UNIVERSITA DEGLI STUDI DI MILANO

DOTTORATO DI RICERCA
DIPARTIMENTO DI MATEMATICA F. ENRIQUES
Scienze Matematiche R32 - XXXV ciclo

On some geometric properties of
p-static spaces

Tesi di dottorato di:
Marco Mariani

Matricola:
R12665
Relatore:
prof. Paolo Mastrolia
Correlatore:

prof. Marco Rigoli

Coordinatore del dottorato:
prof. Dario Paolo Bambusi

Anno accademico 2021,/2022



Riassunto della tesi

Lo scopo di questa tesi € 'analisi di proprieta geometriche di alcune strutture, che sono denotate
con -static spaces, che consistono in una mappa fra varieta Riemanniane e una funzione detta
potenziale sulla varieta di partenza, le quali soddisfano un sistema accoppiato di PDE. Tali spazi
rientrano come caso specifico di spazi statici, in quanto sono varieta Riemanniane tramite le quali e
possibile costruire, tramite un prodotto warped, soluzioni statiche delle equazioni di Einstein della
Relativita Generale dove il tensore di stress-energia ¢ relativo a un campo ¢ dato da una mappa
fra la varieta di partenza e una varieta Riemanniana fissata.

La prima parte del lavoro riguardera la presentazione dei principali oggetti e metodi utilizzati nei
capitoli successivi, al contempo fissando il formalismo. La parte successiva fornira alcune condizioni
di rigidit a che coinvolgeranno i tensori di curvatura algebrica, ovvero tensori 4 volte covarianti che
condividono le stesse simmetrie del tensore di Riemann a livello algebrico. Nello specifico, si ap-
plichera il metodo di Bochner, richiedendo una condizione di non negativita riguardante ’operatore
di curvatura, allo scopo di ottenere rigidita di tensori di curvatura algebrica che siano armonici.
Dopodiché, saranno dati alcuni risultati con scelte specifiche del tensore di curvatura algebrica.

Il capitolo finale sara interamente dedicato allo studio dei (-static spaces. L’analisi che ne verra
fatta seguira approcci simili a quelli usati nel caso dei classici spazi statici vuoti. Nel dettaglio, si
possono riottenere alcuni dei risultati gia noti in questo contesto, come il fatto che la curvatura
scalare sia costante - qui sara costante una funzione scalare legata alla curvatura scalare e alla
mappa tangente - o il fatto che le ipersuperfici di livello zero della funzione potenziale siano total-
mente geodetiche sulla varieta di partenza. Successivamente, si daranno alcuni vincoli all’esistenza
di tali spazi, cosi come si guardera alla loro relazione con le varieta di Einstein armoniche - le quali
sono varieta dove il tensore di Ricci € dato da un multiplo della metrica pitt una parte dipendente
dalla mappa, richiedendo che questa sia armonica. Dopodiché, ci si concentrera su quegli spazi in
cui la funzione potenziale ¢ data dalla divergenza di un campo vettoriale conforme sulla varieta di
partenza. Nello specifico, si dara una parziale caratterizzazione di tali spazi su varieta compatte
con bordo tramite un funzionale di bordo, dipendente dalla metrica sulla varieta di base e dalla
mappa, nella cui definizione ¢ coinvolto il suddetto campo vettoriale. Da ultimo, si considerera il
caso in cui nella varieta Riemanniana vi sia, oltre a una struttura di ¢-static space, anche un campo
vettoriale conforme chiuso. In tal caso, il gradiente della funzione potenziale e il campo vettoriale
saranno proporzionali e, come conseguenza, questo influenzera sia la geometria della varieta di
base, la quale localmente si spezzera in un prodotto warped avente come fette varieta di Einstein
armoniche, sia la mappa, che non dipendera dal flusso del campo vettoriale e sara in alcuni casi
costante.



Abstract

The purpose of the thesis is to analyze geometric properties of some structures, which are called
p-static spaces, involving a map between Riemannian manifolds together with a potential function
on the base manifold, both satisfying a coupled system of PDEs. Such spaces are are indeed a
special case of static spaces, since they are Riemannian manifolds from which one can construct,
via a warped product, static solutions to the Einstein equations of General Relativity where the
stress-energy tensor is related to a field ¢ given by a map from the starting manifold to a fixed
Riemannian manifold.

The first part of this work will be about presenting the main objects and tools used in the subse-
quent chapters, at the same time fixing the formalism. The next part will provide some rigidity
conditions involving algebraic curvature tensors, which are 4-covariant tensors sharing the same
symmetries, at the algebraic level, of the Riemann curvature tensor. Namely, the Bochner tech-
nique will be applied, requiring a non-negativity condition dealing with the curvature operator, to
obtain rigidity of harmonic algebraic curvature tensors. Then some results with specific choices of
the algebraic curvature tensor will be given.

The final chapter will be entirely devoted to the study of y-static spaces. The analysis will be
done following similar approaches to the ones used for classical vacuum static spaces. Namely, one
can recover some of the already known results in this context, such as the constancy of the scalar
curvature - here it will be the constancy of a scalar function related to the scalar curvature and
the tangent map - or the fact that the zero level set of the potential function is totally geodesic
hypersurface on the base manifold. Then some constraints on the existence of such spaces will
be given, as well as their relation with harmonic-Einstein manifolds - that are manifolds where
the Ricci tensor is given by a multiple of the metric plus a quantity depending on the harmonic
map. After that, there will be a focus on those spaces where the potential function is given by
the divergence of a conformal Killing vector field on the base manifold: to be specific, there will
be a partial characterization of such spaces on compact manifolds with boundary by means of
a boundary functional involving the vector field and depending on both the metric of the base
manifold and the map. Lastly, it will be considered the case where the base Riemannian manifold
admits both a p-static space structure and a closed conformal vector field. In this case, the gradi-
ent of the potential function and the vector field will be proportional and, as a consequence, this
will impact both the geometry of the base manifold, which will locally split as a warped product
with harmonic-Einstein slices, and on the map, not depending on the flow of the vector field and
possibly being constant.
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Introduction

The purpose of this thesis is to study the geometry of Riemannian spaces (M, g), m = dim(M),
together with a smooth map ¢ : (M,g) — (N, gn) which satisfy, for some w € C*(M), w # 0,
the ¢-static equation:

{Hess(w) —w (Ridp _%9) =0 (1)

wr(p) = —dp(Vw),

where
Ric? = Ric —ag™(, )n, (2)

for some « # 0, is the y-Ricci tensor,
5% =8 — aldyp|?
is the (-scalar curvature, given by the trace with respect to the metric of Ric?, and

7(ip) = trg(Vdep)

is the tension field of the map . Such spaces are called @-static spaces and they are, in fact,
the generalization of the vacuum static spaces in the presence of a smooth map. We recall that
vacuum static spaces are Riemannian manifolds (M, gps) together with a smooth function w % 0
satisfying

Hess(w) — w (Ric —mSlgM> =0. (3)

They are studied in General Relativity as they give rise, if w > 0 on M, to warped product
solutions of the Einstein equations

— 1 -
Ric—ng—i-AQ:O
on M =R x M of the form

9(z,t) = —w?(x)dt* + gus

so that the metric on the spacelike distribution orthogonal to the Killing vector field 0; doesn’t
depend on the coordinate t, and hence it is static.

The study of vacuum static spaces is strictly related to the study of metrics with prescribed
scalar curvature, since equation is equivalent to

Hess(w) — (Aw)gyr — wRic = 0,

and the left hand side is the expression for DS} (w), that is, the adjoint of the linearization of the
scalar curvature operator
S: M — C®(M)

where M is the space of smooth Riemannian metrics on M. The existence of nontrivial solutions
to means that ker(DS;) # 0 and has as a consequence the non surjectivity of

DS, : T,M — C®(M)



(see [I8, [I7] for further details). Recently, Herzlich [20] provided a class of solutions by considering
Einstein manifolds admitting a conformal non Killing vector field and, by converse, Miao and Tam
[26] showed that the manifolds admitting a solution to given by the divergence of a conformal
Killing vector field are, under certain assumptions, Einstein manifolds. They also provided a
characterization of some vacuum static spaces as critical points of the metric dependent functional

Fx.al(g) ::/QG(XJ)dA,

for a vector field X and a subset 2 CC M, where g € M is such that X is conformal with respect
to it. The above functional is involved in the definition of the ADM mass (see [0]).
When one takes into account a stress-energy tensor of the Einstein equations of the form

T(¢) = a(@*gn —e(P)g), a€R,
where ¢ : (M, §) — (N, gn) is a smooth map and
. 1.
e(?) = 51d2l5x gy
is the energy density associated to ¢, the resulting Einstein equations
— 1 -
Ric — ng +A§=T(p)

are easily obtained by considering the critical points of the functional, depending on 2 CC M,

An(3.¢) = [ (5= 20¢(p) ~20)aVol, @)

with respect to smooth variations of the metric compactly supported inside 2. If one also considers
the critical points of compactly supported variation of the same functional with respect to ¢, the
resulting system is

7(¢) = 0.

In case of a warped product and a map ¢ depending only on M, ¢ = pomy with ¢ : M — (N, gn),
the above system is shown to be equivalent to . We will discuss it more in detail in Section
The (-static equations 7 when the potential function w > 0 on M, with the choice of
f = —log(w) are equivalent to the system

S ~ 2N &
{RIC—OZ(,D*QN = =20

Ric? +Hess(f) —df @ df = Tfjlg
7(¢) = de(Vf),

and thus provide a special case of Einstein-type structures, which are given, (M, g), ¢, o as above,
by the choice of f,A € C°°(M) and p € R such that

Ric? + Hess(f) — pdf @ df = Ag
() = dp(Vf).

Such structures were studied extensively in [4].

Let us here sketch the plan of the work. In chapter [1| we will first recall the main definitions of
the curvature tensors, at the same time fixing the notation and the conventions. We will also deal
with the algebraic curvature tensors, which are 4-covariant tensors sharing the same symmetries,
at the algebraic level, of the Riemann curvature tensor. These tensors can be split orthogonally
(with respect to a Riemannian metric) into three different components, namely a totally traceless
one (the Weyl part), a Ricci traceless part and a total trace part. The main reason why we are
interested in algebraic curvature tensors is that the main results presented in the second chapter



involve directly tensors of this kind. Introducing the Bianchi operator, we will then specialize our
discussion on those algebraic curvature tensors for which this vanishes, and hence satisfying a sort
of second Bianchi identity. Along the way, some other analogues of the usual curvature tensors,
such as the Cotton tensor and the projective tensor, will be generalized to this setting.

After that, we will give some basic definitions regarding maps between Riemannian manifolds,
from the energy density associated to a map to the tension field, which is a vector field along ¢
given by the trace with respect to the metric on the base manifold of the covariant derivative,
extended to tensors along ¢, of the tangent map. The maps with vanishing tension field are
called harmonic and they are the critical points, in the space of smooth maps between two fixed
Riemannian manifolds, of the local energy functional (see [I5] for further details). Subsequently,
some of the so called ¢-curvature tensors will be introduced. The first @-curvature tensor was
introduced by Miiller (see [28]) by coupling the standard Ricci tensor of the base manifold to the
pullback of the metric on the target manifold by a constant, as in . The motivation for this was
the analysis of a geometric flow given by the Ricci flow coupled with the harmonic map flow, that
is a flow of smooth maps introduced by Eells and Sampson [I6] to question the existence, given
a map between two Riemannian manifolds, of a harmonic map homotopic to the given one. In
this context, harmonic-Einstein manifolds are introduced as solitons of this flow with respect to a
constant function, and thus satisfying

Ric? = Ag,
() =0,

for some constant A € R (when the dimension of M is at least 3, assuming A € C*°(M) it can be
shown to be already constant by an analogue of the Schur Lemma). Then, referring to [4], we will
define the ¢-scalar curvature as the trace of the ¢-Ricci tensor and the p-Weyl tensor accordingly
to the splitting of the Riemann curvature tensor into the Weyl, the Ricci and the scalar curvature
parts, except for the fact that the ¢ counterparts are no longer orthogonal to each other. Along
with these tensors, also the ¢-Schouten and the ¢-Cotton tensors will be defined in analogy to their
usual definition. We notice that here there is no longer a proportionality between the divergence
of the Weyl tensor and the Cotton tensor, as it holds in the standard case. This fact will affect
our hypothesis on the p-Weyl tensor in chapter 2 when we will have to assume, in order for W%
to be harmonic, that both the ¢-Cotton and the ¢-Weyl divergence vanish.

The last part of this introductory chapter will be dedicated to performing the variation of some
metric tensors and tensors deriving from a smooth map between Riemannian manifolds, both with
respect to the metric on the base manifold and on the smooth map, thus fixing the metrics on the
base and the target manifolds. As for the variation of tensors with respect to the metric, we will
use a different formalism from the usual one, first choosing local orthonormal frames and coframes
with respect to of the metrics, then finding the structure constants and their dependence on the
variation of the local frames, and finding in turn the variation of the connection forms and the
curvature tensors. As for the maps, we will follow the formalism of the work of Anselli [3] and take
variations of a map by means of smooth vector fields along the same map and then applying the
exponential map to them.

In the second Chapter, the main focus will be that of proving some results concerning algebraic
curvature tensors on a Riemannian manifold. Namely, if they are harmonic (thus satisfying the
second Bianchi identity and having zero divergence) and satisfy some integrability conditions,
under certain non-negativity assumptions on the curvature they are forced to be parallel, possibly
being a constant multiple of

(D)

where (, ) is the metric on M and @ is the Kulkarni-Nomizu product. A key ingredient for
the proof of the theorems will be a Bochner type formula for the squared norm of the algebraic
curvature tensor, which will be given by the sum of the squared norm of its covariant derivative
and another term, coming from the commutation relations of covariant derivatives of tensors, that
by the Ricci identities will be equal to a quadratic term on the tensor itself. Then, the latter
will be estimated under some assumptions on the curvature. To be specific, we will require the
non-negativity of the sum of the smallest LmT_lJ eigenvalues of the curvature operator. First found



by Petersen and Wink [30] where they deal with generic harmonic p-forms, this hypothesis on the
curvature yields the non negativity of the quadratic term in the Bochner formula of the harmonic
algebraic curvature tensor. In general, this term can be estimated to be greater or equal to the sum
of the smallest | -1 | eigenvalues of the curvature operator times the squared norm of a tensor,
defined in analogy to the projective curvature tensor, which vanishes if and only if an algebraic

curvature tensor is proportional to
(IO )

The last step in the proof of the results will be the application of a suitable maximum principle to
conclude that, since the estimate of the laplacian is greater or equal than zero, then it must be zero
and therefore the tensor must be parallel. In addition, assuming also the positivity somewhere of
the sum of the eigenvalues of the curvature, then the pseudo-projective tensor will be forced to be
zero, yielding the last part of the theorems. Notable applications are the choices of T' = Riem,
which gives a generalization of a theorem by Tachibana [36] and of Petersen and Wink [31], where
they require the Riemannian manifold to be Einstein, or T'= W the Weyl tensor, extending on
Tran [38]. Notice that the method adopted is the so called Bochner technique, consisting in apply-
ing maximum principles to formulas involving the laplacian of the norm of a tensor, and was first
developed by Bochner [7] and Yano [40].

In the first part of Chapter [2] we will consider a generic algebraic curvature tensor and, after some
manipulations of the laplacian of its squared norm, we will give a Bochner type formula that can
be simplified using the assumptions of the tensor being harmonic. Then, as for the quadratic term
appearing in the formula, we will link it to a quadratic form where the curvature operator is ap-
plied to 2-forms with values in algebraic curvature tensors. By means of this link and using some
elementary inequalities, we will be able to prove a result for generic algebraic curvature tensors in
the compact case. In Section we will consider a possibly non compact manifold and will give
some conditions on the growth of the tensor under which we will be able to apply a maximum
principle and gain the same conclusions as in the compact case, whereas in the last section we
will specify our argument to the choice of T' = W%, the o-Weyl tensor defined in presence of a
map ¢ : (M,{,)) — (N,{, )n). This analysis is justified by the fact that this tensor encodes
both properties of the geometry of the base manifold and of the map itself. When applied to this
tensor, the results given previously will thus provide restraints on the geometry of M, which will
be locally conformally flat or locally symmetric, but also on the map ¢, forced to be relatively
affine - meaning that (V7 (p),dp)ny = 0 - or even an homothety. Along the way we will also give
some equivalent conditions for the harmonicity of W¢.

Chapter |3| will be entirely dedicated to the analysis of the above defined ¢-static spaces. First
of all, in Section [3.1] we will give some basic properties of these structures. Namely, we will begin
deriving the equations of the system by requiring a metric § on a Lorentzian manifold M and
a smooth map ¢ : M — (N, gn) to be critical with respect to compactly supported variations of
the functional and then specializing the resulting equations in case M is a warped product of
the form M x,, R and when ¢ = ¢ o mys, where 7y is the canonical projection onto M. We will
then move on and show some properties that all p-static spaces share. Specifically, we will see
that all non trivial ¢-static spaces, or else all Riemannian manifolds (M, g) together with a map
v (M,g9) = (N,gn) for which the kernel of DS*, where & will denote the ¢-scalar curvature
operator, have constant ¢-scalar curvature. On top of that, we will see that if the potential
function w has nonempty 0 level set, then this is a totally geodesic (regular) hypersurface of M.
A rigidity condition for non trivial solutions to , resulting in the constancy of the map, will
be given requiring a non-negative coupling constant and a bound of the sectional curvature of
the target manifold related to the latter. We will also see that, in case a ¢-static space is also
harmonic-Einstein with the same choice of the coupling constant defining the ¢-curvatures, then
w is a “special concircular scalar field” - i.e. the hessian of w is a linear function on w times the
metric - and an application of classical results such as that of Tashiro [37] will give some rigidity
conditions on both the metric on M and the map ¢, which in some cases - when M is compact,
for instance - must be constant.

After that, the main subject of Section [3.2 will be a functional analogous to that defined in the
work of Miao and Tam [26] and the purpose will be that of giving some conditions under which
the critical points of the functional (in some suitable subspaces of the space of metrics on M times



the space of smooth maps from M to a fixed Riemannian manifold), when the vector field X
involved in the definition of the functional is conformal with respect to the critical metric, give
rise to a @-static space. Firstly, we will consider a functional whose critical points (under some
requests on the variations of the metric and the map) are precisely the harmonic-Einstein manifolds.
Then, we will give some formulas for a conformal Killing vector field X on a Riemannian manifold
and, subsequently, apply them to express the adjoint of the linearization of the p-scalar curvature
functional evaluated at div(X). By means of the latter, we will then obtain that harmonic-Einstein
manifolds satisfy (1)) with the choice of w = div(X) but also the converse is true assuming a further
condition on X. Then, we will perform the variation of the boundary functional involving the vector
field and the y-Einstein tensor, after which we will be able to give a partial characterization of
p-static spaces (and also of some harmonic-Einstein manifolds) as critical points of this functional.
The last section of the chapter will be dedicated to describe the local geometry of Riemannian
manifolds supporting a -static space structure and having a non trivial closed conformal vector
field. We will begin showing that, assuming some conditions relating the vector field to the map ¢,
the gradient of the potential function and the closed conformal vector field are indeed proportional
at all the points where X # 0. Then, we will recall a result of Montiel [27] showing that Riemannian
manifolds admitting closed conformal vector fields locally split as warped products around the
points when X is not zero. Having in hand this result, we will then give an expression for the
p-Ricci tensor and its restriction to a slice of the warped product with respect to the ¢-Ricci tensor
of the slice (when the map is here given by the restriction of ¢ to the slice). From this formula,
requiring that the map is harmonic, we will obtain that all the regular level sets of the potential
function are indeed harmonic-Einstein, which will be the last result presented here.



Chapter 1

Some basic results

This chapter is devoted to the presentation of some already known results concerning the Rieman-
nian curvature tensors, as well as generic four times covariant tensors sharing the same algebraic
symmetries as the Riemann tensor. After that, we will introduce maps between Riemannian man-
ifolds and some tensors related to them - the so called ¢-curvature tensors - and, finally, we
will compute the variation of the curvature tensors and ¢-curvature tensors with respect to the
variation of the metric and of a map from the starting manifold to a fixed Riemannian manifold.
Although the results presented are interesting on their own, we will collect them in order to sim-
plify the reading of the next chapters and also to fix the notations and the conventions. Notice
that if not explicitly stated otherwise, we adopt the Einstein summation convention on repeated
indices.

1.1 The Riemannian curvature tensors

We consider a Riemannian manifold (M, g) of dimension m and choose a local orthonormal base
for T*M given by m 1-forms {6"}7,, so that the metric can locally be written as

g=0;;0'®6.

We will often denote the metric as (, ), especially when dealing with its extension for generic (p, q)
tensors. We also set {e;}1; as the dual base to {#"} with respect to the metric and the Levi-Civita
connection forms as the unique 1-forms {9;} such that 9; + 60! = 0 and satisfying the first structure

equations _ _ _
do* = —9;» NG (1.1.1)

The Levi-Civita connection V is then given on {e;} by
Ve; = 93 X ey,

so that ‘
0; (ek) = g(vekeia 6]‘),

and then extended by linearity, Leibniz rule and compatibility with the metric to arbitrary (p, q)
tensors. If X = X'e; is a smooth vector field,

VX =(dX")®@e; + X'Ve; = (dX' + X70)) @ e; = X607 @ ¢y,
whereas if w = w;#" is a smooth 1-form
Vo = (dw; — w;f)) @ 0" =: w; ;67 ® 6.
For a generic (p, q) tensor

T — T;ll.'.'.';jejl ®-® 0% ® e, ®- - Qe



the components of VT are
11.--1p _ 11..-1p _ 11---1p r 21...5...1p il .
leu'jqaqurl - de1~~jq Z le‘-ﬂ‘quejl + Z le'ujq 98 (83q+1)’
1=1 =1

The curvature 2-forms ©} are defined as the unique 2-forms satisfying ©% + ©7 = 0 and the
second structure equations

o} = —6;, A 605 + O (1.1.2)
The curvature tensor is defined as usual, as
R(X,Y)Z =VxVyZ —VyVxZ —VxyvZ,
in local components along an orthonormal frame
R =0(Ve, Ve — Ve, Ver€i — Vieye]€)s
and it is easily verified that

1.
@}:§R%ﬁkA¢. (1.1.3)

We also denote the (0,4) version of the curvature tensor as Riem by setting
Riem(W, Z, X, Y) = (W,R(X,Y)Z)
for every X, Y, Z, W € X(M), so that in a local orthonormal frame it writes
Riem = R;j1: 0" ® 67 @ 0% @ 6,
where, since the manifold is Riemannian,
Rijii = 6 Ry = Ry

Remark 1.1. In the sequel, when there is no ambiguity, we will write the components of the tensors
as they were totally covariant. Indeed, this shouldn’t be misleading, as working in the Riemannian
context and on orthonormal frames yields the equivalence between the components of a tensor in
every version of it - i.e. when one raises or lowers indices.

The Ricci tensor is given by the contraction of the first and the third indices of Riem,
Ric(X,Y) = try[(Z, W) — Riem(Z, X, W,Y)]
for every X, Y € X(M) and the scalar curvature is given by the trace
S = try Ric .

With respect to a local orthonormal coframe the components of the Ricci tensor are R;; = Ryikj,
whereas S = R;; = R;j;;. The Riemann tensor has the symmetries

Rijit = —Rjire = Riij V1<, 5,kt<m
and satisfies the first and second Bianchi identities

Rijkt + Ritji + Rikt; =0 V1< g, kt<m
Rijiey + Rijikys + Rijur =0 v1<id,5,ktl<m.
The Riemann tensor splits into three mutually orthogonal components under the action of
O(m). Namely, denoting with @ the Kulkarni-Nomizu product between two 2-covariant symmetric

tensors
(E® F)ijii = EsFji+ EjFi, — EqFji, — EjFy

10



and with

S
Z = Ric——
e —— (,)
the traceless part of the Ricci tensor, then the Riemann tensor splits as
Riem =W +V + U, (1.1.4)
where
U= 50 (B
2m(m —1) "’ ’
is the trace part,
1
V=—+"->7
—— 2@ ()

the traceless Ricci part and
W = Riem -V - U

is the Weyl tensor, which is totally traceless and can be shown to be conformally invariant in its
(1,3) version. A Riemannian manifold is called Einstein if the traceless Ricci tensor vanishes, i.e.
if g
Ric = —¢(, ).
=)

If this occurs and m > 3, then the scalar curvature S is constant. If also S = 0, then (M, (, )) is
Ricci flat and the Riemann tensor coincides with its Weyl part. Introducing the Schouten tensor

S
A=Ric——— 1.1.
RIC Q(m_1)<7 >7 ( 5)
the Riemann tensor can be further written as the sum
1
Riem=W+ ——A .
iem + — D)
The Cotton tensor C is defined from the covariant derivative of the Schouten tensor as
C(X,Y,Z)=VzAX,)Y) - VyvAX, 2),
or in components along a orthonormal frame as
1
Cijk - Aij,k - Aik,j - Rij,k - Rik,j - m(skéw - Sjézk) (116)

Recalling that a 2-covariant symmetric tensor E is a Codazzi tensor if for every X,Y, Z € X(M)
VzE(X,Y)=VyE(X, 2),

or in local notation if

Eijk = Eir,j,
the Cotton tensor measures the obstruction of the Schouten tensor from being Codazzi. The
Cotton tensor is totally trace free, i.e.

Cik = Cpjt = Cig = 0,
is antisymmetric in its last two indices and satisfies
C’ijk + Cjki + Ckij =0.

Its divergences satisfy

Cijri =0 and Cijkke = Cjik k-
A manifold is said to be locally conformally flat if, in a neighbourhood of each point, there exist
a conformal deformation of the metric such that the conformal metric is flat. It is known that
equivalent conditions for a manifold to be locally conformally flat are those provided by Weyl and
Shouten in the following theorem (notice that, if m < 4, the Weyl tensor vanishes identically):

11



Theorem 1.2. Let (M,(,)) be a Riemannian manifold of dimension m > 3. (M, (,)) is locally
conformally flat if and only if

C=0 if m?>3,and
W=0 i m>4

A last tensor of mixed order on the Riemann tensor is the 2-symmetric and totally traceless
Bach tensor B, defined on manifolds of dimension m > 3 and whose components are

1
Bi; = T(Cijk,k + Ryt Winje),

-2

and plays an important role in general relativity (in the semi-Riemannian context) for it is also
divergence-free in dimension m = 4. We here give, in the moving frame setting, some commutation
rules for the covariant derivatives of tensor fields. Although we won’t give a general formula, this
can be induced from the following

Proposition 1.3. Let (M, (,)) be a Riemannian manifold and Q be a (1,1) tensor on M, given
in local components by Q; Then

Q;’,kt = Q;‘,tk QS Zskt + Qs ;kr (1-1-7)
Proof. By the Leibniz rule, the coefficients Q;k of V@ are defined by the relation
S0" = dQj + Q30 — Q165
Applying to the above the differential operator d and using the relation for the coefficients of V2(Q,
i Lt = dQ kT Q;,kei - ékejs - ;,selia
one has that
(Q) 10" — Q0% + QL 03 + Q' 07) AOY + T ,.d0F = dQS A 0L + Q3d0% — dQL A 63 — QLdoS.

Using once again the relation for the coefficients of V@, simplifying and using the second structure

equations, we arrive to ‘
A ktat AN =Q50% - Qle

i.e., skew-symmetrizing and by (1.1.3] , n O
Remark 1.4. If we wanted commutation rules for the totally covariant version of ), they would be
Qijkt = Qijk + Qsj Ry + Qis Ry,

which comply with those of its (1, 1) version, since
Qij = Q;-

and
S 7
Rikt = Rsikt = *Rskt-

We may also recall that, for a given (p,q) tensor @ on M and for any X € X(M), the Lie
derivative of @ in the direction of X is the (p,q) tensor

d
LxQr = @, (P_1)+(Qa,(2))

where ®; is the local flow of diffeomorphisms generated by X and x € M. On a Riemannian
manifold (M, (, )), its expression can be given in terms of the Levi-Civita connection: in local
components, indeed, it holds

(LxQ)5r = X Q5 ZX“ Qi Z QL. (1.1.8)
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1.1.1 The sectional curvatures and the curvature operator

The Riemannian curvature can be seen from another perspective introducing the curvature oper-
ator, which is a linear, self-adjoint endomorphism R on the space A2M of 2-forms on M defined
as follows: with respect to a local coframe {6}, for every 2-form w = w;; 0' ® 67 = 2w;; 0" N 67 we
let Rw = (Rw)p 0% @ 0 be given by

(Rw)kt = Rijrewiy - (1.1.9)

On the other hand, one can define the sectional curvatures by considering, for any € M and
for any 2-plane w C T, M, the expression

Riem(X,Y, X,Y)
Sect(m) = XPIVE - (X, 7)2"

where X, Y € T, M is any couple of tangent vectors such that 7 = span{X,Y}. The value of the
quotient appearing on the right-hand side does not depend on the choice of the basis {X,Y}. It is
worth noticing that the sectional curvature can be regarded as a particular case of the curvature
operator. Indeed, the values assumed by the quadratic form (JR-, -) on decomposable 2-forms are
related to the sectional curvatures of M up to normalization, as we can easily see. For any plane
7 = span{X, Y}, considering u = X;0" and v = Y;0" the dual forms to X and Y with respect to
the metric, and letting

1 . . 1 1 ) .
w = 5&)@‘91 N 51}/\’11, = 5(Y;XJ — Xzyvj)tgz NG,

then

1
R(X,Y, X)Y) = R X;Y; X0.Yy = ZRijktwijwkt

1
XV = (X,Y)? = XiXiY5Y = XiYi XY = Swiwi

so we have

1 (Rw, w)
Sect(m) = = —_—+ 1.1.10
") = 5 s (11.10)
A manifold (M, (, )) has constant sectional curvature if the sectional curvature doesn’t depend on
the choice of the plane nor on the choice of x € M. In this case, (M, (, }) is in particular Einstein
and locally conformally flat.

We recall that a Riemannian manifold is said to have nonnegative curvature operator if for every
2-form w

<mw7w> Z 07
and positive curvature operator if the above inequality is strict for every w € A?M. Similarly,
(M, g) has nonnegative sectional curvature if for any € M and for any 2-plane 7 C T, M

Sect(mr) > 0,

being positive if the above inequality is strict of any choice of x and 7 C T, M.
We now want to extend the definition of curvature positivity, and we do that in the follow-
ing way. For every x € M, we denote by {\a(2)}, -, <(7) the non-decreasing sequence of the
Sax( 2

eigenvalues of R, : A2M — A2M repeated according to multiplicity. We also let {w®}, be an
orthonormal basis for A2(M) consisting of eigenvectors of R corresponding to {Ay}o. Then, in a
local orthonormal frame

1
Rijir =Y Aawiwiy , 5 Oirdsn = didjx) = > wlwp:. (1.1.11)
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Definition 1.1. Let M be a Riemannian manifold of dimension m > 2. For k € {1,..., (g‘)}, the
k-th (normalized) partial trace of R is the function

k

1

=R E(z) = inf [ =) Ry, %) 1.1.12

x (x) V<HA1M<,€Z_: ¥ w) ( )
dim V=k -

where {¢)*}¥_, is any orthonormal basis of V.

By standard linear algebra we have that the infimum in the RHS of (|1.1.12]) is attained when
V =span{w!,...,w*}, so that
k
1
—p 2

for every k € {1,..., (7;) }. In particular we observe that
R > Rk forevery 1 <k<h< (7721) (1.1.13)

as a consequence of the following elementary inequality:

Lemma 1.5. Let N > 1 and let {a;}1<i<n be a nondecreasing sequence of real numbers. Then

h

1
Z EZ for every 1<k <h<N.
=1 =1

S| =

Proof. By induction, it suffices to prove the inequality in case £k < N and h = k + 1. Since
ap+1 > a; for 1 < i <k, we have agyq > %Zle a; and then

L Lk k k
71;‘11’:7%; k+1“’“+12 z:: Z:

??‘\»—t

SSONE

w\»—
?rM—‘

O

That being set, a Riemannian manifold is said to have k-nonnegative curvature operator if
() > 0 (positive if it holds the strict inequality).
Similarly, we extend the notion of positivity also for the sectional curvatures. To do so, we first
need the following definition:

Definition 1.2. Let M be a Riemannian manifold of dimension m > 2 and let z € M. We say
that two 2-planes 71, my < T, M are mutually orthogonal, and we write (w1, m2) = 0, if for some
(equivalently, for any) choice of bases { X1, Y1} and {Xa2, Y2} of 71 and o, respectively, the 2-forms

w] = —u; ANy and Wy = —Ug N Vg
2 2
are orthogonal with respect to the inner product on A2M, where ui,uz,vi,ve are the 1-forms
metrically equivalent to X7, Xs, Y7, Ys, respectively.
In particular, any two 2-planes 71,7y < T, M are mutually orthogonal if either
(i) each one of them is contained in the orthogonal complement of the other, or

(if) dim(m; N7e) = 1 and there exist three mutually orthogonal vectors X, Y, Z € T,,M such that
m = span{X,Y} and my = span{X, Z}.

Definition 1.3. Let M be a Riemannian manifold of dimension m > 2. For k € {1,...,('})}, the
k-th averaged lower bound on the sectional curvature is the function

x> Sect®) (z) = Sect(m;
(e) = in }< 2 Sect(m)

where the infimum is taken with respect to {m, ..., 7} varying among all collections of k£ mutually
orthogonal 2-planes in T, M.
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A manifold is said to have k-nonnegative sectional curvature if Sect™™ >0 (positive if Sect™® >
0).
Moreover, from the above definitions together with (1.1.10)) and a further application of Lemma

Sect™ > Sect®) > %mw) VI<k<h< (’;) . (1.1.14)
In particular, for the (non-normalized) Ricci tensor we have
Ric > (m — 1) Sect(™~1)
and therefore
Ric > (m — 1) Sect® > 5 %(k) forany 1<k<m-—1. (1.1.15)

The last thing we want to point out about the k-th partial trace of the curvature operator,
which will be used in the sequel, is that the non-negativity of R*) for some k < (') implies an
upper bound on |Riem]| in terms of the scalar curvature S. To this aim, we first observe that
| Riem | and S are equal, respectively, to the Hilbert-Schmidt norm and the trace of R, that is,

Riem[?=> A2,  S=> Aa. (1.1.16)

This can be directly seen from ([1.1.11)). Then, we apply the following

Lemma 1.6. Let N > 1 and let {a;}1<i<n be a nondecreasing sequence of real numbers. If

> a;i>0 (1.1.17)

for some k € {1,...,N — 1}, then

Proof. We can find j such that |aj| > /& SN, a2. By ([.1.17), there exists h € {1,...,k} such

that a; < 0if ¢ < h and a; > 0 if « > h. Note that a; > 0 for ¢ > k. Iszhthenaj—|aj|7hence

N k N k
Zai :Zai—k Z a; ZZ%“FW > ay > a; = |a,|
i=1 i=1 i=k+1 i=1
for ¢ = max{j, k + 1}. If j < h then we observe that
k h—1 h—1
(k—h+Dag 2 a;> =Y a; = lai| > |ay|
i=h i=1 i=1

where the second inequality is a rewriting of (1.1.17)), so

N k N N Nk
;w:;ai—!— Z a; > Z aiZ(N—k)akzmmﬂ.

i=k+1 i=k+1

In conclusion,

1/2
N—k N—k (1
E > /| > mi _ 7§:2
‘“—mm{ = h+1}|aj|—mm{1’k—h+1}<zv, al)

and,since1§k<Nand1§I4;—h—|—1§k,wehavemin{1 #}2% O

Corollary 1.7. Let M be a Riemannian manifold of dimension m > 2. If R%) > 0 for some
1< k< (%) then k*("})S? > | Riem|2.
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1.2 Algebraic curvature tensors

In this section we shift our attention to more generic 4-covariant tensor fields 7" which share the
same algebraic symmetries of the Riemann curvature tensor. Namely, given a Riemannian manifold
(M, (,)) of dimension m > 2, T is an algebraic curvature tensor if its components along a local
orthonormal coframe {6°}™, on M

T="Tyt 00" 0
satisfy

Tijre = —Tjine = Thuij V1<, j,k,t<m, 1.2.1)
Tijre + ity + Loty = 0 V1<i,5,kt<m. (1.2.2)

We remark that (1.2.2)) is a consequence of ([1.2.1)) if m < 3, see [0, page 46].
If T is a smooth algebraic tensor field, we say that T satisfies the second Bianchi identity if

Tijieg + Tijikr + Tijur =0 V1<i,5,kt1<m. (1.2.3)

More generally, we can define a first-order differential operator B : T — B(T) on the bundle of
algebraic curvature tensors of M by setting

B(T)X,Y,ZW, V)= (VyT)(X,Y, Z, W)+ (VwT)(X,Y,V,Z) + (VzT)(X,Y,W,V)
for every X, Y, Z, W,V € X(M). In local notation this reads as
B(T)ijetr = Tijes + Tijie e + Tijek
and T satisfies the second Bianchi identity if and only if B(T') = 0. We can also recover the notion
of harmonicity of such tensors, similarly to the case of the Riemann and the Weyl tensors:
Definition 1.4. A smooth algebraic curvature tensor T is harmonic if divT = 0 and B(T) = 0.

Following the case of the Riemann tensor, we let Ep denote the Ricci contraction of T' defined
by
Er(X)Y) =try[(Z,W) = T(Z,X,W,Y)]

for every X,Y € X(M). In local notation, Ey = E;; 6" ® 67 with
Eij = Thik; -

We also set St = try Ep and we denote Zy = Ep — Sﬁ( , ) the traceless part of Ep. We say that an
algebraic curvature tensor is totally traceless if all of its contractions with the metric tensor vanish
- or, equivalently, if £ = 0. Any algebraic curvature tensor 7' can be orthogonally decomposed in

a unique way as the sum
T=Wpr+Vr+Ur (1.2.4)

of a totally traceless Weyl part W and two additional terms Vi and Ur that are further irreducible
with respect to the action of the orthogonal group O(m). Explicitely (see [2]),

1 B St
o2t OG) Ur=sam Ty

VT: <,>@<7>, WTZT—VT—UT. (1.2.5)

Setting the analogous of the Schouten tensor as

St m — 2
Ar=FEp — —— =7 1.2.
T T 2(m_1)<7> T+2m(m_1)ST<a> ( 6)
we can also write 1

Note that W, Vi, Up and Ar @ (, ) also are algebraic curvature tensors. Moreover, if m < 3 then
the Weyl part W of T is always zero, so that T is completely determined by its Ricci contraction
Er, see [0, observation 1.119.b)].
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Remark 1.8. For ease of notation, here we drop the subscript 7 and we simply write F, S, Z,
A, W, V, U instead of Er, St, Zy, Ar, W, Vpr, Ur to denote the tensors associated to T' as
above. This won’t cause ambiguity with the notation that we adopted for the Weyl curvature
tensor (W) and scalar curvature (S) of the Riemannian manifold (M, (, ), since these geometric
objects will not appear in this section. On the other hand, we reserve the notation R;;;; and R;;
for the components of the Riemann and Ricci curvature tensors of (M, (, )).

Lemma 1.9. For any algebraic curvature tensor T we have

4 252
T)? = 2 — 7P — 1.2.
[T = WP+ g2 s (1.2.)
4 2|VS|?
T = 24— \VZPP 1.2.
VT = VW[ + —|VZ| T = 1) (1.2.9)
or, equivalently,
4 252
T)? = 2y ——|EP - ————— 1.2.1
[T = WP+ 2 B - s (1.2.10)
4 2|V S|?
2= 24— R I St B 1.2.11
VT VIV |* + p— 2|VE| m—1)m—2) (1.2.11)

Proof. By orthogonality of the decomposition T'= W + V + U we have |T|?> = |[W|? +|V|?> + |U|?,
then a direct computation yields

4 252
VIP=——|Z UP=——"—.
VI m—2| i U] m(m — 1)

As for the second identity, observing that V{(, ) = 0, in local notation in an orthonormal frame

1 S|
Tijrer = Wijkey + m(zik,lajt + Zj110ik — Zit 105k — Zjk,10it) + Y —

Then, after some simplifications due to the fact that VW and VZ are still traceless in their first
four and two indices respectively,

(0ik0jt — 0it0jk)-

TijreaTijreg = Wikt i Wijre+

1
m(zik,l(;jt + Zjt10ik — Zit0jk — Zjk,10i)(Zik 105t + Zje10ik—

VS|?

’I’?’Lz(TrL—l)z(éik(sjt o 5it6jk)(6ik5jt - 5lt6]k)
2
m(m —1)
The third and fourth identities are equivalent to the first two since

52 vS|?
|E|? = |Z)* + —, IVE]> = |VZ\2+u.
m m

Ziti0ik — Zik10i) +

4
= VW[ + —|[VZ]" + |Vs[?

O

To any algebraic curvature tensor T° we can associate a 4-covariant tensor P = Pr of local
components

1

Note that P is not an algebraic curvature tensor. However, its definition is not accidental. In case
T = Riem (thus, £ = Ric) the (1,3) version P, e; ® 07 ® 0% @ ! of P, of local components

. . 1 , ,
Pl =R — m(%Rﬁ —6{Rjk),

is the projective curvature tensor, which is invariant under projective transformations and vanishes
if and only if the manifold has constant sectional curvature. In general, we have:
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Lemma 1.10. Let T be an algebraic curvature tensor and let P be as in (1.2.12)). Then

2 2m
PP=TP - ——|EP = WP+ —————|Z]? 1.2.13
PP = TP = 2 B = WP+ g1 (12.13)
In particular, P =0 if and only if T = L( Yo (L)
p ’ - y - 2m(m _ 1) I v/
Proof. By direct computation on an orthonormal frame,
P2 = [T - 2Tkt (0i Eje — 64 Eji) n (i Ejr — 0:1Ejk) (0inEje — 0itEji)
m—1 (m—1)2
2
=|T)? -~ ——|EJ?
m—1
and substituting (L.2.8) and |E|> = |Z|* + -1 S? we obtain
4 252 2 S?
P2 — W2 Z2 _ Z2 M~
PP = WP gl 4 s = 2 (124
2m
— W2 Z2
W] +—(m_2)(m_1>| |
O

This tensor will play a role in the subsequent chapter, as it will be used to give an estimate on
a quadratic term appearing in Bochner-type formulas for algebraic tensor fields.

1.2.1 Algebraic curvature tensors with B(7T) =0

The condition B(T) = 0 has many relevant implications, that we briefly describe with the aim
of establishing Propositions [[.11] and [[.12] below. If that happens, indeed, the symmetries and
relations between the actions of several first order differential operators on 7' and the above de-
scribed tensor related to it are essentially those satisfied in the case T' = Riem, where the condition
B(T) = 0 is always satisfied.

First, let us recall that a symmetric twice covariant tensor field F is a Codazzi tensor if

(VXE>(3Y):(VYE)(7X) VXaYE'/{(M)7

that is, if
Eij,k_Eik,jZO VlSZ,j,k‘Sm

Let us assume that 7" satisfies B(T") = 0. Tracing (1.2.3)) with respect to 7 and | we get
(divT) ke = Tijkti = Ejtp — Ejkt

hence divT = 0 if and only if E is a Codazzi tensor. Tracing again with respect to j and t we
obtain the Schur’s identity

2Ei; = Sk,  thatis, 2divE=VS.

Schur’s identity is equivalent to the Einstein-like tensor G = E — %S (, ) being divergence-free.
Equivalently, the Cotton-like tensor Cr (that we here denote as C' for the ease of notation) of local
components

Cijk = Aijk — Aik,j (1.2.14)
is totally trace-free,
Ciji = Cij = Cji = 0. (1.2.15)
Writing
Eijr — Eikj = Ciji + ﬁ(skéu — Si6ik) ,
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(1.2.15)) implies that the right-hand side is the sum of two orthogonal covariant tensors, hence it
is apparent that F is Codazzi if and only if C' =0 and VS = 0. In particular,

2
|divT)? = |C|* + 5 VS|

1) (1.2.16)

Summarizing, (1.2.16)) proves the validity of

Proposition 1.11. Let M be a Riemannian manifold of dimension m > 3 and let T be a smooth
algebraic curvature tensor satisfying the second Bianchi identity. Then

divT =0 & C=0 and VS=0.

If dim M = 3 then the Weyl part of any algebraic curvature tensor vanishes. If m > 4 then, as
a second relevant consequence of B(T') = 0, there is a tight relation between C, B(W) and div W,
which allows to restate Proposition (|1.11)) in a different form, see Proposition below. Writing

(1.2.7)) in local notation we have

1
Wikt = Tijre — s

then applying the operator B to both sides and using B(T) = 0 and V(, ) = 0 we get

(Ainlje + Ajedin — A0 — Ajrdit)

1
BW)ijku = Ee—

We trace with respect to 7 and [. Since Wi i, = Wijuir = 0 as W is totally traceless, we get

(Cirkidjt + Cirdjr + Citndji — Ciridir — Citedire — Ciundir) - (1.2.17)

m—3 ) . m—3
Wijkt,i = B(W)”kn = ijtk7 that 1S, divWW = —mC (1218)

Formulas (1.2.18) and (1.2.17) show that C = 0 amounts to divIW = 0 and implies B(W) = 0.
The converse is also true. To see this, we compute |B(W)|?. Note that we can write

2
m(Xijkthijktl — Xijkn Xjike1)
with Xjru = Ciridj¢ + Citedjx + Cigrdji. Then we have
Xijer Xijitt = 3CikiCin1 65105t + 2Ci11Ci1205¢0 1 + 2C511Cit65:51 + 2C50:Cirr 051651
= 3mCy;1Ciji + 2C31Cae + 2C51;Cijie + 2C;51Ciy
= 3(m — 2)CixCijk »

[BW)|? =

where we have used the symmetry C;;r = —Cjy;, and
XijrtuXjirtt = (Cirdjt + Cigdjr + Citre051) 054 Clig
+ (Ciribjt + Cirbji + Citrd1)0:Ciine
+ (Ciridje + Carrdjr + Citnd1) 0 Cliu

= 3Cir1Cikl
where we have also exploited (|1.2.15)). Summing up, we get
6(m — 3) . (m —3)?
BW)|? = ———|C|? divW? = ——=|C*.
BV = GERICR, W = el

In conclusion, we have the following

Proposition 1.12. Let M be a Riemannian manifold of dimension m > 4 and let T be a smooth
algebraic curvature tensor satisfying the second Bianchi identity. Then

divl=0 & diviWW =0 and VS=0

and
diviW=0 < B(W)=0 < C=0.

In particular, T is harmonic if and only if W is harmonic and S is constant.
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1.3 Maps between Riemannian manifolds

Let (M, (,)) and (N, (, )n) be Riemannian manifolds of dimensions m > 2 and n respectively,
and let ¢ : M — N be smooth. We fix the indices ranges

1<4,7,k,---<mand 1<a,b,--- <n.

Having fixed local orthonormal bases {6’} and {E,} for T*M and TN respectively, we let ©¢ be
the components of the tangent map dy : TM — TN viewed as a section of T*M ® ¢*T' N, so that

de = 00’ ® E,.

The energy density of ¢ is then defined by

1

1 * a a
e(p) = 5ldel* = 5 tr ) (¢"(, In) = @il (1.3.1)

Given a map ¢, the Levi-Civita connection V on (M, (, )) can be extended to the vector bundle
@*TN. For any v € I'(¢*T'N), its covariant derivative is locally given by

Vo :=080" @ E,,

where v = v*FE, and
020" = dv® + v prw,

wyt being the connection forms relative to (V, (, )n). Notice that Vv is then a section of T*M ®
@*T'N. Via the Leibniz rule, V can be further extended to any bundle of the type T,M ® ¢*T'N.
For instance, given o € T(ToM ® ¢*TN), where locally

o= Ufjﬁi ® 607 @ E,,
its covariant derivative will be given by
Vo =0};,0F®60 ®6 @ E,,
where the coefficients of; , obey to the rule

b

a k _ a * .a a pk a nk
oy k0" =dof; + o0 wy — o0 — 0075

From now on, we shall omit the pullback over ¢ as we will only consider tensors along .
Moving on, one can define the so called generalized second fundamental tensor as

Vdp = %07 @ 0" @ E,,

ij

where the coefficients ¢f; are defined as

pf = (def — off + Piwp) (e;)- (1.3.2)
See also [2 Section 1.7] for further details. It can be easily shown that
—— (1.3.3)
The tension field of a smooth map ¢ is a tensor field along ¢ defined as
() = tr(, ) (Vdp) = ¢ji Ea. (1.3.4)

A map ¢ is said to be harmonic if the energy functional, defined on any relatively compact domain
O C M as

Ealp) = /Q e(9).

is stationary with respect to variations of ¢ where the values of the map at the boundary of Q) are
fixed. Standard variational arguments (see [15]) show that ¢ is harmonic if and only if the tension
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field vanishes identically.
Given a smooth map, one can define its stress-energy tensor as the 2-symmetric tensor

T(p) =¢*(, )n —e(@)(, ). (1.3.5)

A map ¢ is conservative if T'(¢) is divergence-free. It is easy to see that if a map is harmonic, it
is also conservative: indeed, in local components

M a a 1 a a
div(T(¢))i = (wi¢f); — 5(wiwk)dily =
= 0507 + ViP5 — PRk = P95
i.e.
div(T'(p)) = (1(®), dp) N

Let us give a couple more concepts related to maps. A map is said to be conformal if, for some
function A € C*° (M), > 0,

" (, )N = A ), (1.3.6)

and it is homothetic if in the above X is a (possibly zero) constant. In the last case, in particular
|dp|? is constant, since

1
A= —|dgl*.
m

Notice that if ¢ is homothetic and nontrivial, then it is an isometric immersion of M into V.
Furthermore, if ¢ is homothetic it is also conservative, for the stress-energy tensor can be written

as
m— 2

T(e) = —-ldel?(, ) — 3ldel(, ) = ~"o2ldgl,)

and |dy|? is constant, whereas if ¢ is at the same time conformal and conservative it is also
homothetic.
As further notions, a map ¢ is called affine if

Vdy = 0,
that is, if the generalized second fundamental tensor vanishes, and relatively affine if equivalently
Ve(,)n =0

or

(Vdp,dp)ny = 0. (1.3.7)
In local notation, being relatively affine means that
90;‘1]‘ o = 0.

Every relatively affine map is also conservative and has constant |dp|?, as it is easy to show, but
it can be non-harmonic (and thus non-affine).

It is also worth showing the properties of V2dy and the commutation relations of its covariant
derivatives: according to the Leibniz rule, its local components obey to

k k k b
00" = ded; — @0 — el + @iwp,
and it can be shown that they satisfy the commutation relations

el =%k and @l =%+ Rujrer — VR0l 0Sel. (1.3.8)
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1.3.1 p-curvatures

Let a € R\ {0} be fixed, and ¢ be a smooth map as above. The p-Ricci tensor Ric?, first introduced
by Miiller in [28§], is the 2-covariant tensor defined by

Ric”? = Ric —ap*(, )n,
thus its components with respect to the coframes on M and N are given by

RY = R;; — oap?gp?. (1.3.9)

ij
The @-scalar curvature, S¥, is, as expected, the trace of Ric?,
5% =tr( y(Ric?) = RY, = Ry — apiel = S — aldp|*. (1.3.10)

Similarly to the standard case, a Riemannian manifold (M, (, )) together with a map ¢ : M —
(N, (, )n) is said to be harmonic Einstein if it holds

eS¢
{Rlc =>-(,) and (1.3.11)

() =0,
i.e. if ¢ is harmonic and Ric? is proportional to the metric. We remark that, if this is the case, S%

must be constant, provided that m > 3. One has indeed that

1 1
Rfjj = 55 — aglie] — aplel; = 557 — agle]; (1.3.12)

by the definition of the w-Ricci tensor and by the second contracted Bianchi identity, whereas on
the other hand
R . = Swé _ 1 S7
i =\ m j j—a i

hence

that, if ¢ is harmonic, yields the constancy of S¥.

The ¢-Schouten tensor A¥ is defined by

A¥ = Ri “077590 1.3.13
1 2(m—1)<’>’ ( )
and is related to the usual Schouten tensor

S

A = Ric _m< 5 >
by the identity

a2 = A—afg"(,)n - 2(ﬁ¢l21)<, )

In dimension m > 3, the ¢-Weyl tensor, W%, is given by
1
W% = Riem —— A¥ 1.3.14
om —— 147 (. ), (13.14)
similarly to the definition of the standard Weyl tensor

1
W = Riem ——A .
fom — LA ()
Comparing W% with W,

W =W+ —=

(¢ 0N = gy () @) (1:3.15)

m—2
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The tensor W% has the same symmetries of the Riemann tensor and the Weyl tensor but, unlike
the Weyl tensor, generally is not totally trace free. Indeed, an immediate computation yields

WV’

ijit

= apj ey (1.3.16)
Having the same symmetries of Riem, the p-Weyl tensor satisfies the first Bianchi-type identity

w¥¢

ikt T W’th + W‘fjk =0, (1.3.17)

K2 K2

while the covariant derivative of W¥ satisfies the following “fake second Bianchi-type identity”,
analogous to the one valid for the Weyl tensor:

1

® © 0
Wikt Wi e T Wik s = 2

? (2

(Oﬁkéjt+cﬁct6jl+C£l51k+ka15it+cﬁtk6il+cjﬁt5ik)7 (1.3.18)

where Cg’;k are the components of the ¢-Cotton tensor C¥ defined as the obstruction to A® to be
Codazzi, that is,

Che=ALr— AL, (1.3.19)
The ¢-Cotton tensor satisfies
Cﬁcj = _C;'?'kQ
Ol + O + Oy = 0; (1.3.20)
CTii = —Cfiy = awiej;.

Equation (|1.3.18]) comes from ({1.3.14]) by taking the covariant derivative, summing over the cyclic
permutation of the last three indices, using the second Bianchi identity for the Riemann tensor

and ([1.3.19).
We set div W¥ for the 3-times covariant tensor of components
(divIV¥)k = Wi?kl,l' (1.3.21)

Differently from the standard case, the p-Weyl divergence and the Cotton tensor are in general
non proportional, as the following formula shows:

m—3 «
Wikis = e Qkat + @iy — Pher) + po—

Equation (|1.3.22)) can be proved by contracting on the first and the last indices of (|1.3.18]) and
substituting ([1.3.16]) and the trace of ¢-Cotton in ([1.3.20)), resulting in

Pos (PRt — PLojk)- (1.3.22)

a a a a 1 a a a a
Wkt — (@i )k + (apje)e = oo (a@kéﬁu‘sjt + Chiy — apieidje + Clpy +mCly + kat)'

Some simplifications then lead to (1.3.22]).

1.4 Variation of smooth tensor with respect to the metric
and to a smooth map

In this section we compute the variation of some tensors, starting from the curvature tensors, on
a Riemannian manifold (M, g) with respect to the variation of the metric and of a map ¢ : M —
(N,gn). Variation of tensors will come into play in the third chapter, when we will deal with
the study of some functionals and their variation, that possibly characterizes some spaces such as
p-Static Spaces.

Let us start with the variation with respect to the metric. Here we want to follow a different
approach than the usual one and consider first the variation of the section in the coframes bundle
- which determines a variation of the metric in turn. Namely, we consider, for the metric g on the
manifold M, a local orthonormal basis {#?}7 ; and we consider a variation of it by taking a smooth
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map A from (—e,¢) with values in the isomorphisms of the coframe bundle, with the condition
that A(0) is the identity map. Such A can be locally represented by a matrix such that the new
basis {67(t)} is given by 6(t) = A%(t)67, so that §°(0) = #". Since A is smooth, also {6"(t)} vary
smoothly in ¢, and

Gi(t) = AL(t)07 = Ai(A™1)10%(1).
As a consequence, the resulting metric g(t), locally given by g; = g(t) = 6(t) ® 0(t), is such that
g(t) = (AA™H)HOF (1) @ 0'(8) + (AAT1)5()0' (1) @ 67 () = [(AAT)5(0) + (AATH] ()] 67 (1) @ 6°(2).
Let us denote with a’(t) = (AA™1)i(t) and with
h=hi;0'(t) ® 07(t) = (a} + al)0"(t) @ 07 (t),

so that the above equations read as

fi = ale?, (1.4.1)

g=h. (1.4.2)

Proposition 1.13. With the above notation, let 6’; (t) be the Levi-Civita connection forms relative
to the metric g(t), ;kl (t) = 0°(Ry(ex, gl)ej) be the components of the Riemann curvature tensor on
the orthonormal base {e;(t)} dual to {0"(t)} with respect to g(t), R;; = Ric(e;, e;) be the components
of the Ricci tensor and S be the scalar curvature. Then it holds:

R= %(hil,jk + Byt — ikt — Pjtie — hei Ry — hej Rl e © 67 @ 0% @ 0 (1.4.3)
Riem = %(hil,jk + Byt = ikt — hjik + hei Ry — hej Rl )0' @ 07 @ 6% @ 6'; (1.4.4)
Ric = %(hm,js + hgjis — hss.ij — hij.ss)0' @ 607 (1.4.5)

S = hyjij — hiijj — Rijhij. (1.4.6)

Proof. We begin by setting cf‘j as the coefficients

ci(t) = gellei(t), e5 (1)), ex(t) = ge(Ve,e; — Veeien),

so that the components of the Levi-Civita connection forms along the orthonormal coframe are

1 j i
~(cfy + ¢y — i) (1.4.7)

(Hé)k = 9;(6k) = g1(Ve,ej,€) = 2

In order to obtain the variation of 6}, we should first compute the variation of the {c -}. Making
explicit the dependence on t, one hab

chier = [ez-,ej] = [(A™)en(0), (A e O)] = (A (e2(0) (A )5)ex(0) + (A~ er(0)er(0))
! ,<0>el<0>) -

0), e:(0)] + (A™1)id(A™)5 (er(0) ) — (ATH;d(ATY)i(ee(0))er (0) =

1 (0)es(0) — (A 1dAA )t (ei) e (0) 1dAA ht (ej)e(0) =

(AT AL (0)er — (dAATYF(ei)er + (AAA ) (ej)ex,

—~ o~
ih D> D>
,_. ,_. ,_.
~— ~— ~—
S~ S~ S~
—_~ o~

::r>

,_.
—_ — —

and hence

cij = (ATI(AT)FALC(0) — dAT () (A™1)5 + dAL(e;)(ATY) (1.4.8)
Towards the aim to compute the derivative in ¢ of (1.4.8]), we notice, from the fact that §° is dual
to e;, that

€= —ale;. (1.4.9)
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Moreover, we recall that (A=1) = —A~1AA~!. We can now proceed to take the derivative in ¢:

&y = —(ATTAATYH(AT AL (0) — (AT1)i(ATTAATY AL (0) + (A7 1)i(A™ )AL, (0)—
— dA(er)(A™); — dAL(—afer)(ATY)5 — dA(er) (AT AATY) S+
+ dAF(e;)(A7N); + dAF(—afe,)(AT1); + dAF(ej)(—ATTAAT!) =

= —(A7)af (A71)5ALr, (0) — (ATH(AT)1af AL (0) + (AT1)i(AT1)jay ALey, (0)—

— dA¥(e) (A7) +afdA¥ (e, )(A71) + dAF(en) (ATTAAT )3+
+ dAL (e;)(A71); — ajdAE (afe, ) (AT1)s — dAF(e;) (AT AAT!).

J

We can get rid of the terms ¢},(0) in the above expression, by making use of (1.4.8) and thus
expressing them in terms of cfj (t):
&y = —af( v A (e )(ATY)5 — dAL(ey) (A7) —
7 (ch, + dA(en)(AY): — dAE(e,) (A1) +
Tl (e + dAT(e) (A71)S — dAT(e;)(A71)2)—
— dAE(e;) (A7LY3 + afdAR(e,) (A71)3 + d A (e)(AD)sal+
+dAY(e)) (A1)} — afdAY (afe,) (A1) — dAY(e;) (A7) af =
= =0 cf] a’]czr + a’rcz] + ader(el)(A 1); - afdAZ(eJ)(A_l)f_
— dAL(ei) (AT} + dAL(ey) (A1)} =

—alc —atck + arc” - daf(ei) +dak(e)),

i-rj j“ir

where in the last equality we have exploited the fact that
da=dAA™) =dAA™ — AA71dAA = dAA™ —adAA~L.
Recalling that, in this setting, the components of the covariant derivative of a are given by
a;kek da + ak9k — a,ﬁk

one has that

Cf] = —ai»cfj _7 zt + aé Czj - a?,i =+ aéolk(el) - af@é(ei) + a’?,j - aéalk(ej) + af&ﬁ(ej) =

1 )
= —aj; +aj; + 2aj(cfd + i+ cli) = 5i(cl + aiy + ),

where the last equality follows from (|1.4.7)) after some simplifications.

Thanks to the above expression for ¢;;, we are now able to calculate the variation of the 9; (t):

(05060 = 5 (550 + (D) — u0)0* (1)) =

(c —|—cjk—c >0k l(c +c — chp)ardt =

& \

w\»—~w\>—~

1 1 )
[ aﬁi + am» + §a§»(c}€l k) — iaé(c,’d + cfcj + ij)—

) 1 _ . 1 )
- a?f,i +aj, + 5“2(02'1 + Cé'i +c;) — §aé(6?l + cék + )+
i i 1 L. l i 1 k [ i k
+aj; — g — ai(ch + ey + ciy) + aj(ch + ey + i) |05+
1 [ j i VL ok
+ 5(61‘7 + C’Zl - C;'l)akg .

After some simplifications, we arrive to the expression

)i 1 j %
(Hj)k = §(hik,j — hjkﬂ' + aka — aj,k)' (1410)
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Notice that, since the difference between the connection forms 6% (t + s) — 65(t) defines a tensor on
M, (0;)k are in fact the components of a rank 3 tensor.
Then, the variation of the curvature 2-form at ¢ = 0 can then be computed in terms of 9; by
exploiting the second structure equations:
O = dbi + 0} NOF + 0}, A 07 = d((07)0%) + (6].):0" A OF + 0f A ((05),0") =
=d(0)x AOF + (00)e (=0 N O') — (6])10% A OF + (05),6] N O" =
= (6))r.10" A6
Since the curvature 2-forms are related to the Riemann tensor via
! = LRI, 05 A0
J o ikl )
one has that
Lo i kapl _ &y o Lipi it itk A pl
5((9j)l,k —(05)k)0" N =0 = §(Rjkl + Riyay, + Rjpeap)0” N6,
therefore the variation of the components of the curvature tensor (at ¢ = 0) is given by the

expression

Ry = —Rial + Riyal, + (021 — (00

Substituting (1.4.10)),
»7) 7 t ) t 1 1 7 t 1 J t
Rjkl = *Rjktal+letak+§(hil,ijrhjk,il*hik,jl*hjl,ik)+§(at*ai)Rtjklfi(at —aj)Rtikl. (1.4.11)

At this point, the variation of the curvature tensor given by
R = Rle;:00 008 @0'+ Ry (6,007 @0% 20" +-6;,0607 00" 20 +,0607 20 20" +e; 207 20 20").

Inserting (1.4.11)), (1.4.1)) and (1.4.9)), we arrive at (1.4.3). As regards the variation of the Riemann

tensor (the 4-times covariant form of R) the computations are quite similar, recalling that at any
time ¢

Rj‘kl = Rijkla
and thus - )
R;‘kl = Rijkl-
Summing ({1.4.11)) over ¢ and k, one obtains the variation of the components of the Ricci tensor,
. 1
Rij = 5(hsi,js + hgjis — hss,ij — hij,ss) — Rialy — Ryjal (1.4.12)

and thus ) o ' ) , o
Ric = Rijel ® 67 + leez ® 67 + Rijﬁz ® 07
is precisely given by (1.4.5). Finally, as for the variation of the scalar curvature it is sufficient to

consider the trace over i and j in ([1.4.12), resulting in (1.4.6). O

Remark 1.14. Notice that, as evidenced from the proof of the above Proposition, different versions
of a tensor have in general different variations, even in local components along orthonormal frames.
In spite of this, when it turns to the variation of the components along orthonormal frames (in the
Riemannian case), the variation does not depend on the version of the tensor, since we recall that in
this setting every version of a tensor has the same components on an orthonormal frame. Because
of this and because of the fact that tracing the components of the variation of a tensor equals
considering the variation of the components of its trace on the same indices, we shall consider
variation of components of tensors (along orthonormal coframes, otherwise this argument doesn’t
work), rather than of the tensor.
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One can compute the variation of covariant derivative of generic tensors, and one way to
compute it is the following. Let us consider, for instance, a 2-covariant tensor (the method can be
generalized to any type of tensor) T'= T;;6° ® 67 for a local orthonormal coframe §°. Assume that
the variation of 7' is known, say T' = U for some U € T D M. Then the coefficients of VT obey the
rule

Tij k0" = dTy; — Ta;0; — T;465,

where although not written explicitly we consider V and € as dependent on ¢, as above. Then,
differentiating with respect to ¢t we obtain

T 0% + Toj 16y = ATy — Tj0; — T67 — 1165 — T,465, (1.4.13)

where we have denoted with ka the variation of the components along an orthonormal coframe
of the tensor 7. We can group the three terms of the RHS in (1.4.13), since for the covariant
derivative of the components Tj; it holds

(T1j) 10" = ATy; — T;0; — Tis9';',

and arrive to

Tij,k + Tij,SaZ = (Tij),k - Tsj(Hf)k - T (9;)k (1414)

Now, . _
Uij = (1) = Tij + Tsjai + Tisaj,

which yields, by differentiation,

Uijr = (Tij) k + Tsjpai + Tis xai + Tsjai p + Tisaj

Inserting the latter into (|1.4.14)),

Tijk + Tijsay, + Tsjra; + Tiska; = Uijp — Tsjai , — Tisal j, — Toi (03 — Tzs(ef)k

At this point, we use the fact that
(VT)iji = Tij + Tijsah + Tojrtts + Tis
and (|1.4.10)) to conclude that

. 1 1
(VT)ijk = Uijk — =Tsj(hor,i + his e — hiiys) — §Tis(hsk¢,j + hjse — Pijs)- (1.4.15)

2

Let us now consider the variation of a map between Riemannian manifolds. We denote with
F = C>(M, N), the space of smooth maps between two Riemannian manifolds (M, g) and (N, gn).
Then, considering a map ¢ : M — N, the tangent space T, F can be identified with the space
of section of the pullback bundle ©*TN: i.e., to every variation ¢; : M — N, t € (—¢,¢) such
that oo = p, we can associate a vector along ¢, v € I'(¢*T'N), such that ¢y(z) = expyy)(tvs).
Let M = M x (—&,e) and ® : M — N be such that ®(z,t) = ¢¢(x). If we consider on M
the product metric between g on M and the flat metric on (—¢,¢), we can then extend the
Levi-Civita connection for this Riemannian product to a connection on tensors along ®, which
we denote by V. Notice that, under the identification M = M x {0} C M, the connection V
restricted to TM ® @*TN C TM ® ®*TN coincides with V. The same is valid if, denoting
with My = M x {t} and with 'V the connection on tensors along ¢;, one considers V restricted to
TM;®@p; TN C TM®®*TN. We choose an orthonormal coframe on M, {#*}, and an orthonormal
frame on M such that

ot = dt the coordinate on (—¢,¢),

=0 i,jk=1...m,
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where with abuse of notation we have written 6* instead of its pullback under the projection of M
onto M. It is immediate to see that the only non-vanishing components of the Riemann tensor on
M are o

Rijri = Riji-
Then,
—| o= (V5,®)|,_, = v (1.4.16)
hence, in components,

(I)gn+1|t:0 ="

We shall also take into account the variation of the covariant derivatives of ¢. As one expects, their
variation can be linked to the variation of the map, as it is shown in the following Proposition:

Proposition 1.15. With the above notation,
d

(pt) = v, (1.4.17)
dt |,
d (dey) = Vo (1.4.18)
- t) = Vv, 4.
dt|,
pn ('Vdg,) = Vv + VR(-,dg, v, dy). (1.4.19)
0

Proof. Equation (|1.4.17) is immediate. As for the others, we make use of the above notation and

notice that
d

dt

(der) = (vc?tdq))‘TM&o*TN’
t=0

and therefore

d ‘ i apni
@tﬂ(d%) O, 10 ® By, = ®4.1,0' @ Bo|,_, = 10" @ B, = Vv,

thus proving (1.4.18). Notice that we exploited the symmetry between the two indices in the
covariant derivative of the tangent map with respect to the connection of the bas manifold, as in
(1.3.3). Regarding Vdy, we have

('Vdy,) = (Vs, VdA®) }TMW
t=0

By the commutation relations in (1.3.8)),

4
dt

*TN *

("Vdgy) =
t=0

10 @07 @ Bal,_o = (@11 + Riijm1®f

NRp.,®] (I)](I)er]]t W20 E, =
= (v + “Ri 000 00 © 67 ® E,,

proving (|1.4.19). O

Remark 1.16. Similarly to the variation of tensors with respect to the metric, we can also consider
the variation of the components of tensors along ¢ with respect to ¢. As for the variation of the
components of dy on the frame ' ® E,, ¢, we have that

d d a a a a nNo * a
it (‘Pt) %‘I’ = (d(bi (6t))|t:0 = (‘I’im+1 + @50 (Or) — ‘D?‘I’ Wy (6:&)) |t:0’
t=0 t=0

where 1 < o < m + 1. On one hand, since M has a product metric, ™+ = 0 and the #’s do not

depend no the t coordinate, and hence

07 (0r) =
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On the other,
(@ wp (0e))lymp = (PF1wh (Be))|,_g = wi (v).

Therefore, we have
d

| (i =i - phwit (v).

t=0

Analogously, using the commutation rules (|1.3.8]),

d

dt

t=0
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(1.4.20)

(1.4.21)



Chapter 2

Rigidity results for maps between
Riemannian manifolds

This chapter is devoted to the presentation of some rigidity conditions involving generic algebraic
curvature tensors, which we introduced in the previous chapter as 4-times covariant tensors sharing
the same symmetries, at the algebraic level (thus not involving the covariant derivatives) of the
Riemann curvature tensor. In particular, we are going to show that, under certain conditions
involving the curvature operator, a harmonic algebraic curvature tensor 7' must be parallel and
possibly forced to be of the form

T=Xx,)DO()

for some A € R. To be more specific, we have:

Theorem 2.1. Let (M™,(,)) be a compact m-dimensional Riemannian manifold with | ™ |-
nonnegative curvature operator R and let T' be an algebraic curvature tensor. Assume that T is
harmonic. Then T is parallel. If M has Lmz_lj-positive curvature operator at some point then T
is a constant multiple of (, Y ® (, ).

Theorem with the choice of T' = Riem, together with the application of a classification
Theorem by Noronha in [29], yields the following:

m

Theorem 2.2. Let M be a compact Riemannian manifold of dimension m > 3 with Rl =) >0
and harmonic curvature. Then M is locally symmetric. If RU"TD > 0 at some point then M is

a quotient of S™.

Theorem provides a generalization of a Theorem by Tachibana [36], who shows that if a
Riemannian manifold has positive curvature operator, then it is a quotient of S™. Notice that
Theorem also generalizes results of Tran [38] and Petersen and Wink [30} B1].

The validity of Theorem [2.1 will be showed by making use of the so called “Bochner technique”.
First applied by S. Bochner and K. Yano, [7,[8], it consists in evaluating the laplacian of the squared
norm of a tensor field and, after having given some estimates, an application of some maximum
principles gives some constraints on the covariant derivatives of such tensor. In the specific case of
an algebraic curvature tensor T" we will show that, if it is harmonic, it satisfies

1 1
5A|T|2 =|VT]* + (IT.T), (2.0.1)

where T is a special case of a self-adjoint endomorphism defined by Lichnerowicz in [24] for generic
tensors in T‘? M, g > 0. Then, estimates on the quadratic term (I'T, T') via the orthogonal splitting
into its irreducible components as in under the hypothesis of non-negativity of RL™) and
the application of the divergence theorem yields the conclusions of Theorem Notice that the
condition on the curvature operator was first identified in [30], where they use it to give estimates
on the laplacian of the squared norm of harmonic p-forms, and can be applied to any harmonic
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algebraic curvature tensor whose Ricci contraction is proportional to the metric. Here, instead, we
will provide a lower bound on (I'T,T") by only requiring that 7" is harmonic.

In Section we will provide this estimate and then prove, in the compact setting, the rigidity
Theorem [2.1}] Then we will discuss the complete case (possibly non-compact). Similar conclusions
to those of Theorem [2.1] can be deduced, but here we have to make some assumptions on the
growth of T" and on the geometry of M, in such a way to recover, in some sense, the possibility
to apply a maximum principle to |T'|? and hence to infer its constancy in view of . This
will be done in Section In the last section we will specialize our discussion to maps between
manifolds, and find a suitable tensor, namely the ¢-Weyl tensor defined in the previous chapter as

1
©® — Riem — @
W Riem m—2A D),

that provides a link between the geometry of the base manifold (M, (,)) and of the map ¢ :
M — (N,{, )n), and then apply to it our arguments for generic algebraic curvature tensors. For
instance, in the compact case we will prove the following

Theorem 2.3. Let (M, (,)) be a compact m-dimensional manifold with |51 |-nonnegative cur-

vature operator and let ¢ : M — (N,{,)n) be a smooth map from M to a fized Riemannian
manifold (N,{, Yn). Then, if W% is harmonic, v must be relatively affine and (M, (,)) is either
locally symmetric or locally conformally flat and ¢ is an homothety.

As for the complete case, an application of a classification result due to G. Carron and H. Her-
zlich [T1] for complete locally conformally flat manifolds with non-negative Ricci curvature yields,
in case S¥ is constant, rigidity for the base manifold.

Notice that here we focus our attention to the ¢ curvatures and applications of 2.1] and the
analogous results in the complete non-compact case to the ¢-Weyl tensor. For a detailed treatment
on the generalization of the Tachibana theorem and therefore to the applications in case T' = Riem,
we refer the reader to [13].

2.1 Rigidity of harmonic algebraic curvature tensors on com-
pact manifolds

This section is devoted to the proof of Theorem that we here restate:

Theorem 2.4. Let (M™,(,)) be a compact m-dimensional Riemannian manifold with | ™ |-

nonnegative curvature operator R and let T' be an algebraic curvature tensor. Assume that

T satisfies the second Bianchi identity and divT = 0.
Then T is parallel. Moreover, if the curvature operator is LmT_lj—positive at some point, then T is
a constant multiple of (, YD (, ).

We will prove Theorem at the end of the section. Indeed, we begin by showing the validity

of a Bochner-type formula for generic algebraic curvature tensors in Proposition and then
in Theorem we will give a sharp estimate on the quadratic term arising in the expression of
the formula itself. In what follows until the end of the section, we will use the same notation as
in Section [I.2] for algebraic curvature tensors: indeed, there will be no ambiguity, since the only
curvature tensors coming into play here are the Riemann and the Ricci tensors.
Before stating Proposition we set I' =T : TqOM — TqOM as the self-adjoint endomorphism
introduced by Lichnerowicz, whose action can be described in the following way: in a local or-
thonormal coframe {Hi}, for every g-covariant tensor ) = Qil_“iq 0" ® - - ® 0% the components of
IQ = (IQ);,..., 0" ® - @ 6 are given by

q
(TQ)iy....p = ZRileil...j...iq — Z RijintQiy..j..t..0, (2.1.1)
=1

1<I#h<q
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where on the right-hand side j and ¢ occupy the I-th and h-th places, respectively, among the
indices of @ (note that in the second term we do not necessarily have I < h). If Q is twice
continuously differentiable, then

q
TQ)iy...i, = Z (Qiy.tovigint — Qiyt.igtin) - (2.1.2)

h=1
Indeed, by the Ricci identities we have

q

Qiy.toigiint — Qiy.toigitin, = E Qiy..joteigBiiint + Qiy . j.ig Rjay
1#h,l=1

thus summing over h we obtain (2.1.1]). As we will often apply I" = I'y in the case of an algebraic
curvature tensor T', it is worth noticing that in this case (2.1.1)), thanks to the symmetries of T
becomes
(TT)ijrr = RisTsjir + RjsTiski + RisTijsr + RisTijes — 2Risjt Totkt — 2RisntTsju (2.13)
- 2Rislthjkt - 2stk’tTistl - 2stltTiskt - 2RksltT%jst- o
We are now ready to state and prove the following:

Proposition 2.5. Let (M, (,)) be a Riemannian manifold and let T be a smooth algebraic cur-
vature tensor. Then

%A|T|2 = |VT]* + %(FT, T) — %|B(T)|2 —2|divT|* + div X(T) (2.1.4)

where X (T') is the vector field whose components are given by
X(T),L = sjktB(T)sjkti + 2Tijkt(div T)jkt . (215)

Remark 2.6. In particular, if T is harmonic (i.e., T satisfies the second Bianchi identity and

divT = 0) then reduces to
%A|T|2 _ VTP + %(FT, 7). (2.1.6)
Proof. We compute
%A\TF =div(VIT*) = (TijeeTijier) 0 = TijreiTijiey + TijreTigne
and Tyjxe  Tijrey = |VT]?. Looking at the second term, we rewrite
Tijket = Tijitun + Tijiesr + Tijerer — Tigien — Tijer et = B(T )ikt + Tijri,u — Tijen i
so that, using the symmetry Tjji = —Tije,
TijrtTijit,n = Tijree B(T)ijrer + 2T Tijit i -

We further rewrite
Tijrr,e0 = Tijrre + Tijrorer — Tijrie

and summing up we obtain
1
§A|T\2 = |VT)? + Tijse B(T)ijtrs + 2Tijue Tijaae + 2Tijie (Tigurer — Tijhiie) - (2.1.7)

“Integrating by parts” we get

Tijie B(T)ijrrg = (Tijue B(T)ijin) ; — Tijrea B(T)ijwu
1
—|B(T)|?
LB
TijreTijrige = (TijieTigrig) ; — Tijree Tijria

= (TijrtTijr) , — | div T'|?

= (Tijre B(T)ijrnr ) ; —
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hence 1
Tijit B(T)ijrtra + 2Tijxe Tijra e = div X(T) — g|B(T)|2 —2|divT|?. (2.1.8)
On the other hand, by the symmetries of T', renaming the indices and using (2.1.2)) we have
ATt (Tijrr,er — Tijraie) = Tigit(Tigror — Tijrrae) + Tijen(Tijin,er — Tijikie)
+ Thotij (Trtig.er — Triijae) + Tiwig (Tikij.o — Tikigie)
= Tijit(Tijrrer — Tijraie) + Tijit(Tijie, ket — Tijie,ie)

+ Tijre (Tt jt — Twtigig) + Tijer(Tijen,it — Tijen i)
— (T, T).

Substituting this and (2.1.8)) into (2.1.7)) we obtain the desired conclusion. O

Having in hand the desired Bochner-type formula (2.1.4)), the next step is to find an estimate
for the quantity (I'T, T). Our goal is now to prove the following Theorem:

m—1

Theorem 2.7. Let M be a Riemannian manifold of dimension m > 2 with K" > a(x) for
some function a : M — R and let T' be a smooth algebraic curvature tensor. Then

%A\TF > VT + (m — 1)a(z)|P|* — §|B(T)|2 —2|divT|? + div X(T) (2.1.9)

where P and X (T) are as in (1.2.12) and (2.1.5)).

The proof of Theorem is split into several lemmas and propositions, for the sake of clarity
of the exposition. The scheme of the proof is the following: in the first step, given by Proposition
we split the quadratic term (I'T, T) as the sum of two analogous quadratic terms in W and
Z, thus decomposing, in some sense, the expression in accordance with the orthogonal splitting of
T. We will afterwards treat the terms (I'W, W) and (I'Z, Z) separately and give lower bounds on
them exploiting the non-negativity of ML=, As for (T'Z,Z), in Proposition we will show,
with the help of Lemma that a lower bound on the weighted [ % |-sectional curvature yields
a lower bound on (I'Z, Z): namely, if SectlZ1 > €, then

(TZ,7) > 2mC|Z|?.

On the other hand, in order to estimate (W, W) we will link T to fR through a map that sends
a 4-covariant tensor @ to a 2-form with values in Ty M, Q, similarly to what Petersen and Wink
did in [30], and we will show that, extending the curvature operator to the space of 2-forms with
values in Ty M, then

RTMQ, V) = (TQ,V),

for any @,V € TyM. In Proposition we will express the norm of W with respect to the norm
of W, finding that .
[W|? =2(m —1)|W%

After that, in Proposition we will explain (RT+M W, VV) by splitting the curvature operator in
an orthonormal base of 2-forms and, thanks to the estimate proven in Lemma [2.16] we will be able
to apply an elementary inequality shown in Lemma to conclude that, if DAl > C, then

(TW, W) > 2(m — 1)C|W|?.

Theorem will put together the lower bounds in Propositions and using the expression
m—1
for the norm of the projective-like tensor P in to obtain that, in case |72 ! > C, then

(TT,T) > 2(m — 1)C|P)?.

Then it will be only a matter of estimating the quadratic term in the Bochner formula proven in
by means of Theorem to obtain the conclusion of Theorem
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Proposition 2.8. Let T, T be algebraic tensor fields. Then

4 N

(TT,T) = (CW, W) + (TZ,7) (2.1.10)

m— 2

where W, W are the Weyl parts of T, T and Z, Z are the traceless parts of their respective Ricci
contractions E, E.

The proof of Proposition [2.8]is essentially a long computation, that we split into the proofs of
several lemmas.

Lemma 2.9. Let T, T be algebraic curvature tensors. Then
(TT,T) = AR TujriTijir — ARisjiToire Tijrt — SRistaTsjie Tijne - (2.1.11)

Proof. From ([2.1.3) we have

(TT)ijir = RisTsjir + RjsTiski + RisTijor + RisTijks
- 2Risjthtkl - 2Riskthjtl - 2Rislthjkt - 2stktT’istl - 2stltTiskt - 2RksltTijst~

We contract with Tijkl. Renaming the indices and using the symmetries of T, T we get

RisTojniTijur + RisTisti T, + RisTijsiTigne + RisTijns Tign

= RisTojraTijut + RisTjsuiTyint + RisThis;jThiij + RisTinjs Tingi

= AR Tejit Tijne »
2Risji TatriTijht + 2Riste Tijst Tijrl

= 2R, sjt Totni Ty + 2Risjit Tt Thii

= 4Rt Totri Tijnt »
2Riskt Tejtr Tijht + 2Riste Tojrt Tijut + 2R skt Tisti Tijrt + 2Rjste Tiskt Tijul

= 2R, et Tojtr Tt + 2Riskt Tojis Tijir + 2Riskt Tjsti Tjint + 2Riskt Tjsre Ttk

= 8Ryski TsjtrTijhl -

Summing up we obtain (2.1.11)). O

Next, we show that the traceless and the trace components of an algebraic curvature tensor are
orthogonal with respect to the bilinear form (T'-,-):

Lemma 2.10. Let W be a totally traceless algebraic curvature temsor and E a symmetric 2-
covariant tensor. Then
TW,E® (,))=0. (2.1.12)

Proof. We apply 2.1.11) with T=W and T = E ® (, ). We write
(ED (, ))ijit = Eirdjt + Ej10ir, — Eidjie — Eji0is .
We separately compute the three terms in (2.1.11}). Since W is totally traceless, we have

RisWsint (ED (, ))ijet = RisWejit Eji0it — RisWsjnt Ejrit

= R Wiy — RisWjniEjk
=2R; Wit Ejy

RisjiWait (E D (, ))ijet = RisjiWesine(Eindje — Eitdji) + RisjiWeikt (Eje0in — Ejr0it)
= 2RisjiWasint Eirdje + 2RisiWaiit Eji i
= 2RisjiWainj Eir + 2RisjiWas Ejt

RistiWejit (ED (, ))ijet = RistiWesjitEjtdir — RiskiWsjit it — RistaWejie Ejii
= RaWsjitFjt — RistaWsrie Bt — RistaWjii k. -
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Summing up, we obtain

1
§<FVV7 E @ g> = RisWSjitEjt - RisjlelkjEik - RisjlelitEjt
— RaWsitEjt + RistaWsri Est + RistaWejiiEji -

A few algebraic manipulations renaming the indices and exploiting the symmetries of Ric, Riem,
W or E yield

RisWsjinlbjy = RisWejuljr = RaWejin By
RisijiWsiki Eie = RjtisWisjk Bk = RisjiWeit Ejt
RistiWerit Eit = RriisWisk By = RistiiWsjiiEj

Substituting and manipulating a little more we get

1
E@W’ E®(,)) = RisktWskit Eit — RisjiWenjEik

= RisiiWerit Bt + RisjiWsijnEik
= RistiWisrit Eir + Risit Wiz Eit
= (Riskt + Risti)Worit Eis

=0.

O

In the next two lemmas we relate the bilinear form (I"-, -} on the trace part of algebraic curvature
tensors to their Ricci contraction, with the help of Lemma [2.9] and we observe that the bilinear
form loses information on the total trace of algebraic curvature tensors.

Lemma 2.11. Let E, E be symmetric 2-covariant tensors and let Z, Z be their respective traceless
parts. Then

(TZ,Z) = (TE,E) = 2R;,E.;Eij — 2Ri.;1 B Eyj . (2.1.13)
Proof. From (2.1.1]) we have
('E)ij = RisEsj + RjsEis — 2R, Eq . (2.1.14)

Contracting with E~ij we get the second equality (2.1.13)). In case E = (, ), from (2.1.14]) we deduce
I'(,) =0. As for the first equality in (2.1.13)),

_ _ S g _
- S S -
=(I'Z,ZzZ Z,I'— r— E
(T2, 2)+(Z,T2(, ) + (0, ), B)
=(z,2),
where we have used the self-adjointness of I' on 7% M. O

Lemma 2.12. Let E, E be symmetric 2-covariant tensors and let Z, Z be their respective traceless
parts. Then 3 y
CE® (), E@ () = 4(m—2)(TE, E) = 4(m — 2)(IZ, (2.1.15)

7.
Proof. We separately compute the three terms in 2. 1.11) for T=EQ@® (,), T=E® (,). We
have

(E® 9stit ED® (. )ijut = Esk(ED® ()it — Est(ED (, Nijie + Ee(ED® (, ))ijst — E(E D (, )ijns
=2E4(E @ (, )ijrt — 2E(E® (, ))ijks
= 2B, E.bj1 + 2B Ej — 2B B0y — 2B Ey
— 2B, Eid;s — 2B Ejs + 2B, Ejpdis + 2B By .
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Hence,

Ris(E® (, ))siut(ED® (, ))ijie = Risoij(E® (, Vst (E D (, ))ijne
= 2mR; B Eip + 2RisEE;j — 2Ry Eqp Eip — 2R Eq Ey
— 2Ry EnEi, — 2R EjiEjs + 2Ry B Ejy, + 2R Fis By
= 2(m — 4)Ri; Ejx B, + 2Ri; Eij Exp + 2Ry Eij Evie + 2R Ej1 )y
Risii(E® (, skt (E D (, ))ijue = 4Rs; Esk Eji, + 4R B Ey .

Similarly

(E® ( Dsjtt(ED® ( Night = Eat(E D (, )ijrs — Est(ED® (s Dine = Ej(E D (, )ijis

+ Ejiba(E® (, ))ijkt

= EgEid;; + EqE;;0i — EqEij6j; — EqFEj16i;
— By Eixdi — ExtEydin + Est Eydi + Es Eybi
— EjEid;s — BjiEjs0ir + EjEisdjk + EjiEj0is
+ Bt B0t + EjtEj010ix — EjiEird10j5 — Ejt Ej1051054

= mEqyEy, + EqF;;0y, — EqEgy, — EqEi
— EgEy — EqEndix + EstEydir, + Esi Eyy
— EqEi, — EjEjs0ik + B Eis + EjEj0is
+ EixE;j0q + Ej Ej1630i, — EriEids — Eij Ejndg

that is

ED® (G ))sit(ED® (, ))ijre = (m — 4)EqEy, — EqEydix — E1jE;j56i, — ExeEidg — Eij Ejidg
+ EgEjj0ik + EnEjj0s + EjiEjd90ix + Est Eitdix + Esi By + ExEis + By Ejidis .
We contract with R;sr; to get
Ristt(E® (, Nejit(ED® (, )ijhe = (m — 4) Ryt B Eir — 4Ry Es Ey
+ RyEgEjj + R ExEjj + RiiFjiEjy

Summing up,
TE®L)),ED(,)) =8m—4)Ri;jE;,Ei, + 8Ri;jEijExy + 8Ri; Eij Exy + SRy Eji Ejp

— 16Ry; Eg Ej), — 16R;s1; Egj By — 8(m — 4) Rigp B Eiy, + 32Rs Es Eyy

~8RyEqE;; — SRixEixE;; — S8Ry E;1 Ejy

= 8(m - 2)RijEjkE¢k - 8(m - 2)RisklEleik
and by (2.1.13) we obtain (2.1.15). 0
We are now able to prove the splitting in (I'T, ’f’) as in (|2.1.10)):

Proof of Proposition[2.8 As in (1.2.7), we write
1 - - 1 -
T=W+ ——A T=W+ ——A
4B, L Ap()

where A, A are the Schouten-like tensors associated to T, T as in (.2.6). Then, by Lemma m
with the choices E = —1-A, F = —1- A to obtain

CT.7) = (TWW) + s CAB (). AB )
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Next, by Lemma [2.12] noting that Z, Z are also the traceless parts of A, A, we get
. - 4 .
<FT7 T> - <FVV3 W> + 7<FZ7 Z>a
m — 2
that is, (2.1.10]). O

We now proceed to prove that a lower bound on R(L™57]) ensures a lower bound on (T, T)
for any algebraic curvature tensor 7. To this purpose, we shall introduce the map we mentioned
above, which provides a link between the endomorphism I' and the curvature operator R. Namely,
adopting the notation used by Petersen and Wink in [30], to any g-covariant tensor @) we associate
a T(?M -valued 2-form @ of local components

LdgST — Qzl...s...z yr Qzl...r..xt iS - (2116)
q Z a Z a

Any symmetry that Q may enjoy is inherited by @ in its first ¢ indices.
The curvature operator SR can be extended to a self-adjoint endomorphism

RTM - TOM © A°M — TOM © A2M

on the bundle T) M ® A*M of T, M-valued 2-forms, where self-adjointness is intended with respect
to the inner product on T 2M 2O T)M ® A*M. Given a local orthonormal coframe {91} on M,

for any section w = w;, . i,sr 0" ® - ® 0% @ 0% @ 0" of T) M ® A*M the tensor RTIM ) is locally
defined by

(mTéJN[w)il.“iqkt = RsrktWiy..igsr -
We have
q
(R M), gkt = ZRszlthzl.“s...iq = Z Ri ikt Qi j. i,
=1

and if V' is another tensor field of type (0,q) then

TM
Q) = 3 R Qs Vo ki
l,h=1

where on the right-hand side j occupies the I-th place among the indices of @ and k occupies the
h-th place among the indices of V. Splitting the cases h =1 and h # [, we get

0 ~
<£RTqMQ7V ZR]szl.‘.].‘.zq i1...k.ig T Z Rugthzl...j...t...zqv;,l...lc...zq
=1 1<l#h<q
and renaming k = iy it is apparent that
(RTIMQ V) = (TQ, V). (2.1.17)

This shows that a lower bound on the quadratic form (SR -, -) implies a lower bound on (I"-, -).
The next Lemma provides an elementary inequality that will be used in the following Propositions.

Lemma 2.13. Let N > 2 be a positive integer and let {a;}1<i<n, {bi}1<i<n be sequences of
non-negative real numbers such that

a; <app1 for 1<i< N and b; >0 fori=1,...,N. (2.1.18)

Let 1 < k < N be a real number such that
|
biSEij fori=1,...,N. (2.1.19)

Then
N 1 N
> aib; > TH 2% > by (2.1.20)



Proof. Let us assume first that k is an integer. Then, we separately estimate

N N
Z aib; > ap41 Z b;
i=kt1 =kt 1
k k
Zazb —Z _ak—&-l)bi"’ak—&-lzbiZ%Z a; — Gk41 Zb +ak+1zbza
=1 1=1 =1

where we have used (2.1.19)) and the fact that a; — ag11 < 0 for ¢ < k. Summing up,

Zb = (ii?)é@

Jj=1

k

N
Zaibi > l; Z — Qkt1) + A1
i=1

i=1

ie. N L N
> aib; > (kZ‘“) > by (2.1.21)
i=1 i=1 j=1

If k is a real number then (2.1.19) holds with & replaced by |k |, which is an integer in the range
{1,..., N — 1}. Hence it holds (2.1.21)), thus proving (2.1.20). O

We are now able to estimate the term (I'Z, Z), where Z is any 2-covariant, symmetric and
traceless tensor:

Proposition 2.14. Let © € M, C € R and assume that for every collection {7T1,...,7TL%J} of
mutually orthogonal 2-dimensional subspaces of T, M it holds

L2]
Sect(m;) > C'. (2.1.22)

1

3

—
O[3 —
| —

?

Then for any traceless symmetric 2-covariant tensor Z we have
(TZ,7Z) > 2mC|Z|? at x. (2.1.23)

Proof. Since Z is a symmetric tensor, we can consider an orthonormal base {e;} for TM consisting
of eigenvectors of Z. Let us denote with {¢;}1<i<m the corresponding eigenvalues. From (2.1.14))
we obtain (no summation is intended on %)

(FZ)“ = 2R”Cl — QZRijijCj = QZR””(Q — CJ) fOI‘ Z = 1, o.M

j=1 j=1

hence
m m

(T2,2) = (V2)iZii =Y (TZ)iCi =2 RijijG(G — )

i=1 i=1 ij=1

that can be rewritten, by renaming indices and the symmetries of Riem, as

Lz, z) Z RijijGi(G = G)+ D RjiiGi (G — G) = > Rijii(Gi — ¢)*- (2.1.24)
3,7=1 2,j=1 i,j=1

We now want to apply Lemma to give a lower bound on (I'Z, Z). Since Y.~ ¢; = 0, we have
> i i=16Gi¢; = 0 and therefore

2 > GG = G-6)
tsrssm wI=t (2.1.25)
—mZC +mZC —2 Z GG —QmZC =2ml|Z|%.

1,5=1
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Moreover, for any 1 < k <t < m we have
dG-6), (2.1.26)
1<i<j<m

where we have used (2.1.25). If we order the set {(i,j) € Nx N:1 <4 < j <m} as a sequence
{(ia’ja)}lgag(";) SO that

S

(G —G)> <2+ <21ZP =

m
Rijaiaja < Rigjsisjs Vi<a<p< (2>

and we set aq = R;_j i, ., for every 1 < a < (7;1), the a,, are as in (2.1.18)). Then, denoting with
bo = (G, — €)% >0, (2.1.26) reads as

by  Vi<a< (?) (2.1.27)

(%)
TZ,Z)=2 > Rijij(¢i— () =2 aaba, > bo =m|Z|?,
a=1

1<i<j<m a=1

we can then apply Lemma with N = (), k =2 < (') in order to get
(PZ,2) > 5 ) aa Y bsg=2mr » Rijain.|ZI?.

Using the hypothesis (2.1.22)) we conclude
(TZ,7) > 2mC|Z)?.
O

Next, we give a lower bound on (I'W, W), where W is any traceless algebraic curvature tensor.
In particular, the next two lemmas will provide the right conditions to apply Lemma [2.13]in the
subsequent Proposition [2.1

Lemma 2.15 ([36]). Let T be an algebraic curvature tensor. Then
T2 = 2(m —1)|P|? (2.1.28)
where P is the tensor defined in (1.2.12) and T is defined as in (2.1.16). In particular, if T =W

is totally traceless then X
W|? =2(m—1)|W|>. (2.1.29)

Proof. From the defining formula ([2.1.16]) we have
Qﬁjktsr = sjktfsir + ﬂskt(sjr + Tijstékr + Tijk:s(str - rjktéis - Tirktéjs - Ejrtéks - Ejkréts .
A direct computation, using the symmetries of T', yields
Ijjijktsrﬁjktsr = ﬂjktsr(Tsjkt6ir + T%sktfsz + Tijstakr + Tijks(str) = 4TijktsrTsjkt5'L’r
and then
2TijktsrTsjkt5ir = sjkthjkt(sirair + Tiskthjkt(sjr(Sir + Ejsthjkt(Skrair + TijksTsjktétr(Sir
- rjkthjkt5is5ir - irkthjktéjs(Sir - ijrthjktaks(Sir - ijkrTsjktdts(Sir

= ML skt Tsjke + TisktTsirt + TijstTsjir + TijrsTsjre — TrjreTrjie — 2B Ej;
= (m = D|T|* = 2|E|* + Tiskt(Tsirs + Trsit + Trski)
- (m - 1)|T|2 - 2|£EI|2 + T’iskt(Tsikt + Tksit + Tikst)
= (m—1)[TP* —2|E[?
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where in the last equality we have used the fact that T satisfies the first Bianchi identity. The
conclusion then follows by (1.2.13]). O

Lemma 2.16 ([30]). Let T be an algebraic curvature tensor and w a 2-form. Then
(T, w) a2 (arys (T, w) a2 (an)) < 4w, w)pz(an) (T, T) (2.1.30)
where (, )a2(ar) here denotes the contraction of the last two indices of T with w.
Proof. Choosing an orthonormal coframe, can be written as
wijwktTabcdijTabcdkt < 4w jwii TapedTuped - (2.1.31)
We observe that
wijfabcdzj = WiaTived + wWibTaicd + WicTabid + wid Tabei - (2.1.32)
Then, we assume that the coframe {6} is chosen so that w can be expressed as
W=wi 0 AN w3 N0+ wa g0 02T A G
with & = [F]. For every 1 < a < m, set
a—1 if a <2k, a even,
/

a=<ca+1 if a <2k, aodd,

a otherwise.

Then, (2.1.32)) rewrites as (no summation is intended over repeated indices on the RHS)

~

wijTabcdij = Wa’aTa’bcd + wb’bTab’cd + wc’cTabc’d + wd’dTabcd’ . (2133)
By Cauchy’s inequality we can bound
ool 2 2 2 2 2 2 2 2 2
(wijTabeaij)? < (Warg + Wiy + wWire + Wirg) (Tanea + Tapea + Taperd + Topear)
but in fact we also have the more effective bound

(Wz‘jfabcdij)2 < Z Wi | (Tapea + Tayea + Topera + Topear) - (2.1.34)

4,j=1

Since for every 1 < i,j < m we have w}; = w?, to justify deduction from one
observes that, up to dropping out vanishing terms from the RHS of (2.1.33)), for every i # j there
are at most two sets, amongst {a,a’}, {b,0'}, {c,c'} and {d,d’}, that coincide with {7, j}. Indeed,
if a =>bthen @’ =V, and wyq = wirp, While Tyrved = Thracd = —Taprea; if @ = V' then b = o’ and
Tarbed = 0= Tapreq- Hence, for any a, b, c,d we have

Wa'aTarbed + worbTaprcd 7 0 = {a,d'} N {bb'} =2
and similarly
WereTaperd + wardTapedr # 0 = {C, Cl} N {d, d/} =d.

Summing over all tuples (a, b, ¢, d), we obtain

m
T ' 2 2 2 2
wijWrtTapedij Tabedkt < WijWij Z (T2 pea + Taveq + Topera + Tonear) = 4wijwijTaveaTubed
a,b,c,d=1
where equality follows since the map a +— a’ is a bijection of {1,...,m} into itself, so that
m m
2 2
Z Ta/bcd - Z Tabcd
a,b,c,d=1 a,b,c,d=1

and similarly for the other terms. O
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Proposition 2.17 ([30]). Let z € M, C € R and assume that
Nay=c.

m—1

m(L P]

Then for every totally traceless algebraic curvature tensor W we have
TW, W) > 2(m —1)C|W|? at x.

Proof. Let {w®}, be an orthonormal basis of A2M consisting of eigenvectors of & with corre-
sponding eigenvalues {4 }o. Then, with respect to any local orthonormal coframe {6*} we have

zgk:t Z A w”wkt y 5ik5jt - 57Lt5jlc =2 Zw?jw,?t . (2135)
[e3%
From (2.1.17)) then we have
o (x)
<FW, W> = <mT4 MWv W Z Aawz]wktWabcdm abedkt = Z A aCa (2136)
a=1
where we have set ¢, = wf‘jw,‘c"tWabcdijWabcdkt. By (2.1.29)) and the second in (2.1.35)) we have
(%)

1 ~
2( - 1)‘W|2 ‘W|2 - 5zk5thabcdz] Wabcdkt 9 (5ik5jt - 6it5jk)Wabcdzj abedkt — Z Co

and then by (2.1.30) for every a

Ca < AW]? = %WP = % %cﬁ Vi<a< (7;) . (2.1.37)

Applying Lemma [2.13| we obtain the desired conclusion. O
Theorem 2.18. Let x € M, C € R and assume that

R D(z) > C. (2.1.38)

Then for every algebraic curvature tensor T we have
(TT,T) >2(m — 1)C|P]*  atz, (2.1.39)

where P is the tensor defined in (1.2.12)).
Proof. First, recall from (2.1.10]) that

4
(IT.T) = (TW.W) + —— (I'2, 7). (2.1.40)
By Proposition we have
TW, W) >2(m —1)C|W|?. (2.1.41)
By (T.1.13), from (2.1.38) we deduce (L3 1)(z) > C and then by (1.1.14 m
%]
1 C
T Sect(m) 2 —_—
5= 2

for every set {m1,...,m m } of mutually orthogonal 2-planes in 7, M. Then, by Proposition m
(TZ,Z) >mC|Z*. (2.1.42)
Putting together (2.1.40]), (2.1.41)), (2.1.42)) and using (1.2.13]) we conclude

(TT,T) > C |2(m — 1)|W|* + %\ZW =2(m —1)C|P|*.
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Theorem [2.7] - is a direct consequence of Proposition 2.5 and Theorem [2.18] We are now able to
prove Theorem

Proof of Theorem[2.} From Theorem [2.7] and from the harmonicity of 7', we have that

—1

1
SAITE = VT + (m - DRIETD PR

By compactness of M, the subharmonic function |T'|? must be constant, and hence

VI'=0 and DIp)? =
Therefore T is parallel and, if R > 0 at some point, P must be 0, which means, from Lemma
that T' is a constant multiple of {, Y ® (, ). O

2.2 The complete case

The main subject this section is the same as above - i.e. harmonic algebraic curvature tensors -
but here we lift the hypothesis of M being compact. Clearly, the Bochner formula in and
the estimate in Theorem are still valid, but in complete manifolds subharmonic functions can
be non-constant, even if they are bounded. To argue similarly to the Proof of Theorem we
therefore need to make further assumptions both on the growth of the algebraic curvature tensor
involved and on the geometry of M. To this end, we recall and refine some results concerning
complete manifolds. We first have the following mean value inequalities for subharmonic functions
due to P. Li, [22], and Li-Schoen, [21]. Notice that, whenever the curvature operator is |7+ |
non-negative, the Ricci tensor is non-negative in turn (see (1.1.15))), so the assumptions made in

the following Propositions are compatible with Theorem [2.7] and Theorems [2:26] [2:27] below.

Proposition 2.19 ([22], Theorem 4). Let (M,(,)) be a complete Riemannian manifold with
Ric > 0. Let f € L®(M) be a subharmonic function. Then for any x € M

1

A Brlo)] f = S]I\l})f. (2.2.1)

Proposition 2.20 ([21], Theorem 2.1). Let (Mm,<, )) be a complete Riemannian manifold with
Ric > —(m —1)k?. Let R>0, x € M and let f > 0 be a subharmonic function defined on Br(x).
There exists a constant C = C(m,p) > 0 such that

1
sup [P < rmCQtRR)___ 7 s (2.2.2)

B(lfT)R(:E) N |BR( )| Br(z)
for every T € (0,1/2).

Corollary 2.21. Let (M,{,)) be a complete Riemannian manifold with Ric > 0. Let f > 0 be a
nonnegative subharmonic function. Then for any p € [1,400)

1
fP =sup fP. 2.2.3
R+oo | Br(x)| Br(o) M (2:23)

Proof. First observe that if f > 0 is subharmonic, then f? is also subharmonic for any p > 1. If f is
bounded then f? is also bounded and the conclusion follows by Proposition If f is unbounded
then by Proposition both sides of (2.2.3]) equal +00 and the conclusion follows. O

The next Proposition [2.22] together with its proof, rephrases in general terms an observation
contained in [12].

Proposition 2.22 ([12]). Let (M, (,)) be a complete Riemannian manifold with Ric > 0. Let
f € L®(M) be a subharmonic function. Then for any x € M

R2

lim Af=0. 2.2.4
R Ba@)] g (2.24)
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Proof. Let r denote the distance function from x. By the Laplacian comparison theorem we have
Ar? < 2m (2.2.5)

where m = dim M. Define h = sup,, f — f > 0. Green’s identities give

r2 ) 1 1
1-— Ah—|——/ hAr? = — h(Vr? v) >0
/BR<z> ( R? R? ) R? JoBp ()

for almost every R > 0. Since h > 0 and —Ah = Af > 0, by (2.2.5) we estimate

2m 1 72 3
— hz—/ hAr2z/ (1—>Af>/ Af.
R? Jppwy — B? JBpe Br(x) R? 4 B a(e)

Hence, dividing by |Bg/2(7)| we have

1 3 R?
h>
1Bry2(@)| /B 8m [Bgya(z)| Brya()

Af>0. (2.2.6)
By Bishop-Gromov theorem we also have |Bpg/y(x)| > 2™|Br(x)|, hence
2m 1
h (2.2.7)
|Br(2)] Br(x) |BR/2( )| JBa)
and by Proposition 2:19]

1

1
h:supf— f—=0 as R — +o0. (2.2.8)
|Br(z)| M |Br(2)| JBg ()
Putting together (2.2.6)), (]2.2.7[) and (2.2.8) we obtain (2.2.4)). O

Let (M, (,)) be a complete Riemannian manifold. For every x € M, R > 0 and for every
measurable function ¢ on Br(x) we define

1
|Br(z)|

whenever the RHS of this inequality happens to be well defined. From the work of P. Buser, [9],
combined with Cheeger’s inequality it is known (see for instance L. Saloff-Coste, [34, page 439])
that geodesic balls of a complete Riemannian manifold with non-negative Ricci curvature support
the following Poincaré inequality.

1/%1:,1%: w

Proposition 2.23 ([9],[34]). Let (M™,(,)) be a complete Riemannian manifold with Ric > 0.
Then, there exists C = C(m) > 0 such that for every x € M and R > 0

/ \f — fer* < C’R2/ V>  VfeC®Bgr(z)). (2.2.9)
BR(I) BR(I)
We are now in the position to prove the next Liouville-type theorem.

Theorem 2.24. Let (M,(,)) be a complete, non-compact Riemannian manifold with Ric > 0.
Let a > 0 be a measurable function on M and let 0 < f be a function of class L (M) satisfying

Af>af on M.
Assume that for some x € M one of the following conditions is satisfied:
i) fz.r = 0 as R — 400,

it) for some constant Cy > 0 and for some compact set K C M

02
a>-=2 on M\ K (2.2.10)

77“2

where r is the distance function from x,
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ii1) for some constants Cy,Cq > 0

Cy 1

2
az zia
B2 Ba@)] Joe

—ag,g|* < % (2.2.11)

for all sufficiently large R > 0.
Then f =0.
Proof. Since a > 0 and f > 0, we have that f is a bounded, nonnegative subharmonic function on
M. Hence, by Proposition the limit

= 1
¢ Rsoo Jar

exists and equals sup,, f € [0, +00), and by Proposition we also have

REIEOOR (af)er=0. (2.2.12)

Since f > 0, the desired conclusion f = 0 is equivalent to having ¢ = 0. Note that this is, in turn,

equivalent to i). Hence let us assume, by contradiction, that £ > 0. Then we must be in either

case ii) or iii). In both cases we aim at showing that cannot hold, hence concluding the
proof by contradiction.

If ii) is in force, then fix Ry > 0 large enough so that K C Bpg, (). For every R > Ry we have,

using (2.2.10),
R2 Co CvO
F(af)an > af > 0 f=Cofen— gt [ 1
|Br(®)| JBa(x)\k |Br(2)| Jx
M has infinite volume as it is a complete noncompact manifold with Ric > 0, see for instance [35]
page 25], hence letting R — +0c0 in the above inequality we obtain

|Br()| Br(z)\K

lim inf R? (af)e,r > Col >0,

R—+o0

contradicting (2.2.12)).

If iii) is in force, then writing a = ay g + (@ — ag,r) and f = fy r + (f — fz,r) one has

(af):c,R = ax,fo,R + i (CL - a:c,R)(f - f:c,R)

1
|Br(2)| J B
for every R > 0. Using Cauchy-Schwarz inequality together with (2.2.11f) we further estimate

1/2
R*(af)u,r > Cifen —/Ca <|B 1( I |f - fz,R|2> : (2.2.13)

The function f? is also bounded and subharmonic. In particular,
Af?=2fAf +2[Vf]? > 2[V [

and by Proposition 2:22] we get
2

R
li 2=
R 4oo [Brl |Vf‘

Hence, by Proposition [2.23

im \f — fer)>=0 (2.2.14)
R—+o0 ‘BR(J?)| Br(x)

and by (2.2.13)) and (2.2.14]) we obtain

>
gr_r}irgR (af)s,r > C1l >0,

again contradicting (2.2.12)). O
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We remark that if M is a complete parabolic Riemannian manifold, in the sense of the subse-
quent Definition then the analogue of Theorem holds with less restrictive conditions on a
and f and no requirements on the Ricci tensor.

Definition 2.1. We say that a complete Riemannian manifold M is parabolic if every upper
bounded subharmonic function on M is constant.

This terminology originates from the complex analytic classification of (noncompact) Rie-
mann surfaces, where the function theoretic property expressed by Definition distinguishes
the parabolic from the hyperbolic ones, see [I, Section IV.1.6]. For M a complete Riemannian
manifold of any dimension, M is parabolic in the sense of Definition if and only if it does not
admit any positive Green’s function. A sufficient condition for parabolicity, which is also necessary
for manifolds with non-negative Ricci curvature, see [23] [39], is that

R

t

lim sup/ ——dt = 400 (2.2.15)
R—+o00 J1 ‘Bt|

where |By| is the volume of the geodesic ball B; of radius ¢ centered at a fixed point o € M.

Theorem 2.25. Let (M,(,)) be a complete, parabolic Riemannian manifold. Let a > 0 be a
measurable function on M and let 0 < f € L>(M) satisfy

Af>af on M. (2.2.16)
Then f is constant. Moreover, if a > 0 somewhere then f = 0.

Proof. The function f is bounded and subharmonic, hence it is constant by parabolicity of M and
from (2.2.16) it follows that af = 0. If there exists € M such that a(z) > 0, then f(z) =0 and
thus f =0 on M. O

We are now ready to give analogous results to Theorem in the complete non-compact case:

Theorem 2.26. Let M be a complete Riemannian manifold of dimension m > 3 satisfying
R D) > 0. If T is a harmonic algebraic curvature tensor on M such that

im ——— |WrlP + | Zr|P =0
R—+o0 |BR<.'IJ)‘ Br(z)

for some x € M and p € [1,400), where Wr and Zr are the Weyl part of T and the traceless part
of the Ricci contraction of T. Then T is a constant multiple of {, ) ® (, ).

Proof. Let T = Wrp+Vp+Ur be the orthogonal decomposition of T given by (1.2.4)-(1.2.5)). From
T

Proposition [1.12 we see that the total trace Sy of T" is constant, hence Ur = 5-5t—; L)D ()

is parallel. By linearity, the tensor field 7" = W + Vi = T — Ur is again a harmonic algebraic
curvature tensor and its standard orthogonal decomposition TV = Wy + Vv + Ups is given by
Wy = We, Vo = Vo, Upr = 0. In particular, the traceless part Z7+ of the Ricci contraction of T”
coincides with the analogous tensor Zr associated to T'. By Theorem [2.7] we have

m

1 _
GAIT'P = VTP 4 (m = )R D | Pr? 2 0

where Pr: is the pseudo-projective curvature tensor associated to T” according to ((1.2.12]), which
coincides with the one associated to T
Since T is harmonic, the tensor T’ is also harmonic and by Theorem we have

m

1 _
FAITP = VTP + (m — R = D|Pr2 on M. (2.2.17)
At any point where |T'| # 0 we have

1
SAIT'? = div(IT'|V|T') = [T'|AIT'| + [VIT'|[* and  [VIT|* < [VT'?

45



hence

m m

IT'|AIT'| > VT + (m — DRET D | P2 — V| T|2 > (m — DR D | P2,

and in particular
AT’ >0.

Since |T”] > 0 on M, any point where |T”| = 0 is a global mininum point for |7”|, hence A|T'| > 0
holds in the weak sense on the whole M, i.e. |T’| is subharmonic. Namely,

IT'|AIT') > (m — DR D | P2 (2.2.18)
pointwise on {|7”| > 0} and in the weak sense on M. Note that

4 2 2
T2 = W > 4+ |V | = (W2 + Ve |2 = [Wr |2 + ——|Z7)* < [ |Wr| + —1|Z
77 = Wrr " + Vo P = [Wr [ + [Vr ™ = [Wr [ + —— [ 27" < { | T|+m| 7|

thus, since (a + b)P < 2P~1(aP + bP) for any a,b > 0 and p > 1, (2219
/ -1 2b
TP < 2P7 7 |Wr [P + m|ZT|p~
In particular, under the assumptions of the present theorem we have
lm TP =0
R—+oo |Br(z)| JBa(a)
and by Corollary 2.21] we get 7" = 0 on M, that is, T = Ur. O

Theorem 2.27. Let M be a complete Riemannian manifold of dimension m > 3. Assume that
R > 0 and that either

(a) R > 0 somewhere on M and (2.2.15)) is satisfied for some o € M, or

m

(b) R =) >q for some measurable function a > 0 satisfying ii) or i1i) in Theorem M

If T is a harmonic algebraic curvature tensor on M such that

1
lim sup
R—+co | BR(@)| /By (a)

|WrlP + | Z7[P < +oo (2.2.20)

for some x € M and p € [1,+00), then T is a constant multiple of {, YD (, ).

Proof. Letting T” and Pr be as in the proof of Theorem [2.26] by (1.2.13) and (2.2.19) we compute

2m 1
P 2 _ 2 7 2 > - T/ 2
‘ T| ‘WT‘ +(m_2)(m_1)| T| _2| |
and therefore from (2.2.18) we get
-1
AT > (m2 Ja1|.

Tt is easy to check (using for instance Propositions and[1.12]) that the algebraic curvature tensor
fields Wr and Z7 @® {, ) are both harmonic, hence |Wr| and |Z7| are subharmonic functions. So,
the limsup in (2.2.20)) is in fact a limit and in particular

lim ——— Werl? + | Zp|P = sup |Wr|? + sup | Z7|P .
R T Br()] BR(I)\ " +1Zr| Ml | Ml |

Hence, in this setting (2.2.20)) is equivalent to boundedness of the non-scalar part Wy + Vp =
Wr+ m4_2ZT D, ) of T, so we infer |T’| = 0 applying Theorem or Theorem , depending
on which assumption among (a) and (b) is in force. This shows that T' is a scalar multiple of

(,) D (, ), and the conclusion follows since the total trace S of T is constant. O
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2.3 Rigidity for maps between Riemannian manifolds
In this section, given a smooth map ¢ between two Riemannian manifolds (M, (, )) and (N, (, Yn),
we provide some rigidity results both on the map and the base Riemannian manifold (M, (, )).

To this aim, we consider a tensor that, by its definition, encodes information about both ¢ and
(M, (,)), that is, the p-Weyl tensor defined in the previous chapter as

1
¢ = Riem ———— A¥ .
w Riem — DEES)

Denoting with

2
F=¢' oy - g8, (23,1
then
We=W+aF® (), (2.3.2)

where the two components W and F'® (, ) of the sum are orthogonal to each other and related
only to the geometry of (M, (, )) and to the map ¢ respectively. Therefore, imposing conditions
on W% means in fact imposing restrictions on M and ¢. Namely, here we consider the case of
W% being harmonic, which allows us to apply the results proven for generic algebraic curvature
tensors in Sections [2.1] and [2:2] Notice that we don’t consider the “trivial” case for W¥, i.e. when
the Weyl component vanish (if m = dim M < 3). After having made some considerations about
the hypothesis of W% being harmonic, we then deal with bot the compact and complete non-
compact cases, with the help of classification theorems of locally conformally flat manifolds with
non-negative Ricci curvature.

Let us find some equivalent condition to the harmonicity of the ¢-Weyl tensor. We recall that
an algebraic curvature tensor is harmonic if and only if it satisfies the second Bianchi identity and
has vanishing divergence. Therefore, from the “fake second Bianchi identity” for W% in (1.3.18])

1
BOW#)ijinr = —— (Cfdie + Chadjn + Clidin + Chdin + Chudu + Cyda ),

and computing the norm B(W¥) as

6(m —3)
(m —2)?

The second Bianchi identity is satisfied if and only if the p-Cotton tensor vanishes. In other words,
W*? is harmonic if and only if

| BW?)|? = C?” + 3| tr O,

2
(m —2)

C¥=0 and divIW¢=0. (2.3.3)

Notice that this differs from the standard case, where div W is proportional to C' and then saying
that W harmonic is equivalent to having vanishing divergence. We can try to find another equiv-
alent condition, that “decouples” W% being harmonic to a condition on the base manifold and a
condition on the map ¢. To be specific, we are going to prove that (2.3.3) is in fact also equivalent
to

i)diviV =0, 4i)divF =0, iii)F is a Codazzi tensor (2.3.4)

where F' is defined as in (2.3.1)), or in local components by

2(m—1)5”)'

a

Fij = (givf —

The interesting fact in the set of assumptions (2.3.4)) is that (2.3.4]) i¢) and i) are expressed
in terms of properties of the map

@ (M, (,)) = (N, (,)n)

47



while (2.3.4) ¢) is on the geometry of (M, (, )) alone; it tells us that (M, {(,)) is conformally
harmonic.
To prove the equivalence of (2.3.3)) with (2.3.4]), we first observe that a simple computation shows

-1
divF =0 in and only if ¢f¢f = —%@stg (2.3.5)
m—
and 1
F is Codazzi if and only if ¢f o} — jpp = ﬁwg(w‘;kéjt — 020jK). (2.3.6)
m—
Furthermore, we have the validity of the following

Lemma 2.28. Let C be the usual Cotton tensor, m > 3. Then
1

1 2 m —
WY — ——C?|" = |0 +2————|div F|%. 2.3.
| div W m—QC | |IC)* + (m_2)2|dlv | (2.3.7)
Proof. From (2.3.2)) we have
e
and from (|1.3.19))
C;’?k = Cijk — CkFij’k + aFi;w-. (239)

Taking the divegence of ([2.3.8)) we have

o
Wtfjm =Wiijk,e + m(th,t(sik + Fig 1015 — Firedij — FijeOr) =
o «

=Waijia + —— (Firj = Fij) + ——5

m—o9 (Fyjt0ir — Fir40i5).

Hence, using (2.3.9)), we get

1
® -
Wtijk,t m

1
_ chj‘k = Whijk,t — P—)

a
— 2Cijk + m(th,t(sik — Fig 1055).

Thus from the identity

m—3
Wiijke = ——5Cikj (2.3.10)
we can further rewrite the above in the form
© 1 © @
Wik = 750 = Ciks + ——= (Ftjedik — Funt0ij) (2.3.11)

Using the fact that C is totally trace free, an immediate computation using (2.3.11f) gives the
validity of (2.3.7). O

We are now ready to prove

Proposition 2.29. Let m > 4. Then conditions (2.3.3) and (2.3.4)) are equivalent.

Proof. We assume ([2.3.3). Then by (2.3.7) C =0 and div F = 0. By (2.3.10) C = 0 is equivalent
1323)

to div W = 0. Furthermore, by (1.3.

a a a a o a a a
0 = a(pfrpt — Phek) + m@ss(%@'t — 0§ or) (2.3.12)
and C¥ = 0 implies 0 = C¥,, = ap? ¢f. From (2.3.12) we then have

CiRPE = PPk (2.3.13)

Tracing with respect to j and ¢
PPt = PerPh (2.3.14)
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and we realize that the equality in (2.3.6) is satisfied, thus F' is a Codazzi tensor. We have thus
shown that (2.3.4]) holds. Viceversa, assume the latter. By (2.3.10)), C = 0 and therefore (2.3.7)

gives
div W ¢ 2.3.15
iv =3 (2.3.15)
Inserting (2.3.15) into (1.3.22) yields
a a a a o a a a
Che = a(@fipy — ©5:00) + m%s(@/ﬁjt — ©¢0jk)- (2.3.16)
By ([2.3.6), since F' is Codazzi
a a a a 1 a a a
PikPt — PPk —— m% (P5r0je — ©5r0jk)
and, since div F' = 0, by (2.3.5))
PiipE = *m%ﬁgsﬁ (2.3.17)
Inserting these informations in (2.3.16) we obtain C¥ = 0 and by (2.3.15)), div W¥ = 0, that is,
(2.3.3]) holds true O

Remark 2.30. Since div F' = 0, by (2.3.17) ¢ conservative is equivalent to |dp|? constant.

It seems worth specifying formula (2.1.4)) to the case T'= W ¥, since it it interesting on its own.
We have that

1 1 1
§A|W“’|2 = |VW?? + S (TW?, W#) — §|B(W“’)|2 — 2| divW?|? 4 div X (W*¥) (2.3.18)

From the second fake Bianchi identity (1.3.18)), we can evaluate |B(W¥)|? in terms of the
p-Cotton tensor:

|B(VV<'0)|2 = Cﬁkéﬁ + Cﬁctéﬂ + C’;‘iléjk + kaldit + Cﬁk(;ll + C’ﬁt@k) X

1
(m —2)2 (
(Cudin + Cludin + Cldin + Chudin + Chuda + o
1 ( 6(m —3)
(m —2)? (m —2)?

where in the last equality we have made use of the third in ([1.3.20]) for the trace of the p-Cotton
tensor. Then, since

C% + g r(e).ded

6(m — 3)|C?|* + 12| tr C¥|?) =

X(Ww)l = W:}kl(B(W@))sjkli + 2Wz’?kl(div W%)jkl’

again from (|1.3.18]) we infer

]' a, .a
X(W#) = m( — 4oy Csﬁi

—2W5,C) + 2W 5 (div IV #) .
Putting all together into (2.3.18)), we obtain

2(m — 3)
(m —2)?

(apswiCa,) , —

€9 — o ggelire). o

2
j(Wiﬁlefkl),i :

1 1
§A|W‘0|2 = |VW?? + S (TW#,W#) — 2| divive|? —

. 4
H2H{W T (div IV )ik e = ——
(2.3.19)

We observe that, when ¢ is constant, from the known relation

diviv = -3¢

m— 2
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equation ([2.3.19)) reduces to
1 2 _ 2, 1 am—=2 2 m—2 o (d »
SAIW = [TW[ 4 (CW, W) — 22— div W2 4 20— {ka(dw W)”k}t . (2:3.20)

We can now discuss the restrictions on the geometry of (M, (, )) and ¢ provided by the har-
monicity of W¥. Beginning with the compact case, we have the following result (which is in fact
Theorem [2.3)):

Theorem 2.31. Let (M, (,)) be a compact Riemannian manifold of dimension m > 4 and let
v : M — (N,{,)n) be a smooth map from M to a Riemannian manifold (N,{, )n). Assume
that (M, (,)) has LWT_IJ -nonnegative curvature operator. Then, if W% is harmonic, @ must be

relatively affine and (M, (,)) is either locally symmetric or locally conformally flat. If Rl s
somewhere positive, (M, (,)) is conformally equivalent to a quotient of S™ and ¢ is an homothety.

The proof of Theorem makes use of a result by Noronha [29], which classifies compact
locally conformally flat manifolds with non-negative Ricci curvature, that we here recall:

Theorem 2.32 ([29], Theorem 1 and Proposition 4.2). Let M be a locally conformally flat, compact
manifold with Ric > 0 and dimension m > 3. Then the universal cover of M is either

(i) globally conformally equivalent to S™, or
(ii) isometric to S"1 x R or R™.

If M is also locally symmetric, then its universal cover is isometric to either S™, S™~ ! x R or R™
(that is, the conformal equivalence in (i) can be strengthened to isometry).

We also need the following Theorem that combines results by Glodek [I9] and Derdzinski and
Roter [I4], which we are going to prove:

Theorem 2.33. Let (M, (,)) be a conformally symmetric Riemannian manifold of dimension
m > 4. Then either W =0 or (M, (,)) is locally symmetric.

First, we show the following

Lemma 2.34. Let (M, (,)) have vanishing Cotton tensor. Then, Ric satisfies

Rthtikl + RtkWtilj + Rthtijk =0. (2.3.21)
Proof. Since C =0,
1
Riikx — Rij = ———(Skdij — S;0ik).
gk k.j 2(m — 1)( kCij J k)
Taking the covariant derivative, we have
1

Riji — Rikji = (Ski6ij — Sj10ik)

2(m —1)
and, summing on cyclic permutations of j, k, and [ we obtain, since V2S is symmetric,
Rijr — Rig i + Riggj — Rigg + Raje — Rijue =0
We can regroup the terms so that we are able to use the Ricci identities to get that
Rt Riigt + RitRijry + R Reirj + Rit Rentj + RuRyiji + Rir Ry = 0
and, by the Bianchi identity, this reduces to
Ry Ry + Ry Resj + Ry Ry = 0.

If we write the Riemann tensor according to its splitting

. 1 . S
Rlem*W+lec®<a >* 2(m_1)(m_2)<’ >®<7 >’
some simplifications lead to ([2.3.21]). O
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Proof of Theorem[2.33 Since by hypothesis VIV = 0, its second covariant derivative must vanish
in turn. We can then apply the Ricci identities to

Wijki,st — Wijkies =0

to obtain that
erkerist + Wirk:erjst + Wijrerkst + Wijkrerst = 0. (2322)

Then, we consider the covariant derivative of (2.3.22]) that, since W is parallel, equals to
0= erkerist,u + WiT'klRTjst,u + WijrlRT'kst,u + WijkT'erst,u- (2323)

On the other hand, since VIW = 0, in particular div W = 0 or, equivalently, Cotton tensor vanishes
(see for instance (|1.2.18)]) for generic algebraic curvature tensors). Therefore, by its very definition

19,

1
Rijx — Rij = =———(Skdi; — S;0ik). 2.3.24
gk k,j 2(mf 1)( kCij J k) ( )
From the second contracted Bianchi identity,
1
Rijkt,t = Rki,j - Rkj,i = m(sﬂski - Si5kj)-

hence tracing ([2.3.23)) with respect to ¢t and u then leads to

0= erkl(si(ssr - Sr(ssi) + Wirkl(desr - Sr(ssj) + Wijrl(Skdsr - Sr(ssk) + Wijkr(slésr - Sr(ssl)~

Now we can trace with respect to ¢ and s in order to obtain that (2.3.25)
SiWijit = 0. (2.3.26)
If we contract with S;, by we thus obtain
IVSPPW, i = 0.

Then, either W = 0, i.e. the manifold is locally conformally flat, or S is constant. Suppose that
W # 0. By (2.3.24)), we infer that the Ricci tensor must be Codazzi, i.e.

Rijr = Rig;- (2.3.27)

The covariant derivative of the curvature tensor, if the Weyl tensor and the scalar curvature are
parallel, is given by

Rijri,s = — (Rik,s051 + Rj1,s0ik — Rit,s01 — Rk, s0i1), (2.3.28)

-2
thus, inserting into (|2.3.23)),

0= WT'jk:l (Rrs,u(sit + Rit,u57's - R'r't,u(sis - Ris,uért) + Wirk:l(Rrs,u(Sjt + Rjt,u57's - RT't,u(Sjs - st,uart)
+ Wij'rl(Rrs,uékrt + Rkt,uars - th,u(sk:s - Rks,uért) + Wijk'r(Rrs,u(Slt + th,uérs - th,uals - Rls,uart)
(2.3.29)

We now contract (2.3.29) on ¢ and s to obtain, using the symmetries and the Bianchi identity for
W, that

(m=2)Wy ki Rt = —Witki Rjiu +Wijri Rri w0kt — Wi Rici o+ Wijkr Ryi w0t — Wijit Rii - (2.3.30)
If we further contract on k and wu,

(m - 2)eruert,u = *Witulei,u + Wijreri,t - Wijthui,u + WijurRri,u(;lt - WijutRli,u
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which, since
1
Rui,u = 552 =0 and WijurRri,u = WijurRru,i = O,

reduces to
(m - 2)W7"juert,u = _Witulei,u + WijrlRm',t - WijutRli,u (2331)

On the other hand, differentiating ,
Rij uWhiki + RekuWhity + RuuWhige = 0 (2.3.32)
and, contracting on j and u and using the Codazzi symmetry of the Ricci tensor,
Riw 1 Wiiui = Rew i Weiuk = Rew,iWituk- (2.3.33)
Going back to (2.3.31), renaming the indices and again by
(m = 2)WyjuRrut = —WitwiRrwj + WejuRrut — Wejut Ryu i

using (2.3.33)), we arrive to
(m - S)erueru,t = 07

which, since m > 4, provides
erulR'ru,t =0. (2334)

Substituting into , we get
(m = 2)Wyjui Rt = —Witki Rjiw — WijuRriw — Wikt Rig u,
that we rewrite, renaming the indices, as
(m —=2)WrjkiRrt,u = —WrtiRrju — WejuRekw — Wrjkt Ryt .-
Now we make use of on the second term of the right hand side to get
(m —=O)WejnRetu = Witk Ryju,
which can be applied twice to obtain that
Witk Rrjow = (m — 1)*Wyia Rej s

and therefore
erkeri,s =0. (2335)

We substitute (2.3.35)) into (2.3.29), resulting in

0= WejkiRitw — WijkiRisu + WiskiRjt.u — Witki Rjs u
Wijiskt,u - Wijthks,u + Wijksth,u - WijktRls,u~

It is now only a matter of contracting with R;;, and using (2.3.35) to obtain that
Wejr|V Ric > = 0,

therefore proving that the Ricci tensor is parallel. Together with VW = 0 and V.S = 0, this
guarantees that V Riem = 0, i.e. (M, (, )) is locally symmetric. O

We can now proceed to prove Theorem [2.31

Proof. Since M is compact and W% harmonic, we can apply Theorem with the choice of
T = W¥ to deduce that

m

Ve =0 and R )Py 2=0.
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Then, we orthogonally split W% as the sum

W =Wwe + Vige + Upe =W + o ADKS >+M< YD () (2.3.36)
-wE we we = m—2 ’ 2m(m —1)"’ B e
where we have set d ‘2
* SD
Z = - — .
90<a>N m <’>

We can now use the expression for the norm of the covariant derivative of an algebraic curvature
tensor in ((1.2.9) applied to T'= W¥ in order to have

202 |V(|dg|2)|*

m(m — 1)

4 2
0= |[VW*P = VW[ + ﬁwzﬁ + (2.3.37)

Therefore, |dp|? must be constant and Z parallel. As a consequence, also
Vo' (, )n =0,

i.e. the map is relatively affine - or equivalently, as we recall,
(Vdep,dp)n = 0.

From the fact that VW = 0 we obtain, by Theorem [2.33that either (M, (, )) is locally conformally
flat, or locally symmetric.

Moreover, if we assume that R > 0 at some point, then by Theorem W*¢ is a constant
multiple of (, ) ® (, ). In particular, from (2.3.36), the Weyl tensor vanishes and ¢*(, ) is a
constant multiple of (, ), i.e. ¢ is homothetic. Finally, from the classification theorem by Noronha
M must have a universal cover globally conformally equivalent to S™. O

In the complete case, we can still gain rigidity of both (M, (,)) and ¢ by making further
assumptions on the geometry of M or on the growth of W¥, as the following Theorems show.
Namely, we will show the validity of the following;:

Theorem 2.35. Let (M™,(,)) be a complete Riemannian manifold of dimension m > 4, with
| -1 |-nonnegative curvature operator and let ¢ : M — (N, (, )n) be a smooth map. Assume that
W% is harmonic (or, equivalently, C¥ =0 and ¢*(, )n is Codazzi). If

1 p
s [ WP |t = gl =0
R—+o0 |BR({L‘)| Br(z) m
for some p € [1,+00), then M is locally conformally flat and the map ¢ is homothetic. Moreover,
if S¥ is constant, then M is isometric to a quotient of either S™, S™~1 xR or R™. Assuming that
R > 0 somewhere, then M is isometric to a quotient of S™.

Theorem 2.36. Let (M™,(,)) be a complete Riemannian manifold of dimension m > 4, with
Rl > 0 and that satisfies either

(a) R D > 0 somewhere on M and [2.2.15) for some o € M, or

m

(b) Rl
Let also ¢ : M — (N, (, )n) for which W% is harmonic, and let

=) >q for some measurable function a > 0 satisfying i) or i) in Theorem ,

1 1 P
lim ——— WP + |o*(, v — —|do|*(, )| < 400
W TR fo oy WP |7 0 = i)

for some p € [1,+00). Then M is locally conformally flat and the map ¢ is homothetic. Moreover,
if S¥ is constant, then M is isometric to a quotient of S™.
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Notice that the additional assumptions of the above theorems are the ones that make possible to
apply Theorem or to the tensor T'= W*¥. Moreover, to the purpose of proving Theorems
and we will also need the following Theorem by Carron and Herzlich [11], which classifies
locally conformally flat manifolds with Ric > 0 when the manifold is not assumed to be compact
but only to be complete - thus a more general case than the one proven by Noronha.

Theorem 2.37 ([I1]). Let M be a locally conformally flat, complete Riemannian manifold with
Ric > 0 and dimension m > 3. Then the universal cover of M is either

(i) isometric to R™,
(ii) isometric to S™~1 x R,
(iii) globally conformally equivalent to S™, or

(iv) non-flat and globally conformally equivalent to R™.

Under the additional assumption of constant scalar curvature, the above can be strengthened
to the subsequent proposition:

Proposition 2.38. Let (M, g) be a complete and locally conformally flat Riemannian manifold of
dimension m > 3 with Ric > 0 and constant scalar curvature S.

i) If S =0 then M is flat.
i) If S > 0 then M is either isometric to a quotient of R x Sg“/zikl)(mﬁ) or conformally
equivalent to a quotient of S™.
In particular, if Ric > 0 at some point then M is conformally equivalent to a quotient of S™.

Proof. i) If S = 0 then Ric = 0, and since we also have W = 0 we conclude that Riem =0.
ii) If S > 0, by the work of Zhu [41] and Theorem we know that the universal cover (M, §)
of (M, g) satisfies one of the following:

a) (M,§) is isometric to R x S’S”/zikl)(mﬂ),

b) (M, §) is conformally equivalent to S™,
¢) (M,§) is conformally equivalent to R™.

We repeat the argument of Theorem 1.1 of [32] to show that ¢) cannot occur. Suppose, by
contradiction, that c) holds. Then M = R™ and § = uﬁng for some 0 < u € C*(R™)
satisfying the Yamabe equation

m-+2

u+ Sum—2 =0 on R™, (2.3.38)

cmfg

R

where ggrm is the canonical Euclidean metric on R™. Since S is a positive constant, by the celebrated
work of Caffarelli, Gidas and Spruck [10, Corollary 8.2] it follows that u is radially symmetric
around some point o € R™ and has the expression

u(z) = AB + |z — xo[?) "7
for some positive constants A, B only depending on m and S. In particular, (]?[ ,§) is an m-sphere
of constant curvature with one point removed, hence it is not complete. But (M, g) is the universal
cover of the complete Riemannian manifold (M, g), contradiction. O

We can now prove the theorems stated above:
Proof of Theorem[2.35. From the hypotheses, we can apply Theorem to T'= W*%, which has
N 1
Wwe =W and ZVWZOé(SL7 <7>N—m|d@|2<7>>7
to obtain that W% is a constant multiple of {, ) @® (, ). Therefore, M is locally conformally flat
and ¢ is homothetic.

If we further assume that S¥ is constant, then also S is constant since |dy|? is constant too. In
particular, by Proposition we have that one of the following cases occurs:
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a) M is a quotient of R™,
b) M is a quotient of S™~! x R,
¢) M is conformally equivalent to a quotient of S™.

If ¢) is in force, then M is necessarily compact, so we can apply Theorem to T' = Riem, which
is harmonic in this case, to deduce that M is locally symmetric. Since we also know that M is
locally conformally flat and we have Ric > 0 as a consequence of R(L*z *)) > 0, by a Theorem by
Noronha [29, Theorem 1 and Proposition 4.2] we conclude that M is in fact isometric to a quotient
of S™, and this proves the first part of the thesis. If R > 0 at some point z € M, then we
also have Ric > 0 at z, so alternatives a) and b) are ruled out and the only possibility is that M

is a quotient of S™. O

Proof of Theorem[2.36 The first claim is a mere application of Theorem to the case of T =
W®. As for the second part, we argue as in the proof of Theorem [2.35 noticing that assuming
either (a) or (b) yields ®RL™27) > 0 somewhere, hence M must be isometric to a quotient of a
sphere. O

Slightly modifying the argument, we can assume S¥ constant and remove the bound on |[W|P
in the hypotheses of Theorem resulting in the following Theorem:

Theorem 2.39. Let (M™,(,)) be a complete Riemannian manifold of dimension m > 4, with
m—1

RL"2=1 > 0 and that satisfies either

(a) R D > 0 somewhere on M and ([2.2.15)) for some o € M, or
(b) RU=D) > ¢ for some measurable function a > 0 satisfying ii) or i) in Theorem M

Let also ¢ : M — (N, (, )n) for which W% is harmonic and S¥ is constant. Assume that

* 1 2 i
¢ <,>N—m|d¢| ()] < 4o

lim ——
R—+oc0 ‘BR(.%” Br(z)
for some p € [1,400). Then M is isometric to a quotient of S™ and the map ¢ is homothetic.

Proof. Let us consider
!

Ve = 2 (00w = lag( ) )

Since W is harmonic, Viye is harmonic too and satisfies the hypotheses of Theorem [2:27] There-
fore, Viy» is a constant multiple of (, Y @® (, ). In particular, it must vanish and, as a consequence,
|dep|? is constant and ¢ is homothetic. Concerning the scalar curvature, from the constancy of
|dp|? we obtain that S is constant and, since |W| < |Riem |, by Corollary we see that |[W| is
bounded on M. A further application of Theorem [2:27|to T' = W yields the locally conformally
flatness of M. The conclusion is the same as that in the proof of Theorem [2:36] O
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Chapter 3

p-Static spaces

The main subject of this chapter are Riemannian manifolds (M, g), with dim(M) > 3, together
with a map ¢ : (M, g) — (N,gn) for some Riemannian manifold (V, gn) and satisfying - having
fixed, for some a # 0, Ric? := Ric —ayp*gyn - the equations

H _ (R' $ _ 8% ) -0
{ ess(w) —w (Ric” —2—g¢ (3.0.1)
wt(p) = —dp(Vw).
If p is a constant map, then they reduce to
Hess(w) — w | Ric SR 0 (3.0.2)
m—17) =" e

which is called vacuum static equation and is widely studied in the literature. The terminology, as
well as the derivation of these structures, comes from General Relativity, as already discussed in the
Introduction. In the first section we will deal with the derivation of these structures from Lorentzian
manifolds given by warped products between the time dimension and an m-dimensional Rieman-
nian manifold. On top of that, we will obtain some first results concerning manifolds carrying
these structures, from the constancy of the ¢-scalar curvature to the relations between harmonic-
Einstein manifolds and ¢-static spaces. In the second section we will examine two functionals, both
depending on the metric on the base manifold and on the smooth map to a fixed Riemannian man-
ifold, whose critical points are, under some conditions, precisely the harmonic-Einstein manifolds
and the p-static spaces. Lastly, in the third section we will discuss the local geometry of ¢-static
spaces in presence of a closed conformal vector field that, under further assumptions relating X to
the smooth map, lead to a local splitting of M to a warped product with harmonic-Einstein fibers.

3.1 A derivation and first properties

In this section we will first derive the @-static space structure from Lorentzian warped products
which satisfy the Einstein equations with a cosmological constant. Later on, we will discuss some
first properties valid for every (-static space. Namely, we begin by showing that (-static spaces
always have constant p-scalar curvature. After that, Theorem [3:3] will provide a rigidity result for
the vacuum static structure in the compact case as well as for the smooth map ¢, given a bound on
the geometry of the target manifold. To conclude, we characterize the complete manifolds which
support both an harmonic-Einstein structure and a ¢-static one.

3.1.1 A derivation from General Relativity

Let us consider, given a (m + 1)-dimensional manifold M, the space M of smooth Lorentzian
metrics on M with signature —, + -+, m plus signs and, given a Riemannian manifold (N, gn),
the space P = C°(M,(N,gn)). Let us also consider, for every Q CC M the functional on the
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space M x ﬁ, defined as

Aq(g,9) = /Q(S' —atry@*gy — V(¢))d Voly, (3.1.1)

for some a € R\ {0}, where S is the scalar curvature of (M,§) and V : (N, gy) — R a smooth
function. The Euler-Lagrange equations of the above functional with respect to compactly sup-
ported variations of § and ¢ can be computed by considering the variation of Agq evaluated at
(g, ¢) under both the variation of § and ¢, and then imposing it to be zero. We first consider the
variation with respect to the metric on M. To this purpose, we choose an orthonormal coframe
{é“}azo___m, for which the metric § writes as

g = naﬁéa 02y éﬁ,

where n = diag(—1,1,...,1). Now, the calculations in Proposition can be adapted in this
setting, where here '
0°(t) = a3 (1)0°(t)
and
Gt = hag()0°(t) © 6° (1) = (1,50 () + nara} ()0 (t) © 6°(2).
Hence, with the usual notation for raised and lowered indices, from

_ afB a B » 7af
S = by =0 ) — Ragh™.

Moreover, since ¢*gy doesn’t vary under the variation of g,

d d

. PO a

%(tré(@*gN)) = E(g P gN) = 45&6@3955

and, because V() in independent of the metric on M, its variation vanishes. It remains to evaluate
the variation of the volume form, which is

d

N A A A A A A A A 1 ~
%(dvolg) = %(90/\91/\- S AO™) = ad0O NOEA AN+ am O NG AN = §tr_@(h)dVolg.

Summarizing we have, using the divergence theorem,

d PPN 7 el 7« p i« 7aB sa sa 1 (& A ~
aAQ(gvgp) :/Q<haﬁ’ B—ha ﬁﬁ — Roph®? + ah ’Bgoagoﬂ—i—itrg h(S — ap*gn —V(g@)))dVolg

) 7 7 ~AQ AQ 1 4 A~k N .
B ~AQ AQ P Ak “ ca
(3.1.2)
Imposing it to be 0 for any heT, g./\;l (with compact support inside ) yields
= 14 1. ... » 1.
Ric = 55 + 5V(9)g = o ( ¢gn — 5ldPl%g |- (3.1.3)

which can be interpreted as Einstein equation with a stress-energy tensor (the stress-energy tensor

of the map ¢ as defined in (1.3.5)))
ok 1 2.
T=a(¢gn—5ldelg),

and where V' : (N, gn) — R plays the role of a self-interacting potential. As for the variation with
respect to the map ¢, the only map-dependent terms inside the integral in (3.1.1]) are

trg (P gn)
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and
V().

To evaluate the variations, we adapt the notation of Proposition [I.15] to this setting, having on

one hand

d s d R R
%trg(@ gN) = %trg}ng(d‘P ® do)

L od o, . .
= 2tr§><9N (dgﬁ ® %d@) = 2trf]><91v (dcp ® V’U),

whereas on the other

d d

GV =ty (VR 8 5] = (T () 0 ).

Putting all together and using the fact that ¢ has compact support inside €2, we can use the

divergence theorem on

div((trgy dp © 0)F) = trgugy (AP © V) + (1738 50%) = trgugy (AP @ VO) + trgy (1(0) © 0),

where 7(@) is the tension field of the map ¢, in order to obtain

d
dt

= /Q (2atrgN (T(@) @ D) —trg (VV () ® @))dVolg,

which vanishes for an arbitrary o € Tz P if and only if
2a1(p) = VV(9).
At this point, using (3.1.3]) we can express S in terms of @,

N . m+1 R
S = aldg® + mv(@)

and substitute it back into the field equations (3.1.3) and (3.1.4)) to obtain
Ric — ap*gny = —;(fl)g
T(¢) = 3. VV(9).
Let us now put ourselves in the case where
M=Rx M,

with the warped product metric of the form

§=—e*dt* + g,

LN /Q (=20 g (p © V) — tr, (VV(3) ® ))d Vol

(3.1.4)

(3.1.5)

(3.1.6)

t being the standard coordinate on R, gj; a Riemannian metric on M, f =fomy,f: M — R
smooth, and suppose that ¢ = @ omar, ¢ : (M, ganr) — (N, gn) smooth. Then we can split system
according to the warped product, thus obtaining a system for the Riemannian tensors on
(M, gar), the warping function f and the map . To this purpose, we can choose an orthonormal

coframe by

00 = effdt

0 =m0, i=1,....,m

where {0} is an orthonormal coframe for (M, gar). Since the connection forms ég‘ of (M, §) satisfy

navég + 775“/9;{4 =0,
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we infer that

égzéj = 0;
0y = 07;
0 = —6!.

Then we exploit the first structure equations, to get
00 B = 40 = —eF 0 At = f,00 06 (3.1.7)
0L, NG =df' = do" = —0: N6, (3.1.8)
where we have made an abuse of notation. On one hand, evaluating (3.1.7)) in (e;, -) we obtain that
40 Ai 1 0 _  £.40
- Qj (el) NG+ 91- = —f;0", (319)
and hence, contracting with e;,
(09); = (69):. (3.1.10)
On the other, we have that
—0% + 0)(e;)0° = —0% + 0}.(e;) N OF,

from which we deduce, evaluating in eg, that

B (e;) = (05 — 05) (o),
so that, in particular, N .
(66); = —(0g)i-
At this point, from the fact that 65 = 9 and by (3.1.10) we infer that
07(e;) = 0.
Therefore, from (3.1.9) we get
0y = —f:60°.
As a consequence, from ([3.1.8)) we have that
@ — 0}y A6 = 0.

We then make use of the Cartan’s lemma and exploit the antisymmetricity of é; — 0; on ¢ and j
to see that, denoting with

ik = biy = (0 = 05 (ew),
they satisfy

;k = *bfk = *bii = b?z‘ = bi‘cj == ;cj = *b;-'/w
and hence N 4
0; =03.
Summarizing, we have
ég =0;
g ——
05 = -6 = 0.
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Next, we make use of the second structure equations, where we set (:)g as the curvature forms of
(M, 9):
O = @0 = @ + 0 A Gt = —dfs A 00— fdd® 4 80 1 6!
= —(fiad® + f205) NGO + Fi60 NG — f,0° A 6!
= (fij = fif)0° N O
Of = dfi + 0, A0S = bt + 6 A 6% = O
Therefore

R?Oj = R(i)Oj = _R?jo = fij — fifj
Ry, = 0;

i _ pi
Ry = R,

where we have omitted the pullbacks, and consequently

Roo = Riyo = —Auf + VM F2

Ro; = 0;
Rij = Rjy; + Riy; = fiy — fifi + Rij,
from which

9m

Moreover, since
~ ~ani
dp = 6",

P, 0% = dpg — ¢4 A6 + Bhwp
= @ Ay = §fif°
¢80 = dpt — % A BF + Bbwy
= szaj /\ é]7
and hence

Goo = ¢ fi = dp(V)
¢5; =0
@?j = %O?ja
so that tracing
7(¢) = —de(Vf) + M7 (p).
Substituting the previous relations into we obtain the splitting

Apf —|Vf? = X&)

Ric —ap*gy + Hess(f) — df @ df = Y& g, (3.1.11)
Mr(p) = dp(V ) + 55 VV ().

Note that the first equation in the above system is the “time” component of the first equation in
(3.1.5)). Tracing the second equation in (3.1.11)) (on gps) and substituting the first, we see that, on
M,

S¢ =8 —al|dp|? = V(p).

Operating the change of variable
w=e (3.1.12)
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system ((3.1.11f) becomes

Aw = —nfflw
w Ric? — Hess(w) = wms—flgM (3.1.13)

wr () + dp(Vw) = w5 VV ().
If we let V : N — R be a constant, then also S¥ is constant and the system (3.1.13) becomes

H _ (R' $ _ 8% ) -0
{ ess(w) —w (Ric” —2—g¢ (3.1.14)
wr(p) = —dp(Vw)
where we omitted, since it is redundant, the first equation in (3.1.13]). Notice that, in view of the
Einstein equation (3.1.3)), V() = S¥ = 2A, where A stands for the cosmological constant. We are
now in the position to give the following

Definition 3.1. Let (M, g), (N, gn) be Riemannian manifolds and ¢ : M — N smooth. We say
that (M, g) is a @-static space if for some a # 0 and w € C*° (M), w # 0 w is a solution of (3.1.14))
on M.

Note that when ¢ is constant Definition reduces to the definition of a vacuum static space.
Moreover, this definition takes into account sign changing functions w, which do not derive from
smooth semi-riemannian metrics on M (or where we allow singularities on the Lorentzian metric).
Here we also allow S¥ to be non-constant. However, as we show in Propositionbelovv7 if (3.1.14
holds for some w # 0, then S¥ turns out to be constant. We will often consider the system (3.1.14
in its equivalent form

(3.1.15)

Hess(w) — (Aw)g —wRic? =0
wT(p) + dp(Vw) = 0.

3.1.2 First properties and rigidity conditions
We now show that, if (M, g) is a @-static space, where ¢ : M — (N, gn), then S¥ must be constant:

Proposition 3.1. Let (M, g) be a Riemannian manifold, possibly with smooth boundary, and ¢
be a smooth map between M and a Riemannian manifold (N, gn). Assume that there exists w £ 0
such that

(3.1.16)

Hess(w) — (Aw)g — wRic? =0
wt(p) + de(Vw) = 0.

Then
i) S% must be constant;

1) if M is compact, then S¥ > 0 provided that either M is without boundary and w is non
constant, or OM # @ and w =0 on OM;

ii1) {w = 0} is a union of embedded, totally geodesic hypersurfaces of M where |Vw| is locally
constant and nowhere vanishing.

Proof. (i) Taking the divergence of the first in (3.1.16)), in local coordinates we have

— R R PN . — ... o RP ¥
0 = (wij — wss0ij wR) j = Wij; — Wssi — wiRG —wRE ;

1
= wi Ry — w; R, —w (2Sf — oap%go?)

1
= aw;pipi + inf + awe§;of

1 a a a
inf + O‘(wﬂpj + w@jj)%‘
1
9
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Here we have used the commutation relations for the covariant derivatives of w, as well as (|1.3.12))
and the second equation in (3.1.16)). On the other hand, since w satisfies

S

w7
m—1

Aw = — (3.1.17)
if {w = 0} contains an open non empty set, it would vanish identically by unique continuation
principle. Therefore, the interior of {w = 0} is empty and, as a consequence, V.S¥ = 0 on the
closure of M \ {w = 0}, i.e. on the whole M, leading to S¥ being constant.

(ii) If M is compact and either of the assumptions is satisfied then w is not constant on M, so
using and integrating by parts - in case OM # &, notice that we have w|gpr = 0 - we get

@
S /w2:—/ wAw:/|Vw|2>O,
m—1 [y M M
implying that S¥¢ > 0.

(iii) We first prove that |Vw| # 0 everywhere on {w = 0} by showing that the set

My={x e M :w(z)=0, Vw(z) =0}

is both open and closed in M, hence empty by connectedness of M and assumption w # 0. My is
clearly closed by continuity of w and Vw, so we only have to show that it is also open. Let z € My
be given. Then w = 0 along all geodesic curves issuing from x and contained in M. Indeed, if

o:[0,T) = M, T >0, is a unit speed geodesic such that ¢(0) = x then by (3.1.14) and (3.1.17))
the function h = wo o : [0,T] — R is a solution of the Cauchy problem

' = Ah on (0,T)
K(O) = 0
hO) = 0

where A(t) = Ricy (6(t),0(t)) — ﬁsg"(a(t)), and since A is continuous we have h =0 on [0, T].

If x € My \ OM this shows that w = 0, and therefore Vw = 0, on a whole neighbourhood of
in M, so that x is an interior point for Mj.

If x € My N OM then the image of the exponential map at z may not contain a whole M-
neighbourhood of x (for instance, this happens if M is not convex at ), however we overcome
the obstacle by a suitable “triangulation”. First, observe that for any sufficiently small € > 0 the
exponential map exp,, at x is defined at least on the small open solid cone (with tip removed)

C.={veT,M:|v|<e, (v,ng) > |v|/2},

where n, denotes the inward normal to M at x, and exp, : C. — exp,(C;) is a diffeomorphism.
By the same reasoning as above we have w = 0, and therefore Vw = 0, on the open set exp,(C:),
so exp,(C:) C My. Now, let U C OM be a small enough neighbourhood of z in M and § > 0 a
small enough parameter so that the normal exponential map

exp,py : Ux[0,0) — M
(y,t) = exp,(tny)

is a diffeormorphism onto its image V' := exp,, /(U x [0,9)). Then V is a neighbourhood of =
in M and for e > 0 small enough we have exp,(C.) C B:(z) C V. Let m : U x [0,6) = U
denote the canonical projection onto the first factor. Then U; = ﬂl(exp;}U(expx(C’g))) is an open
subset of U (hence, of 9M) since exp,(C:) is open in M and 7 is an open map. By construction,
U; is the subset of points in U which are joined by a normal geodesic of length < § to some
point of exp,(Ce). We also have x € Uy, since for every t € (0,¢) we have tn, € C. and therefore
x=m (exp];lU(expgJ (tn,)) € Uy. So Uy is a neighbourhood of x in M and V; := exp,, (U x[0,))
is an open neighbourhood of x in M. Every point of V; lies on a geodesic curve passing through
some point of exp,(C:) C My, hence by the same reasoning as above we have w = 0 on V;. Since
V1 is open and OM is smooth we also have Vw = 0 on V. So V; is a neighbourhood of x contained
in My, as desired.
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So far, we have proved that Vw # 0 everywhere on {w = 0}. Then 0 is a regular value for w
and the set ¥ = {w = 0} is a union of embedded hypersurfaces of M. By substituting into
(3.1.16)) we have Hessw = 0 on X. Since the differential of |[Vw|? in M and the second fundamental
form Iy, of ¥ in M in the direction of —Vw/|Vw| are given by

1
d|Vw|? = 2Hess w(Vuw, -) and IIy = % Hess wrsxrs

we see that |Vw| is locally constant on ¥, whose components are in turn totally geodesic in M. O

Remark 3.2. Notice that, if we assume a weak sign condition, e.g. w > 0 on a compact manifold
without boundary satisfying (3.1.14)), then w must be constant. Indeed, if S¥ # 0 integrating

S

®
0=- S /w,
m—1 M

which imply, by the weak sign condition, that w = 0. Otherwise, if S¥ = 0, then w is harmonic
and therefore constant on M.

on M, we have

In some cases, where we have bounds on the geometry of the target manifold according to the
coupling constant giving rise to the p-curvatures on (M, g), then the map ¢ is forced to be constant
and therefore the ¢-curvatures reduce to the standard ones. This is the case of the following

Theorem 3.3. Let (M™,g), m > 3, be a compact Riemannian manifold without boundary,
(N™, gn) a second Riemannian manifold and oo € R. Let w € C®(M), w non constant, and
p € C®°(M,N) satisfy

o _
{ wRic? — Hessw + (Aw) g 0 (3.1.18)

wt(p) +dp(Vw) = 0.
If @ > 0 and the sectional curvatures of N satisfy secy < %=, then ¢ is constant.

In order to prove it, we shall first need the subsequent Lemma, providing us with a Bochner-type
formula that later on will be integrated on M.

Lemma 3.4. Let (M,g), (N,gn) be Riemannian manifolds and w € C*®(M), ¢ € C>*°(M,N)
satisfy (3.1.18)). Then

5 AW VIdel?) = w|Vdel? + wlr()? - ldel*Aw + wQ(dg) (31.19)
where, in components along an orthonormal coframe,
Q(de) = (aghgpy — NRavea) 0} 00505 .
Moreover, if a > 0 and secy < —%5 then Q(dy) > 0.

Proof. Let {e;} and {E,} be local orthonormal frames for TM and TN, respectively. A straight-
forward computation yields

1 : a a
B d1v(wV|dcp|2) = (wy] ‘Pji),j
= wei;ef; +weef + weied;
= wpl; % + wiekpt + wed (0% + Riipd — VR a05050%)

where we applied (a contraction of) (1.3.8)). At this point, differentiating the second in ((3.1.18)),
0 = (w;§ +wei;)i = (wipf; + wels) + (wiip§ + wipf;)
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and therefore

1
5 dv(wVIdel) = w|Vdel® + (w;ef; + wefs) i + wRigele§ — w Ryl o]
= w|Vdp|? — (wip] + wip};) o) + wRij i of — w VR 10705050

= w|Vdel® + (wRij — wi;) et — wiplet — w VR, 408l ol.

Again by (3.1.18) we have wR;; — w;; = ozwgolz?tpg- — (Aw) gi; and —w;p¢ = wef. Substituting
these expressions into the above formula we finally obtain

1 .
5 div(wVldel*) = w|Vde|* + wlr(¢)* — [de|*Aw + awpd ot ot — wRE 407050508 .

We now show that Q(dy) > 0 under assumptions

a>0, secy < (3.1.20)

m—1"
Let us set ¥; = dp(e;) = ¢ E, for 1 <4 < m. Then for each 1 <i,j < m we have

olob oot = (gn(Yi, Y3))?,  NRapeaw oo} = VRiem(Y;,Y;,Y;,Y;)

(no summation over 7 or j is intended in the above formulas). For each pair (¢, 7) we let x;; be the
sectional curvature in N of some 2-plane containing Y; and Y; (which is clearly uniquely determined
in case Y; and Y; are linearly independent, otherwise the coefficients can be set to 0). Then, we
have

NRiem(Y;, Y}, Y:, Y5) = kg [gn (Ya, Yi)gn (Y5, Y5) = (v (Y, Y5))?]

For ease of notation let us set ¢;; = gn(Y;,Y;) for each 1 < 4,5 < m. Then from the above
observations we have

m m
Q(dy) = « Z ;i — Z kij(cicjj — ¢3;) . (3.1.21)
i,j=1 i,j=1
Noting that
1 m 1 m m m
Z (C’LZ + C]] 5 Z sz + C 5 Z (0121 + C?j) - Z (Qsz) = (m - 1) Z Cz‘2i
1<i<j<m £j=1 i,j=1 i=j=1 i=1

Wwe can express

Z cfj:Zc?i—I—Q Z c?j: Z <m11(0u+0 )—|—20>

1<i,j<m i=1 1<i<j<m 1<i<j<m

. 2 _ .
Since we also have c¢;ic;; — ¢;; = 0 whenever ¢ = j, we can restate (3.1.21)) as

e
Q(dp) = Z [m — (¢ + c?j) + 204022]- — 2k45(ciicyj — c?j)} . (3.1.22)

— 1
1<i<j<m
Now, since c;j;cj; — c?j > 0, from the assumptions on the sectional curvature in ([3.1.20))

2a
—2I<67;j (Ciicjj — C?j) > _m(ciicjj - c?j)'

Therefore, substituting into (3.1.22)) we obtain

[e% m

J _
1<i<j<m 1 m—1
o m
= Z ——(cii — i) +2 acfj} > 0.
1<i<j<m {m -1 -1
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Proof of Theorem[3.3 By (3.1.19) we have
1 . S®
5 div(wVldel) = w|Vde|® + wr(¢)* + ——wldp]* + wQ(dy)

with Q(dy) > 0 and S¥ > 0 by Proposition [3.1] So have div(wV|dp|?) > 0 on QF = {w > 0},
with equality if and only if dp = 0 on %, and similarly div(wV|dp|?) < 0 on Q= = {w < 0} with
equality if and only if dp = 0. Applying the divergence theorem on both sets QF and Q= and
using that wV|dy|? vanishes on the regular submanifold {w = 0} = 9QT = 9Q~ we conclude that
dp =0 on M, that is, ¢ is constant. O

It is worth noticing that, if a vacuum static space supports also an harmonic-Einstein structure
with respect to the same ¢ and a as in (3.1.14)), then we have restrictions on the underlying
manifold, as the next Theorem shows:

Theorem 3.5. Let (M,g) be a complete Riemannian manifold of dimension m > 3 satisfying
(3.1.14) for some ¢ : M — (N,gn), @ # 0 and a non-constant w € C*(M). Assume that (M, g)
18 harmonic-FEinstein with the same choice of the map and of the coupling constant. Then

i) If M is compact without boundary, then (M,g) is isometric to the standard sphere S™ of
sectional curvature #‘il)and © is constant;

i) If (M, g) is compact with boundary, under the condition of

OM ={z € M : w(z) =0},

SP

then (M, g) is isometric to a closed hemisphere of Sm(m) with the canonical metric and
© 18 constant;

iii) If M is non-compact, then S¥ < 0. Moreover, if w has one critical point, then it is isometric
to a hyperbolic space of constant curvature #W_l) and ¢ is constant. Otherwise, w has no
critical point, (M,g) splits as a warped product R x; P, where P is a complete (m — 1)-
dimensional Riemannian manifold and ¢ is constant along the flow generated by Vw - i.e.
along the curves R x {p},p € P.

Proof. Recalling the harmonic-Einstein equation (1.3.11]), that is

{Ric*a =52(,)
7(p) =0,

and substituting it into (3.1.14]), we obtain

{Hess(w) + #w_l)wg = 0;

do(Tw) = (3.1.23)

(i) If M is compact without boundary, then we consider the first in which, by a classical
result of Obata (see for instance [37]), yields the fact that (M, g) is a sphere of constant sectional
curvature given by ﬁv_l) Therefore, tracing the riemannian tensor gives S = S%, from which
follows that |dp|? = 0, i.e. ¢ is constant.

(ii) Since the boundary coincides with {x € M : w(x) = 0}, we can apply Proposition to
infer that {w = 0} is totally geodesic on M. Then we can apply a result of Reilly [33, Lemma
3], obtaining that (M, g) is an hemisphere of constant sectional curvature ﬁw_l) Reasoning as
before, we conclude that ¢ must be constant also in this case.

(iii) If M is complete non-compact, then S¥ < 0, otherwise - see [37, Theorem 2] - (M, g) would
be isometric to a sphere and therefore compact. Now, again in view of the classification theorem
n [37], if w has at most one critical point. If w has one critical point, then it is isometric to the
hyperbolic space of sectional curvature #@71), and hence the scalar curvature S = S¥, yielding
¢ constant. Otherwise, if w has no critical point, then it is a warped product R x; P, for some
f : R — R. Moreover, by the second in we have that ¢ must be constant along the flow

generated by Vw. Notice that, in this case, f is either a constant, if S¥ = 0, or it takes the form
f(t) = Aexp(ct) or else f(t) = Acosh(ct), where A is an arbitrary constant and ¢ = —5¢ O

m(m—1)"
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To conclude, we give a formula valid on every -static space:

Proposition 3.6. Let (M, (,)) be a p-static space with w Z 0. Setting T for the traceless p-Ricci

tensor, we have
div(T(Vw,)*) = w|T|* 4+ aw|r(¢)|*> on M. (3.1.24)

Equivalently,
div (L V|Vuw|? + 57 _gu?)) = 2w|T|? + 20w|7(p)|? on M\ (3.1.25)
w m(m —1) o
where as above ¥ = {x € M : w(x) = 0}. If M is compact then
/ w|T|? + a/ w|T(p)|* = 0. (3.1.26)
M M

Proof. We compute the divergence of T'(Vw, )tt and we use the ¢-Schur’s identity together with
the constancy of S¥ and (|3.1.14)) in the equivalent form (3.1.15)) to get
(wiTi)i = wi Ty + w;Tiji = TijTij + w; R ;
= w|T|* — apfipiw;
= w|T[* + aw|r(p)[%,
that is, (3.1.24)). Rewriting the first in (3.1.14)) in the form
S

H Y =wT
essw + ( 71)w(,> w
we obtain
SY 1 S
T Ij:H # - — _ 2 2
wT(Vw,) ess(Vw,) er(m_l)wVw 5 <V|Vw| +m(m_1)Vw

proving (3.1.25)). Finally, if M is compact integrating (3.1.24)) on M and applying the divergence
theorem we obtain ([3.1.26)). O

3.2 A variational characterization

First, we will introduce the p-scalar curvature operator, and we will show that the spaces with non-
trivial kernel of the adjoint of DS (for a choice of (g, ) € M x P) are precisely the p-static spaces.
After having provided a characterization of harmonic-Einstein manifolds, we will consider another
functional, defined on compact manifolds with boundary, by the choice of a vector field X € X(M).
With the help of this functional, Theorem [3.12] will provide a description of some ¢-static spaces,
with the potential given by the divergence of a vector field X conformal with respect to the metric
on M plus some further assumptions. Namely, they will be given by the choices of (g, ¢) such that
the functional is stationary with respect to variations leaving the ¢-scalar curvature invariant and
fixed at the boundary.

3.2.1 The total p-scalar curvature functional and harmonic-Einstein man-
ifolds

Let us consider M the space of smooth metrics on a differential manifold M and P := C*°(M, (N, gn))
the space of smooth maps between M and a differential manifold NV with a fixed Riemannian metric
gn- We then define, having fixed a constant a # 0, the p-scalar curvature operator

S MxP—C®M)
by

S(g, ) = 5%.

In the next Lemma we will compute the differential of S at (g, ¢) by considering its variation with
respect to the variation of both the metric and the smooth map:
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Lemma 3.7. Let ¢ : (M,g) — (N,gn) be a smooth map between Riemannian manifolds, and let
S: MXP — C®(M) be the p-scalar curvature operator, where M and P are defined as above.
Then the variation of the p-scalar curvature is given by

DSy, (h,v) = div(divh) — A(trh) — (Ric?, h) — 2a(Vv,dyp), (3.2.1)

where h and v are elements of the tangent spaces TyM and T, P respectively, and (, ) is the inner
product on TM x ¢*TN.

Proof. Let us consider a curve (g(t), ¢(t))on M x P such that g(0) = g, ¢(0) = ¢ and (§(0), ¢(0)) =
(h,v), where h is a 2-covariant symmetric tensor on M and v is a section of @*T'N. Then, we have

d
DS(QW)(h, 1}) = %

. S(g(t), (p(t)) = DgS(g,Lp)(h) + D¢S(g7¢) (’U), (3.2.2)

where DS and D,S stand for the differentials of S with respect to the metric component and
the map component respectively. As for the first term, we consider a curve on M x P such that

ot = . Therefore, exploiting (1.4.6)),

DSy ) = 5| ($7(0(1)) = dividiv) = Aferh) — (Rie.h) o | (dpP(o(0)
Since both ¢ and gy are independent of g(t), their variation is 0, so that
—| (lde*(9(®)) = d‘ byt £ = 70N 2| (en(D)er(8)) = ~2p%%a% = —gighye,
tl, dt|, dt |,
hence

DyS(g,0)(h) = div(div h) —A(tr h) — (Ric, h) +ap§ prhes = div(div h) — A(tr h) —(Ric?, h). (3.2.3)

On the other hand, we consider a curve on M x P such that g; = g. By (|1.4.18)), since the trace
on T'M x p*T'N does not change along the curve,

tr(dep: () @ der(-))

. d
trg o gn = it

dt

0 0
=2tr (dw ® % . (dwt))
= 2tr(dy ® Vv),
and therefore
DyS(g,0)(v) = % . (S‘p(w(t))) =—a % ) (ldp|?) = —2apfve. (3.2.4)
Substituting and into we obtain . O

We are now able to consider the formal L?-adjoint of the differential of the scalar curvature
operator, which we denote by

(DS)}, ) : C(M) = T(Sz(M)) x T(¢"TN),

in order to relate it to the definition of ¢-static spaces.

Proposition 3.8. Let M be a smooth manifold and (N, gy) be a Riemannian manifold. Then,
with the above notation - for a choice of a # 0 - (M, g) together with ¢ : M — (N, gn) is a p-static
space with potential w € C* (M) if and only if w € ker(DS*)(g, ¢).
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Proof. To prove the proposition, it is sufficient to evaluate the formal adjoint of DS at a given
point (g, ) of M xP. Its expression is given integrating by parts (and getting rid of the divergence
terms) DS(Q#, (h,v) - w, for w e C*>°(M):
DS(Qv‘P) (h’ 'U) w = hl] j’Lw hu jjw R h”w 2(1901 ’U
= (hyjjw)i — hijjw; — (hiz jw)j + hn‘,jwj - R hijw
—2a(v*iw); + avtpiw + avteiw;
= (hijjw)i — (hijws); 4 hijwi; — (his jw); + (hiw;); — hiw;;
— R hijw = 20(viw); + 200 (@fw + gfw;)
= (hijjw)i — (hijwi); — (hiijw); + (hiw;); — 2a(vpiw);
+ hij(wij — 05 Aw — wRE) + 200 (pf;w + @7 w;),
so that

<(D8)?g,go)w> (h, v)>SQ(M)><Lp*TN <(DgS) >Sz(M) + <(D‘P8)*’ U>‘9*TN
= (wij = 0ijAw — wRT)hij + 20(gfw + lwiv” (39 5)
= (Hessw — A(w)g — wRic?, h) g, (ar)

+ Qa(r(p)w + dp(Vw)), v) g 1N,
where we have denoted with
(DyS)*w = Hessw — A(w)g — w Ric? (3.2.6)

and

(DyS)*w = 2a(7(p)w + dp(Vw)) (3.2.7)
the components of (DS)*w along So(M) and ¢*T'N respectively. To conclude, we notice that,
since the expression is the same (with the exception of a constant) to the left hand side of the
system (3.1.15]), then it vanishes if and only if (3.1.15)) holds, i.e. if and only if (M, g, ¢) is a p-static
space with potential w. O

We now introduce the total scalar curvature functional, and relate its critical points to ¢-
Einstein manifolds. Given a differential manifold M, a target Riemannian manifold (N, gn), and
letting M and P be as above, for every relatively compact domain Q C M

SQZMXP-)R

) =/QS(g,s0)dVg, (3.2.8)

where S(g,9) = S¥ = S — ap*gy for a fixed & € R\ {0}. By standard variational arguments
we can show that the harmonic-Einstein manifolds are those for which, for every open relatively
compact domain with smooth boundary €2, Sq is stationary with respect to compactly supported
variation of (g, ) such that the volume element remains unaltered. By compactly supported we
mean variations (g:, ¢¢), t € (—¢,¢), of (g, ) on M x P such that, for every ¢, g; coincides with ¢
and ; with ¢ outside of a set compactly contained in €.

is defined by

Remark 3.9. Notice that, since the variation of the volume element
dV(t) = 0*(t) A--- A O™ (1)

with respect to t is given by

%dV( ) =LA A - AOT(E) + -+ O ) A - AIT(1)
=aif0' A AT amO A AT
= tr(a)dV (¢)
1
= 5 tr(M)av (),
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where a and h are as in (1.4.1)) and (1.4.2)), the variation leaves the volume element unchanged if
and only if tr(h) = 0.

Proposition 3.10. Let M be a differentiable manifold of dimension m > 2, and let M and P
be given as above, for a fired Riemannian manifold (N, gn). Then (M, g, @) is harmonic-FEinstein
with respect to some o € R\ {0} if and only if, for every relatively compact domain with smooth
boundary ), the functional Sq defined as in is stationary with respect to compactly supported
variations which are locally volume preserving.

Proof. Let us evaluate the variation of S by considering the derivative in ¢ at ¢ = 0 of Sq(gt, ¢¢),

with the help of (3.2.1)):

d
OSQ(gt;SDt) = /Q { u
= / [div(div h) — A(tr h) — (Ric?, h) — 2a(Vv,dp) + %S“’ tr(h)}dV

Q

d
Y

(av ()]

0 0

which under the hypothesis of tr(h) = 0 reduces to
d

dt

OSQ(gt,cpt)/Q [div(divh)—(Ric“",h>f2a(Vv,dgo>}dV.

Then, applying the divergence theorem, since the variations have compact support in €2, we arrive

to the expression
d

dt

Salgt, pt) :/

) [f (Ric®, h) + 2a<v,7(¢)>N] av. (3.2.9)

0
At this point, if we assume (M, g) to be harmonic-Einstein with respect to ¢, then 7(¢) = 0
and Ric? is proportional to the metric. Therefore, since trh = 0, (Ric¥,h) = 0 and the variation
vanishes. On the other hand, let us assume that vanishes. We can consider a cutoff function
1, which is identically 1 on an open set £’ compactly contained in €2, with 0 < ¢ < 1 and with
support compactly contained in Q. Then, considering h = 0 and v = ¥ 7(¢p),

0= [ 2walr@)Pav > [ 2alr()av,

so that 7(¢) vanishes for every ' CC Q and therefore on Q. Moreover, with the choice of v = 0

and 5
e (e )
m
we get
co2 1 2 co2 L 2 . s |2
0= [ ¥ [|Ric?|* = —(S¥)° | dV > |Ric? | — —(S8¥)° | dV = Ric¥ ——yg| dV,
O m ’ m ’ m
and hence also Ric? —% vanishes on 2. Since 2 is chosen arbitrarily, then
Ric? = 2=
e mJ on M,
T(p) =0
meaning that (M, g) is harmonic-Einstein. O

The former characterization of harmonic-Einstein manifold may be considered a bit artificial,
but in the compact case it can be made simpler, as the following proposition shows:

Proposition 3.11. Let M be a compact manifold without boundary of dimension m > 3 and let
(g,0) € M xP. Then (M, g,¢) is harmonic-Einstein if and only if the functional

SZ:SM

is stationary with respect to variations of (g, ) leaving the total volume unchanged.
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Proof. From Remark a variation of the metric on a compact manifold leaves the volume
invariant if and only if

/ trhdV = 0. (3.2.10)
M

The variation of S is given by

DS(g,ga) (h, ’U) = /

{div(div h) — A(trh) — (Ric?, h) — 2a(Vo, dp) + %SW tr(h)|dV
M

= /M { — (Ric¥ —%S“"g, h) + 2a(v, T(@))N] v,

where we have used the divergence theorem. Suppose that (M, g) is harmonic-Einstein. Then S¥
is constant, Ric? = -1 §% and 7(¢) = 0. Therefore

m—2

DS(;MO) (h,v) = 5@/ trhdV =0
M

m

by (3.2.10). In order to show the converse, we assume that
Ds(h,ap)(hvv) = 0

for every (h,v) € T'(S2(M) x ¢*TN) such that (3.2.10) is satisfied. Now, with the choice of
(h,v) = (— Ric¥ +1.5%9,0), h satisfies (3.2.10) and hence

2

1 1
0= / Ric? ——(S%¥)%dV = Ric? ——S%g| dV,
M m m

M

concluding that Ric? = L.5% in M. On the other hand, with (h,v) = (0,7(p)),

0= [ 2alr(e)av.
M

and therefore also 7(¢) = 0, proving that (M, g) is harmonic-Einstein. O

3.2.2 A boundary functional and a partial characterization of ¢-static
spaces

Let us consider, on a compact differential manifold M of dimension m > 3 and with OM # &, the
functional F : M x P — C°°(M) - M and P as above - defined as follows:

Fx(g.0)= [ G(X,v)d4, (3.2.11)
oM
where X is a vector field on M,
G = Ric® f%S“”g

is the p-Einstein tensor, v is the outward unit normal to M with respect to g and dA denotes
the area element on OM.

The goal of this subsection is to give a characterization of the critical points of Fx restricted to
some subsets of M x P. Namely, we consider the spaces

Qo ={(g,9) e M x P :8(g,¢) = X for a fixed A € R}
Ql - {(gaw) € QO : (gaw) = (907900) and dSD(V) = ds@o(l/) on 3M, (907300) e M x P}

The following result is a generalization, in the context of ¢-curvatures, of Theorem 1.1 in [26]:

Theorem 3.12. Let ¢ : (M, g0) — (N,gn) be a smooth map between Riemannian manifolds,
where m = dim M > 3, and let X be a vector field on M which is conformal with respect to gq.
Let Fx be the functional defined in (3.2.11)). Then, assuming that the first eigenvalue of

(m—1)A+ 5%

18 positive,
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(i) If divgy,(X) € ker(DS)*, then (DFx|o,)(go,00) = 0, whereas the converse is true assuming
that

1
U%£X<¢WN“ﬂd¢aO<—m (3.2.12)

(ii) Assume that X € ker(dy). If go is harmonic-Einstein, then (DFx|o,)(go,00) = 0, whereas
the converse is true assuming the existence of a function u such that divg, X — X (u) has a
fized sign on a dense subset of M which is satisfied if divg, X does not vanish on M.

First, in Proposition [3.13] we compute the Laplacian and the Hessian of the divergence of a
conformal vector field. After having derived an expression for (DS)*w in case w = div X for a
conformal vector field X, in Propositions and we will investigate the relation between
harmonic-Einstein manifolds and ¢-Static Spaces when X belongs to the kernel of the tangent
map of ¢. Subsequently, in Lemma [3.21| we will derive an expression for the differential of Fx at a
point (go, o) € M X P such that X is conformal with respect to go, after which we will conclude
by giving the proof of Theorem [3.12]

As said above, we now proceed to compute the laplacian and the hessian of the divergence of
a smooth vector field which is conformal with respect to the metric g on M:

Proposition 3.13. Let (M, g) be a Riemannian manifold of dimension m > 3 and suppose that
X is a conformal vector field on M. Set

w = div X. (3.2.13)
Then
S m m
H = X)g — i .2.14
ess(w) (mfl)(me)wg—i—2(m71)(m72)<vs’ g mizACXRlC (3 )
and g
Aw = — T (vS, X). (3.2.15)

=1V 3o
Proof. To the aim of proving (3.2.14)), we first establish (3.2.15[). Since X is conformal

i 2
X;+ X = Ewéj' (3.2.16)
Contracting (3.2.16]) with the Ricci tensor gives
;W
R X5 = ES' (3.2.17)
From the definition of w,
Aw = AdivX (3.2.18)
and using the commutation relation
X;k - Xlij = X"Ry;j (3.2.19)

we compute
Aw = Adiv X = (X});; = (Xj;); = (X}, + X" Buaij)
= Xj;; — (R X*); = (X})ij — Rij j X' — Rij X;.

With the aid of (3.2.16]), (3.2.17)) and Schur’s identity the latter equality can be written in the
form

2 1 .S
Aw = <_Xz] + UJ(SZ']‘) - =-S5 X"'— —w
m ij 2 m
that is,
, 2 1 S
Aw = —X + —Aw - -85 X" — —w, (3.2.20)
m 2 m
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Using the commutation relation

. . . .

it — X = XGReigr + X3 Rej
we obtain

XJ = x4

1] 171

and inserting into (|3.2.20) we infer

+ Ruji; XF + Ruiij X, = X}, Rii XF — Riy X = X7

171 1%

(3.2.21)

S
—w.
m

Using again (3.2.16)), (3.2.19)), Schur’s identity and (3.2.17) we get

; 2 1 i
Aw = —(X]))i+ —Aw— 28X~

; 2 1 S
_ J xRy 2 S N G
Aw = —(in + Ryjij X%)i + mAw 2SzX mw
) 2 1 )
= —XJ,, — (ReiX®)i + —Aw — -8, X' — 5
m 2 m
k Kk, 2 1 i S
= —-Aw — Rki7iX — R/”‘Xi + —Aw - =-5;X'— —w
m 2 m

.2 2
—Aw — S; X' — —Sw+ —Aw,
m m

that is, (3.2.15).

Let us turn to Hess(w). We want to express its components in terms of the components of the
(rough) laplacian of the covariant derivative of X so that, after symmetrizing, we can use (3.2.16]
to lead us back to the laplacian of w, where we can exploit (3.2.15]). In order to do so, we shift the
indices ¢ and j of
!
(Hess(w))ij = wij = X5

in the first position, exploiting the fact that X is conformal Killing and the commutation relations
for covariant derivatives of vector fields.

Wi = Xllij = Xflj + (X'Ruy; + X' Ruy) 4
= X}; + X[ Ruj + X{Ryitj — X Ry — X'Ry;

;2
= (= X[+ — X{ba)ju = X{Rij — XjRi; = X' Ruij + X{ Ruaj

. 2
=X+ Eiji - Xthj - X;Rti - Xthi,j + thRtilj
i 2
==X — (X"Reaj ) + %iji — X{Ryj — X[Ry; — X'Ry; j + X! Ryuj.

Next, for the term (X*R;u;)i = X[ Reii; + X' Rej we use the second Bianchi identity to arrive at

_ 2
wij = =Xy — X{ Reitj — X' (Riju — Riji) + EXt — X{Rij — XjRii — X"Ryij + X{ Ruij

tji
7 2 t t l t t t t t
=—-Xjy + EXtﬂ — Xl Rtilj + Xthilj - X Rz’j,t + X Rtj,i - X Rti,j — XiRtj — Xthl'
. 2
= *X;‘ll + EXfﬂ - Xltthij -+ Xt(Rth - Rti,j) - XtRijyt - Xithj - X;—Rit,

where in the last equality we have renamed the indices and used the first Bianchi identity. Now,
since w;; = wj;, symmetrizing with respect to the indices ¢ and j we obtain
o Lo J 2 t t t

1 k 2 l :
— - Xeudij + —Xiyj — (Lx Ric)y;.

Hence, rearranging the terms and using ([3.2.15)) we obtain (3.2.14]). [
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Remark 3.14. Notice that, since
25
Lx(Sg)=LxSg+SLxg=(VS, X)g+ Ew%

equation (3.2.14]) can be rewritten as

m 1 . m
m—2 |2 =y Fx(59) — Lx Ric| = =2

where A is the Schouten tensor defined in (1.1.5)).

In the next Lemma we will compute the adjoint of DS, ,y on w = div X, when X is a conformal
vector field on (M, g):

Hess(w) = LxA, (3.2.22)

Lemma 3.15. Let (M, g) be a Riemannian manifold of dimensionm > 3 and let p : M — (N, gn).
Let X be a conformal vector field and denote with w = div X. Then

(DS(g,0)) w = ((DSy)*w, (DS,)*w),

where
(DSy)*w = %(VS‘P,XM — mni 2£XT —wT — mnz 2oz£X (QO*QN - |d<2p|g) (3.2.23)
and
(DS,p)"w = 2ax ni 5 (wr(p) + Vx7(p) + trg(VR(de(-), dp(X))de(-)) — A(dg(X))), (3.2.24)

where A denotes the rough laplacian acting on vectors along ¢, in local coordinates

[A(d@(X))]a = (@?Xt)ll'

Proof. From (3.2.22)), if we substitute the expressions for the ¢-Ricci tensor and the p-scalar
curvature, we obtain

m
m—2

Hessw = —

: 8% |de|?
@ Koo _
Lx (RIC +ap gN 2 = l)g aQ(m_l)g

which, with respect to the traceless Ricci tensor T' = Ric? is

m m |del|? 1
H =— T— gN — — “g). 2.2
essw = ———— LxT —a———Lx (w IN = Y m—1y? Q(mfl)L‘X(S g9).  (3.2.25)
Then, from (3.2.15)),
1 m m m
—A = — i X - = — = —— ® 2
()9 = o (SAV(X)g + T Vx(8) ) = 55 £x(8 9) = 5" £x (57 ghaldel ),
(3.2.26)
whereas, on the other hand,
. S¥ 1 1 1
wRic? = wT + wo—g = wT + ES“"EXg =wT + iﬁx(S‘pg) - §£X(S“")g. (3.2.27)

Substituting (3.2.25)), (3.2.26]) and (3.2.27) into the expression for (DS,)* in (3.2.6]), we arrive to
B2.23).

As for (3.2.24)), we consider the rough laplacian of the quantity dg(X) seen as a vector field along
. We have

(P X®) 4t = P X° + 205, X5 + @5 X, =
2
= P X’ + Ewﬂpgt + i X =
=@? X°+ zwgp“ —l—goa(—Xt—i— zwét ) =
tst m tt S S m s ¢

d

a S a C S S a 2 a 2 a a
= 0} X + VR 40t 070t X + X0l Ry + —wighy + —piws — IXG,.
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Recalling that ‘ ‘
th = st + XlRiS = ws + XlRisv

we thus have

2 m — 2
(93X 1 = Pl X+ MREaptpf 0l X + —wply — ———w,.

Rearranging the terms, we have

m — 2 2
T ws = —wel + @i X+ VREapt el X — (P X) e

Therefore, from (3.2.7)),

m a a S a C S a S
20fwr () + dp(Vw)] = 20— (wigfy + @i X + “Ricalofos X = (#5X7) ),

ie. (32.24). O

With the aid of (3.2.23) and (3.2.24]), we are now able to prove the following Proposition, which
extends to the setting of p-curvatures a result of Herzlich [20], reproved by Miao and Tam [26]:

Proposition 3.16. Let (M, g) be a harmonic-Einstein manifold of dimension m > 3 with respect
to ¢ and o # 0 as in Definition[1.3.11. Let X be a conformal vector field such that X € kerdep.
Then

w = div X € ker(DSy )"

Proof. From the previous Lemma, we have to show that both (3.2.23) and (3.2.24]) vanish under
the harmonic-Einstein condition. We begin with (3.2.23)), which using the hypothesis of dp(X) =0
reduces to

m

1
(DSg) w = 5(V5¥, X)g — LxT —wT. (3.2.28)

m—2
Then, since (M, g) is harmonic-Einstein, in particular we have that

T=0

and that S¥ is constant, hence (3.2.28) vanishes. As regards (3.2.24]), again using the fact that
de(X) = 0 we reduce it to

(DS,)"w = 20— 5 [wr(p) + Vxr(p)], (3.2.29)

and by the fact that harmonic-Einstein manifolds have vanishing tension field, (3.2.28) is equal to
zero in turn, thus proving the thesis. O

We now give a partial converse to Proposition [3.16

Proposition 3.17. Let (M, g) be a compact manifold of dimension m > 3 with boundary OM # @.
Assume that X is a conformal, non-Killing vector field on M satisfying X € kerdy and suppose
that w = div X s a solution of the system (3.1.15)). Furthermore, assume that

(X,vy <0 on oM (3.2.30)

where v is the outward unit normal to OM and that, for some v € C*°(M),

(X,Vv) >divX on a dense subset of M. (3.2.31)
Then
Ric? = &£
TR (3.2.32)
() = 0,

that is, (M, g) is harmonic-FEinstein.
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Remark 3.18. Note that w # 0 since X is non-Killing and Proposition [3.1] implies that S¥ is
constant.

Proof. Since w satisfies the first equation in (3.1.15)), it satisfies (DS,)*w = 0. Using the fact that
X € kerdy, we consider the expression in (3.2.28)) together with constancy of S¥ to get

m m m
0 =wT;; 7XtTZ~ — X'T,. 7X¢Ti .
v j+m72 j’t+m72 ¢ tj+mf2 grit

Contracting with 7;; and using the symmetry of 7" and conformality of X we obtain

m m m
0= wlTP 4 5 oy X VITP) o+ s XiT Ty 4 5 X T =
m 2m
= w|T)? X, VIT|?) + =" X!T,.T; =
WITP o g g (6 VITP) 4 S XU T
2 m 2 m t i
m 2
= w|T|? X,VIT? + ——w|T|?
WITP + 5o s (X VITP) + = wlT P,
that is )
0= |T|*div(X) + 5<X, V|T)?). (3.2.33)

For any ¢ € C%(M), using (3.2.33]) we have
div (¢|T)*PX) = ¢|T|* div X + (X, V|T|?) + |T|*(X, V¢) =
= —|T>div X + |T)*(X, V).

Choosing 1 = e and integrating on M we obtain
/ e’ |T1* (X, v) = / IT|?((X, V) — div X)e"
oM M

Thus (3.2.31]) and (3.2.30) imply that T'= 0 on M, that is, the first equation in (3.2.32)). We now

show that ¢ is harmonic. Towards this aim, we observe that in the present assumptions it holds
(13.2.29)):

(DS,)*w =2«

T [wr(e) + (Vr(p), X)) (3.2.34)

Since (DS,)*w = 0 from (3.1.15)), in orthonormal components we have
0 = wef; + i X°.
Contracting with the tension field ¢}, and using w = div X we get
1
0=|7(p)]*divX + (X V|r(p)]?). (3.2.35)
Then, for any v € C?(M) we have
div(P| () X) = ¥|7(9)] div X + (X, V|7()*) + 7 ()| *(X, Vi) =

= —|r(0)|* div X + [(9) (X, V).

With the choice of ¥ = e? similarly to what we did above, integrating we deduce that 7(p) =0. O

Before moving on towards the proof of Theorem we present two similar results in the
compact case that make use of the expression for (DS)’(*g,w)w given in Lemma , when w is
the divergence of a conformal vector field on (M, g), but relaxing the hypothesis of X belonging
to the kernel of the tangent map dy. More specifically, we will assume that Lx (¢*gn) = ¥g for
some constant or function . This condition is obviously satisfied in case Lx(¢*gn) = 0. This
happens for instance when the image of the covariant derivative VY : TM — TN of the vector field
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Y =dp(X): M — TN is orthogonal to the image of dp : TM — T'N. In particular this is true
if Y =0, that is, X € kerdp. Assuming conformality of X, another case in which this condition
holds is that where ¢ : (M, g) — (N, gn) is a weakly conformal map, that is, *gny = wg for some
0 <w e C*(M). In this case it is satisfied with the choice of ¥ = (X, Vw) + (2/m)w div X.

If we are in presence of a vacuum static structure, under some additional assumptions we have:

Proposition 3.19. Let (M, g) be a compact Riemannian manifold without boundary, ¢ : (M, g) —
(N, gn) a smooth map and a € R\ {0} a coupling constant. Suppose that M supports a conformal,
non-Killing vector field X such that

a) Lx(p"gn) = g for some ¢ € C>(M)

b) the function w = div X is a solution of

{Hessw — (Aw)g —wRic? =0 (3.2.36)

wr(p) + dp(Vw) =0
¢) (X,Vw) <0 on {u=0}.
Then (M, g) is a round sphere and ¢ is constant.

Proof. We know from Proposition that, if w is a nontrivial solution of (3.2.36)), then S¥ is
constant. Then, exploiting the expression in (3.2.23)), we have

m m do|?
0= LxT+wT + alx go*gN—@g ,
m—2 m— 2

which under hypothesis (a), since

2
Lx(|dgl*g) = |de[i Xig + [dpl” —wg

= [(¢i @i e Xk + 20705 Xi ]9 = trg(Lxp*gn)g = mipg,

reduces to m m
0= m_2£XT+wT— ?awg. (3.2.37)
Tracing the latter we obtain
m2

0= —70&#,
which yields ¢ = 0, i.e.

Lxe*gn =0.
Therefore, again from 7 -

0= LxT+wT.
m — 2

Then we proceed as in the proof of Proposition to show that it holds (3.2.33)), that is
1
0= |TPw + 3 (X, VITP?),

from which we obtain that 1 1
0=3 div(|T]2X) + §|T|2w.

Let ©Q be any connected component of {w # 0}. Suppose, to fix ideas, that £ is a connected
component of {w > 0}. Integrating the above identity over  and applying the divergence theorem
(note that 0 is contained in {w = 0}, which is a regular level set for w, and that the outward
pointing normal on 09 is —Vw/|Vw|)

T2
0< / w\T|2:—/ div(|T[2X) :/ 1T % ww) <0
Q Q o0 |Vwl
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where the last inequality follows by the assumption that (X, Vw) < 0 on {w = 0} D 99Q. Hence,
the integral of w|T|? over Q must vanish, and since w > 0 on 2 we infer that 7' = 0 on . If
Q is a connected component of {w < 0} then a similar argument shows that the integral over Q
of the non-positive function w|T'|> vanishes (note that in this case the outward normal on 99 is
Vw/|Vw|) and again we deduce that T'= 0 on Q. Hence, T = 0 on the dense set {w # 0} and by
continuity we get that 7'= 0 on M. But then w is a non-constant solution of
Hessw + Lw =0
m(m — 1)

where S¥ > 0 is constant, and by a classical theorem of Obata we conclude that (M, g) is a round
sphere of constant sectional curvature mS“’. In particular, the scalar curvature S of (M, g)

equals S¥, so aldp|? =S —S¥ =0 on M and ¢ is constant. O
On the other hand, if we are on a harmonic-Einstein manifold, we have:

Proposition 3.20. Let (M,g) be a compact Riemannian manifold without boundary, harmonic-
FEinstein with respect to ¢ : (M,g9) — (N,gn) and o € R\ {0}. Suppose that M supports a
conformal, non-Killing vector field X such that

Lx(¢*gn) = g for some 1 € R.
Then (M, g) is isometric to the round sphere and p is constant.

Proof. Let us consider the expression for (DSy)*w, where w = div X, in (3.2.23). Since (M, g) is
harmonic-Einstein, it reduces to

m

(DSy)*w = —a——

. 1
Lx(9"gn — 5ldelg)

that, from the hypothesis, is
(DSy)*w = a%zﬁg.

Substituting the expression for (DSy)*w and using the fact that
S
Ric¥ = —y,
m

we have
S¢

tess(u) = ( -

Now, from [37, Theorem 2], we have that (M, g) must be isometric to a sphere of constant sectional
curvature ﬁil), and hence a|dp|?> = S — 89 = 0, from which we deduce that ¢ must be
constant. 0

m
m(m — 1) W aQw) g

Let us come back to the steps in the direction of proving Theorem [3.12] The last ingredient is
the following formula for the differential of F x:

Lemma 3.21. Let (M, go) and (N,gn) be Riemannian manifolds, where m = dim M > 3, and
let o : (M, g0) — (N,gn) be smooth. Then, given the functional Fx defined as in , for
a vector field X on M which is conformal Killing with respect to go, its differential in (go, o)
evaluated in (h,v) € T'(S3(M)) x T'(p*TN) takes the form

m—2

(DFx) g (hs0) = 5= /M (((D8)*(div X), (,v)) = (div X) - DS(h,v) )aV

1
+/ 5((G, —2a7(p)), (h, v))(X,¥)dA
oM 2
1
+/ o (—thswfwixi + hrei i Xi — v§ i X + Ua(ngi)j> v;dA, (3.2.38)
oM

where (, ) stands for either the inner product on Sa(M) x @*TN or the metric g on M.
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Proof. In order to prove (3.2.38)), it is convenient to separate

(DFX)(QOWO) = (DQFX)(QU#PO) + (D<PFX)(907<PO)

as we did to evaluate DS in Lemma [3.7

We thus begin to find an expression for (DyFx) y- To this aim, we first rewrite Fx(g) as

(90,0
Fx(g) = ont G(X, l/)dA = /M le(G(X, ))dV = /M(GUXl)]dV = /M(Gij7in + GiniJ)dV.

Then, considering a curve g : (—e,e) — M such that g(0) = go and §(0) = h,

d

dt

Fx(g) = /M ((Gi.j,j)Xi + Gij i (Xi) + (Gij) Xij + Gij(X.i,j))dV+

0
+/ (Gij,in + Gini}j)dV. (3239)
M

We begin by evaluating the variation of G;;: from (1.4.6) and (1.4.12) for the variation of the
scalar curvature and of the components of the Ricci tensor,

Gij = Rij — %552‘3‘ —a % . <90*9N(€u€j) - ;w*gzv(es,es)%)
= %(hsi,js + hgjis — Pss,ij — Rijss) — tha — Ry;al ;(hst,st — hss,it — Rsthst)
+a(pfpial + pipta; — %w;‘cp?hstéij)
= (oo P — oy — hijas) — Rl = Rt — L (hatse — han — Bihar).

Contracting with X, ;, symmetrizing in the indices (since G” is symmetric) and exploiting the fact
that it is conformal with respect to g,

: 1. 1 .
GijXij = iGij(Xi,j +Xji) = . tr(G) div(X)

1 m .
- % [(hst,ts - ss Sttt Rsthst) 2 (hst,st ss tt — Rsthst) le(X)
m—2
= — 2m le(X)(hst’st ss tt — RsthSt)

Hence
m —

GijXij=— 2 div(X)D,S(h). (3.2.40)
We then consider X, which doesn’t vary under g, so that

X'=(0(X)) = 0'(X) = a} X7, (3.2.41)
and we can then compute XZ ;: differentiating in t the defining equation

X, ;07 =dX; — Xp0F

We have . . . . . . . . .

Xi 07 + X jal0" = dX; — Xp0F — X3.0F = (X;) ;607 — X,.0F,
where we made use of the relation defining the coefficients of the covariant derivative of X;. At
this point, we substitute (3.2.41)), (1.4.10) and contract with e; to obtain

Xi,j = le-ykaf + (a};,ij + asz,j) — Xk(ef)J
1 .
o Xk (hkji = hijn + ak; — af;)
) 1 1
= Xk,ja}c — Xi,kaf + §thij,k + §Xk(hki,j — hkj,i)-

= —X;pai + (af, ; Xp + af Xpj) —
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Next, we can contract with the p-Einstein tensor and symmetrize to get

) 1 . )
GijXij = Gij5(Xig + Xja)
1 . _
= §Gz—j(in,ka§ = Xjpay + Xpjap, + Xpaaf, + Xphijx)

Next, we use the conformality of X and the divergence theorem in order to have it expressed in
terms of LxG:

. 1 ) 2 ) ) 2 .
Gini,j = §Gij(—Xi’ka;? — X]"kaf — ijkafc + % le(X)(sjkCL}C — Xi,kagc + E le(X)(Slkai)

1 1 .
+5(Gij Xuhij)i — 5(GijnXe + Gij div(X))hi
1 1 , 1 1 .
—5 (G Xiphij + Gij Xjehws) + —Gijhij div(X) + 5(Gij Xhij)k — 5 (GigpXe + Gij div(X))ha

1 m— 2
= —i(thXt,ihij + Gt Xe jhji + Gij e Xk) —

_ 1
5 Gighig div(X) + 2 (Gij Xuhij ).

In other terms,
. 1 m—2 1.
Gini,j = <*§£XG — W le(X)G, h> + 5 le(<G, h>X) (3242)

Next, we consider
@ L Lo a a L e a  a
Gijj =R — 551- = §Si —aplie | — isi = —apf; o5 (3.2.43)

As for the term Gijﬁin, we have
Gij i Xi = —ap;of Xpaj, (3.2.44)

whereas for Gij,in we first have to compute G.(ijhj. To this aim, we consider dy, which doesn’t
change under the variation of the metric. Hence

0=dp =0 ® E, + ¢fal6 @ E,,

yielding .
@i = —pjaj. (3.2.45)

Afterwards, similarly to what we did for X; ;, from (1.3.2)
95 = (Aol — of0F + Glwp)(é;) + (Ao — 85 — oRbr + piwp)(e;)

a -a 1 a i
= —phal + (&7); — 3%k(hkji = hijge + aj ; — ai ;)

—phak — (phal); — %@Z(hkj,i — hijk + aj,; —a; ;)
= —phal — ofak + %@%hij,k - %(hkm‘ + hui ),
where we have used . Tracing,
@i = —p5ihi; + %@%hss,k — Pihujj- (3.2.46)
Therefore, using and we have
GijiXi = —a(@hel X + ot X;) =

a 1 a a a a, a_ j
= —a[(—wsthst + §<thss,k — Prhiji)ei — @zz@jaf]Xi (3.2.47)
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We are now able to substitute (3.2.40)), (3.2.42)), (3.2.43)), (3.2.44) and (3.2.47) into (3.2.39), re-
calling from Remark [3.9] that

v = 1trg(h)olv ;

2
d a 1 a a a a a.j
7 Fx(g9) = { - O‘((_‘psthst + iwkhs&k — Phhj )i — @zﬂpjai)Xi
0 M
) -2 1 -2 1
— apfpi Xpay, — mn - div(X)DyS(h) + <—§£XG - m2m div(X)G, h) + 3 div({G, h}X)]dV—i—
1 1
+ / *(*Oécp;'j(p?Xi + *Gij(XiJ + Xm-))hssdv
2 2
1
= / {— (=@l ihi + 3 ¥kss — Prbij,i) e X
M
m—2 . 1 m—2 . 1.,
— T div(X)DyS(h) + (—5Lx G = = div(X)G, h) + 5 div((G, h>X)}dV+
1 m — 2
—(— a X, — * di
+ /M 2( gy Xi o S? div(X))hssdV

At this point we can use the divergence theorem on the terms

« 1
_5(90(I$<P?Xihss)k + 5@(@&@?& + Otph Xi + 05t X k) hss

Y4 oa 1 a ,.a 1 1 :
= =5 (PRl Xihaa)i + Sa(pl et Xi + S Lx|dpl* + —|dpl* div(X)) has

1
_a§<p(]éhss,k:90z{lXi -

(0%

a a 1 a a 1
=3 (i Xihss )i + 3Pk i Xihss + Za(ﬁxldwl%st + |de(Lxg)st)hst

a a a 1 a a 1
= —5(%%% Xihss)r + 5 Wk Xihss + Za<£X(|d%0\29)7 h)

and

a(iihig + rhigi)ei Xi = alerei Xiheg)j — aloiel; Xiheg + ewf X jhig)
= a(prei Xihk;)j — %a(@z¢?iXihkj + ©F ki Xihkj + @rei Xijhi; + 0507 Xi khij)
= ol Xihij)j — %Mﬁxw*gm h)

and substitute to get
d

dt

1 1 1 .
Fulo) = [ [a( = 5lebet X+ J(Ex(doPo).b) + (oot Xihny); = 5 (Lx¢"on. b))
0 M
m—2 m—2
?div(X —
yren S¥ div(X)hss

+ %div((G, h)X)]dV

m— 2

div(X)D,S(h) + (—%EXG - div(X)G, )

= [ (-~ 3@ e (6, 0) + adivihie" gy (X, ) + 5 (G X))
M

m— 2 . 1 * 1 2 m—2 © 1:
— TS div(X)D,S(h) + ( — saLx¢gy + jaLx(ldel’g) — =87 div(X)g
1 m—2 ..
— 5LxG— T dw(X)G,hﬂdv.
We now replace instead of G the p-Einstein tensor T" exploiting the relation
1 1 1 -2
G =Ric¥ —=8¥g=T+ —85%g— -S¥g=T — mn S¥g,
2 m 2 m
which yields also
LxG = LxT— "2 1 (5%g) = £xT — "2 x(5%)g — "~ 2.5 div(X)
xG = Lx om =X g9) = Lx om g m2 v 9,
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into the previous expression to obtain

d 1 . N . N 1 .
Gl Px@ = [ [(= aivere o (X, )7) + adivla(e gy (X, ) + 5 div((G, 1) X))
0 M
m—2 1 m— 2 m—2
_ 3 _ R Y Y di
2 div(X)D,S(h) +( SEXT + =X (5%)g + T =57 div(X)g
m—2 (m—2)% . o Mm=2 1 . 1 9
~m div(X)T + Wdlv(X)S 9= 4 S?div(X)g — iaﬁx(ap gN — 5\dg0| g)]dV.
Simplifying and by (3.2.23)), we arrive to
d L i . ‘ o (h(o* 88 1 Ly
= Fx() = | (= gativiih)e on(X,)) + adiv(h(e*gn (X, ), ) + 5 div(G, h) X))
0 M
m—2 w1 .
+ 5= (((DgS) (div(X)), h) — DyS(h) dw(X))} av.

(3.2.48)

We now turn to D,Fx. To this purpose, we consider a curve ¢ : (—¢,e) — P such that
©(0) = po and with the same setting as Proposition We again rewrite, as above,

Fx(s.)= [ GX0)dd= /M div(G(X, )V,

which, in local orthonormal coordinates, is
Fx(g,¢) = / (G4 X;);dV = / (Gij i Xi + Gi; Xi 5)dV,
M M

that by (3.2.43) and the conformality of X we can write, for every t € (—e,¢), as

m—2
2m

Fx(g,¢) = / ( — apl0f Xi — S? div(X))dV.
M

We now exploit (1.4.20]) and (1.4.21)) to get

d a a C a a a a a
a|, T = /M ( — a(vl + VR b0 0t — b jwi (v) et Xi — apl; (v — Ghwp (v))X;
0
m— 2 .
~ 5 D,S(W) dw(X))dv

a a c a a a m— 2 .
= /M (— a(Ujj + NRbcd@gv'SO?)% Xi — a0 Xy — WDsoS(U) dlv(X))dV,

Next, we use the divergence theorem on the quantities
vl Xi = (0§97 Xi)j — (v (i Xi);); + v (0 Xi) 35

and
@08 Xi = (V9§ Xi)i — v 955 Xi — vpf; div(X),

and substitute into the expression for d/dt(Fx) in order to obtain

d
7| Fx = /M (_ a((vfeiXi); — (v (9§ Xa)5); + v (9§ Xi)j5 + YRabeav 950§ X
0
. m—2 .
+ (079§ Xi)i — v, X — v, div(X)) — WDSDS(U) le(X))dV.
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Substituting (3.2.24)), we come to

d CHt XY — (0 (0% X)) — (v%% X ).
4| Fx - (=560, = 07(01X0,); - e X0 219
* m27;12(<(Dw5‘)*(div()())7v> — Dy,S(v) diV(X)))dV

To conclude, formula (3.2.38|) follows putting together (3.2.48) and (3.2.49)), and then using the

divergence theorem. O

Proof of Theorem[3.13 (i). First, we notice that DS|g, = 0 by the very definition of Q;. More-
over, from the condition d¢(v) = dpo(v), we infer that (by considering a variation with respect to
the map ¢, and using (1.4.18)), the elements v € T,,, P of the projection onto the second component
of T(go’%)Ql must satisfy

V,v =0,

which in components reads as
a —
vy v = 0.

If we also remark that (h,v) = (0,0) at OM as elements of Ty, ,,)Q1 and, we can write (3.2.38)
as

(DFX) (gop0) (s 0) = mT_nQ /M ((DS)*(div X), (h, v))dV.

Therefore, assuming that (DS, o))" (div X) = 0, then (DF x|o, )(go,p0) = 0-
In order to show the converse, we claim that, for every variation (g, ¢:) of (go, po), there exists a
conformal deformation of g,

gt = utm_QQt
for some u; € C°(M) satisfying
ug=1on M
and
Ut = 1 on 8M,

such that the p-scalar curvature S(g:, ) is constant in ¢ - and hence constant, in our assumptions.
To see this, we recall that, denoting with S(¢) = S(§:) and S(t) = S(g¢)

m—+2

A m—1
m—2 — —4—Au.
S’(t)u S(t)u — U

Since um 7 |dey |2 = |d@;|2, we then have

m+2 A

m—1
SPum=—2 = S(t)u —4——A
" (Bu m—_2 -

where S’“’(t) = 8(Gt, pr) and ¥ = S¥(t) = S(gt, ¢r).
Thus, repeating the same argument of [25], Proposition 1], using the positivity of the first eigenvalue
of (m—1)A+ 5%, u; exists at least for ¢ small enough and is smooth in t. Moreover, its derivative

satisfies A
h=4(0) = ——(0)g(0) + h, (3.2.50)

where h = %‘ 0 9- Now, we choose arbitrary (il, v) with compact support inside M \ M, in order
to satisfy V,v =0 on 9M. Then, by the condition (3.2.12)), since 4(0) = 0 on OM

m . m
T LxT — div(X)T — ——

. » 1
trg, ((DS)*(dlvg0 X)) = trg, ( Lx (90 gN — 2|dg029)> =0.

Therefore, by (3.2.23)), substituting (3.2.50)) into (3.2.38)) yields

(DFx) (go.00) (s v) = mT_nQ /M ((DS)*(div X), (h,v))dV.
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Assuming that (DFx|g,) (40,40
(ii). Under the assumption of X € ker(dyp), (3.2.38) becomes

) = 0, we readily obtain that div X € ker(DS){, -

(DFX) (g0,00) (h0) = mT;Q /M (<(D3)*(div X), (hyv)) — (divX) - DS(h,v))dV
+ / S((C.~207(0)), (h, ) (X, 1)dA (3:251)
oM

Supposing that (go, o) is harmonic-Einstein, then by Proposition [3.16] which holds under the
condition X € ker(dy), div X € ker(DS){, ), hence (DFx[g,)(go,p0) = 0 by (3-2.51).

(90,0
To show the partial converse to this, we first notice that, by (i), divX € ker(DS)E*q0 00)" There-

fore, repeating the same construction of (i), for any (h,v) € I'(Sy(M) x @*TN), imposing that

(DFx19,)(g0,00) = 0 yields, by (3.2.51)),

0= /8 (G =207 () (b o)) (X, A

Now, taking any extension f of (X,v) and considering (h,v) = f(G, —2a7(p0)),
(IGI” + 40 |7(0) ") (X, 1)* = 0 on DM,

hence, from the hypotheses we can apply Proposition to conclude that (go, po) is harmonic-
Einstein. O

3.3 -static spaces and closed conformal vector fields

In this section we will investigate -static spaces in presence of a closed conformal vector field X
on (M, g). A closed conformal vector field is a conformal vector field such that the corresponding
1-form is closed. From the first structure equations and the Cartan lemma, it is easy to see that
it is equivalent to the symmetricity of the tensor V.X. Hence, since X is also conformal, it must
satisfy

1
VX’ = —div(X)g,
m

which can be written in local orthonormal components as
1
Xi,j = EX&S&U. (331)

As we will show, the presence of such vector field, plus some additional assumptions relating the
vector field to the map ¢ : M — (N, gn), will affect the geometry of the regular level sets of w.
Namely, our goal is to prove the following Theorem:

Theorem 3.22. Let (M, g) be a complete Riemannian manifold of dimension m > 2 admitting a
closed conformal non-killing vector field X, and let ¢ : (M,g) — (N,gn) be a smooth harmonic
map such that *gn(X,-) = AX", A € R, and

S¥ —aA
Ric? (X, X) # 222 |X|2 on M.
m
In addition, suppose that w # O satisfies the p-static equation

o A S
{Hess(w) =w <R1c m—19) (33.2)
wt(p) + dp(Vw) = 0.
Then every reqular level set of w is harmonic Einstein with respect to the restriction of ¢ (which
is constant along the flow of Vw) and to the same coupling constant o # 0. Moreover, if X has at
least one zero, then @ is constant and (M, g) is isometric to either R™ or S™ equipped with some
rotationally symmetric metric with respect to the poles coinciding with the zeroes of X.
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A key ingredient is a result of Montiel [27, Proposition 2], stated below, which characterizes
the local (or global, in some cases) geometry of a Riemannian manifold (M, g) admitting a non-
Killing closed conformal vector field X. In particular, (M, g) is forced to be either locally a warped
product, or a rotationally symmetric metric on R™ or S, depending on the number of zeroes of
X. We will combine this with Proposition [3.23] that will provide us a formula from which we will
deduce (under some further hypotheses) that Vw and X are indeed parallel. This will enable us
to compare the local geometry of the level surface of w to that of the leaves of X, at least when
Vw # 0, and conclude (exploiting ) that the leaves have the -Ricci tensor proportional
to the metric. Then, by the fact that ¢ is assumed to be harmonic, we conclude that also the
restriction to the leaves is harmonic, from which it follows the Einstein-harmonicity of such leaves.
We begin with the following

Proposition 3.23. Let (M, (,)) be a p-static space of dimension m > 2 and let X be a closed
conformal vector field on M such that X is an eigenvector of ¢*gn relative to a constant eigenvalue
A. Let w be a solution to the vacuum-static equation (3.1.14). Then

©
(X(divX) + (% + a)\)|X|2> (1X[2Vw — X (w)X) =0 on M. (3.3.3)
Proof. Let us set
1
Yp=—divX (3.3.4)
m
so that (3.3.1)) simply writes
Xij = ¢dij. (3.3.5)

We covariantly differentiate the latter to obtain
Xijk = Yibij.
Skew-symmetrizing in the last two indices, by the Ricci equations we get
X Ryije = Xijr — Xigj = Yu0ij — V;0ik. (3.3.6)
Tracing on 7 and k yields the relation
XiRi = —(m — 1)1y (3.3.7)
On the other hand, by contracting with X; we deduce that
VX = 1 X (3.3.8)
Contracting again with X, we have
|X|°Vep = X (1) X. (3.3.9)

We now compute
V(X (w)) and Hess(X (w)).

Using (3.3.7)), the hypothesis
©*gn(X) = AX", NeR, (3.3.10)

and (3.3.5) we have

S¢
(Xsws)i = Xgiws + Xwg; = Yw; + wX°RE, — 71in
m —

o)
= Yw; — (m — Dwyh; — adwX; — Lin
m—1

Covariantly differentiating the latter and using again (3.3.5) we obtain

S% S¥

(Xsws)ij = z/;jwi—i-wwij—(m—l)iji—(m—l)wij —a)\iji—a)\wéij — o leXi— 1
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At this point, we skew symmetrize the latter obtaining that,

S¥ S%
iji — (m — 1)wj1/)i — Oé)\iji — 711]in = wiwj - (m — l)wﬂ/)j — a/\win — 7’(1)in.
m—1 ' m—1
which can be simplified to
S¥ S¥
miji — Oé)\w]‘Xi — U)in = mwiwj — Oé)\win — win. (3.3.11)

m—1 -1

Next we use ([3.3.9) into the right hand side of (3.3.11]) multiplied by |X|? to obtain

S S
TTL|X|21,ZJZ’UJ] — (m + OZ)\) ‘X|2’U)ZXJ = mX(w)Xiwj — (m + Oé)\)|X‘2XJU)Z

Similarly with the left hand side of

m|X|*w; — (% + o)) | X Pw; Xy = mX () Xjw; — (% + ) [ X [P Xiw;.
By we then deduce the equality

mX () X;w; — (% + o) | X P X jw; = mX () Xjw; — (% + o)) | X P Xw;

so that multiplying by X* we deduce

S‘P
mX ()| X [Pw; — (m + ) [ X2 X (w)X; =

©
=mX ()X (w)X; — (% + o)) | X [*w;. (3.3.12)
Rearranging (|3.3.12]) we infer
S¥
(X(div X)+ (== +a) \X|2) (1X 2w, — X (w)X;) =0,

that is, (3.3.3). O

In the next Proposition, making an assumption on Ric¥ evaluated at X, we can guarantee the
proportionality between X and Vw:

Proposition 3.24. In the assumptions of Proposition[3.23 let
A=Z(X)={ze M : X, #0}.
If, denoting the traceless -Ricci tensor as T,
T(X,X) # —%(p*gN(X,X) on A, (3.3.13)

then
|X[*Vw — X(w)X =0 on M. (3.3.14)

Proof. By (3.3.7) and ({3.3.10)),

® ®
T(X, X) = Ric(X, X) — ag*gy (X, X) = 2C|XP = —(m — )X () — aA[X[> — 2| X[,
m m

Therefore, condition (3.3.13]) reads as

m—1

X (X)) - D £ a

—AlX?
m
that, rearranging, is

5%
X(div(X)) + (m + )| X[ £0.
By (3.3.3), we then deduce that, if X # 0, then

|X|?Vw — X (w)X = 0.

On the other hand, if X = 0 then the latter expression is already zero, thus proving (3.3.14). O
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We here recall the result of Montiel concerning manifolds admitting closed conformal vector
fields:

Proposition 3.25 ([27], Proposition 2). Let (M,g) be a complete Riemannian manifold of di-
mension m > 2 admitting a nontrivial closed conformal vector field X. Then, X has at most two
zeroes and, depending on the number of zeroes of X, the following alternatives hold:

(a) If X has no zeroes, then the universal cover of (M,g) is a warped product R x,, P, where P
is a complete simply connected riemannian manifold of dimension m — 1 and h is a function
defined on R. Moreover, h is invariant by the action of the projection of the group of deck
isometries into Iso(R) and X is the projection on M of h(s)0s.

(b) If X has one zero, then M = R™ and g is a rotationally invariant metric expressed in terms
of polar coordinates, on R™ \ {0} = RT x S™~1 5 (r,v), as
g = dr® + h(r)?do?

m—1»

where do?,_; is the round metric of curvature one on S™~1 and h is the positive restriction
to RT of an odd differentiable function with h'(0) = 1. Moreover, X (r,v) = h(r)v.

(c) If X has two zeroes, then M = S™ and g is a rotationally invariant metric That is, con-
sidering the two antipodal zeroes of X {a,—a} € S™ C R™*! and given the relative polar
coordinates (0,p) € (0,7) x S™~1, S™=1 C S™ being the equator relative to the poles {a, —a},
such that S™\ {a, —a} 3 x = acos(d) + psin(h),

g = d6* + h(0)*do?

m—1°

Here do2,_, denotes again the round metric of curvature one on S™~', whereas h is the
positive restriction to (0,7) of a 2m-periodic odd differentiable function with h'(0) = 1. In
addition, X = f(0)(asin(f) — pcos(9)).

Having in hand the former Theorem, we can in any case split locally (M, g) (having removed
the possible zeroes of X) as a warped product g = ds® + h(s)?gp, where X = h(s)ds. Before
moving on towards the proof of Theorem [3.22] it is then convenient to express the ¢-Ricci tensor
of (M, g) with respect to the ¢-Ricci tensor of a slice (where we consider the restriction of ¢ to
the slice for the definition of the y-Ricci tensor on (P,gp)) and h. Notice that the hypothesis
of Proposition [3.23| on X being an eigenvector of the pullback of gy reads locally as s being an
eigenvector relative to the same eigenvalue.

Lemma 3.26. Let (M, g) be a warped product M = I x, P, where I is a complete flat 1-dimensional
manifold, with the warped product metric g = ds® + h(s)?gp, where h : I — R is smooth and gp is
a metric on the (m — 1)-dimensional manifold P. Let us consider also a smooth map ¢ : (M, g) —
(N, gn), assuming that Os is an eigenvalue of @*gn relative to a constant eigenvalue \, and denote
with ¢ = ¢|p,, for a slice P, = {s} x P,s € I. Then, letting Ric® and Ric? be the @-Ricci tensor
relative to the same a # 0 of (M, g) and (Ps, gp) respectively, it holds

Ric? = Ric? —((m — 2)(Wh™ )2 + K"h")h%gp — (m — DR~ + aX)0' ® 0'  on Ps. (3.3.15)

Proof. Let us consider an orthonormal base for (P, gp) given by éi, i = 2...m. The corresponding
orthonormal base on (M, g) is given by

0! = ds,
0" = ho',
where for the easy of notation we have omitted the pullbacks. Let us compute the connection forms

07, s,t =1,...,m, of (M,g) with respect to those of (P, gp), which we denote with é; Using the
first structure equations we have

—0L N 0® = dot = d(ds) =0, (3.3.16)
—0L NO* = df" = d(h0") = h'h 10" — 0 A 67 (3.3.17)
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Evaluating (3.3.16) on (e;, e;) we get
(63); = (65)s, (3.3.18)

J
whereas evaluating (3.3.17) on (e;, ex) yields
(05 = 05)(ex) = (6}, — 6)(e))-

Denoting with b, = (6% — é;-)(ek) since they are by construction antisymmetric on i and j and by
the above equation also symmetric on j and k, they are easily shown to be 0. As a consequence,

evaluating (3.3.17) on (-, e;) gives
0F — 0% = (6}),;0" — W'h15;;0"
By (3.3.18)), skew-symmetrizing the latter we obtain
05 =0, (3.3.19)
whereas symmetrizing we infer that _ '
0F = h'h e (3.3.20)
We can now compute the curvature forms by means of the second structure equations. Exploiting

(13.3.20), we have
—0L N0+ 08 =doi = d(WhT0Y) = (W' — (WA )0 A0T — KR8 A 67,
which can be simplified, using (3.3.20)), to
Of = (h"h™ — (Wh™H2)0' A0" — W' R10% A 6L
Substituting again , it reduces to
e, =n"n"to' NO".
As for the other curvature forms, we make use of to obtain
O} = do + 0% A 05 = b + 0% A 0
=Oh+ 05 A0Y =0% — (Wh™")%0 N oY

At the level of components of the curvature tensor Rj,, = OF(ey,e€,), the above relations read as

Riji1 =0; (3.3.21)
Rikr = —h"h ™ 0 (3.3.22)
Rijie = h™*Rijig — (Wh™1)2 (6051 — 6udjn.). (3.3.23)

Tracing, we obtain
Riy=—(m—1)h"n" Y
Ry = 0;
Riy, = Rishs = —h"h™ 05 + h ™Ry, — (Wh™1)2(m — 2)83
=h 2Ry, — ((m = 2)(Wh™")? + "B 1) dyy..
In global notation, we can write (again omitting the pullbacks)
Ric = Ric, —((m — 2)(R'h™")* + KA )h*gp — (m — 1)~ '0" ® 6, (3.3.24)

where Ricg denotes the Ricci tensor of (Ps,gp). As for ¢*gn, we notice that, assuming 95 to be
an eigenvector relative to A, then it can be written as

prgn = A" @ 60" + 7 g,
and hence, by , (omitting the pullback 7* as above)
Ric —ap*gny = Ric —a(\0' @ 6" + $p*gn)
= Ric? —((m —2)(Wh™1)2 + h"h " )h2gp — ((m — DR"A™! + a))o' @ 0,
that is, . O]
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Let us now consider the tension field of ¢ : (Ps,gp) — (N, gn) and express it with respect to
the tension field of ¢:

Lemma 3.27. In the same setting of Lemma|3.26,, we have that
(@) = h*(7(p) — Vdp(8s, 85) — (m — 1) b~ dp(9y)). (3.3.25)

Proof. In components along an adapted orthonormal frame as in the proof of Lemma we have,
fori=2...m,

@i = w(dp(é:)) = w(dp(hei)|p,) = hef

Differentiating on Ps, recalling that h depends only on s, we have (¢ varying on 1...m)

Py-

GL07 = dp — 207 + Gl wy
= hdp{ — hg}0! + he)o*wy
= hdg — hg 0} + holo*wy + helo]
= h67 — W'}’

where we have used (3.3.19) and (3.3.20). Hence

5y = h* (el — W™ i), (3.3.26)
Tracing on ¢ and 7,

7(p) = h*( Z Vdp(es,e) — (m — D)A'h~rdp(er)),

1=2...m

and therefore
() = h*(1(p) — Vdgp(er, e1) — (m — 1)h'h ™ dgp(er)),

that is, (3.3.25). O

We now have all the ingredients to prove the following Proposition, inspecting the local geometry
of the leaves of the foliation of X:

Proposition 3.28. Let ¢ : (M,g) — (N,gn) be a smooth map between Riemannian manifolds
and let X be a nontrivial closed conformal vector field on X such that

©*gn(X,) =AX", AeR

and, when X # 0,
!
T(X,X) # 2" gn (X, X). (3.3.27)

Assume also that (3.3.2)) admits a solution w # 0. Then the metric g on M\ {p : X, = 0} splits
locally as a warped product I xp P,

g =ds® + h(s)’gp,
and on every slice Py where w # 0, w is constant, the p-Ricci tensor satisfies

©
Ric? — (%h'h—l n %)iﬂgp - ((m C DR+ a)\)el ® o' (3.3.28)

and ¢ = @|p, is conservative. Moreover, if it holds
X
Vde(X, X) = — (1(50) + (m— 1)¢> deo(X) (3.3.29)

then (Ps, gp) is harmonic-Finstein with respect to ¢ (and the same « as that of (M, g)).
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Proof. Making use of the same notation of the previous propositions and lemmas, by Proposition
we have, in coordinates, where X # 0,

X(w)
Ws = WXw
meaning that Vw is parallel to X whenever it does not vanish. Let us denote with p = )‘()((T;)

Then,
Xs,tws + Xswst X( )

N 2
- \);PX (o5 - “’%5‘“) -2
= ‘;ﬁ%Xt + == \X|2 (X Ry — aX 0507 — %Xt)
X7 (W)((ﬁQ) e ”‘”)f)?f;) LT = 1w)Xt-

As a consequence, when computing the hessian of w we have

W = prXs + pd)ést

__ 1 yX(w) X () I
= ‘X|2< ‘X|2 (m 1)11) |X|2 + adw + m—lw)Xth+p¢55t'
Substituting the first in (3.3.2)),
. 1 /X (w) X (1) ge b X (w) G
© _ _ pA(w) K
e ‘XP( xp TR et T w) XX+ X2 ")

We can now make some substitutions in local adapted coordinates as in so that
h = |X|a h' = ¢7

and
X’ = ho',

resulting in
»
wRic? = (w h~th + me )6:;0° ® 67 — (m — 1)wh"h™" + adw)d' ® 6
»
= (wih™'H + w%)thp — ((m = 1)wh"h™ " + adw)d' @ 6",

which readily gives (3.3.28)). We can now combine the latter with the expression for Ricf in (3.3.15))
in order to get

. ©
Ric? = (%h’h + %iﬂ + (m —2)(W)? +h'h)gp. (3.3.30)

As a consequence, since w locally depends only on s, we see that the proportionality function is
constant on P, and hence S¢ is constant. Moreover,

N 1 o
Rf,j = 37 =~ =0

meaning that ¢ is conservative.
Let us suppose that it holds (3.3.29)). Then, in the local orthonormal frame adapted to the warped
product, the condition reads as

Vdp(ds, ) = — (% ¥ (m— 1)h/h*1) ().
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By the second in (3.3.2)
1
(o) = —Edga(Vw) = —;dw(as)

and we thus have
Vdp(0s,0s) = 7(¢) — (m — l)h'h*1d¢(8s).

Substituting into (3.3.25]), we have that

and thus (Ps, gp) is harmonic-Einstein.
O

Remark 3.29. The condition ([3.3.29)) is true when one assumes that the map doesn’t depend on
the flow of X. Indeed, this means that, in the adapted frame

dp(9s) =0
or, in local components,
¢1 =0,
and hence
i1 = def(er) — pibi(er) + Pip*wi(er) = 0.
Thus

Vdp(0s,0s) =0
and (3.3.29)) is satisfied.

If w is non-constant, this is equivalent to requiring that ¢ is harmonic. Indeed, in this case the
critical points of w are a zero measure set - otherwise, if the critical set of w contains an open
set, then w would be locally constant and hence constant by the unique continuation principle.
Therefore, from the second in we get, dividing by p, that

de(X) =0

on the points where Vw # 0 and hence on all M by continuity. The converse is true again by the
second in (3.3.2]) and by the fact that the critical points are at most a zero measure set.

With the help of the Previous proposition, we are able to prove the main theorem of this section:

Proof of Theorem[3.22. Let ¢ # 0 be a regular value for w, and denote with ¥, = {z € M :
w(x) = ¢} the corresponding (possibly disconnected) regular level set. Then, from the hypotheses
and applying Proposition we have that Vw and X are proportional to each other when
X # 0, leading to the fact that locally the level set coincides with a leave of the distribution of X.
Moreover, a regular level set of w cannot contain any zero of X, since the zeroes of X are at most
two by Proposition [3.25] and they constitute separate leaves of the distribution. Therefore, from
Proposition [3.28] 3. is globally a disjoint union of leaves of X, which are harmonic-Einstein with
respect to the metric gp and hence with respect to the restriction of the metric g to each leaf F,,
p € M such that w(p) = ¢, of the foliation of X. Indeed, g|r, = h%gp but h? is constant on JF,
(and therefore locally constant on 3.).

As for ¢ = 0, we already know by Proposition [3.]] that Xy is a regular level set and that it
is the union of totally geodesic hypersurfaces on M. Moreover, for each p € ¥( there exists a
neighbourhood U, such that Vw # 0. As a consequence, we can consider equation on the
adapted frame as above, which gives

RS =0, fori#j >2;
Rf = (Bwh 4 55 i

By this, we have that Ric” is diagonal on X. N U, and there exists the limit

lim “2hht = B(p).

T—p W
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Therefore, by (3.3.30) and by continuity we have

. g%
Ric? = (Bh% + — 1h2 +(m—2)('h )2 + " h Ygp.

From this and by the fact that, given (3.3.25)) and the harmonicity of the map (and the fact that,

as a consequence, dp(X) = 0), it holds

7(¢) =0 on X,

it follows that (o, gp) is harmonic-Einstein and hence, arguing as above, (2, g|s,) is harmonic-
Einstein as well.

To conclude, we show that if X has one or two zeroes then ¢ must be constant. To see this, let us
consider any two points p; and pa of M where X # 0 and p € M where X, = 0. Since ¢ is constant
along the flow of X - see the previous remark - and hence along the s-curves, taking two such curves
originating from p and going to p; and py respectively we see that ¢(p1) = p(p) = p(p2). As a
consequence, in this case the connected components of the regular level sets of w are Einstein. [

Remark 3.30. As far as condition (|3.3.13|) is concerned, from which follows that Vw and X are
proportional one another, in the local notation of the splitting as a warped product it is equivalent
to requiring that

h + i +ar|h#£0
mfla #0.

By converse, supposing that this doesn’t hold on an open set A, then h (and therefore X) on A
has a specific expression:

h(s):A< _(Tf¢1+aA)s>+B<— —(ﬂf*"1+aA)s> it 2 4 a) <0,
h(s)=As+ B ifms—fl—i—a)\:O,

h(s) = Asin <,/ (nffl —i—a)\)s) + Bcos (,/ (nffl —i—a)\)s) if ms—fl +aX >0,

where A, B are some real constants. A special case is when

g%
Ric? = —y,
m

meaning that both Vw and X are closed conformal vector fields on M, which leads to more
symmetry on the metric, provided that Vw and X are not proportional. This is the case, for
instance, of constant sectional curvature metrics. This means that Vw and X are forced to be
proportional only if there is a “preferred coordinate” that differs from the others.
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