questions from spectral theory, harmonic
analysis, partial differential equations, and geometry as well as quantum mechanics.
In order to motivate our work, we present these three classical (sharp) inequalities
on the Euclidean space R™. The Hardy inequality states that for n > 3

(1.1) /Rn IVé(x)|2dw > (”T_Q)Q/ @,

|z[?

where ¢ € C§°(R"). Here the constant (“52)? is sharp, in the sense that

(n—2)2 e Jen [VO(@)Pde
= in -
2 0£peCr®) [ 150 4y

Another inequality involving second-order derivatives is the Rellich inequality
[20):

(1.2 [ 1soarar> 12 [ 1800,

n?(n—4)2

where ¢ € C§°(R™), n > 5 and the constant is again sharp. (There are
also versions for lower dimensions under additional hypotheses.)
The classical Heisenberg-Pauli-Weyl inequality, a precise mathematical formula-
tion of the uncertainty principle of quantum mechanics, states:
2
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5036 ISMAIL KOMBE AND MURAD OZAYDIN

for all f € L?>(R"). Here the constant % is sharp and also it is well known that
equality is attained in (1.3) if and only if f is Gaussian (i.e. f(z) = Ae~*I* for
some A € R,a > 0).

These inequalities have been extensively studied in the Euclidean setting and
now the literature on this topic is quite vast and rich, encompassing many general-
izations and refinements, e.g. [2], [10], [6], [II, [3], [12], [8], [13] and the references
therein. Many new developments are still forthcoming. For instance, Tertikas and
Zographopoulos [22] give a sharp Rellich-type inequality and its improved versions
which involves both first- and second-order derivatives:

2 v 2
(1.4) [ 1aotpae= " [ %da

where ¢ € C§°(R™), n > 5 and the constant ’2—2 is sharp.

On the other hand the Euclidean results mentioned above continue to be a
source of inspiration for the problem of finding analogous inequalities in the setting
of Riemannian manifolds. There has been a continuously growing literature in this
direction, e.g. [7], [@], [14], [I8], [, [23], [I7], [19], and the references therein.
For instance, in an interesting paper, Carron [7] obtained the following weighted
L?-Hardy inequality on a complete noncompact Riemannian manifold M:

C —1\2 2
(15) [ iverav = (=) [ e La,
M 2 M P
where ¢ € C®(M — p=1{0}), a € R, C > 1, C+a —1 > 0 and the weight
function p satisfies |Vp| = 1 and Ap > % in the sense of distribution. For complete
noncompact Riemannian manifolds, under the same geometric assumptions on the
weight function p, we obtained in [I7] an L version of (1.5) (where 1 < p < co and
C+1l4+a—-p>0)
c+1 —D\? P
(1.6) / PV B|PdV > (W) / paﬂdV,
M p M PP

as well as a Rellich-type inequality (where o < 2, C' +«a — 3 > 0)

Al A2 (C+a=32%C—-a+1)?* [ ¢
an [ s> i | %
where A is the Laplace-Beltrami operator on M.

We also found an LP Heisenberg-Pauli-Weyl uncertainty principle type inequal-
ity (for a complete noncompact Riemannian manifold) and an L? version with a
(nonnegative) remainder term. In the specific case when the manifold M is the
hyperbolic space H", we obtained sharp constants for the Hardy and Rellich-type
inequalities, and explicit (not sharp) constants for the Heisenberg-Pauli-Weyl un-
certainty inequalities.

In the present paper we continue our investigation of Hardy-Poincaré, Rellich
and Heisenberg-Pauli-Weyl type inequalities. The plan of the paper is as follows.
In Section 2 we first prove a new form of weighted Hardy-Poincaré type inequality
and then we prove various improved versions of the weighted Hardy inequality
(1.5) (in the sense that nonnegative terms are added on the right-hand side of
(1.5)). We note that these improved inequalities are the main tool in proving
improved Rellich type inequalities. In Section 3 we first prove a weighted analogue
of (1.4) and then obtain improved versions. Section 4 is devoted to the study of

v,

License or copyright restrictions may apply to redistribution; see https://www.ams.org/journal-terms-of-use



INEQUALITIES ON RIEMANNIAN MANIFOLDS 5037

Heisenberg-Pauli-Weyl (uncertainty principle) type inequalities where we obtain
better constants than those of [I7] and prove a sharp analogue of the classical
uncertainty principle inequality (1.3) on the hyperbolic space H". In each section
we first prove inequalities in the context of a general complete Riemannian manifold.
Then, turning our attention to the hyperbolic space H", we consider specific weight
functions and obtain inequalities with explicit and usually sharp constants.

2. WEIGHTED HARDY-POINCARE TYPE INEQUALITIES

Throughout this paper, M denotes a complete noncompact Riemannian manifold
endowed with a metric g. We denote by dV, V, and A respectively the Riemannian
volume element, the Riemannian gradient and the Laplace-Beltrami operator on M.

We begin this section by proving a new form of the Hardy-Poincaré type inequal-
ity for a complete noncompact Riemannian manifold M with a weight function p
modelled on the distance from a point. (In this context the hypotheses |Vp| =1
and Ap > % seem to be geometrically quite natural.) One advantage of this set-up
is that it implies and thus provides another (shorter) proof of (1.6) above (Theorem
2.1 in [I7]) as explained in the Remark below.

Theorem 2.1. Let M be a complete noncompact Riemannian manifold of dimen-
sionn > 1. Let p be a nonnegative function on M such that [Vp| =1 and Ap > %
in the sense of distribution where C' > 0. Then the following inequality holds:

C 1
(2.1) / PP Vp - Vo|PdV > (ﬂ)p/ p®|IPdV
M p M

for all compactly supported smooth functions ¢ € C°(M \ p~1{0}), 1 < p < oo,
and C +a > —1.

Proof. 1t follows from the above hypothesis that
(2.2) div(pVp) > C + 1.
Multiplying both sides of (2.2) by p®|¢|? and integrating over M yields

1) [ plorav < [ aplorav

As an immediate consequence of the divergence theorem we have

(C+at1) / PPV < —p / 617 "26p" 1V p - VgaV.
M M

An application of Holder’s and Young’s inequalities yields

(C+a+1)/ o SPdV
M
(p—1)/p 1/p
o( [ oterav) ([ pinive- vopav)
M M

< -1 [ pejopav s e [ s vopay
M M

for any € > 0. Therefore

(2.3) / PPV - Vo[PdV > e P (C +a+1—(p— 1)e—p/<p‘1)) / p”lolPdV.
M M

IN
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Note that the function € — €™P (C’+a+1 —(p— l)e*p/(pfl)) attains the maximum

for eP/(P—1) —

p
%, and this maximum is equal to (M> . Now we obtain
a+1 p

the desired inequality,

C 1\?
[ ommiwn-vopay = (L) [ gy,
M p M
O
Remark. Applying the Cauchy-Schwarz inequality to |Vp - V¢|, replacing « with
a —p and using |Vp| = 1 yields the weighted LP-Hardy inequality (1.6).

We will give a sharp version of Theorem 2.1 in the hyperbolic space H". Recall
that the hyperbolic space H™ (n > 2) is a complete simply connected Riemannian
manifold having constant sectional curvature equal to —1. There are several models
for H" and we will use the Poincaré ball model B” in this paper.

The Poincaré ball model for the hyperbolic space is

B" ={z = (z1,...,2,) € R"||z| < 1}

endowed with the Riemannian metric ds = A(z)|dz|, where A(z) = ﬁ Hence

{Adz;}_, give an orthonormal basis of the tangent space at x = (z1,...,x,) in
B"™. The corresponding dual basis is {%% ™ ., thus the hyperbolic gradient and
the Laplace-Beltrami operator are
Vu
Vint = —,
" )

Agnu = A"div(\"2Vu),

where V and div denote the Euclidean gradient and divergence in R"”, respectively.
The hyperbolic distance dyr (z,y) between z,y € B" in the Poincaré ball model
is given by the formula

2|z — y|?
dggn (z,y) = Arccosh(l + (1—|z[2)(1— ‘y|2)>

From this we immediately obtain for x € B™,
1+ |z
which is the distance from x € B™ to the origin. Moreover, the geodesic lines
passing through the origin are the diameters of B™ along with open arcs of circles
in B" perpendicular to the boundary at co, 9B" =S"~! = {z € R" : |z| = 1}.
The hyperbolic volume element is given by
2
1—1r2
where dx denotes the Lebesgue measure in B" and do is the normalized surface
measure on S" 1.
A hyperbolic ball in B™ with center 0 and hyperbolic radius R € (0, co) is defined
by

d := dgn (0, 2) = 2Arctan h|z| = log(

dV = \"(z)dzx = ( )nrnfldrda,

Bg(0) = {z € B" | dg~(0,7) < R};
we note that Br(0) is also a Euclidean ball with center 0 and radius S = tanh% €
(0,1).
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Note that we have the following two relations for the distance function d =
1 1+|z]y.
Og(1_|w\)~

Vend] =1,

n—1

AHnd 2 d 3 x # 0.

We are now ready to give a sharp version of Theorem 2.1 in the hyperbolic space
H"™. Here p is chosen to be the distance function from the origin in the Poincaré
ball model for the hyperbolic space H"™.

Theorem 2.2. Let ¢ € Cg°(H"), d = log(}jw}), n>21<p<ooand o> —n.

Then we have

where the constant (%)p is sharp.

Proof. The inequality follows from Theorem 2.1. We show that ("p#)p is the best

constant in (2.4):

. an da+p|vﬂ-ﬂ"d ’ VIH["(WDdV n + a\P
Cy = inf = ( ) .
0#£pECS (HM) Jign d|p|PdV P
It is clear that

(n + a)p < an dotP|Vgnd - Vi ¢[PdV
p - Jign de|p|PdV

holds for all ¢ € C§°(H™). If we pass to the inf in (2.5) we get that (“To‘)p < Chg.

(2.5)

We only need to show that Cy < (”;%a)p and for this we use the family of radial
functions
n+a
d v ¢ if delo0,1]
2.6 c(d) = nto ’
(26) ?(d) {d—<$+ﬁ) i d> 1,

where € > 0. Notice that ¢.(d) can be approximated by smooth functions with
compact support in H".
A direct computation shows that

(252 + Qs it de o],

AP\ Vnd - Vign P =
IVir-d - Vi gl {(”*T%re)pdnpf it d>1.

Let us denote by By = {z € H" : d < 1} the unit ball with respect to the distance
d. Hence

/ d®|p[PdV = / drT2etreqy 4 / d="TPedy,
n Bl

H~™ \Bl
and then we have

+ +
(ana + e)”/H" | Jrdv = (“ ; |

dn+2a+pedv +/ dfnfpedv

By H™\B,

= da+p|VHnd . VHTL ¢€|I)dV
Hn
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On the other hand,

nto P
+e€
(1)04)/ 4P| Vgad - Vg [PdV > (”;a +6)p/ d*|p[PdV
- ) .

= / AP |V ygnd - Vign p [PdV.

It is clear that (”J;% + e)p > Cy, and letting e — 0, we obtain (”J;fa)p > Cy.
Therefore Cy = (mTa)P' O

We now prove an improved L? weighted Hardy inequality involving two weight
functions p and § modeled on distance functions from a point and distance to the
boundary of a domain 2 with smooth boundary.

Theorem 2.3. Let M be a complete noncompact Riemannian manifold of dimen-
sionn > 1. Let p and 6 be nonnegative functions on M such that |Vp| =1, Ap > %

and —div(p'=CVd) > 0 in the sense of distribution, where C > 1. Then we have

C+a—1\2 ®? 1 |V6|?
) v 2‘7> fo" % - a 2‘7
@7 /Qp| o _( 2 ) /Qp de +4/Qp e

for all p € CC(Q\ p~H0}), a €R, and C +a —1> 0.

Proof. Let ¢ € C3° and define ¢ = pP¢, where § < 0. A direct calculation shows

that
(2.8) Vo> = B2p* 2|V p*¢® + 28p°P 1V p - Vi + p*F| Vi .
Multiplying both sides of (2.8) by p* and applying integration by parts over M
gives
_ g 28Y,/,2
pa v¢2dV:B2/ poc-‘rQﬂ 2’(/12dV— / Ap”‘+ﬂz/1dV
/M Vel M a+28 Ju ( )
(2.9) +/ e A VIE v
M
> -2 —Bla+C— 1)/ PO 2p%dV +/ P T2P|Vy|2dV.
M M
Choosing
l—a-C
b=
gives
¢2
(2.10) / p*|V o2V > / pa—QdV—l—/ p = C | Vy|2av.
M M P M

We now focus on the second term on the right-hand side of this inequality. Let us
define a new variable ¢(x) := d(x)~/2¢)(z), where §(z) is a nonnegative function
and 0(z) € CZ(M). Tt is clear that

1 2
VP = 5 IVaP + oV - Vo + 6Vl
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Therefore
1 2
/ plfc\W}IQde—/ p1*0£|v5|2dv+/ pl=C oV - VipdV
M 4 M
— 1/ ' C|w| —?dV — / div(p'~CVo)p*dV.
4 M 2 M

Since —div(p'=CV4) > 0 and 1) = p*=
2
(2.11) / 1=C|vy|2av > = / P |w| L p2av.
M M

Substituting (2.11) into (2.10) gives the desired 1nequahty:
C —1\2 2 V5 2
/ P2V o2dV > (L) / o® Cav+- / o | O s2qv,
M 2 M 4 Ju

then we get

O

Our next goal is to find model functions which satisfy the assumption of the
above theorem. A straightforward computation shows that § = log(%) satisfies the
differential inequality —div(p'=¢V4§) > 0. As a consequence of Theorem 2.3 we
have the following weighted L2-Hardy-type inequality on the hyperbolic space H™
which has a logarithmic remainder term. The sharpness of the constant ( %“*2)2
follows as in [I7, Theorem 3.1].

Corollary 2.1. Let Q) be a bounded domain with smooth boundary 02 in H"™. Let
p=d = log( 1+‘§|) and § 1= log(%), R > supq (d), a€R, n+a—2>0. Then we

have
d* = dV d*¥———— d
/ d? T3 / log 7)

(2.12) / d*| Vi ¢|?dV >
Q
for all ¢ € C§°(R) and the constant (%)2 is sharp.
Let B = {z € B™ | d < R} be a hyperbolic ball with center 0 and hyperbolic
radius R. It is clear that § := R — d is the distance function of the point = € Bg

to the boundary of Br and satisfies the differential inequality in Theorem 2.4.
Therefore we have

n—l—a

Corollary 2.2. Let Bgr be a hyperbolic ball with center O and hyperbolic radius R.

Let d = log( Lt|e] andd:=R—d, a € R, n+a —2>0. Then we have
—z]

Fa—2\? L2 #?
2.1 A Vgn |2V > (¢~ < / 2 d / “—2 4
(2.13) /BR ViV > (5—) L EEV | Y

for all ¢ € C§°(Bg) and the constant (%“72)2 is sharp.

Hardy-Sobolev-Poincaré inequalities. The following sharp form of the Sobolev
inequality on the hyperbolic space H" is due to [I6]. It states that for all ¢ €
C§e(H™):

2

([ ) TR [ v

4 H»

@11) [ [VanoPav > "D

where ¢ € Cg°(H™). Here A, = “-2|S|% is the sharp constant for the Sobolev
inequality on R™, |S™| is the volume of the n-dimensional unit sphere in R**! and
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5042 ISMAIL KOMBE AND MURAD OZAYDIN
the constant B,, = # is sharp for n > 4. Recently, sharp form of the inequality
(2.14) in three-dimensional hyperbolic space H"™ has been proved by Benguria,
Frank and Loss in [5].

The Sobolev inequality (2.14) and the Hardy inequality in [17] yield the following
Hardy-Sobolev inequality on the hyperbolic space H™.

Corollary 2.3. Let ¢ € C§°(H"), d = log( H} I) and n > 3. Then we have

/Hn |VH"¢|2dV > (n;2>p3(ss) (%Bﬂ )ﬁ(/ﬂn |¢|:;(S)dV)p*L(S),

where 0 < s <2 and p*(s) = 2(2=3).

n—2

Before we state and prove our next theorem, we first recall the (Euclidean)
weighted Sobolev inequality of Fabes, Kenig and Serapino [I1], which plays an
important role in our proof. They proved the following inequality:

(2.15)
1 1/p 1 1 1/kp
P > kp
(w(BT) /BTW’ w(“””)d’”) = c(diamBT)(w(BT) /BTW' w(’”)dx) ’
WhereBrisaballian ¢ € C°(B,), fB x)dr, 1 <p < oo, 1<

k < 25 +¢, ¢ >0 and the weight functlon w belongs to Muckenhoupt s class Ap.
In partlcular if the weight function w belongs to Muckenhoupt’s class As, then k‘
can be taken equal to "5 + € and this is sharp. Recall that a weight function w
belongs to Muckenhoupt’s class A4, (1 < p < o0) if

p—1
sup |B|/ da: |B|/ = pdm = Cpw < 00,

where the supremum is taken over all balls B in R™ (see [21]).

Motivated by the classical work of Brezis and Vazquez [6], our next theorem
shows that a sharp weighted Hardy inequality on the hyperbolic space H" can be
improved by a weighted Sobolev term.

Theorem 2.4. Let ¢ € C§°(H™), d = log( |9”‘), aceR n>2andn+a—2>0.

—|z]
Then we have
(2.16)

o n+a—2\2 o P _ (2-n)(2-a)taq 2/q
d%|Vign ¢|2dV > (T) [ ﬁdV—i—c( i qqua:) ,

HTL Hn
n a=2
where 2 < ¢ < 7= +2¢, € >0, = 2022(‘8 |) , ¢ > 0 and the constant (—7”‘5‘*2)2
is sharp.

Proof. Let ¢ € C§° and define 1) = d~# ¢, where B < 0. A direct calculation shows

that
(2 17) da|v¢‘2)\n72 _ BQda+2672|Vd|2w2)\n72
. +2Bda+2ﬁ71¢An72Vd.V¢+da+2ﬁ|vq/}|2)\n72.

It is easy to see that
|Vd* = \?
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and integrating (2.17) over B", we get
(2.18)

/ da‘v¢|2>\n—2d$ _ ﬂ2da+2ﬂ_21/)2)\nd$ + / 2ﬂda+25_11/)>\n_2vci . dex
B B~

+ / d* 2P|V P A" d.

Applying integration by parts to the middle integral on the right-hand side of (2.18),

we obtain
(2.19)
/ da|v¢‘2)\n—2d1_ _ ﬂ2da+25—2,¢}2>\nd1, _ B div()\n_2V(d26+a))dl’
B~ B Q + 25 B
+ / d 2P|V P A 2da.
One can show that
ﬁ . n—2 284
0197 Jan div(A"*V(d ))dz
(2.20) =-B(28+a— 1)/ d?Pre=2\ny2dg — g [ d*PPre N2y (Ad)dx
n ]B?L

—B(n— 2)/ d?Pra=1\n=3(Vd . V\)dz.

A direct computation shows that
n—1

Ad = Nr + A

and
Vd- VA= Nr.
Substituting these above

B : n—2 268+«
o195 Jan div(A"*V(d ))dx
(2.21) = —f(28+a— 1)/ d2l3+a—2)\nw2dx
—D(M2+1
—(2B+a)/ d25+a—1>\n((n )(Ar® + ))w2d:c.
n r
We can easily show that
M2+l 1
> —.
A T d
If 28 + a < 0, then we have
(2.22)
“a¥ 2B div(A\"2V(d*T))de > —B2B +a+n — 2)/ d?Pra=2\ny2dg,
o B n

Now we substitute (2.22) into (2.19) and we get

/ d*|VoPA" 2 > (=B% - Bla+n — 2))/ d?Pra=2y2\ndyg

n

+ / d* 2P|V P A" d.
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Note that the function 3 — —f3% — B(a + n — 2) attains the maximum for
B = 2£9=" and this maximum is equal to (“t3=2)2. Therefore we have the
following inequality:

—92\2 2
/ AV o2 A" 2dz > (%) / e 2’2 N dar +/ &2 |V P A2
Using the fact d < Ar, we get

—92\2 2
223) [ d|Ve[PA"2dz > (w) ol )\"da:+/ 2|V 2dz.
B"L 2 IB‘VL d2 n
Notice that the weight function 72~™ is in the Muckenhoupt A, class. We now apply
weighted Sobolev inequality (2.15) to the second integral term on the right-hand
side of (2.23) and obtain

d*|V o> " 2dx

]B?L
—92\2 2 2/q
> ("J’+) / da‘c’; )\”da:—i—cl(/ P2y
B’n "
_2 2 2 n a q 2/
> (%) a2 A”dx+01( e ¢qu) "
2 n d2 n
where ¢ > 2 and ¢; = C% (IS—;‘)PF. Furthermore, using the inequality 2r < d < Ar,
we get
9\ 2 2 n—2)(a—2)+aq 2/
/ 4|V $[2A"2dz > (”++> / 4o f; )\”dx+c(/ g ¢qu) :
on— n =2
where ¢ > 2 and ¢ = = : (ls2 ‘) ¢ . This completes the proof. O

3. RELLICH-TYPE INEQUALITIES

In this section we prove the weighted Rellich-type inequality and its improved
versions, which connects first to the second-order derivatives. The following is the
weighted analogue of (1.4) in the setting of Riemannian manifold M.

Theorem 3.1. Let M be a complete Riemannian manifold of dimension n > 1.
Let p be a nonnegative function on M such that |Vp| =1 and Ap > % in the sense
of distribution where C' > 1. Then the following inequality is valid:

C+1-a)? Vo|?
(3.1) / PO AGRAV > M/ VOl gy
4 M p?
for all compactly supported smooth functions ¢ € C(M \ p~'{0}), =€ < a < 2.

Proof. A straightforward computation shows that
(3.2) Ap* 2 < (a—2)(C+ a—3)p* 4.
Multiplying both sides of (3.2) by ¢? and integrating over M, we obtain
C+a-3a-2) [ iy = [ Ay
M

(3.3) M

- / P22V + 20A0)dV.
M
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Therefore

(34) _/M(¢A¢)pa72 > /M pa72|v¢|2dv_ (C+O¢—23)(Oé—2) /]V[ pa74¢2dv'

Let us apply Young’s inequality to expression — || M P 2pA¢ dx,

(3.5) — / P 2pAPdV < € / P rP2dV + e
M

M 4e

| elaopav.
M
where € > 0 and will be chosen later. Combining (3.5) and (3.4), we get

(3.6)
C -3 -2 1
/Mpa_z‘V(b'QdV S (6+ ( +a 5 )(O{ )) /Mp(y—4¢2dV+E/Mp(y|A¢|2dV

Notice that the case of € + (

Therefore we only need to consider the cases € +
(CHa—3)(a—2)
2

< 0 gives the Rellich inequality (1.6).
—(C+a_§’)(a_2) = 0 and € +

> 0, respectively. The first case gives the following inequality:

C+a—3)(a—2)
2

(3.7) /M p*|A¢[2dV > 2(C 4 a —3)(2 — «) /M P> 2|V ¢|2aV.

Ife+ w > 0, then we apply the Rellich inequality (1.6) to the first term
on the right-hand side of (3.6) and get

(3.9) / PO 2|V2dV < Poa(e) / o A2aV,
M M

where
16¢ n 8(a—2) +i
(C+a-32(C-a+1)?2 (CH+a-3)(C—-a+1)? 4e

(C+a73)8(07a+1), and

this minimum is equal to m. Therefore we have the following inequality:

PC@(G) =

Note that the function P (€) attains the minumum for e =

(C—a+1)?

[ iaopav >
M 4

[ omiwopav
M
O

We are now ready to give a sharp version of Theorem 3.1 in the hyperbolic space
H". Here p is chosen to be the distance function from the origin in the Poincaré
ball model for the hyperbolic space.

Theorem 3.2. Let ¢ € C*(H"), d = log(ifm), n>2, 82" < a <2 Then we

have

n— o)? Vi ¢[?
(3.9) /nd“\AandeVz( 1 ) /nda| “fif' dv.

Proof. The inequality follows from Theorem 3.1. To show that the constant (25%)?
is sharp, we use the following family of functions as in [17]:

nt+a—4 :
—(nte=t L o) (d—1)+1  if delo,1],
¢€(d): ,(("L+%<*4+) )( ) . [ ]
d 2 1€ if d>1.
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Notice that ¢.(d) can be well approximated by smooth functions with compact

2
support in H", and direct computation shows that % is the best constant in
(3.9):

(n—a)® N Y

4 e—0 fH" de \Vm122¢e|2 dv ’

O

The following inequality is an improved version of the Rellich-type inequality
(3.1) for bounded domains.

Theorem 3.3. Let Q) be a bounded domain with smooth boundary 02 in a complete
Riemannian manifold of dimension n > 1. Let p be a nonnegative function on M
such that |Vp| =1, Ap > % and —div(p'=YV§) > 0 in the sense of distribution,
where C' > 1. Then the following inequality is valid:

(3.10)

R
Q

1— 2 2 2
(C+ 1 a) / pa |vp(§| dV—|— K(C,a)/ pa—2 |V6|
Q

2
) 50"V

for all compactly supported smooth functions ¢ € C§*(M \ p~1{0}), % <a<?2
and K(C, O[) — (C+1fo¢)1(60+30¢77) )

Proof. The proof is similar to the proof of Theorem 3.1. The only difference is
that we apply the improved Hardy-type inequality (2.7) to the first term on the
right-hand side of (3.6). O

The following corollaries are the direct consequences of Theorem 3.3.

Corollary 3.1. Let Q be a bounded domain with smooth boundary in H™. Let
d = log( 1'H””l) and § 1= log(g) and R > supg (d) Then the following inequality is

1—|z|
valid:
(3.11)
_ 2 V n¢‘2 ¢2
4| Agnf2ay > ) /d“‘ P av + K(C, /d@—‘L dv
/Q | Apin B = 4 o d2 +K(C,q) Q (111%)2

for all compactly supported smooth functions ¢ € C3°(Q2), 8_7" <a<2and K =
(n—a)(n+3a—8)
16 :

Corollary 3.2. Let Bgr be a hyperbolic ball with center O and hyperbolic radius R.
Let d = log( }jz") and 0 := R —d. Then the following inequality is valid:
(3.12)

—a)? Vi ¢
da A " 2dV > (n Oé) / da | H
/Q [Bun N 4 Q

a2
](cor a)l(l compa)ctly supported smooth functions ¢ € C3°(§2), B*T" <a<2and K =
n—a)(n+3a—8
16 :

2 72 ¢2
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Using the same argument as in the proof of Theorem 3.1 and improved Hardy-
Sobolev type inequality (2.16), we obtain the following improved Rellich-Sobolev
type inequality on the hyperbolic space H".

Corollary 3.3. Let ¢ € C§°(H") and d = log( Lt|e]

1—|a]

PRy b2
/ A Agn @|2dV zw/ d“%dv

+K(/ d(n—zxquwa—z)q¢qu)2/q7

- n—2 nyp 4=2
where 83 < o < 2, K = (”7‘1)(”2?78)2 (%) T,2<qg< 242, €>0,
and ¢ > 0.

). Then the following inequality
is valid:

(3.13)

4. UNCERTAINTY PRINCIPLE INEQUALITY

The first and most famous uncertainty principle goes back to Heisenberg’s sem-
inal work, which was developed in the context of quantum mechanics [15]. It says
that the position and momentum of a particle cannot be determined exactly at
the same time but only with an “uncertainty”. The mathematical version of this
principle (stating that a function and its Fourier transform cannot be well localized
simultaneously) was formulated afterwards by Pauli and Weyl [24] and it is some-
times referred to as the Heisenberg-Pauli-Weyl inequality. Uncertainty principle
type inequalities are central to harmonic analysis and such considerations of the
time-frequency domain are crucial in signal and image processing [10].

In a previous work [I7], we obtained a Heisenberg-Pauli-Weyl inequality on a
compete noncompact Riemannian manifold M and found an explicit constant when
M is the hyperbolic space H™. In the present paper we first prove a Heisenberg-
Pauli-Weyl inequality for general Riemannian manifolds which has a better constant
than those of [I7] and then we obtain the sharp constant in the hyperbolic case.
The following is the first result of this section.

Theorem 4.1. Let M be a complete Riemannian manifold of dimension n > 2.
Let p be a nonnegative function on M such that |Vp| =1 and Ap > % in the sense
of distribution where C' > 0. Then the following inequality holds:

(4.1) (/M p2¢2dV)(/M|V¢|2dV> > @( ; ¢2dV)2

for all compactly supported smooth functions ¢ € C§°(M).

Proof. Using the assumptions |Vp| =1 and Ap > %, we get

(4.2) /M(Ap2)¢2dv > (2C +2) /M P*dv.

By integration by parts and the Cauchy-Schwarz inequality, we have

(/Mp%de)(/MWd?FdV) > W(/M&dv)%

This completes the proof. (Il
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We now prove a sharp analogue of the Heisenberg-Pauli-Weyl inequality (1.3) on
the hyperbolic space H".

Theorem 4.2. Let ¢ € Cg°(H"), d = log(}jw}) and n > 2. Then

(4.3) (/ d2¢2dv) (/ \VHm\QdV) > "Zz(/H ¢2dv)2.

Moreover, equality holds in (4.3) if ¢(z) = Ae=°?’ where A € R, o = (2=1)(n —
1+ QWCCE—;Z) and Cy, = [ e=?’ gy .

Proof. The inequality follows from Theorem 4.1. In order to achieve equality
inspired by the Euclidean case, we consider hyperbolic analogues of Gaussians:
o(x) = Ae=*?* where A € R and a > 0. A straightforward but tedious calculation

shows that ¢(x) = Ae=2? is the minimizer where a = (2= (n—1+ 277%) and

Cp = [y e @ dV. O
Remark. Note that even though ¢(x) = Ae—2? does not have a compact support,
it can be approximated by such functions yielding that (4.3) is sharp.

There is a natural link between Hardy, Heisenberg-Pauli-Weyl and Rellich type
inequalities. For instance, using the Rellich-type inequality II (3.1), we have the
following second-order Heisenberg-Pauli-Weyl inequality.

Theorem 4.3. Let M be a complete Riemannian manifold of dimension n > 2.
Let p be a nonnegative function on M such that |Vp| =1 and Ap > % in the sense
of distribution where C' > 7. Then the following inequality holds:

(4.4) ( /M ptoav) /M|A¢|2dv) > %( ; ¢2dV)2

for all compactly supported smooth functions ¢ € C§°(M — p~1{0}).

Proof. By equation (4.2) and the Cauchy-Schwarz inequality, we get

</M p4¢2dV) 1/2</M |fo|2dv)1/2 - %/M ¢2dV.

Using the Rellich-type inequality II (3.1), we obtain the desired inequality:

(/M p4¢2dv)(/M |A¢|2dV) > %(/M ¢2dV)2.

O

As an immediate consequence of the Theorem 4.3 we have the following second-
order Heisenberg-Pauli-Weyl inequality with an explicit constant on the hyperbolic
space H".
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Corollary 4.1. Let ¢ € C§°(H" — {0}), d = log(Hlx‘) and n > 8. Then the

1—|z|
following inequality holds:
4 2
4 42 2 n 2
. n > — .
(4.5) ( s dV)(/Hn |Agn gl dv) > 16(/,”"5 dV)
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