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Conformal Killing vector fields and Rellich type identities
on Riemannian manifolds, I

Yuri Bozukov and Enzo MITIDIERI

This paper is dedicated to Professor Ermanno Lanconelli on the occasion of his 65th
birthday

Abstract!. We establish generalizations to Riemannian manifolds of the Rellich’s
identity for pairs of functions, the Hardy inequality and the Pohozaev’s identity for clas-
sical solutions of elliptic Hamiltonian systems of semilinear differential equations. The
applied method is based on the use of conformal Killing vector fields. We also discuss the
relationship between the Rellich’s and the Pohozaev’s identities.

1. INTRODUCTION

In his pioneering work [10] Stanislav Ivanovich Pohozaev obtained the following
identity

(1) /Q[”;Q uf(u)an(u)} do = f% /m\wﬁ(x,u) ds

for solutions of the problem

Au+ f(u)=0 inQ,

u=0 ondQ,

where Q@ C R™, n > 3, is a bounded domain, F(u) = [ f(2) dz and v is the outward
unit normal vector to 9. In another fundamental paper [11] he obtained integral
identities and nonexistence results for solutions of general variational problems. In
[12] P. Pucci and J. Serrin discuss variants of the Pohozaev’s identity which enabled
them to prove various nonexistence results.

The purpose of this paper is three-fold. Our first aim is to establish a general-
ization to Riemannian manifolds of the Pohozaev’s identity for classical solutions
of elliptic Hamiltonian systems of semilinear differential equations. The other pur-
pose is to find a Rellich type identity for functions on Riemannian manifolds and to
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discuss the close relationship between the Pohozaev’s and the Rellich’s identities.
We shall also obtain a Hardy inequality on Riemannian manifolds. The main point
of the used method is common for the three types of results and can be described
as follows.

To begin with, we emphasize that the corner stone of the original Pohozaev’s
approach is the use of conformal vector fields. In this regard R. Schoen and S.-
T. Yau have observed that ‘One can use conformal vector fields to derive certain
identities for some special differential equations. Such a fact was first discovered
by S. I. Pohozaev [10], who made use of X = 9/0r on R™. ([16], p. 196). Indeed,

the radial vector field
= aira
- P ozt~ or’

used by Pohozaev, is a conformal Killing vector field satisfying div (§) = n and
the corresponding to it point transformation is a dilation in R™. Actually this
observation is our starting point and main motivation to write the present paper
in which we shall widely use conformal Killing vector fields.

Let M be an n—dimensional oriented compact manifold, n > 3, endowed with a
Riemannian metric g = (g;;). We assume that M has a boundary M # 0 of class
C°°. We shall study the following system on M consisting of 2m equations:

—Agul = H,,

—Agt = Hyg,
2)

—Agu™ = Hym,

—Ap™ = Hym ,

where A, is the Laplace-Beltrami operator associated to the metric g, the function
H=H(u,v)=H(!, - u™ ol ™) € CYR?*") and H,1 = OH/Ou', etc.
Note that throughout the paper we shall use the Einstein summation convention,
that is, summation from 1 to n over repeated Latin indices and from 1 to m over
repeated Greek indices is understood.
The first result in this paper is the following

Theorem 1. Suppose that (M,g) admits a conformal Killing vector field & =
£0/0z" which is not an isometry of M, that is, £ satisfies
2

(3) Vhes 4 vk = p(a)ghs = - div (€) g**
where VF is the covariant derivative corresponding to the Levi-Civita connection,
uniquely determined by g, div is the covariant divergence operator and p = p(x) £0.
Assume also that H(0,0) = 0.

Then the classical solutions of the Hamiltonian system (2) with homogeneous
Dirichlet boundary conditions satisfy the identity

n—2

-2
/M ] [n 1 (u*Hyo + v Hya) — g H} dv + /M Agpu(u®v®)dV =

_ / (g9usu) (€,0) dS
oM
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where dV and dS are the volume and surface measures with respect to the metric
g, the vector v is the outward unit normal to OM, ug' := Ou®/0x;, v := Ov*/0x;

and (&,v) = gi;€'v = E'v;.
In fact, the curvature of M appears in the identity (4) as can be seen from

Corollary 1. The identity (4) is equivalent to

/ 1 {n _ 2(Uf"[:fua + Vv Hya) — n H| dV—

n—2

5) S 4(n—1)

/ (LeR + uR)(uv™) dV =
M

o A G
oM
where L¢R is the Lie derivative of the scalar curvature R with respect to the vector
field €.
Now let us suppose that M admits a conformal Killing vector field

0
ozt

e=¢
such that
2
(6) VFEs + Vo = c gt = - div (€) g**

where ¢ # 0 is a constant. That is, we suppose that M admits a homothety which
is not an infinitesimal isometry of M. In this case we may assume that ¢ = 2 in
(6) and hence div (§) = n. (Otherwise, since ¢ # 0, we could consider 2¢/c instead
of £.) With this at hand, we state another Pohozaev’s identity for the Hamiltonian
system (2) as follows

Theorem 2. Suppose that (M,g) admits a conformal Killing vector field & such
that

(7) div(€) =n .

Assume also that H(0,0) = 0. Then the classical solutions of the Hamiltonian
system (2) with homogeneous Dirichlet boundary conditions satisfy the identity

_9 g
(8) / B (U Hye + b0 Hye) —n H| dV = —/ (g 7uCv®)(€,v) dS
ML 2 oM !
where a® and b* are constants such that a® +b* =2, aa=1,--- ,m.

Since the system (2) has a variational structure the proof of Theorems 1 and 2 is
by an application of the general Noetherian approach to Pohozaev’s identities which
we proposed and discussed in [3]. The main point of this method is the observation
that the Pohozaev’s identity for solutions of differential equations and systems
can be obtained from the Noether’s identity for functions after integration and
application of the divergence theorem, taking into account the boundary conditions.
In order not to increase the volume of this paper as well as to avoid some repetitions
we direct the interested reader to [3] for details and applications of the Noether
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approach to Pohozaev’s identities. We merely point out that this approach applies
to more general Hamiltonian systems of type:

Lu H,(u,v),
L*v

H,(u,v)
where L is a linear higher order elliptic operator in divergence form and L* is its
formally adjoint operator. Clearly the system (2) is of this kind.
A direct consequence of (8) and the maximum principle is the following

Corollary 2. Suppose that (M, g) admits a conformal Killing vector field § such
that the relation (7) holds. Let H = H(s,t) = H(s',...,s™,t}, ... t™) € CY(R?™)
satisfy the conditions

0H OH

(1) H(0,0) = 52(0.0) = 22(0,0) =0, a = 1+ ,m;

(2) if s%t* >0, a=1,---,m, then

H

@(S,t) 2 0 and %

(3) there exist constants c1 > 2n/(n — 2) and c2 € (0,2) such that for any
se€R™ andt € R™:

9) 1 H(s,t) < cas®Hga(s,t) + (2 — co)t*Ha(s,1) .

In addition, suppose that (£,v) >0 on OM. B
Then there is no nontrivial classical solution (that is C?(M) N C*(M)) of the
Hamiltonian system (2)) with homogeneous Dirichlet boundary conditions.

(s,6) >0, a=1,....,m;

This result is the analog to Riemannian manifolds of the nonexistence result by
Mitidieri [8] and its proof follows the same argument presented in [8]. See section
3.

Another consequence of Theorems 1 and 2 is the exact generalization to Rie-
mannian manifolds of the 1965 Pohozaev’s identity (1). Namely:

Corollary 3. Suppose that (M, g) admits a conformal Killing vector field § such
that the relation (7) holds. Then the classical solutions u of the problem

Agu+ f(u)=0 inM,
(10)
u=0 ondM,

satisfy
ay [ [P e -arw| v =3 [ e as.

More generally, we have

Corollary 4. Suppose that (M, g) admits a conformal Killing vector field & such
that the relation (3) holds. Then the classical solutions u of the problem (10) satisfy

/MM[TL;2 uf(u)—%F(u)} dV_S(nni:i) /M(LER"‘MR)U2(1V:

(12)



Conformal Killing vector fields and Rellich type identities on Riemannian manifolds, I 69

where L¢R is the Lie derivative of the scalar curvature R with respect to the vector

field €.

Obviously these results follow directly from Theorems 1 and 2. Although the
identity (11) should be well-known it is presented here for sake of completeness
since we have not seen it in the literature explicitly stated in this way. In fact,
the form of the identity (11) is the same as that of the identity (1) - just the inner
norm (in terms of the metric ¢g) of the gradient of w appears in the right-hand
side of (11) in the place of the usual Euclidean norm as well as the scalar product
(& v) = gi;&'v) = gV & = 'y

We observe that the vector field
0 0

ox? +au ou

where a is a constant, is a variational symmetry of the equation in (10) if and only
ifa =(2-n)/2 and f(u) = wP, p = (n+ 2)/(n — 2) being the critical Sobolev
exponent. Thus, in the sense of [4], the equation

Agu+utD/(=2) —

X=¢

is the unique critical Poisson equation on M. In regard to the invariance properties
of the latter equation see [7] and the references therein. For a complete group clas-
sification of nonlinear Poisson equations on Riemannian manifolds and the relations
between their Lie point symmetries and the corresponding conformal group see [2].

In fact, the nonlinear Poisson equation in (10) has been previously studied by
various authors with regard to some geometrical problems. In particular, A. Ratto
and M. Rigoli obtained in [13] a priori estimates and Liouville theorems for this
equation on complete Riemannian manifolds. See also [7]. In the context of the
geometry of the considered Riemannian manifold a variant of the Pohozaev’s iden-
tity was established by R. Schoen in [15]. An identity which generalizes that of
R. Schoen [15] was obtained by M. Gursky in [6]. Another remarkable Pohozaev
type identity for a nonlinear eigenvalue equation involving the Dirac operator on
Riemannian manifolds with boundary was obtained in [1].

We point out that the method in this paper based on the use of conformal Killing
vector fields can be applied to higher order differential equations on Riemannian
manifolds. Just for an illustration, we shall establish here a Pohozaev type identity
for semilinear differential equations involving the biharmonic operator.

Corollary 5. Suppose that (M, g) admits a conformal Killing vector field £ such
that

div(§) =n.
Then the classical solutions of the biharmonic equation on M
(13) A2 = f(u)
with Navier boundary conditions
(14) u=Au=0

on OM satisfy the identity

(15) /M [” - L f () - nF(u)} v = /d s Agu); (€, v) dS

M
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We would like to emphasize again that the Pohozaev’s identity is an identity for
solutions of the problem under investigation. Another powerful tool in the study
of differential equations and systems are the so-called Rellich type identities [§],
generalizing to a pair of functions the classical Rellich identity [14] for a single
function. That is, the Rellich type identity is an integral identity which concerns
functions, without any reference to the equation(s) or boundary condition(s) which
they may satisfy. This makes it an important a priori instrument for obtaining
among other things, nonexistence results [8] and sharp Hardy type inequalities [9].

The form of the Rellich’s and Pohozaev’s identities suggests to conjecture that
there should be a relationship between them. In a subsequent paper [5] we shall
show that general Rellich type identities can be obtained from the Noether’s identity
[7, 3] for arbitrary differential functions. Here we shall establish a Rellich type
identity for a pair of functions defined on oriented compact Riemannian manifolds
following an argument similar to that presented in [8].

Theorem 3. Let u,v € C2(M) be two given functions and
0
Ox?
a C1 (contravariant) vector field. Then the following identity holds:

h = hi(x)

/ {Agu (h, Vv)dV + Agv (h, Vu)}dV = / divh (Vu,Vv)dV —
M M

(16) ,/ Lngix u'vk dV+
M
ou A
“——(h Yin _ b J
+/3M{8V( , Vo) + Bu( , Vu) — (Vu, Vo)( 7,/)} g
where Lpgix is the Lie derivative of the metric (gix) with respect to the vector field

h, ut = g*u,, vF = VPl

In the Euclidean case (M C R", a bounded domain, g;; = §;;) with h? = 2 this
is exactly the identity (2.4) obtained in [8], p. 128.

Corollary 6. If h is a conformal Killing vector field, that is,
2,
Lingix = Vihg + Vih; = - (div h)gir

then
n—2

/ {Agu (h, Vv)dV + Agv (h, Vu)}dV = / divh (Vu, Vv)dV+
M M

(17)

+/8M {%(h,Vu) + %(h,VU) — (Vu, Vv)(h, 1/)} ds

for u,v € C*(M).

If M = Q is a bounded domain in R", g;; = d;;—the Euclidean metric and
h = x'9/0z%, then we obtain the Rellich type identity (2.5) established in [8],
pp. 128-129. The latter has been used in [9] in the proof of sharp Hardy type
inequalities. In fact, in that paper ([9]) two approaches to Hardy identities are
proposed. The first one can be generalized in the context of conformal Killing
vector fields on Riemannian manifolds as follows.
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Theorem 4. Letn > p > 1 and u € WHYP(M). Suppose that M admits a C!
conformal Killing vector field h such that divh > 0. Then

|ul? 1
L 0.V
and
_o\? ;
(18) (" p) / dzvh\uV’dVﬁ/(divh)l‘p IVulP v .
np M |IP M

Clearly, if div h equals to a positive constant (in particular, if divh = n), then
(18) becomes the exact generalization of the well-known Hardy Inequality in R™
with h = 2°0/0x", the radial vector field. Observe that we do not impose conditions
neither on the gradient of the weight function nor on its second derivatives (e.g.
certain kind of superharmonicity).

The second method devised in [9] is based on a version of the classical Rellich
identity whose generalization to Riemannian case is given in (17). As pointed
out in [9] that ‘identity implicitly contains the main instrument for proving Hardy
inequalities for operators (derivatives) of higher orders with sharp constants’. Such
applications of (17) will be treated elsewhere.

This paper is organized as follows. In section 2 we present some preliminary
facts. In sections 3 and 4 we prove the presented results concerning the Pohozaev’s
identity in the Riemannian context. In section 5 we establish a Rellich type identity
for compact Riemannian manifolds. In section 6 we prove the Hardy type inequality
(18) and briefly comment on higher order generalizations based on the use of identity
(17).

Acknowledgements. Yuri Bozhkov would like to thank CNPq, Brasil, for
partial financial support. Enzo Mitidieri gratefully acknowledges the support of
INTAS-05-1000008-792, Investigation of Global Catastrophes for Nonlinear Pro-
cesses in Continuum Mechanics.

2. PRELIMINARIES

We recall that the Laplace-Beltrami operator of M is defined by
1 0 o . .
Ajp=— — =) =V, V' =V'V;
=5 (\/Eg (w) iV i

where g = det(gr;) > 0 and ¢ is a function on M. The volume form of the
Riemannian manifold M is given by

dV =\/gdz' \---Nda" = /g dz .

We shall make use of the following two lemmas, presented without their respec-
tive proofs.

Lemma 1. The system (2) has a variational structure and it is (formally) the
FEuler-Lagrange equation of a functional fM L dx, where the Lagrangian

(19) L =g"* /g ujvd — H(u,v)\/g -
Now let

0 0
+77a(l"auﬂ))7 + ¢Oc(x7u7,u)7

; 9

oz’
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be a partial differential operator on M x R2™ and X W—its first order prolongation.
(See [7] for the corresponding definitions).

Lemma 2. If (u®,v%), a =1, -+ ,m, is a solution of the Hamiltonian system (2),
the Noether identity ([7, 3]) assumes the form
o¢? oL oL

(200 XWL+L

LE + (" — &uf)

o efaay 2
oué +(¢ gvj)ﬁv?"

7 ?

ozt Oz
Then, following [3, 4], the Pohozaev’s identity is obtained by choosing an appro-
priate vector field X and integrating (20).
3. AN INTEGRAL IDENTITY FOR ELLIPTIC HAMILTONIAN SYSTEMS ON
RIEMANNIAN MANIFOLDS AND SOME CONSEQUENCES
In this section we prove some of the main results of the paper.

Proof of Theorem 1. Let

; 0 2—n o 0 2—n o 0
K=t MO G e

11 _ ; 8
where the conformal Killing vector field § = £° 5

(21) VEE + VoEr = p(a)g"

Here, for notational simplicity, we have denoted the conformal factor by

2

p=pe)=—div(E).

- satisfies

By a straightforward calculation we obtain the first order prolongation

2—n 2—-n . ; 0
XO=x+ |2 e (e — ) | ue
+ 1 i u® + 5 W o; fﬁz ujau?—i-
2—n 2—n ; ; 0
+{TW°‘+< 2 “55‘9@)}”3‘1@?

where ‘,” means partial derivative: §j_ ;= 087 /92" and 63 is the Kronecker symbol.

Our purpose is to first calculate the left-hand side of the Noether identity (20).
For we apply X! to L given by (19) and then change some of the indices in the
obtained expression. In this way we get that

agt : 2—-n ;
XV 41, ai _ |:£l(gks\/§),i + (T Méf 78@,1) g7 +

:I:Z

2—n X s ) . ,
+ < T _é,i) JVa+ € g’“\/ﬁ} upvd +

+ 2 gt G+ 2 g /g +

2—n
4

n—2 o o i i

4 /L(u Hyo +v Hv“)\/‘a_f(\/.a),iH_f,i\/‘aH~

Further we shall make use of the formulae

(23) (9"), = —g"'T% — g"T5 . (V9)a=Thv9,

+
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where I'’s are the Christoffel symbols. Then by the definition of the covariant
derivative operators V?, corresponding to the Levi-Civita connection V, and the
second formula in (23), the last two terms in (22) can be written as

(24) — €(y/@)H ~ € /g H = ~div (O H\/G = —npu H\/G/2

since the vector field ¢ satisfies (21). (We recall that div (§) = V;£% is the covariant
divergence of &.)

Now we denote by A the expression in the right-hand side of (22) containing
ufve. Using (23) we obtain that

; . X 2—n ,
A = {f‘x/ﬁ (="' = g"'T% + g% T + =~ ng™*Vg-

9°vg &+ = gt g gty &i+9"vg e, }U?U? =
(25)
= { - (gwsz + QSZFZfi) - (gszsz + gklrfifi)+

+ oM+ TuE) +

— N
ug’”} Vg ufvd

From the definition of the covariant derivative we have that

vsé-k — gisék,i + gsll'\;cigi ,
vkgs — gklgs’z +gkll'\ls1§z ,
Vil = & 4T

We substitute these formulae into (25). Thus

A= [-Voeh = VR 4 gFdiv (&) + (1 = n/2)p g7°] /g upv?

But € is a conformal Killing vector field satisfying (21). Hence A = 0. Thus from
(22) and (24) we obtain
a¢t
XOL+ L= =
+ ozt
(26)

n—2 n 2—n
=1 [ 1 (u*Hyo + v*Hyo ) — 5 H} Vg + T W (u®v®) i\/9

where pf = g¥p;. Further we integrate the Noether identity (20) with L given in
(19), use (26) and apply the divergence theorem:

) 92— ,
/ 7 r (u*Hyo +v*Hyo) — “H|av+ o / w (uv®) ;dV =

_ / g™ ufv® — H(u,v)|e i dS+
oM

_9 , _9 .
-I-/aM { (n 5 a“u® — u;‘ﬁj> g* vy, + <L : b*u® — v§”§3> g’“ugus} ds .
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Hence the identity (4) follows easily from another application of the divergence
theorem to the second term in the first line above, H(0,0) = 0 and the facts that
on OM we have u® = v® =0,

a o a o
(27) ufvg = upy; and  vjvs = vdv;

(see [12] for the latter property).

Proof of Corollary 1. Since the conformal vector field satisfies (3)
1
See [17], p. 160. Then substitution of (28) into (4) yields (5) immediately.

Proof of Theorem 2. Let

0 +2—n o a O +2_nb0‘ o 0

-+ —— a%u® — v —

ox? 2 ou™ 2 v’

where the conformal Killing vector field £ = ¢0/0x satisfies (7) and a®, b® are
constants such that a® +b* =2, a = 1,--- ,m. By a straightforward calculation
we obtain the first order prolongation

XM= x4 <2_T” a®s! %’5) s 2 (2 — el %@) i

B v —— .
T ouy 2 7 Ovd

The rest of the proof follows the same lines and arguments as that of Theorem 1.

X=¢

Proof of Corollary 2. From the given conditions and the strong maximum princi-
ple we conclude that u® > 0, v® > 0 in M and that (du®)/(dv) < 0, (Gv*)(dv) < 0
on OM, a«=0,---,m. Then on OM we have

o v
ov Ov

ik, o EPNeY ik js, a a ik jS, Q0
= gy ¢ vs vy = g g uf vy = (9" i) (97 uGog) =

0<

= g”u?ﬂ? s
where we have used (27) and V> = gy, = 1. Thus gufv$ > 0 on M.
Therefore the right-hand side of (8) is negative since (§,v) > 0 on M. Hence

2n
n—2 M

which contradicts (9).

HdV > / [a®u® Hyo + b0® Hya] AV
M

Proof of Corollaries 8 and 4. Obviously the equation in (10) is a particular case
of the system (2) with m = 1, v = u! = v! and H(u,u) = 2F(u). Then the
identities (11) and (12) follow easily from (8) and (4) respectively.

For a direct proof we could consider the vector field

0 n 2—n 0
. U— .
ozt 2 "%

Then we apply its first order prolongation X to the Lagrangian

ngu?—F(u)\/g.

Again the rest of the proof follows the same lines as that of Theorem 1.

X=¢
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4. A INTEGRAL IDENTITY FOR BIHARMONIC EQUATIONS ON RIEMANNIAN
MANIFOLDS

Proof of Corollary 5. Tt is clear that the biharmonic equation (13) can be equiv-
alently written in the form of system (2):

-Agu = H,=v,

-Agv = Hy, = f(u),
where H = F(u) + v?/2. The Dirichlet boundary conditions for (2) u = v = 0 on
OM become the Navier boundary conditions (14).

Let m =1, u! =u, v =v=—Ayu, a' = (n—4)/(n—2) and b' = n/(n — 2).
Obviously a! 4 b' = 2. Then by substituting the above data into (8) we obtain the
identity (15).

We would like to observe that (15) can be directly obtained following the argu-
ment in the proof of Theorem 2, starting with the well known function of Lagrange

L= %E(Aguf — F(u)\/g .

Such a proof, however, contains various differential geometric details which make
it lengthy and for this reason it is not presented here.

5. A RELLICH’S IDENTITY ON RIEMANNIAN MANIFOLDS

Let u,v € C?(M) be two given functions. Consider another function

F = F(z,u,v,Vu,Vv) =

=F(zt, - 2™ u,v,u, U, U1, ,0,) € CH(M x RPF2 R)
We define
oF oF OF 0
F = (=— Lo YE — .
P (8u1 (z,u,v, Vu, Vo), -, D, (z,u,v, Vu, Vv)) 0w, o
and
oF oF oOF 0
F, = (8—1]1(117,1;,117Vu, Vo), ,a—vn(nu,v,Vu,Vv)) = 90 o0

Then the covariant divergences of these vector fields are given by
divF, =V;F,,, divF,=V;F,, .
We also have
(h7Fp) :thUj 5 (han) :thvj ) (Fpan) :gikFuika
where
- 0
h == hZ e
(@) 5
is a C'! (contravariant) vector field on M .
In order to prove the Theorem 3 we need a technical result, namely
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Proposition 1. Let h,u,v and F be as above. Then the following identity holds:

/ {div F (h, F,) dV + div F, (h, F,)} dV —
M
= / divh (F,, F,)dV — / Lugin Fu, Fy, dV+
M M
(29) + / Fou. i’V i Fy, — hi Vi Fy 1 dV+
M
+/ Fy,lgixh?VjFy, — hiViF,, ] dV+
M

Jr/ {(Fpv)(h, Fy) + (Fp, v)(h, Fy) — (h,v)(Fp, Fy) } dS
oM

where Ly, is the Lie derivative operator with respect to the vector field h.

Proof. We begin with the following obvious identity
div Fy, (h, Fy) = hiF,,, ViFy,—
(30) 1. 1. 1.
_5 h] Vj(gikFu7,ka) + 5 h]gikFuiijvk + 5 h]gikakijui
which follows from the fact that the covariant derivative satisfies the Leibniz rule.

Then from (30) and integration by parts in the first two terms of its right-hand side
we obtain

/ div F, (h, F,) dV —
M
1
== / divh(Fp,Fq)de/ (Fp, V(h, Fy)) dV+
2 M M
(31) ) 1
+*/ W ginFu, Vi Foy dV + - / 1 gik Fy Vi Fu, dV +
2 Ju 2 Ju

+/ {(Fp,v)(hs Fy) + (Fp,v)(h, Fy) — (h,v)(Fp, Fy)}dS .
oM

Interchanging F,, and Fj; we obtain a similar identity, which we sum up with (31)
to get

/ (div F, (b, F,)dV + div F, (h, F,)} dV =
M
— [ divh (B Eav — [ (BT 0.E)) + (B V0 E)) v+
M M
+/ b Gix Fu, Vi Fo, dV+/ W gixFy Vi Fy, dV+
M M

" / (o) (b, Fy) + (Fy 0)(hy Fy) — (o) (Fy, Fp)} dS .
OM
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Further we differentiate in the second line above:

/M{dw F, (h, F)) dV + div F, (h, F,)}dV =

:/ divh(Fp,Fq)dV—/ Vihy Fu,F, dV—/ hyFy, Vi F,, dV—
M M M

- / Vihig Fy F, dV — / hiF,,ViF,, dV+
M M
+/ hjgikFuiVijk dV + / hjgikak_,VjFuZ dV+
M M

+ aM{(vay)(thq) + (Fp, v)(h, Fy) — (h,v)(Fp, Fy) } S .

By grouping and interchanging some indices (e.g. 7 and k) we get that

/ {div F, (h,F,)dV +div F, (h,F,)}dV =
M
= / divh (Fy, F,)dV — / {Vihy + Vihi}Fy, F,, dV+
M M

(32) + / Fulgih?V; Foy — hiViEy ] dV+

M

+/ Fol9ih?V i Fyy — hiViF,, ] dV+
M

+ / {(Fyps ) (B, Fy) + (Fpv)(hy Fy) — (hyv) (Fy, Fp)}dS .
OM

We observe that in the second line of (32) the Lie derivative of the metric with
respect to the vector field h appears, namely
(33) Lingix = Vihg + Vih; .
Then the Proposition 1 follows from (32) and (33).

After this preparatory work we are ready for the

Proof of Theorem 3. Let

F = gkl(ukul + vgvy)/2 .

Then we substitute

F., =g"us=u', F, =g¢"vs=v", (hF,)=h"u, (hF,)=hky,

div F, = Vil = Agu, divF,= Vvt = Agv

into identity (29). In this way, taking into account the fact that the second covariant
derivatives of a function commute (since the torsion of the Levi-Civita connection
is zero), we obtain (16).

Corollary 6 is an obvious consequence of Theorem 3.
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6. SOME HARDY INEQUALITIES ON RIEMANNIAN MANIFOLDS

In this section we prove Theorem 4. Then we shall briefly discuss possible higher
order generalizations of the Hardy Inequality on Riemannian manifolds. To begin
with, we need the following

Lemma 3. If h is a conformal Killing vector field such that

(34) VinF + ViR = g(dw h) g = u g**
n
then
. h n—60—-2 p
(35) div (\h|9+2> = D) |7]0+2

where § € R. If 6 > —2, the relation (35) holds on M \ {zeros of h}; otherwise,
it holds on the whole of M.

Proof. From (34) we have

h noopu _o— ;
) Vi (G ) = 5 i~ O+ DIk

But

hihEV b = hjhpVERS = hhy (—=VIRF 4+ g*) = —hihEVeh? 4 |h)? .
(Above we have changed the indices k and j, and we have used (34)). Hence
(37) hih*Vh? = % hf? .

Then the relation (35) follows from (36) and (37).
Now we are ready for the

Proof of Theorem 4. Without loss of generality we may assume that u € C§°(M).
Then integrating by parts and using (35) with n > 6 4+ 2 we obtain that

|u|P~L(h, Vu) n7972/ w
Tl 2 V) gy Pay .
[ v oy T MY

Thus

n—0-—2 ] » / |ulP~ Y| Vul
oy, e v < [ v

p/a,l/a —-1/q
:/ PP [Vulp qv <
M

|h[(0+2)/a |R|0/2+1-2/a

" 1/q =P 1/p
< </M 7|h\9+2 |u|P dV) </M 7|h|9+2_1’ [VulP dV>

by the Holder inequality with ¢ = p/(p — 1). Hence

n—0—-2\" 1 ut=p
38 rav < [ H\yurav .
@ () [ v < [ e 94

Then the inequality (18) follows from (38) with § = p — 2 and p = 2(div h)/n (see
(34)).
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Now we would like to discuss a possible application of the identity (17) to ob-
taining an higher order version of Hardy inequalitiy (18) on Riemannian manifolds.

Let us suppose that M admits a conformal Killing vector field h = h?9/dx" such
that

2
VFRS + VoRF =2 g7 = = div (h) g™,
n
that is
div(h) =n.
Then the Rellich type identity (17) for u € C§°(M), a positive function, gives

/ {Agu (h,Vv)dV 4+ Agv (h,Vu)}dV = (n — 2)/ (Vu, Vo) dV .

M

Let 6 be a real number such that n > 6 + 2. Now we choose
v=(h’+e)"

and substitute this into above identity with u? in the place of u. After some work,
letting € — 0, we obtain

AguuP~! uP~2|Vu|? 0 uf -
20Uy 4 (p—1 / 7dV+f/ qv—
[, =1 f T p o TR

(39)

1 u?
oy o VA

where
o =—(0+2)|V|h||*> + |Vh|* — Ric(h,h) ,

| - | is the inner norm of a tensor (e.g. |h|? = g;;h*h?) and Ric(h, h) = R;jh*h?, R;;
being the Ricci tensor.

Note that in the Euclidean case ¢ = n — 6 — 2 and the identity (39) becomes the
same as in [9]. This fact suggests to suppose for a moment that

©=—(0+2)|VIh||*+ |Vh|* — Ric(h,h) =X >0,

where A is a constant. Then from (39) and the identity

1 / u? n—0—2 / uP - p / uP~t(h, Vu)
_ h, V) dV = av + | ————= pdV,
p o Tz V) v ST, e ¥

following the same argument as in [9] we obtain

A6 n—0-2\2]" u? | A ulP
— —1){— ——dV < 9 __Jv .
p T ( P ) } /N [z = /M (]2

If M =R" and h(z) = x, then the constant

{(n—i—Q)eJr(p_l) (n—i_g)T’ |

appearing in the above inequality is sharp.
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