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Energy in Fourth-Order Gravity

R. Avalos®, J. H. Lira and N. Marque

Abstract. In this paper we make a detailed analysis of conservation prin-
ciples in the context of a family of fourth-order gravitational theories
generated via a quadratic Lagrangian. In particular, we focus on the as-
sociated notion of energy and start a program related to its study. We
also exhibit examples of solutions which provide intuitions about this no-
tion of energy which allows us to interpret it, and introduce several study
cases where its analysis seems tractable. Finally, positive energy theorems
are presented in restricted situations.
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1. Introduction

In the last decades there has been an increasingly rich interaction between
problems arising naturally in the context of general relativity (GR) with deep
problems in differential geometry and geometric analysis. Many rely on the
initial value formulation of this theory. It was through the remarkable work
of Choquet-Bruhat that it was shown that, in most situations of interest in
physics, the Einstein equations can be formulated as a hyperbolic system for
initial data satisfying certain geometric constraint equations [26] (see [28] for
updated discussions on this topic). This led to plenty of research related both
to the Einstein constraint equations (ECEs) as well as to the evolution of
initial data. Both these problems are translated into geometric partial differ-
ential equation (PDE) problems. In particular, the analysis of the ECEs is in-
trinsically related to scalar curvature prescription problems and, for instance,
their conformal formulation is intrinsically connected to the Yamabe prob-
lem in Riemannian geometry (see, for instance, [30,42,63-65,69,86-88] and
references therein). Furthermore, stability issues related to both generic and
special solutions are natural problems arising in physics, which have proven
to be connected to stability questions in Riemannian geometry and produced
rich results in geometric analysis [6,14,51,52]. Along the same lines, producing
suitable initial data through gluing techniques has proven to be a valuable tool
with deep impact for both mathematics and physics [33-37,70,71].

Another area of extremely fruitful interaction between these fields, and
which is more directly linked to this work, is related to the analysis of con-
served quantities in GR, namely, the analysis of the so-called ADM charges,
which describe the conserved total energy-momenta of isolated gravitational
systems [7,95] (see [22,31,75] for modern reviews on this topic). Here, isolated
is supposed to mean that there is a good control of the asymptotic behaviour
of the fields at space-infinity, which is mathematically modelled by imposing
that the ends E; of the manifold M"™ — V = M™ x R have a specific model
structure, and where we have denoted by V our (globally hyperbolic) (n 4+ 1)-
dimensional space-time and by M = M x {t = 0} a fixed t = cte hypersurface.
The simplest case, and maybe the easiest to motivate, is when the ends Fj
are asymptotically Euclidean (AE), which means that E; = R"\B, where B
denotes some closed ball in R™, and the fields are supposed to decay at infinity
at specific rates. A natural problem in this context, which turned out to be
highly non-trivial, is the non-negativity of the associated ADM mass of such
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systems. Most notably, the resolution of this problem turned out to be a funda-
mental result for the resolution of the Yamabe problem in the early 80’s, which
was open in the so-called Yamabe-positive case in dimensions three, four and
five, and also in the locally conformally flat case, until the remarkable work of
Schoen in [97], where the author noted that the resolution of the positive mass
conjecture in GR would imply the final resolution of the Yamabe problem in
these open cases (see also [76] for a review in this topic).

In the above context, Schoen and Yau proved the positive mass theorem
in the contexts needed for the resolution of the Yamabe problem in [98,99].
These results led to plenty of interesting mathematical developments on their
own right. In particular, Witten provided a proof of the same result for spin
manifolds in [107], which itself led to plenty of mathematical research (see, for
instance, [13]). Furthermore, the Schoen-Yau proof, which did not demand any
additional topological assumption proved to be difficult to extend to arbitrary
dimensions because of its relation to minimal surfaces. This was generalised
in [48] to cover the cases of dimensions n < 7 (see also references in [48]). In
the last few years, this problem has continued to develop plenty of interest
and at least two different proofs of the general result have been announced by
Schoen-Yau [100] and Lokhamp [78,79]. Other related results concerning the
analysis of the ADM energy can be found in [22,75].

Let us now stress that not only the ADM energy/mass has proven to
be very interesting objects from the analytic view point, but, for instance,
also the ADM centre of mass (COM) has been shown to have very subtle and
interesting properties. Just to name a few, it was noted by Huisken and Yau
that it is related to geometric foliations of infinity [67], at least in special cases,
and this led to several generalisations such as [23,47,91,92]. It should be noted
that some of these works are related to physical questions on the interpretation
of the COM, its dynamical properties and appropriate hypotheses that allow
it to be well-defined, just to name a few.

Taking into consideration all the above history of rich connections be-
tween GR and deep mathematical problems, let us now draw our attention to
certain modifications of GR which have also been proposed in the last several
decades. Namely, let us focus on higher-order gravitational theories. These
are models which modify the Einstein equations by adding some higher-order
modifications, which typically arise by modifying the Einstein-Hilbert action
and incorporating, for instance, quadratic terms in the curvature tensor. Such
modifications have a long and rich history in physics, having been explored
extensively within the physics literature, and remain as objects of intensive
study. In particular, in classical four-dimensional GR, addition of certain qua-
dratic terms to GR has proven to produce theories better suited to standard
approaches of quantization [66,103]. Furthermore, the addition of a quadratic
term in the scalar curvature in the Einstein-Hilbert action is related to the
so-called Starobinsky inflationary model [102]. Also, several other motivations
for the analysis of these theories can be found within effective field theory
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approaches to GR [21,45,104]; low energy limits of string theory [108]; the so-
called conformal gravity proposal [83]; low-dimensional gravity (such as mas-
sive gravity) [38,39] as well as other approaches to both classical and quantum
gravity [72,82].

Since our aim is not to judge whether or not any of the above models
are successful descriptions of the associated phenomena they are meant to de-
scribe, we refer the reader to the above references and references therein for
more information related to such questions. On the other hand, our intention
is to explore the links that such higher derivative theories have with natu-
ral higher-order problems in geometric analysis. In particular, higher-order
problems have also received plenty of attention in geometric analysis (see,
for instance, [18,19,24,54,94]) as can be seen notably in @Q-curvature analysis
(see [43,44,49,55,56,58-60,68,90] and references therein). Nevertheless, to the
best of our knowledge no clear connection seems to have been made between
these two areas of research. In particular, based on the fruitful relation between
GR and classical problems in geometry that was briefly described above, we
do not think it would be surprising to find such connections. Thus, our aim is
to take this paper as the starting point of a project related to the translation
of certain classical problems in mathematical GR to these higher-order theo-
ries, with special emphasis in the potential connections with existing problems
within geometric analysis. In particular, we will devote this first step to a de-
tailed analysis of conservation principles in this context, which relates to very
well-known literature within physics. By the end we will make contact with
appropriate energy notions arising in this frame which relate to well-known Q-
curvature positive mass theorems, which have proven essential in Q)-curvature
analysis (see [56,59,60,68]). This link is explored in detail in a related paper
(see, [10]).

With all the above in mind, let us fix our attention to the following
type of gravitational theories. Consider a globally hyperbolic space-time (V =
M x R, g), and a functional of the form

S(5) = /V (R + f(Ricy, Ricy)) V. (1)

where a and 3 are free parameters of the problem. In order to make sense of
the above functional, let us assume that the class of metrics here considered
are such that Rg and (Ricg, Ricg) are integrable. Then, the functional § —
S(g) is well-defined and we have an L2-gradient for this functional, given by
Ay € D(T9V), which is explicitly given by

1 _
1 1
where the contraction Ricy Riemg is on the first and third indexes (see the

appendix for our curvature convention). As was described in detail above,
the analysis of (1) is well-motivated within contemporary theoretical physics.
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We have explicitly omitted the second-order term arising from the Einstein-
Hilbert action, since, as was explained above, our intention is to make contact
with fourth-order geometric problems. Nevertheless, it is worth highlighting
that models such as four-dimensional conformal gravity are contained in this
analysis.

On the geometric side, the critical points of (1) solve a set of fourth-
order geometric partial differential equations (PDEs), as can be seen from (2).
These equations are, in principle at least, amenable to the same geometric
PDE treatment as the Einstein equations, which is to say the analysis of the
Cauchy problem associated to A; = 0. In particular, the main arguments
on how the fourth-order system arising from Az = 0 can be rewritten as
a larger fully coupled second-order system of nonlinear wave equations with
constraints on the initial data have been laid out in [93]. Along these lines,
problems such as optimum regularity and geometric uniqueness remain open,
and, most importantly, the analysis of the associated constraint system remains
completely open to the best of our knowledge. While we intend to address
some of these problems in upcoming work, in this paper we will concentrate in
the analysis of conservation principles associated to the space-time equations
Az = 0.

In view of the analysis related to conserved quantities in GR, we should
stress that there are different ways of finding these under the presence of as-
ymptotic symmetries (see, for instance, [1,8,16,17,40,61,77,95,105] and [62]
for a review on this topic). Nevertheless, not all these approaches translate
equally well to other Lagrangian theories. One method that does, is the one
described in [1,40] (see also [27] for a more mathematically oriented presen-
tation). This approach relies on the analysis of small perturbations of solu-
tions with special symmetries, and using such symmetries to produce con-
served quantities of the perturbed solutions. All this depends crucially on the
contracted Bianchi identities, which give rise to a linearised version of these
local conservation laws. From the diffeomorphism invariance of geometric La-
grangian theories, we know that they obey a version of these local conservation
principles which will allow us to follow the same path towards a good notion
of energy for these theories. This kind of analysis has been exploited by several
authors to study conserved quantities associated to higher-order gravitational
theories (see, for instance, [38,39,41,74,80,81], and [3] for a review on this
topic).

Along the lines of the above paragraph, after some preliminary prepara-
tions, in Sect. 3, we will apply this construction to the space-time equations
(2). This analysis will be done taking into consideration several analytic de-
tails that, although important for our purposes, have not been fully addressed
in current literature to the best of our knowledge. In particular, we will con-
sider space-times with AE ends, but weaken traditional definitions so as to,
in principle, admit more flexible asymptotic conditions in our analysis, which
can be better suited to this problem. Then, given an A-flat metric § possessing
a Killing field &, we will see that for any A-flat perturbed metric § = g + A,
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there is a locally conserved 1-form Pﬁ(f ,h), such that if P obeys certain L!-
integrability conditions, then

Eaplg) = /M<7’§(£, ORI 3)

is conserved through evolution, where § stands for the induced Riemannian
metric on M by g and 7 stands for the g-future pointing unit normal to M (see
Proposition 3.1). Clearly, when ¢ is time-like, this becomes natural notion of
energy to be attached to g. In physics literature, such conserved quantities are
typically expressed through some charge computed as a boundary integral at
space-like infinity. Because of the local conservation law that P obeys, this can
be seen to be the case in orientable manifolds (see Proposition 3.2), implying
the existence of a 2-form Qz(¢, h) satistying

where §; = d* stands for the co-differential operator acting on differential
forms. The existence of such superpotential is known from the work of Deser
and Tekin when (V, ) is taken to be a maximally symmetric space [40]. For
our purposes this is not strong enough, and therefore through Propositions 3.3
and 3.4 we will prove that this holds without any addition symmetry assump-
tions around arbitrary Einstein solutions § which possess a Killing field £ obey-
ing appropriate asymptotic conditions, and provide the corresponding formu-
lae. To end this section, we will provide an explicit expression for the leading
order of the energy density when computed on a perturbation g of a Ricci-
flat asymptotically Minkowskian (in an appropriate sense, see Definition 2.4)
solution g, which is given in rectangular coordinates near infinity by

. 3 i .. N
-9, V) |t=0 = <2ﬁ + 204) (0j0i0i9aa — 0j0u0igui) V7 + g (0iGji — 03§is) 7

3
2
— (B + 20)0;§iit” + 2(B + 20)0;0;X;07 + O1(r~ T+ 73),

(4)
where N and X stand for the initial values of the lapse and shift functions
associated to the space-time decomposition of g; X = 0 X |i=0; § = 0%gi—o;
U stands for outward-pointing g-unit normal vector field to a hypersurface
S — M sufficiently far away in the ends of M and 7 describes the order of
decay of g at infinity, while 7 controls the behaviour of § at infinity. In the
above, we simplified notations for the 2-form Q;(¢, ) applied to the vectors
7 and © by dropping the dependancy on the model metric, the Killing field
and the perturbation. It should be highlighted that this explicit ADM-type
expression is very useful for our analysis, since it makes contact with suitable
decaying assumptions and, more importantly, with geometric objects directly
linked to these expression (for instance, see Sect. 6 for a clear link with Q-
curvature). The above expressions motivate our definition of energy given in
Definition 3.3. This definition clearly suggests several issues to be analysed,

+ o (0:05%: — 0:0.X;) 07 + (5 + 20)0,0,0N
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two of which are the existence of examples that provide good intuitions and
the rigidity which should be associated to the vanishing of the energy (see
Remark 3.6). These two issues are explored in the following sections.

Concerning the first of the above two mentioned problems, borrowing
ideas from GR, these type of intuitions are typically achieved by looking at
specially simple solutions of our theory where we can interpret the results
straightforwardly. In GR, this can be done by testing the appropriate notion
of energy on highly symmetrical solutions modelling isolated systems, which
can be computed explicitly, such as Schwarzschild, Kerr, Schwarzschild de Sit-
ter (SdS), and anti-de Sitter (SAdS) solutions. Let us notice that in dimension
four, it has been observed for instance in [40] that under certain decay assump-
tions of the solutions, higher-order notions of energy do not produce any new
contributions (notice that this could be deduced explicitly from (4)). Never-
theless, this depends strongly on the asymptotic behaviour of the solutions,
and because of the higher-order nature of the theory, one could easily expect
that in highly symmetrical cases we may find new solutions with decays nat-
urally suited to produce contributions to these higher-order notions of energy,
for instance through weaker decaying solutions which accompany new integra-
tion constants. In other words, the natural decay assumptions which are known
from GR may not be the appropriate ones in this context. All this will be anal-
ysed in detail in Sect. 4, where we will present classifications of 4-dimensional
exterior static spherically symmetric A-flat solutions in two complementary
cases.

The first of the above cases is for arbitrary « and 3, but for exterior
solutions in Schwarzschild form, while the second case is for the special case of
3a+ 8 = 0 (which corresponds to the conformally invariant case) and without
the Schwarzschild form restriction. These kinds of classifications have repeat-
edly appeared in physics literature (specially for the conformal case), where
similar results seem to have been rediscovered several times [15,46,50,84,96].
We would like to draw the reader’s attention specially to [50] which seems to
contain most of the subsequent results and is, to the best of our knowledge,
the original reference. These comments in particular apply to the so-called
Mannheim-Kazanas solution [84], to which we will refer to as the FSMK-
solution, which has been extensively analysed in the context of conformal grav-
ity. Nevertheless, it seems to be that the resurgences of these results happened
without reference to previous results which were closely related. Thus, we will
use this opportunity to compile the existing results available to our knowledge
and, to the benefit of the reader, provide a self-contained independent proof
which, in order to save time and space associated to long computations, will be
computer assisted. In particular, we will make an analysis which is well-suited
for our purposes, exploring some global aspects of these classifications which,
up to the best of our knowledge, have not been previously analysed explicitly.
The final result of this analysis can be compiled as follows (see Proposition 4.1
and Theorem 4.1):
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Proposition. Assume that (V,g) is a 4-dimensional A-flat exterior static spher-
ically symmetric space in Schwarzschild form. Assume further that 3a+ (3 # 0.
Then, 1) If 3 = 0, then g is either a Schwarzschild-de Sitter (or SAdS) met-
ric or a Reissner-Nordstrom metric. 2) If 8 # 0 then g is a Schwarzschild-de
Sitter (or SAdS) metric.

In order to address the 3a+ 3 = 0, let us first draw the reader’s attention
to the FSMK family of solutions, which is given by metrics of the form®

R 1
g(m7 A, :U/) = _NZ(T)dt2 + N(T)QdTQ + TZQS%
A
N%(r)=1—3mu — % + p(3mp — 2)r — 572, (5)

where m, ;1 and A are constants parametrising the family. Let us highlight that
all the static spherically symmetric Bach-flat space-time metrics in Schwarzsch-
ild form belong to the family of metrics given by (5). In particular, depending
on the values of m, ;1 and A these solutions are defined either for r € (r_,r),
with 0 < r_ < rp < o0, or for all » > r,, with r, depending on m, u and
A. The precise combination for each of these cases is given in Proposition 4.2.
In particular, we can find combinations with A = 0 which allow for exterior

[e]
solution defined for all r > r.. We will refer to these exterior solutions as (V/, 5)

o]
and write generically N2 = ¢; — % + cor, for constants ¢, co and m > 0.
Let us highlight that the constant which accompanies the linear term

o

in IV possesses some interpretations within the context of conformal gravity,
being related to a flattening effect in the rotation curves of galaxies, which, in
that context, has been proposed as an alternative to conventional dark matter
explanations. Interestingly enough, and aligned with previous comments con-
cerning the asymptotics of interesting solutions to these higher-order theories,
we can prove the following (see theorem 4.1).

Theorem A. The fourth-order energy of the solution (V, 5) is well-defined and
given by Eq,—3a (5) = 8macs.

This theorem is part of a series of results presented in this paper which
show that the energies £, 3 can be nicely interpreted in several cases and
positivity as well as rigidity statements seem to be attainable in different limits
(see Corollary 3.2, Theorem 5.1 and the discussion in Sect. 6).

We will close the 3ac + 3 = 0 classification by presenting the following
results, which compiles results presented in several papers in current literature
(see [15,46,50,84,96]).

Theorem. Any 4-dimensional exterior static spherically symmetric Bach-flat
space-time (V, g) is almost conformally Einstein. More specifically, any static
spherically symmetric Bach-flat space-time is almost conformal to a subset of
a Schwarzschild-de Sitter (or SAdS) space-time or to go = — cos® xdT? +dx? +

gsz.

1We are parametrising these solutions in a convenient form for our purposes.
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In the above theorem, by almost conformal we mean that in (V,g) there
may be topological spheres which separate connected regions which are glob-
ally conformal to one of the above model spaces. Let us also notice that the
famous FSMK-solution is contained in the SAS/SAdS conformal families (see
Proposition 4.2 for details of the domains of definition depending on the values
of the parameters.)

The above two results (specially with the assistance of Proposition 4.2),
show us that appealing to highly symmetrical solutions to the fourth-order
equations to provide good intuition for £, g, although useful, is quite limited.
Thus, in Sect. 5 we will drop these symmetry assumptions and build implicit
Einstein 4-dimensional metrics via the evolution of initial data which explicitly
break time reversal symmetry, and do not impose any a priori spatial symmetry
for the solutions. Furthermore, the kind of initial data that we will deal with is
AE in a weaker sense which we refer to as AAE, where A > 0 stands for some
fixed cosmological constant (see Definition 5.1). In particular, in an appropriate
sense, these initial data sets are asymptotically umbilical, which makes their
decay weaker.? These kinds of initial data sets appear to us to be well motivated
by physical arguments laid out in detail in Sect. 5. In particular, the breaking
of time-symmetry produced by the presence of a positive cosmological constant
seems to be aligned with cosmological models, and the same holds true for our
asymptotic umbilicity hypothesis. Thus, we regard such AAE initial data sets
as appropriate models for isolated systems in an expanding (or contracting)
cosmological background. Such solutions may deserve further analysis on their
right in the context of GR, and we refer the reader to the beginning of Sect. 5
for further details. Let us draw the attention of the interested reader to [11],
where initial data construction for these types of initial data sets has been
done, and, also, it has been explained how they can be used to incorporate
the presence of a positive cosmological constant in accurate models such as
Schwarzschild’s solution. Furthermore, the analysis of the energy &£, over
these solutions is also well-motivated by Corollary 3.2. In this context, and for
these specific type of solutions, we will address two questions which were posed
above. Namely, what does the fourth-order energy measure and the rigidity
properties associated to the leading order of (4) (see Theorem 5.1). Associated
to these questions, below we present the main analytic results of this paper.

Theorem B. Let (V4,5) be an Einstein space-time generated by AAE initial
data I of order T with R, € L'(M3,dV,). Then, the following statements
follow:

1. If g is asymptotically Schwarzschild, then the fourth-order energy (17) is
well-defined for general values of o and . Furthermore if A > 0; a < 0
and 3 > —%a, then £4,5(g) > 0. Additionally, if Rg > 0 and 3 > —%a,
then € 5(g) = 0 iff (M, g) = (R3,).

?Notice that the Einstein constraint equations imply that A-vacuum initial data sets, with
A > 0, cannot be AE according to standard definitions.
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2. In the special case 2ac+ (3 = 0, the fourth-order energy is well-defined for
T > 1. If, additionally, Ry > 0; A > 0 and a < 0, then £y —24(g) > 0
with equality holding iff (M, g) = (R3,.).

The above theorem proves that looking for positive energy theorems and
good interpretations of the fourth-order energy for appropriate classes of A-
flat spaces is a sensible program, even in dimension four. Although it is not
the main theme of this paper, the potential physical implications of positive
energy theorems of the above type could be an interesting topic for higher-
order models of gravitational phenomena.

It is worth explicitly pointing out that, besides the physical motivations
commented above, considering these fourth-order energies on second-order
type solutions has been also motivated by comparison with the Willmore prob-
lem in Riemannian geometry. Indeed, in that case, the study of the trivial
second-order solutions in the fourth-order context has revealed the existence
of bubbling phenomena specific to the fourth-order problem [85]. With this
paradigm in mind, it is natural to study Einstein metrics as A-flat space-times
to understand their behaviours with respect to these new degrees of liberty.
This can explicitly be seen to be the case within Corollary 5.1, where we anal-
yse conformally Einstein solutions, which are known to be Bach-flat, and thus
are fourth-order solutions relevant for the case 3a + § = 0. In particular, one
can then see how the analysis of Theorem B and Theorem C provides us with
enough tools to analyse the energy of these new fourth-order solutions without
symmetry assumptions.

As is usual when dealing with asymptotic charges related to geometric
invariants, one would like to know that such quantities are in some appropriate
sense independent of the asymptotic coordinate systems. We address this issue
in the specific cases treated in the above theorem and prove an analogous
invariance property to that known for the ADM energy, for instance from [13].3
Let us notice that in our case there is one further subtlety associated to the
explicit dependence of £, g on the space-time observers, which manifests itself
in (4) via the dependence on the (N, X) initial data. Such a dependence is
also known to hold for the ADM energy in GR, although in that case it might
be less explicit (see, for instance, [32, Chapter 1, Sect. 1.1.3]). In that context,
the above theorem actually refers to the energy measured by a set of canonical
observers whose flow lines are orthogonal to the initial Cauchy surface. We
shall therefore analyse the invariance of the energy studied in Theorem B
both for observers asymptotic to the canonical ones as well as with respect to
the asymptotic coordinate systems. This leads us to the following result.

Theorem C. Under the same hypotheses as in Theorem B, given a AAFE initial
data set and two asymptotic observers O1 and Os of orders p > %, if we denote

the energies associated to them by 8&%), i=1,2, then
O1) /- Os) /—
Eai (9) = €. (@).

ai ai

3Such invariance property has been analysed in other important limiting cases in [10]
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Furthermore, if ¢z, ¢y : M\K +— R3\B1(0) are two asymptotic charts where
g is of order T, Ty > "772, respectively, and where the general hypotheses of
Theorem B are satisfied, then the value of 5;96") is the same for both coordinate
systems.

Let us comment that the proof of the above theorem requires one to
analyse certain gauge conditions for the Cauchy problem in GR in a general
manner (in particular, without imposing zero initial data for the shift vector).
We refer the interested reader to Lemma 5.1 for further useful details.

Finally, our last main conclusion in this paper will be the introduction
of a distinguished limiting case, which deserves its own treatment. This is the
case of fourth-order solutions which are stationary. In these cases, and for
the (recurrently) special choice of 2a + 8 = 0, the energy associated to these
solutions is given by

5,17_20[(‘{7) = —a lim (ajaiaz-gaa — 8](?”8191“) ﬁjdwr.
T—00 S’::L—l

Let us notice that the appearance and recognition of the above limiting case
is a direct product of accumulated work in this paper: it only becomes natural
after (4) has been found and others have been studied. In particular, the
existence of positivity/rigidity statements such as Theorems B and C is key
to provide some evidence that the fourth-order energy &, g is well-behaved
in these natural cases. In this Riemannian setting, interestingly enough, the
energy density is explicitly related to AyzR, which is the leading-order term
of the Q-curvature associated to g. In a related paper, the first two authors
and P. Laurain proved a positive energy theorem for this case under natural
geometric assumptions (and for « < 0) and showed how this positive energy
theorem relates to Q-curvature analysis in very much a parallel way in which
the Schoen-Yau positive mass theorems relate to scalar curvature analysis
(see [10]).

Remarks. Since the publication of the original preprint version, the first and
third authors have worked on exploiting this fourth-order energy in the static
case to obtain a fourth-order rigidity result linked to @-curvature [9]. The
energy we here study has thus been shown to provide insights on the role of
fourth-order curvatures on a Riemannian manifold.

2. Preliminaries

In this section we will collect some necessary definitions and results which will
be useful in the core of this paper.

2.1. Analytical preliminaries

In order to introduce conserved quantities for solutions to the equations Az =
0, we will consider solutions which can be treated as perturbations of some
fixed solution §, where the latter possesses some continuous symmetry, which
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induces a conservation principle. In order to obtain such conservation princi-
ples, we will appeal to the analysis of the linearised operator DA; : By +— Ba,
associated to the tensor field A seen as a map g — Ay € Bs for Lorentzian
metrics g € By, where By, By are appropriately chosen functional spaces.

Although quite standard, the above procedure is a little bit more delicate
in our situation where we are considering Lorentzian manifolds (V"1 = M™ x
R, g) with non-compact Cauchy slices M, and, furthermore, where we intend
to admit perturbations of g with asymptotics as flexible as possible. On the
one hand, computing directional derivatives %A(g + Ah)|a=o for arbitrary
h € By can become tricky for geometric objects, such as A, since the curve
gx = g+ Ah can degenerate and make them ill-defined. On the other hand,
choosing natural function spaces in this case where g is indefinite can be a
subtle issue.

Concerning the last of the above problems, under mild assumptions on
M we can naturally introduce useful norms on V. = M x [0,7T]. Consider
that M is complete with a smooth Riemannian metric e of bounded geom-
etry. Then, consider the Riemannian metric é = dt ® dt + e on V. Now, let
T ¢ F(T;V) be a space-time tensor field. We can then decompose 7" into a
set of time-dependent space-tensors of ranks i + j,7+ j — 1,--+ ,0 which are
maps [0,T] — T(T}M) for the appropriate [, k. Explicitly, let T € T(T9V),
decompose it as T(© € ([0, T];T(M x R)), T € C7([0, T);T(T*M)) and
T® € Cm([0,T};T(TYM)) given by

7O =T7(8,,9,),
TW(X) =T(9;,X) ¥ X € T(TM),
TA(X,Y)=T(X,Y) V X,Y € [(TM)

Having a preferred norm on (M, e) which controls fields at space-infinity, say
B, we can then topologise these spaces via

lu(D)llser) = sup > [|07u(, )]s
@ te[o,T]kZ:O !

This construction is classical when B stands for some L2-Sobolev space (stan-
dard, uniformly local, or maybe weighted), which are well-suited to prove well-
posedness of (nonlinear) wave equations ([28,29]).

Remark 2.1. The above decomposition, when applied to the space-time Lorent-
zian metric g, gives us g\ = X, §® = g and §(©) = — [Nz — |X|ﬂ7 where g
stands for the induced Riemannian metric on M and N and X stand for the
lapse function and shift vector fields associated to the isometric embedding
(M, g) — (V,g). Let us recall that this lapse-shit decomposition allows us to
write

g = _N2dt2 +gt7
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where g; restricts to the induced Riemannian metric on each M; = M x {t},
that is g¢ = gi;(da’ + X'dt) @ (da? + X7dt), and thus, for any tangent vector
v to My g(v,v) = g¢(v,v) stands for the induced Riemannian metric.

For our purposes, we will have in mind functional spaces such as those
described above, where in particular, for a smooth Lorentzian metric g, we
can impose controls of N, X, g at space-infinity, but it is not necessary to
specify them a priori. On the contrary, we will impose specific decays at space-
like infinity which can be accommodated appealing to different kinds either
uniform or weighted spaces. The idea is to take advantage of this fact so as to
impose decays suited for our specific problems.

Concerning the problem of having well-defined directional derivatives of

geometric objects such as Aj for arbitrary directions h € By, let us first notice
that whenever g, does not degenerate, appealing to certain local considera-
tions, the directional derivatives of sufficiently regular metrics g and perturba-
tions h exist in a pointwise sense (see, for instance, Theorem III.1 in [53], and
also Lemma 3.1 in [89]). Since around any point we can always find an interval
such that gy is non-degenerate, then we conclude that DAj - h is well-defined
around any point in V. Since our analysis will only rely on such pointwise
considerations, this is enough for our purposes. That is, we know that given
any perturbation of a smooth globally hyperbolic space-time (V = M x R, g),
around any point p € V, the directional derivative DAy - h is well-defined
for any h in some (weighted) C*-space such that for any compact Q C V,
h € C*(Q).
Remark 2.2. By topologising the space of (0,2) symmetric tensor fields with
some of the above topologies chosen to be strong enough to provide global C°-
control of g, h € By (T) (for instance using as B; some—potentially weighted—
C*-norm with k sufficiently large), it is not difficult to show that the directional
derivative in an arbitrary direction h € B; is well-defined. If, furthermore, the
Gateauz-differential DAy - h = L A(g + Ah)[x—o is a bounded linear map
DA : By — Ba, then A would actually be C*-Frechét. Again, choosing spaces
with good multiplication properties on M, such that (weighted) C* or Sobolev
spaces can be used to make DAj; a bounded linear map.

Let us now impose a specific structure of infinity for our manifolds M.

Definition 2.1 (Manifolds Euclidean at infinity). A complete n-dimensional
smooth Riemannian manifold (M, e) is called Euclidean at infinity if there
is a compact set K such that M\ K is the disjoint union of a finite number of
open sets U;, such that each U; is diffeomorphic to the exterior of an open ball
in Euclidean space.

We will typically drop dependences on the metric e assuming it fixed once
and for all.

Definition 2.2 (AE manifolds). Let (M, e) be a manifold Euclidean at infinity
and g be a Riemannian metric on M. We will say that (M, g) is asymptotically
Euclidean (AE) of order 7 > 0 with respect to some end coordinate system
® : E; — R™\B, if, in such coordinates, g;; — d;; = O(|z|™7).
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Typically, we will also demand derivatives of the metric to decay at cer-
tain rates, but since such rates can depend on the specific problem at hand,
we will look at these requirements explicitly whenever necessary, without in-
troducing them in the definition of AE manifold. Along these lines, let us
introduce the following distinguished family of AE manifolds.

Definition 2.3 (AS manifolds). We will say that the AE manifold (M", g) is
asymptotically Schwarzschild with respect to some end coordinate system @ :
E; — R™\B, if, in such coordinates there exists ¢ > 0 and m > 0 such that

O O P
gij = a2 ij + Oa(|z] )-

Finally, let us introduce the following definition.

Definition 2.4 (AM space-times). Let (M x [0,T], g) be a regularly sliced glob-
ally hyperbolic manifold, where M is Euclidean at infinity. Thus, let us write
as in remark 2.1 § = — N2dt?+ g; where N stands for the associated lapse func-
tion and g; for a time-dependent Riemannian metric on M. We will say that g
is asymptotically Minkowskian of order 7 > 0 with respect to some end coordi-
nate system @ : E; — R™\ B, if, in such coordinates, g;;(-,t) — §;; = O(|z|~7);
N(,t) —1=0(z|™™) and X; = O(|z|~ "), where X denotes the shift vector
associated to the orthogonal space-time splitting.

In what follows, we will analyse conservation principles for solutions to
Az = 0. We will restrict g to be perturbation of some fixed (smooth) AM
solution § which possesses some (time-like) Killing field €. In this context,
by a perturbation we mean a tensor field h = g — g € By with a behaviour
of g at infinity controlled by that of § and with B; chosen so that all such
perturbations are at least C*.

Finally, before going to main sections of this paper, we will distinguish
a couple of choices of a and (3 which are of special interest. The first one is
guided by the interest in conformal gravity within theoretical physics, while the
second one appears to be particularly amenable to a nice analytic treatment.
This last point will become more transparent by the end of the paper.

2.2. Remarkable Cases

2.2.1. Conformal Gravity. In this section we will show that some values of
a and f induce conformally invariant field equations. These values are the
ones which are consistent with the conformal gravity proposal of [83]. These
considerations can also be found in Sect. IT of [46].

Proposition 2.1. Let (V,g) be a Lorentz manifold of dimension 4. For any
(o, B) satisfying 3a+ =0, Az = 0 is conformally invariant.

Proof. We first assume the manifold is compact, and recall the Chern-Gauss-
Bonnet formula in dimension 4 (we here apply (1) with p = 3 and k = 2
from [12] to apply the formula in a Semi-Riemannian context, see also [25]
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and [5] for the original articles):

1 . 2 .2
N - /V (IRiemy |2 — 4[Ricy |* + B2) dv, (6)
with x(V') a topological invariant.

Let us recall the definition of the Weyl curvature which is the tracefree
part of the Riemannian curvature. In local coordinates, one has:

W? \, = Riem” ,  — — (Rick g — Richgua + Ricy, g5 — Ricungl)
R e o
- m (909 — gf\)guu) :

By design, W?,,, = 0. One can then compute

RZ. (7)

. 2 2 4 . 2
[Riemg|” = [Wy| +E|Rlc§| T am—1)

Injecting (7) with n = 3 into (6) then yields:
3
/ (3 IRicy|? — Rg) v, = 5/ W52 dV; + 4872y (V). (8)
1% %

. p . . . . ~ 2_

However, since the Weyl tensor W IS a conformal invariant, if § = ¢°g,
TP TP TES
one has: W ww =W, In addition:

Wp HAV gprgumg)\lgvnﬁ/rmln
_ 4—4 HUAV
= W, v,

Thus, in a Lorentz manifold of space dimension n, |I/AI~/|2dV;~7 =¢n3 |Wg|2
dVy. The Bach energy

Bach:/ [W;)? dvol,
%

is thus a conformal invariant if and only if n = 3 (space-time dimension: 4).

In the case of a compact Lorentz manifold, since the right-hand side of (8)
is the sum of a conformally invariant and a topologically invariant term, E_ 3x
is a conformal invariant. Its Euler-Lagrange tensor A is thus proportional to
the Euler-Lagrange tensor of the Bach energy i.e. the Bach tensor:

1
By, = [VM + ZRic”’\} Wounws

and the relation A = 0 is necessarily conformally invariant. Here, and in what
follows, V** is a notation to express in a concise manner V*V*. In fact,
tensorial computations show that if « = —1 and § =3, A =6B.

This identity remains true in the non-compact case, as it is a pointwise
tensorial equality. O

Remark 2.3. This situation is reminiscent of the Willmore case, where the
Willmore energy differs from the true conformal invariant by a topological
term (see for instance [106] for an introduction to the Willmore problem). We
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refer the reader to [4] for a striking parallel between Willmore surfaces and
Bach flat spaces, notably in their conformal properties.

2.2.2. Einstein Tensor Formulation. In any globally hyperbolic space-time
(V=M xR, §) we wish to express A; as a function of the Einstein tensor,
Ricy = Gy + 2 g. Thus (2) yields

Ay = B0;Gy + (B+20)05R; § — (2a + B)VZR; + 28G5 Riemy

1 1
+ BRsRic; + 2aRgGy + aRgg — saRig — o f(Ricg, Ricg)sg

RZ 1
_ R2
— (20( + ﬂ) V2Rg - DgRg g — RgGg — ng (9)

Further, we can compute:

R? N
<Rng,R1C§>g — 7{] g‘uu = RngTnggﬂV = GgRnggp‘y

Injecting this into (9) (with the same notation) then allows us to reformulate:

Ag = ﬁ |:|:|gGg + 2Gg (Riemg — Rif!? g):|

— (2a+ )

_ R2
V?R; —UzR; g — RgGy — 4‘(791 . (10)

Thus, when 2a+ 3 = 0, A is an operator whose leading term is Lz Gy:

DgGg + 2G§ (Riemg — Rifg g> = 0

It is interesting to notice that the term Gjy (Riemg - Riff’ g) is tracefree in

space-time dimension 4:

Ricg? Ricg
—uv A . T 91 — A . T 91
g" <GgT (Rlemg o T T 9#!/)) =Gy (Rlemg HM - gﬁ)

— Gy (Ricg? — Ric) =0,

Similarly the Oth-order term in R is tracefree. Thus, tracing (10) yields: O;R; =
0 in dimension 4. If in addition 2a+3 = 0, the Euler-Lagrange equation Az = 0
is:

‘:lgRg - 0

Ricg,
005Gy, +2 (RiemgfW — 4”g,w> Gy =0.
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3. Conservation Principles and Fourth-Order Energy

The type of analysis that we here lead is end-local. We will thus, in the fol-
lowing, consider manifolds with only one end.

3.1. Conservation Principles

The aim of this section is to present a detailed analysis which will lead us
to an appropriate notion of energy for AE solution to A; = 0. As we have
already stated, we will appeal to symmetry principles and their associated
conservation laws as a primary tool. Along these lines, let us start by noticing
that by restricting variations of S(g) to those generated by the flow of smooth
vector fields, we have the well-known local conservation principle

dngAg =0.

The above local conservation identity is a local property of the tensor field Ag
and therefore remains valid for any smooth Lorentzian metric on V' (regardless
of whether M is compact or not). This local conservation principle will imply a
linearised version of the same principle, which we will exploit in order to define
a notion of energy for solutions of the space-time field equations A5 = 0.

Lemma 3.1. Let go be a smooth solution of Az = 0 in space-time. Then, for
any perturbation h, it holds that

divg, (DAg, - h) = 0. (11)
Proof. Notice that for any smooth g
0= dinggu =97 Vo Ay =g (80Avu —I7, A — f;uAV7> ]
=g (O?UAW - ST A, — S;qu) ,

where 57,(9) = I'7,(9) — T, (g0); 7, stands for the connection coefficients
associated to go and °V denotes the covariant derivative operator associated
to go. From the above, and using that Az, = 0; divg, A5, = 0 and S(go) = 0,
we find that

3"V o (DAg, - h),, =0,
which proves the claim. O

The idea will now be to appeal to the linearised conservation identity
presented above in order to analyse perturbations of solutions which present
a time-like Killing field.

Let us begin, as above, assuming the existence of a smooth solution § to
the space-time equations Az = 0. Let £ be a vector field on space-time and
denote P5(&, h) = (DA; - h)(&,-). Then, appealing to (11), it holds that

1 N

We are actually interested in the case where £ produces some continuous sym-
metry of g. Therefore, suppose that ¢ is a g-Killing field which gives us the
following.

diVé(’P@(f,h)) =0. (12)
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From now on, we will only consider asymptotically Minkowskian (AM)
space-times with AE space-slices. In this context, let us introduce the following
definition.

Definition 3.1. Let (M x [0,77],3) be an AM space-time where A; = 0 which
admits a time-like Killing field £. Then, given a compact set K C M the energy
within the compact sets K; = K x {t} C M, associated to a perturbation h of
g is defined by

&K = = [Py 1))V, (13)

where § stands for the induced Riemannian metric on M; by g and n for the
g-future-pointing unit normal to M,.

Following the conventions adopted in the previous section, let us split the
1-form P;(&, h) into a function P and 1-form PM) € I(T* M) defined by

P(O) = < :(gvh)vat>7
PI(Z) = (P;(¢,h), Z) for all Z € T(T*M). (14)

Here, and in the following, we simplify notations and denote a space-time form
and its restriction using the same symbol.

Proposition 3.1. Let (M x [0,T],9) be an AM space-time where A = 0 which

admits a time-like Killing field €. Then, if there exists € > 0 such that P(©), P(1)
= O(r=("*9), the energy (13) over all of M is conserved through evolution.

Proof. Consider a compact set K C M and a vertical cylinder C over K, that
is, C = K x [0,t], and then let us integrate (12) over C so as to get, using
the orientation conventions detailed in the “Appendix 7.1” (more precisely see

(74)):
—/ <7’§(§>h)7n>§dVg+/ (P5(&,h),m)5dV;
K, Ko

—— [Py myar

— / t N(P;(&,h),v);dsd(0K), (15)
0 JOK,

where n stands for the future-pointing unit normal to M; and K; = K x {t}
denotes the compact on the ¢ slice; v for the outward-pointing unit normal to
the lateral boundary L = K x [0,t]; N for the lapse function associated with
g and dOK for the induced volume form on 9K.

We want to present the above formula for all of M, not just compact sub-
sets. In particular, we want to prove that the right-hand side goes to zero as we
move towards infinity in M. Let us denote by g; and P;(, h) the Riemannian
metric and 1-form induced on M, by § and P; (&, h), respectively. Then, since
v is tangent to M we get that

(P&, h),v)g| = [(PD,v)g] < [PW)g = O~ ")) € LN(M, dVj).
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The above implies that near infinity, [(P;(£, h),v)g| = o(r—(n=1),

Let us then consider space compacts K, sufficiently large so that K,
is contained in the ends of M, and then let us chose such K, so that 9K, is
orientable. Let us build such K, such that 0K, = U;S; , where the S} , are Eu-
clidean spheres of radii r sufficiently close to infinity in each end {E}; };\/:#ends.
Integrating in the cylinder C, = K, x [0,T] = Uejo, 7Ky, then yields (15),
where the proximity of the cylindric boundary term to space infinity is quan-
tified by the parameter r, and can thus decay in a controlled manner. Indeed,
denoting by dVj the volume form associated to g in these ends, we see that

det(g
(PW 1) d(0K,) = (PY, v)svadV; = (PD v), det(@), gy,
7\ det(e)
= F(PW,v); vadV.,
where f > 0 is a continuous and bounded function on M. Also, sufficiently near
infinity, in the natural Cartesian end coordinates dV, = dz'* A --- A da". Then,
along each S, ., we get that v.dV, = vo(r"tdr A dw,—1) = ver" tdw, 1,
where dw stands for the canonical volume form on the unit sphere. Then,

<73(1), v)gd(0K,,) = f(P(l), u)QV,«T"_ldwn,l.

Therefore, since [(P5(£, h),v)g| = o(r~™= V) and N =1+0(r~7) with 7 > 0,
it follows that
N

5 ZL 7“"_1|”P\edwn_1 m 0.
Jj=1 Jr

Similarly, consider (P, 7); = N-YP,8—X)y = N1 (P(O) + <77(1),X>§)
€ LY(M,dV;) since N = 14+0(r~7); | X| = O(r~7) and PO, PO € LY(M, dV}).

Therefore, we can pass to the limit in (15), in order to get

| Paemmizavy = [ (pyten)n)av;,
M,

Mo

| / NP, ) d(0K, )
OKy

O

The above proposition provides us with a natural notion for the energy
of space-time solutions to A; = 0 which arise as perturbations of solutions
with time-translational symmetries. Next, we will show how &z (h, M) can be
computed as a boundary term at space-like-infinity. All the conventions for the
operators in the Lorentzian setting are defined in the appendix (see Sect. 7.1).

Proposition 3.2. Let (V = M x R, §) be an orientable AM space-time which
satisfies the hypotheses of Proposition 8.1. Then, there is a 2-form Q5(&, h)
such that P;(&,h) = §;Q5(&, h) and such that the energy is given by

oo

where So, denotes the sphere at infinity.
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Proof. In this proof, we drop the dependency of the corresponding forms on
g, £ and h for simplification. First we notice that divgP =0 <= ;P =
0 <= d(x;P) = 0. But then, since M" x {0} is a deformation retraction
of V.= M"™ x R, their cohomologies agree, and, furthermore, since M" is
non-compact, its top cohomology vanishes (see, for instance, Theorem 11 in
Chapter 9 of [101] and page 279 in the same reference for more details). All
this implies that ;P is exact and thus there is an (n — 1)-form, denoted by
*5;Q, such that *,P = d(*éQ).

Now, consider a neighbourhood 2 of any point p € M and an oriented
g-orthonormal frame of the form {n,eq,--- ,e,}, where n is normal to M and
{e;}™_, is a frame in QN M. Let {6} be its dual frame and write P = P, 0.4
We then get that

J*(¥P) = —Poo JO A - AO",

where J : M — V denotes the inclusion map. In such orthonormal frames
Py = €PY, where € = (n,n); we get that:

T (5P) = ~(Pyn)ydVy.

Therefore we get:

E(Kph)= | J(xP)= [ J(dxQ)= ok, k, (*Q)
K, K, 0K,
where Jyk, K, : OK, — K, denotes the inclusion. From Proposition 3.1 we
know that the limit

E;(M,h) = lim &(K,,h)= lim Tk, x, (¥Q) < 00 (17)
T—00 T—00 a]{yv

exists and is finite. Since M is Euclidean at infinity, we can take advantage that

the ends are diffeomorphic to the exterior of a ball in R™ and integrate over

sequences of spheres the boundary terms, thus using some abuse in notation,

we get that

£:(M,h) = / Q. (18)

Soo
O

Remark 3.1. e In the following we will drop the dependency in g, £ and h
when recalling it is not necessary, in order to lighten notations.

e Following the above arguments, we see that Q (x;Q) is defined up to a
co-exact (exact) form. Nevertheless, notice that this indeterminacy con-
cerning the (n—2)-form *Q does not affect the conserved quantities (18),
since the addition of an exact form to *Q (after pull-back to the bound-
ary) will not produce any contribution when integrated over the compact
boundary 0K,.

4Notations and conventions are detailed in the appendix Sect. 7.1
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Corollary 3.1. Under the same assumptions as in Proposition 3.2, we can
rewrite (16) as

E;(M,h) = — lim Q(n,v)d(0K,).

T JoK,
Proof. Picking some oriented coordinate system, notice that®

*éQ = Z Qyﬁ *§ dl‘y A d.]?ﬁ
v<p
= Z Z Quﬂlu’ﬁuﬁil---i,,_ldxil A A dxin—l’

v<Bi1<<in-1
Let (20, 2!,--- ,2™) be a local normal positively oriented space-time coordinate
system around some point p € 0K, where 9|, = n, and 01|, = v, with n
being the future point normal to M at each time, while v stands to the outward
point normal vector field of 0K as a hypersurface of M;. Also, let J; : My — V
and Jo : 0K, — M; be the natural inclusions. Then, at p, we get

Ji(xQ)p = nguéoj‘ilu.inildl‘il A Adain lps
Sy Ji(xQ)p = leﬂéoul...infldiril A Adpint lps

Notice also that (va(nadV;))p = fagy;,...;. dx™ A~ Adx'n=1], and since our

coordinates are orthonormal at p, we have ﬁ,“, (p) = N = diag(—1,1,---, 1),
and thus it follows that Q" (p) = —Qui(p) = —Q(Dolp,D1lp) = —Qp(n,v).
Thus,

J3J7 (%Q)p = —Qp(n, V)(VJ(anVé))p-
Furthermore, since the last expression is coordinate independent, it holds for
all points in OK. Finally, recalling that (vi(n.dV;)) = d(0K), is the induced

volume form on 0K (once more the notations are clarified for the Lorentz
setting in the appendix Sect. 7.1), we get that

£5(M,h) = — lim Q(n, v)d(IK, ). (19)

r= oK,

O

Remark 3.2. Notice that the condition that guarantees that (19) is well-defined
is that |Q(n, v)| = O(|z|~("=?). This condition is weaker than the one we used
in Proposition 3.1.

Proposition 3.3. Let (M x [0,T],3) be an AM space-time where Az = 0 which
admits a time-like Killing field &. Then, if § is Einstein there is a 2-form
Q;(&,h) € D*(V) such that for any perturbation h it holds that

5The completely antisymmetric symbols Koo are defined by the relation dV§ =
0--an

B3 oo 90 A - AYOn for some positively oriented co-frame {940, ... 9¥n},
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Proof. We will use simplified notations to lighten the formulas and denote §
the background solution around which we linearize. We will use expression
(10) for convenience (the expression as a function of the Einstein curvature
will be more practical given our hypothesis and will simplify the expression as
a function of quantities known in GR):

Ay =B [DQGQW +2 (RiemgTM - P”Z“g#,,) Gi}

— (2a+ )

99 pv

2
V;UJRg - DgRg Guv — R,G - 4‘qguu‘|
= BA,) — 20+ B) A,2).

Let us then assume that g is Einstein. For such a metric to be a solution
of A; =0, one needs A = 0 or n = 3. Thus:

Gy = —Aj
. 2N .
RICQ = mg = Ag
_2(n+ 1A

From (20) we deduce:
VRic; = VG, = VR; = 0. (21)
We consider £ a Killing field, and a perturbation of § of the form: g(e) =
g+¢eh+o(e). Denoting D = | _ (which we will abbreviate to R’ and Ricc’
in those two cases, for conciseness in the final formula), one has:
T 1 /e = K v
D (17,(0) (h) = 5 (Viuhis + Vihyy = V¥h, ) (22)
Then, from (21) we find:
D (VuRy) .h =V, (DRy.h) — D (T%,) .hV,. R,
=V (DRg.h) ==V, (R}.1) (23)
which also implies:
D (O4Regu) b = Oy (RY.h) Gy
Similarly:

2

R
D (RgGgW - 4-"gW> b= —=R}.hAG + 2AR} hiyy + 4ANhy,, + 4G

= AR),.hj,, +4AD (GQW - Agw) h.

Then:

2 R?
D (Ag/g 3) he’ =D (v,ng — Oy Ry = RyGopy = 200 | -hE"
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= Vi (Rg.h) € — O (Rj.h) & — AR D)E,
_4AD (GQW + AgW) hev
= Vo (Vi (Bph) € = V7 (Rph) &+ (Ry:h) V7e,)
— (R h)0gé, — A(RY.D)E,
—4AD (G, + Mgy ) -hE”.
Since ¢ is Killing, one has:
O3 = —Vouf™ = —Riem;” ,_ € = —Ricy, £ = —AE,.

Then, thanks to classical GR theory (which we recall in proposition 3.4
below) we deduce that:

AD (GQW n Agw> € = AD (GQW - (—A)g,w) he” = APSE(,h),,
= AV Q57 (&), (24)
From this, we deduce:
D (4,2)) " = V7 (Vyy (Ryh) & = Vo (Rp:R) & + (Rph) Vg,
+NQGR (¢, h)) . (25)
Let us now consider A(Y). First, with (21) and (22):
D (04Gy,,) h =D (97°V1sGy,, )
~hTV1xGyy, + 57 Ve (D (VG ) )
—D (I, (¢)) .hV G,

9 v

—D (I2,(e)) hV,.Gy,, — D (T2,) AV Ggpu]

9pv -

= §7V- (D (VaGy,, ) )
— Y, {m (Gg' b)) = D (T2,,(e)) kG,
D (T4,(e)) Gy, |
=0; (Gy'-hyw) + AV [D (T2,) hgpw + D (T2,,) hdpp)
=0, (Gy hm,) + AOghyu
=0, (D (Gy,, + Agu) 1) -
Then:
D (Dgagw) her =T [@T (D (Ggw + Ag,w) h) I3
— DGy + M) hV-€7]
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+D (Gglw + Aguu) "
=V [V (D (Gypy + g ) 1) €
- D (GQW + Agw) .hﬁrﬁ"}
_AD (Ggw + Ag;w) e
v [@T (D (Gw + Agu) h) €
— D (G + Agun) AV €
+AQGR (€h)]. (26)

Th
Further:

) . Ric,T y
D {(Rlemg T 45)‘9W) Ggi‘} .h&
/

R..h .
= [—A (Ricg - hyw) + A—2—g,, + A%hw + Riemy” \ D(Gy2)-h

4 9r

20 2 )

/

) Ri.h
= [~AG = A=, — A

Ry

= huw + Riemy”, D(Gg2)-h

9gr
Ry.h .
+ATQNV 3
= —AD Gy, + Agu| h€” + Riemy7,,, D(Gy ). he”.
Thanks to (24), we know how to deal with the first term. Let us then consider:

Riemy’,,, D(Gy)-he” = D(Gy))h (V9,60 = V,76))
(Gg2).hV7,6x

v [D(ng).h%g] v (D(ng).h) V.

In addition, since: V.G, = 0, one has: D (VTGgf\) h=V, (D (Ggf\) h)
+ D (I'7,(e)) .hGgR — D (I, (¢)) -hGj] =0, which means

Vr (D (Gy}) -h) = D (I%,(e)) .hGyy — D (I7,(€)) -hGyh
= —A (D (T75(e)) .h + D (T75()) .h) = 0.

Thus:

Riemg,, D (Gy2) he” = Vo (D (Gyf) hV,e?)

I
<

T (D Gy, + Agr] .W,,g”) . @)
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Injecting (24) and (27) and into the previous computation yields:
Ric,}

D [(RiemgfW - 4gW> ng] he”

— VT (AQ;?R (& h) +D[G

T 91v
From (26) and (27), we deduce that:

v . - Ric,} ,
D (Agftlu)) hé- =D (DQGQ/J,V +2 (Rlemg o g/\) Ggi) hé.

+AGy,,] WY€)

1
- [@T (D (GgW n AgW> .h) %

- D (GQW +Ag,w) WVL€ +AQFR (&,h)

T

+20Q5" 42D (G, + Agrs) BV,

9rv

=" [V (D (GoptAgu) 1) =2D (G g0 ) 1Y€
+30QGR 42D (Gy,, + Agri) HV,E"]

= V7 [VAPER (6,1) +2 D (Gry + Agry) V8"

TH

=D (G + Agyur) V-] +30Q5R (€, 1)] . (28)

Further, one has:

VAP, SR (e h) = VT (@TngjR(g, h) =V, P, (¢, h))
=V (VPSR 1)) =V, (VTPER (€, )) ~Rich PSR (€, )
= V7 (VPR (1)) — AP,GR(E )
=V (VPSR ) + AV (Q7 (€h)),

using (12). Injecting the above into (28) yields:
D (4,0) he" = 97 [aPySR(E ) +2 [D (Gro + Agrs) HV 6"
=D (G + Agu) V-] 420057 (€,1)] . (29)
Combining (25) and (29) yields:
D(4;,,)-h€" = D (Agff‘g) he' — (2a+ 8) D (A_;,SB) hev
=V’ [ﬁ (dP@ff (& h)+2[D(Gy,, + Agry) WV &
=D (Gyppy + gy ) 1"
+20Q57  (€.1)) — (20 + B) (Vi (Ryh) & = Vr (BpD) &

+ (Rp) Vet +4AQETR (€.1))]
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= V7 [ (PSR 1) +2[D (Gypyy + Agrs) 2V 8"
=D Gy, + Mg ) 1))
— 2+ ) (Vi (Ryh) & = Vi (Rp:h) €+ (Ry-h) V-6,
—2(da+ BAQEE (€.h)], (30)

which gives us the formula for Q,, (&, k), expressed as a function of the
Einstein and scalar curvatures. One may prefer to express it in terms of Ricci
and scalar curvatures:

D (4g,,) he” = V7 [BAPGER(E,R) + 26 (Rich e, V,€” = Rich iy Vog”)
—(20+B) (V,(By R~V (R B, ) —(20—B) Ry hV €,

~2(da+ HAQFT (1,€) 26 (he Ve — b Vo€

(31)

The Ricci flat case (A = 0) will be of special importance, with the fol-
lowing formula:

D( gw) he =" [mngc’*(g, h) + 23 <Ricg.hw%g” - Ricg.hMNTg”)

+(204+8) (Vr (Rg-h)€u—V,u(Ry.R)E: ) +(8 = 20) Ry BV 1,

(32)
In all three cases, the term inside the divergence is explicitly antisym-
metric and is thus a 2-form. O

Remark 3.3. These computations intersect those in [40], done when § is the
Schwarzschild-de Sitter (or AdS) metric (see (8) in [40]) and when the per-
turbation remains Einstein with the same constant (according to (34)). We
obtain, in this more general case, the same formula (which can be checked by
comparing (30) to (31) of [40]).

rPGR

In the following proposition we will recall explicitly (see for in-

stance [28,40]), which will be useful in what follows.

Proposition 3.4. Let (V, §) be a smooth Einstein space-time admitting a Killing
field &. Then, for any perturbation h, the conserved I1-form PGR(E,h)# =
D(G+Ag), - hwﬁ” is co-exact and thus can be written as

PEE(h,€) = 65,Q7 (¢, D), (33)

where the 2-form QCT(¢, h) is given by
Q5 = V' Kpuart® — Kovau V"€, (34)

where, if we write H,,, = hy, — h"gw

1. . . .
o (g;LBHua + guaHuﬁ - gaﬁHuy - guVHaﬂ) .

ICBV‘XH = 2
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Let us now analyse a particular case of interest, which has been discussed
for instance in [40]. This is the case where the perturbed metric g is Einstein
with cosmological constant A. For instance, in [40] it is stated that several
terms associated to £, 3 will not contribute to these kinds of solutions in a
general way, which seems to omit some implicit assumptions. Let us now make
these assumptions explicit in our case.

Corollary 3.2. Consider the same setting as in Proposition 3.3, assumen = 3,
and let g belong to a smooth curve of Einstein metrics g with fized cosmological
constant A such that o = g. Then, it holds that

Q:(¢,h) = 2(4a + B)AQSER (&, h),
where QgR(g,h) is given by (34).

Proof. In this case, since we have that Rics, = Agx, we see that DRic; - h =
Ah, and similarly DG3.h = —Ah, which implies that ’PaGR = 0. Also, since
Rg, = 4A for all A, then DR; - h = 0. All this already simplifies (31) to

D (45,,) he” = V" [-2(4a+ HAQEE (&,h)

TH

+28 (Ricg.hwmg" - Ric'g.hﬂﬁfgu)
_ZBA (hTu@us - huu@T§U>:| )
_ =T GR
= V7 (2040 + HAQEE_ (6,h))
implying that Qz (¢, h) = 2(4a+ﬂ)AQ‘g§R (&, h), where QgR(E, h) is given by

Th
(34). O

The above corollary implies that for these special families of Einstein
metrics their fourth-order conserved quantities are given in practice by their
second-order ones as solutions of the Einstein equations. Nevertheless, notice
that the above simple corollary depends crucially on the fact that the cos-
mological constant is kept fixed through the whole family. In this context,
families of Einstein metrics parametrized by their cosmological constant have
been constructed in [11] for instance, and the above corollary does not give
us information about the situation for them. Let us also put this discussion
in perspective of (and as an extra motivation for) the analysis presented in
Sect. 5.

3.2. ADM Formulation in Asymptotically Minkowski Spaces

In the present subsection we wish to develop an ADM-like formulation for the
conserved energy £. We will thus consider a globally hyperbolic asymptotically
Minkowski manifold. Let us first recall definition 2.4:

Definition 3.2 (AM space-times). Let (M x [0,T], g) be a regularly sliced glob-
ally hyperbolic manifold, where M is Euclidean at infinity. Thus, let us write
g = —N2d¢2 + g¢ Where N stands for the associated lapse function, X de-
notes the shift vector associated to the orthogonal space-time splitting and gy,
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restrict to a time-dependent Riemannian metric on M when applied to vec-
tors tangent to M. We will say that § is asymptotically Minkowskian of order
7 > 0 with respect to some end coordinate system ® : E; +— R™\B, if, in such
coordinates:

Gri = Xi(.,t) = O4(r™7),
Gij = 9 (1) = 0ij + Oa(r™7),

A ~ 12 ~ . .
gt =~ [N(.,t)2 - \Xu = N2 04 (r ) = —14+ 04 7). (35)

Here by O, (rb) we mean that the estimate is differentiable a times by tak-
ing one power each time. For instance if f = Oy (r’%), Vf=0;3 (Tﬁf’l),VQf =
O, (r*ffz), and so on.

On such an AM manifold we consider a compact exhaustion (K, 0K, )
of M. We will denote n the future pointing timelike unit normal vector to M
in V and v the outward pointing normal to 0K, in M. Along the line of the
introductions of the ADM mass we wish to find an explicit formula for £ as in
integral over the sphere at infinity (as in (19)). We will thus need to consider a
Killing vector field £ of §g. We will assume that, at least outside a compact set,
& agrees with the time coordinate vector d;. For r large enough we will thus
assume that £ = 9;. Comparing (32) and (31) shows that the leading terms in
both cases are the same, and we will thus restrict ourselves to the Ricci flat
case.

Let us then consider such an AM Ricci-flat solution decomposed as ex-
plained above. We need to compute

Qs (&, h)ay = —{ﬂdpg"R(g, R+ 2B(Ric) - Ty V8 — Rich - hyuy VAEY)

+(B—20)Va&u (R, - h)+(B+2a) (%(Rg, )&=V (R - h)ﬁx) }
where
PRt ="V, Q4 1,
QG = V" Kpuav€™ = Kgaw V€.
Let us now assume that the perturbation g of § has the fall-off behaviour
gti = Xi(,t) = O4(r™7),
9ij = 9ij (1) = 0ij + Oa(r™7),
g = — [N(,1)? - |X\j] = N24 04 (rP) = =14+ 04(07).  (36)
where 7 < 7 and thus a perturbation of the form g — g = O4(r~ 7). Then,
QU = VI Kustj — Kupap V€™
thus
PGR = v (vf‘/cymj - /cwgwga) = VNI g+ VY (/CWW%Q) ,
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= VI Ky — VIV Ky + ¥ (Kuas V767
Then, it follows that
APSS = —VaVIVI K — VaVIVIKigij + Va (@V (’C”f‘“ﬂﬁuga))
+ Vg (@t@j/ct,\tj + VIVIKing — V7 (’Cuum@”fa))
where

.1 . . .
Kﬁuau = 5 (guBHua + gVaHuﬁ - gaﬁH;UJ - g,ullHaﬂ) .

Recall that we are interested in the object

! 0),5) = — 001, 7) + = Q(X, 7
*Q (N(atX)aV> - NQ(at’ )+NQ(X7 )a

7Q(ﬁa I))

- f%%w + %QMXWL
We are therefore mainly interested in the components
Qi = —{ BAPFR (€, )15 + 2B(Ric) - hey V56" — Ricj -y, Vig")
(8= 20) V4 (Ry - ) + (5 -+ 20) (ViR - 1)g — V(R - &) |
= —BdPI(E, h)yj + (B+20)V; (R, - h)
— 2B(Ric) - hyy V" — Ric) - hj, Vi£)
— (B—2a) V(R - 1)

Therefore, we compute the following expressions.
—dPR(E,h)y = ViVIVF Ky + Vi VIV — Vo (@V/cwﬁﬂga)
= V5 (VI Kuuak + VIV ik = VY Koot V7 )
= Vi VIV i + ViVIVF i — Vi VIV i,
+ V5 (V7 (e V7€) ) = Vi (V7 (Ko V67 ) - (37)

Now, recalling that H = h— %trghf}; considering h = g— g as the perturbations
and appealing to (35)—(36), it also holds that

1. . . .
Kejer = 3 g Hje + gjeHyrx — Gt Hjp — ik Hy |,
—_ ~~ ~

O4(r—(7+7) —14+04(r—7) 8k +04(r=7)

and noticing that ;o V = §jsV* + Os(r=7|V]) = Vi + Oa(r~7|V|), we can
raise and lower space indexes at the cost of a decaying term. Thus,

. L o & et & Sy —(r+7)—
VtVthlCtjtk = B (—gttVtVtV’“ij — VtVthHtt + 01(7“ (7+7) 3)) ,

1 A A A A A A -
= 5 (VtVthHtt - VtVthij + 01 (T7(7+T)73)> 5 (38)
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where
1 . ~ti ~a A
Htt = htt — 5 gtt htt + 2 gt hti + g b hab gt )
<~ <~ ~~ <~
—1404(r—7) O4(r=7) Sab+04(r=7) —1+04(r=7)
1 .
=it + 5 (—hut + haa) + Oa(r~ 7).
That is,

1 .
Hy = 3 (het + haa) + 04(7’_(T+T))-
On the other hand, it also holds that
1 - A
Hj = hjr — 5 (_hft + haa + 04(7‘_(7”))) ik
implying that
ViViViHy — Vi VEHj, = 5 ViV (hee + haa)
o 1 .
— ViV V¥ (hjk = 5 (=hu+ haa) gkg)
+ 01(7‘_(7——’_%)_3),
= @tﬁt@jhii - @tﬁt@ihﬁ + Oq (T_(T—H—)_g)
and hence
VoV Ky = 5 (vtvtvjh“— - vtvtvihﬁ) F O (T8 (39)

Since Vh = @g — @Q = @g we can change (39) into:

A A, a 1 /0 ~ 4 A A oA N
VtVth/Ctjtk = 5 (Vtvtng“ - vtvtvigji) + 01 (r_(T—H-)_s)' (40)

We will favour these expressions and make these substitutions in the following.
We can similarly compute that

1. . . .
Kitere = 5 GieHy + guHik —gie Hip — GenHi
Ou(r—(r+7)

Vi VIVE i, = ) (VjV’Vtht - Vjvlkaik) + Oy (r=(T+1)=3)y,

which gives us

Vi VIVERia, = 35 (VJVZVigaa - VjV’V’“gik) + Oy (r= (7773,

Now, in order to compute V;V:V*ICj, notice that

1. . . .
Kijtk = 3 it Hjt +G5eHik — GitHjk —gjuHit |

Ou(r—(r+7))



Energy in Fourth-Order Gravity

1
2
Thus, we need to compute

(GixHjt — GjxHir) + Oa(r= 7).

1
Hj = hj — *( ht + haa)gje + Oa(r™ (T+7)) = hje 4+ O4(r™ (T+7),
implying

1
Kijex = =

5 (Girhje — gjrhit) + 04(T7(T++))3

and thus
o 1 /n i a .
VeV K = 5 (vtwvigﬁ _ vtwngit) L O (Y (41)

Therefore, putting together (37)-(41), we find

- A aa 1/~ ~ -~ A A
APSR(E )ty = 5 (ViV'Vigua = ViV ViGu ) = 5 (ViViVigi = ViViVigi:)

l\D\»—t
M\H/-\

\

(Vtv vzgjt vt@iﬁjgit> + @t (ﬁylcuyaj@ﬂfa)
Vi (VKoo V€™ ) 4 04 (174 7)

Now let us compute that

R - h =V \Vah* = 5V, Vshy,

= VoV + VAVRN — gt ViVihy — VIVhy =251V, V)
~— ~——————
—1404(r=7) Oy (r—(r+7)-2)

4 OQ(T—(7++)—2)
= Vi Vbt + Vi Vbt 4+ V Vit + Vo Vih® 4+ ViV (=96 + Guu)
— ViVi(=git + Guu) + O2(r~ T+ =2,
Notice that

O4(r™7)
htt* ~tt ht ~t1 ht o tth o h (T+7)
= g t T g b= —g"hy — " gy + Ou(r™ )
—1+O4(T_+)

= Ty + Og(r~ 7)),
RY = —hy; 4+ Oy(r= T+,
Therefore
Ry -h=V:Vigu — ViVigie — ViVigie + VaVigui — ViVigi + ViViguu
+V'Vigu — V'Viguy + Oz (r=H72),
= VuVigui + V'Vigi = 2ViVigic = V'Viguu + ViViguu
+ Oy (= (T2,
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All this gives us that
*Qtj = é (ﬁj@i@igaa - @]@Z@kgvk) - g (vtvtv]gm @t@t@igji)
_ é (@t@i@igjt — @t@i@jgit)

Vau @igui - ﬁjﬁi@zgtt + Q@j@i@tgit

)

+ ﬂ + 2(1) (V V vzgaa @
_@j@t@tguu> + ﬁ@t ( ( V,uaj@'ufa))

- ﬁ@j (@V (Icuﬂat@l goz))

+ 2B(Ric), - hey V€ — Ric) - by, Vi€¥)

+ (B —20) V& (R, - h) + O (r~TT73),
We can rearrange the above as follows

3 o . o
Qi = (58+20) (V;V'Vigaw = V;VuVigui ) = (8 +20)V, V' Vigy

)-
ﬁ + 5 (ViVi Vg = ViViVigi) +2
+ 8V (V7 (Kopas V7)) = BY; (V (Kuopar V)
+2B(Ric) - hey V€ — Ric - hj, Vi) + (B — 20)Vi&; (R} - )
+ O (rm T,

+2 + 5 (ViViVigsi = ViViVigir) = (8 + 200V, Vi Viguu

+ 2a v v vtgzt

Now, notice that

?aguy = Gafpuw — fgﬂgm’ B fgl/gﬂ& = 8aguu “1‘03(7”_%_1) + 03(T_+_T_1).
O4(r—7-1)

Therefore, keeping track of top-order terms
—Qy = <2ﬂ + 2a) (0j0i0i9aq — 0;0u0;igui) — (B + 20)0;0:0; g+
—+ g (0:0:0:95i — 01010 gii) — (B + 2c)0; 0101 Guu
+ g (8:0:0; 91 — 010;0,g¢) + 2(B + 20);0;0, 911
89 (V7 (Ko V€7) ) = 8V, (V7 (Ko V€7 )
+ 2B(Ric) - hiy V€ = Ric) - hjy, Vi) + (8 — 20) V&, (R} - )

+ 0, (,rf'f73) + 01(7,7('7'1%')73).

Finally, let us assume that the g-Killing vector £ obeys a fall-off lgepaviour
of the form VA¢® = O3(r=771). Since Ricj - h is a function of the VVh, one
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~7-2). Sim-

can compute as was done above and conclude that Ric; ~h = Os(r
ilarly, straightforward computations show that R - h = Vaah?® — Ozh} —
Ricfﬁha@. Since Ricy = Oz(r~7"2) and h = O4(r™7), R, - h = O5(r~"72) +
Oo(r=T+7)=2) = O,(r~772) since # > 0. We can work similarly on the
Kopa; VHEY: since h = O4(r77), Kypaj = O4(r~7). Combined with the esti-
mate on VA%, we can assure that V, (@" (Icuuaj@*‘fa)) = Oy (r—(T+7)=3),
Similarly, V; (@V (/cu,mﬁ%a)) = 01(r~(+")=3). Combining these esti-

mates, on the initial hypersurface My defined by the condition ¢ = 0, we
finally find that

3 . .
—Qujlt=0 = <25 + 204) (0;0;0i9aa — 0j0u0;Gui) + b (0iGji — 05§ii)

2
+ 8 (0:0,X: = 0%, ) + (84 20)0;0:; [N? — | X]?
92 Vg — UgUg g a)]zz[ _‘l]
— (B4 2a)0;§i: + 2(8 + 2a)5j3iXi
+O01(r ) 4 01 (rm T, (42)

where we have denoted 9;|;—¢ by placing a dot over the corresponding quanti-
ties. We have also appealed to the shift-lapse decomposition associated to the
asymptotic coordinates (t,z*) for the perturbed metric g: we have denoted N
the lapse function and X the shift vector; thus, g, = —N?+|X|2 and g; = X;.
Therefore, we finally see that

14+0 (7'7’2) 14+0 (7'7’2) 7
41 41 04( )
—Q(ﬁ, l)) = — ﬁ Qt]‘ﬁ] + ﬁ Qij Xt

can be rewritten as

. 3 i .. N
-9, V) |t=0 = <2ﬂ + 204) (0;0i0i9aa — 0j0u0igui) V7 + g (0iGji — 0j§is)

g (aiani - aiai)'(j) DI

+ (B +20)9;0;0; [N* — | X|*] ¥/ — (B + 200)9; §i;0”
+ Q(ﬁ + 2(1)8]81Xzﬁ] + Oq (T_+_3) + Oy (T‘_(%—H—)_S).

+

Here the expression can be simplified somewhat. Indeed since X = O4(r~7), a
priori as soon as the shift decreases, | X|? is of higher order. Since it will be the
case in all the following (even in Sect. 4 where the space metric and the lapse
are allowed to grow, see remark 3.5 below), we will then take the following as
the working definition of the energy:

Definition 3.3. Let (V,g) be an AM solution to A; = 0 obeying the decay
conditions of the type imposed in (36). Then, we define its energy as
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50‘76(?) =l { (;ﬁ + 20[) / (ajaiaigaa - 6Jauazguz) ﬁjdwr
r—00 g1

B0 Gy - 05is0) P + 2 (0:0,%; — 0:0,%; ) #do,
2 Jsp 2

spt
+ (5 + 20[) (/ ) @@@N?ﬁjdwr — / @-g’iiﬁjdwr
ST

n—1
T

sp—t
whenever the limit exists.

Remark 3.4. It is important to stress that (43) is expressed in terms of rect-
angular end coordinates.

Remark 8.5. Of course, a classical way to ensure that the limit &, g(g) exists
is to consider both g and ¢ AM, that is 0 < 7 < 7. But this is not the only
possibility. For instance, with n = 3 and 7 = 1 (keeping in mind that we can
then take g the Schwarzschild metric) and 7 < 0 (to allow for a possible growth
of the metric g) the remaining term becomes: Oy (r=7=3) + Oy (r~(T+7)=3) =
O1(r~7=%). After integration on a 2-sphere, one has the following convergence
condition for this remainder: 7 > 2. In particular, in dimension 3 one can take
g with linear growth.

Remark 3.6. Notice that from our previous analysis (43) seems to be a rea-
sonable notion of energy attached to solutions of (1). This is the case since,
around appropriate solutions g of A; = 0 which possess time-translational
symmetries, if we impose appropriate asymptotics for such solutions, then
(42) becomes a canonical notion of conserved energy density. Thus, since (43)
stands for what, a priori, is the leading-order contribution of (42), it becomes
a natural candidate as a notion of energy.

4. A Look at Static Spherically Symmetric A-Flat Spaces

The natural next step in this project would be to produce examples of solu-
tions to the fourth-order equations where we can actually test the fourth-order
energy presented above, and which are simple enough to provide a good intu-
ition and interpretation for the results. This is the case in GR, where the most
basic of those examples is provided by the Schwarzschild solution, which, de-
spite its simplicity, yields a good interpretation for the ADM energy and serves
as a basis for more complicated constructions. Nevertheless, one can quickly
see that things are not so simple in our case. In order to explain why, let us
start by analysing static spherically symmetric solutions to our field equations
Az = 0.

We will say that a space-time (V, g) is static and spherically symmetric
if V.= 1xS"! xR, where I C R, stands for some interval (possibly I =
Ry); we take t to be the time coordinate along the R factor and, we assume
that the orthogonal group acts by isometries (r,p,t) — (r,Op,t). All this
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constrains our metric to have the form g = —A2?(r)dt? + B2(r)dr? + f?(r)dQ?,
with dQ? the standard metric on the sphere. Finally, assuming that f(r) is
monotonically increasing we can make a admissible change of coordinates so
that (after relabelling the radial coordinate)

g = —A(r)2dt* + B%(r)dr?® + r?dQ?

Since this terminology is not completely uniform across standard literature, we
will refer the reader to Chapter IV in [28] for more details. In this section we
will consider the n = 3 case. However, given the complexity of the fourth-order
problem, even in this restrained configuration, we will first take a simplifying
ansatz and assume A(r)B(r) = 1: the so-called Schwarzschild case. In order
to take into account the already known solutions (the Schwarzschild-de Sitter
solutions), we will employ a variation of the constant method. To make the
tensorial calculations more palatable, we will make a computer assisted proof,
using Maple to find simplified equations. We will then broaden our consid-
erations to all the static spherically symmetric solutions in the conformally
invariant case: 3ac + (3 = 0.

The authors wish to highlight that the considerations and the final clas-
sification of spherically symmetric solutions in the conformally invariant case
can already be found in [50] (also seen later in [96]-[15]) which approached the
problem from the Bach-flat angle. We write a slightly different proof specific to
our approach and developed independently of the problem for completeness.

4.1. Schwarzschild Solutions, Proof of Theorem A

As announced above, we here take the additional ansatz A(r)B(r) = 1 (the
so-called Schwarzschild case). Further, since in the considered dimension n = 3
we already know a family of solutions: the Schwarzschild-de Sitter (or SAdS)
metrics. We will thus employ a radial variation of the constant on the mass in
the Schwarzschild metric. Concretely we will set

—1 4 M) 0 0 0
0 —4 0 0
g = 17@ 9 ) (44)
0 0 r 0
0 0 0 7r?sin(9)?

and see what conditions on M make g solve A = 0. All Schwarzschild solutions
can be cast in this form; seeking solutions in this form thus entails no loss of
generality. A Maple procedure (see Fig. 1) yields that:

4
mAll + T4A22 = (20{ + ﬁ)'f’S%M(T)

_4(3a+8) (r;iQM(r) _ 2$M(r)> 0.
(45)

This equation once more highlights the two special cases: 2a+ (8 = 0 and
3a+ 3 =0.
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with(tensor) :
coord = [1, 1, theta, phi] :
t1_compts = arrayv(symmetric, sparse, 1.4, 1.4) :

11_compts[1, 1] ‘:-[1- Mr"’ ]:
1

2] —————
t1_compis[2, 2] [1_ ) ) :
-
t1_compts[3,3] =172 :
t1_compis[4, 4] := 1”2 *sin(theta) "2 :

11 = create([ -1.-1]. eval(t1_compis)) :

tensorsGR(coord, tl, 12, det_t1, C1, C2, R, Ric, Ric_se, Ein, W):
dIRic == cov_diff (Ric. coord, C2) :

d2Ric := cov_diff (dIRic, coord, C2) :

DeltaRic = prod(2, d2Ric. [1,3]. [2.4]) :

dl1S = cov_diff (Ric_se, coord, C2) :

d2S = cov_diff (dlS. coord, C2) :

DeltaS = get_compts(prod(d2s, 12, [1,1], [2,2])) :

Ricehh := prod(12. prod(r2. Ric, [1. 1]). [1.2]) :

RiceRiem == prod(Ricchh, R, [1,1]. [2,3]) :

Riccaucarre = get_compts(prod(Ricchh, Ric, [1, 1], [2,2])) :
S = get_compts(Ric_sc) :

Einsteind := lin_con| beta, DeltaRic,~ (2-alpha + beta), d25, 2-beta, RiccRiem.~2-alpha-S, Ric,

A2 | g, Riccancarre ["ii +2 alpl\a]—De/mSA 11) :

A = simplify(get_compts(Einsteind)) :
3

dogr= simphﬁ{—m [-%-fl[l. 11— 47 (r-M(r))-4[2.2 ]]

deg = (20 +P) [LM(:)] —4(B+3a) [[ dl, Mm]: -zimq]
art dr” dar

FIGURE 1. An equation on M

From this equation, one can deduce the A-flat metrics in the Schwarzschild
form (44):

Proposition 4.1. Assume that (V,g) is a static spherically symmetric A-flat
space in Schwarzschild form. Assume further that 3ac+ 3 # 0. Then:

o If 3 =0, then g is either a Schwarzschild-de Sitter (or SAdS) metric or
a Reissner-Nordstrom metric, meaning that:
_ m A, 2 1 2 2 102
g——(l—r—3r )dt +wd7’ +7r ds) s
or

g:—(l—T—O—T—Q>dt2+

2 1—

T T

1
— g dr? 4+ r2d02.
- 2

o If 340 then g is a Schwarzschild-de Sitter (or SAdS) metric.

Proof. Since (45) is of order 2 instead of 4 when 2a+ 3 = 0, we deal with this
case separately. Assuming 2« + 3 = 0, (45) becomes T%M(T) — 24 M(r) =
0, meaning that only the M(r) = m + %r3 yield potential A-flat metrics.
These correspond to the Schwarzschild-de Sitter (or SAdS) metrics, which are
Einstein, and thus A-flat.

To avoid breaking the flow of the article, and because what remains of the
proof is both simple in idea and complicated in execution (with many cases
to consider), we will only sketch the proof here and give the details in the
appendix:

e Solving (45) in the general case yields that M = —m — %7‘3 + Cyrf(eh) 4
Cor9(e:f),
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e With such an M, computing the diagonal terms of A shows they can be
written as:

(2a + ﬂ)2 r

tla + o, + a, + a
mAQQ =} (h'l"rh( .B) + h;_’l"tz( B) + h;_’l’t3( B) + hIT’t‘l( B))

4 02 <h1—rt;(@,ﬁ) + h2—,rt; (a,8) + hg—,,,t;(oz,ﬂ) + hZT'tZ (a,ﬁ)) ,

where the hllL are constants depending on «, 3, m, A, Cy, and C5. The
4o+ 8 = 0 case will be dealt with separately.

e Outside of the finite number of [«, 5] configurations for which tii = tji
(and among them the 4a + § = 0 case), one finds that Ay; = 0 implies
that all the h;‘E = 0, or that C; = Cy = 0. The former can only occur
when 3 =0 or 3a+ 8 = 0. The first case yields the Reissner-Nordstrom
metric, while the second is outside the scope of this proposition. In the
latter, we fall back on the Schwarzschild-de Sitter (or SAdS) metric.

e We treat the finite number of configurations left explicitly and indepen-
dently.

We once more refer the reader to the appendix for the detailed proof. O

Remark 4.1. That the Reissner-Nordstrom metric was a critical point of the
R? energy was already featured in [73]. In order to explain the a priori singular
Reissner-Nordstrom solution, one might conjecture that it is part of a family
of A-flat metrics g(a, ) such that only the g(c,0) are in the Schwarzschild
form.

Remark 4.2. We do not detail the domains where the Schwarzschild-de Sitter
(or SAdS) and the Reissner-Nordstrom are properly defined due to the abun-
dance of literature on these metrics. We will do it when dealing with solutions
to the conformally invariant configuration whose solutions are less commonly
encountered.

In the conformally invariant case, we know that the invariance group will
generate more solutions. For instance, we know that any conformally Einstein
metric is A-flat. We thus expect to find more solutions to the equations:

Proposition 4.2. The A-flat solutions in Schwarzschild form associated to the
parameters choice 3o+ 3 =0 can be classified into the following families:

1. (V,g(m, A, ), where

1
f(r)
f(r)=1-3mpu— % — p(Bmp — 2)r — %7"2, (46)

g(m, A p) = = f(r)dt? + o <dr? + r’ge:,

and m, A, and p are integration constants. However in order to have
admissible® metrics, these constants must be further constrained. We will
detail these constraints when m > 0:

6by admissible we mean all metric which actually remain static spherically symmetric. In
particular having f < 0 means that the roles of r and t are exchanged and the space loses
its static attribute.
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(a) The choice A >0 and 3mu > 2 is not admissible;

(b) For A < 0 and 3mpu > 2, there is always a solution of the form
V =R x (ry,00) x S for some r. > 0 depending on (m,A, p).
Under these conditions, solutions of the form V. =R x (r_,ry) x S?
may be available, where 0 < r_ < ry < oo depend on (m, p, A);

(¢) For A > 0 and 0 < 3mu < 2 there is a parameter range where
V=Rx(r_,ry)xS? and 0 <r_ <r, < oo depend on (m,u,A)

(d) For A <0 and 0 < 3mp < 2, with A and p not vanishing simulta-
neously, the only solutions are of the form V =R x (r.,00) x S§? for
some 1. > 0 depending on (m, A, p);

(e) p=A=0 yields the Schwarzschild space;

(f) For A > 0 and 0 < 3mpu < 2, the only possible solutions are as in
()

(g) For p < 0 and A > 0, the only available solutions are of the form
of (¢);

(h) For n <0 and A <0, the situation is the same as in (D).

2. When m = 0, then we fall into the following possible families (V, gy =
30, A, 1)), with
(a) There is a first family of the form

go = —N(r)dt* + N~ (r)dr® 4 r?gse,
A
N(r)y=1+2ur — §r2. (47)

i. If u >0 and A > 0, then r € [0,r4), with ry > 0 depending
on p, A;

ii. If >0 and A <0, then r € [0,00);

iii. If uw <0 and A > 0, then the solutions are as in (2.a.i);

w. If p < 0 and A < 0, there is always a solution of the form
r € (ry,00) and, depending on p, A, there can solution with r
in some bounded interval;

(b) There is a second family of the form
1

Go = —h(r)dt* + G

dr? + r2gsz,

A
h(r) = —§T2 —pr—1, (48)

with the following restrictions for the integration constants A and
It
i. If A =0, then we must have p < 0 and V =R x (ﬁ,oo) x §2.

ii. If A # 0, then the parameters are restricted to p? — % >

0. Furthermore, if A > 0, then the choices p > 0 are not
admissible, while for p < 0 we find V =R x (r_,ry) x S?, for
some 0 < r_ <ry < oo which depend on A and p. Finally, if
A <0, then there is some T, > 0 such that V = Rx (r,, 00) xS2.

Furthermore, the metrics (46),(47), and (48) are Einstein (wherever they may
be defined) iff 1 = 0. On the other hand, these metrics are almost conformally
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with( tensor) :

coord = [, theta, phi] :
alpha
beta

() == Lambda- * + _CI7? + _C2-r+m:
t1_compts = array(symmerrc, sparse, 1.4, 1.4) :

t1_compts[1, 1] == _(1_ Mt'r-» J .

1 .
[0

v
=i
rA2*sin(theta) 22 :

tl_compis[2,2] ==

t_comprs[3. 3]
11 compis[4. 4

1= create([ ~1,~1], eval(t]_compts))

tensorsGR(coord, tl, 12, det_tl, Cl, C2, R, Ric, Ric_sc, Ein, W);

dIRic = cov_diff(Ric. coord. C2) : d2Ric = cov_diff (dIRic. coord, C2) : DeltaRic = prod(s2. d2Ric. [1. 3], [2. 4]) : dIS := cov_diff (Ric_sc. coord. C2) : d2 1= cov_diff (dIS. coord, €2) :
DeltaS = get_compts(prod(d2S, 12, [1, 1], [2,2])) : Ricchh = prod(12. prod(12, Ric, [1, 1]), [1, 2]) : RiccRiem = prod(Ricchh, R, [1,1], [2,3]) :

Riccaucarre ‘= get_compts( prod(Ricchh, Ric, [1, 1]. [2,2])) : S = get_compis(Ric_sc) :

Einsteind = llua:n[bera. DeltaRic,(2-alpha + beta), d25, 2-beta, RiccRiem,~2alpha-S, Ric, “UI2.52 4 beta. Riccatcarre ( beta

+2- ﬂlpha] -Deltas, u] :

A = simplifi(get_compts(Einsteind)) :

El = simplify [—’7-.4[ i 1]]:5} i= simplifi( 1 (r = M(r))-A[2, 21): E3 := simplifi( = 1*-4[3,3]); E4 = snnp/m-[-%',ﬂa. 4]]1
r—Mr) sin (theta)
El=3 Clm—- _CX+2_C2
E2:=3 Clm— _CP*+2_C2
E3=3 Clm— C2*+2_C2
E4:=3 Clm— _CP+2_C2 o)

FI1GURE 2. The necessary and sufficient condition for A =0

Einstein globally. More precisely there exists at most a radius rs such that both
forr <rg and r > rs, these metrics are conformally Einstein.

Remark 4.3. We set ourselves in the m > 0 case to avoid doubling the condi-
tions and to develop the natural extension of the GR case.

Remark 4.4. We limited ourselves to this choice of admissible metrics (those
that remain static) for their relevance regarding our study of the fourth-order
conserved quantity in Sect. 3.2. We refer the reader to [15] for more details on
what may happen when the roles of ¢ and r are switched.
Proof. In this case, (45) yields a necessary condition

d4

M (r) =0,
which is satisfied by any

A
M(r)y=m+ 51"3 + Cyr? + Cor.
With such a M one can check (see Fig. 2) that A = 0 if and only if:
3Cim — 022 +2C5 = 0.

Consequently, we divide the results into the following two large families of
cases:

1) m#0
In this case we can re-parametrize the solutions by choosing Cy = 3mpu
and C = u(3mu — 2), and any metric

g(m, A, p) = —f(r)dt* + %dvg +r2d0* + 12 sin” Odp? (49)
T

with
A
f(r)=1—-3mu— % — u(3mp — 2)r — §r2
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is a critical point of E_j 35. Clearly, the above expression is only admissible
if f(r) > 0. The combination of parameters that fulfil this condition can be
analysed straightforwardly and results in the classification provided in the
statement of the lemma. This can be lengthy to do explicitly, but since this
analysis does not present any technical or conceptual difficulty, it will be left
for the reader.

2) m=0.
In this case C is a free constant and Cy = 0 or 2. The first is already taken
into account with (0, A, 1), with C; = —2u. That is, in this case, the solutions
are given by
G(0,A, )= — <1 + QW—/;H) dt2+wdr2 +72d0* + r? sin” Odp>.
Again, all the admissible choices of p and A as well as the corresponding
admissible space-time structures V' for these cases follow straightforwardly
from the analysis of the condition N(r) =14 2ur — %7‘2 >0

Let as now consider the second case, that is Cy = 2, and introduce

A 1
QQ(A7 N): — (—]. — 3T2—MT> dt2+1A72d7’2 + 7’2d92 + 7’2 sin2 (9d(b2
—L—=3r°—ur
(50)

The metrics go(A, p) are Lorentz metrics of signature (—, +, 4, +) when h(r) =
-1 - %rQ — pr > 0, which imposes the following compatibility conditions for
the parameters

2.1) If A # 0, then

2o >0. 51
po— > (51)

Indeed, the above quantity is obviously positive if A < 0, and is the
discriminant of h, and must thus be positive for h to have positive values
whenever A > 0.

2.2) If A =0, then p < 0 since the non-negative cases would produce metrics
which are not static. In this case, we arrive at the compatibility condition

r> i (52)
1z
Let us now consider the different possibilities when A # 0.
e A>0.
Then, the two roots for h(r) = 0 are given by

1 3u 9u? 12
Ti—2< A:E A2 A) (53)

Because of (51), the above is well-defined and this implies that if 4 > 0, then
r4+ < 0 and therefore h(r) < 0 for all » > 0. We must conclude that this case
is not admissible. We still need to analyse what happens when p < 0. In this
last case, both r4 > 0 and f(r) < 0 for r large enough. Thus, we find some
interval (r_,r;) where (50) is well-defined.
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e A<O.

Analysing (53), we can see that for any admissible value of y we always get
two distinct roots r— < 0 and r4 > 0. This implies that (50) is well-defined
for all r > r.

Let us first show g(m, A, u) are not Einstein metrics if p is not 0. Indeed
it can be checked that their Einstein tensor satisfies:

2pime=2 4 Smu 0 0 0

A — e 0 0

(G”> = Ald + 0 0 9, 3mu=2 0
0 0 0 opdme=2

Similarly one can compute the Einstein tensor of the §(0, A, 1) and see:

w42 0 0 0

w2
(Gé) = AId + 8 T '(1)' 2 2 8
0 0 0 &

We will now prove that (g(m, A, ), go(A, p)) are conformally Einstein.
Let us begin with the analysis of g(m, A, ) and, first of all, notice that if
1 =0 we fall in one the (B)-type cases labelled above and, in these cases, we
can see directly that g(m,A,0) is a S(A)dS metric. Thus, let us now assume

2
i # 0 and consider a metric § = (ﬁ) g, which is well-defined in the

intersection of the domain where § is well-defined with 7 # —-. Then:

G 1 %7’2 —3mp — p(3mp — 2)rdt2
(1 + pr)’
dr?

+
(1+ ,ur)2 (1-=— %rz — 3mp — p(3mp — 2)r)

2 2
T T
62 in #2dg?.
+(1+M7‘> d +<1+/““> sin 0“d¢

Setting R = 7, we find that dr = % = dR (1 + pr)? and thus
Sl = Smp = pBmp =2, 1 2
9 (1 + /1/71)2 17%7%7‘2737%;1,7“(3771“72)7‘

(1+ur)?
+ R*d6* + R*sin6°dg>.
We can then compute 1 4 ur =1+ lfﬁR = 171MR and thus
-2 — %7‘2 —3mp — p(3mp — 2)r
(14 pr)?

1-uR) A R?
(- (1™ ~= -3
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R
— p(Bmp—2)7 —uR>

m A —3p?(pm—1)
R 3
This implies that g is a Schwarzschild-de Sitter metric of mass m and cosmo-
logical constant A = A — 3u2 (um — 1).

Finally, let us analyse the conformal family of go(A, 1) by considering the
metrics go = r%go. Then:

—1— R2.

- —1— 22— pr 1
Go(A, 1) = — 5 B ¢ g dr? + d§? + sin® 0dg>.
3

Setting dax = #T%rtm’ i.e. x = arctan (%) we find that

1 4A

jo=—7 (,ﬁ — 3) cos? zdt? + dx? + d6? + sin® 0do>.

Taking T = 34/ p? — %t, we simplify

Go = — cos? zdT? + da? + db* + sin® 0dp? (54)
which is periodic and well-defined in the above coordinates. Since if we denote

2_4A),
I(r) = ———£12 " we can compute I'(r) = (“—3)3 and deduce
2\/—gr2—pr—1 4(—Lr2—pr—1)2

that the change of variable is well-defined whenever g, is. Appealing to a
warped-product decomposition for the Ricci tensor, straightforwardly we see
that g is Einstein in these domains. O

Remark 4.5. As has been mentioned in introduction of this section, this clas-
sification (in the conformally invariant case) had already been found (see [50],
or [96] and [46] which refound it independently). In fact, the metrics § are
known as the FSMK solutions.

Remark 4.6. It is interesting to compare these results to [50] (see also [15]).
In it they employ a 2 x 2 decomposition of the metric and a parametrization
by the scalar curvature R of the first metric. When R # +2, they recover the
Mannheim-Kazanas solutions, with two outliers when R = 2 and R = —2.
The R = 2 space corresponds to the cylindrical metric (54), while the R = —2
would be the other cylindrical metric (obtained when p? — % < 0) which we
did not consider, since it is no longer static.

Let us now highlight that the above classification presents exterior solu-
tions defined up to infinity in several cases (1.b), (1.d), (2.a.ii), (2.a.iv), (2.b.i),
and (2.b.it), besides from the Schwarzschild solution. All these extra solutions
are of the form of the 'S M K-solutions of conformal gravity. In particular, let
us focus on cases (1.d), (2.a.i7), and (2.b.i) which admit such exterior solutions
with A=0for 0 < pu < 3%, w>0and p < 0, respectively. All these cases can
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[e]
be summarised by considering a solution of the form (V = R x (r,, 00) x S?, 5)

with
1
N(r)?

N2(r) =¢; — % + cor, (55)

5 = —N?(r)dt* + dr? +r?gse,

where ¢, ¢y are positive constants and m > 0. These types of solutions have
been extensively analysed within the context of conformal gravity when anal-
ysing the rotation curves of galaxies. In particular, in this context, the presence
of ¢y is used to explain the flattening of the rotation curves, which is deviation
from typically expected results and is accounted in standard astrophysics via
an appeal to dark-matter. Clearly, if this is to be an interpretation for these
solutions, their extrapolation up to infinity is an artefact of an abstraction
procedure, which is, nevertheless, useful for our purposes as we shall see shortly.

Notice that the above solution would represent a perturbation of Minkow-
ski that actually grows at infinity. This falls in line with previous comments
corning the fact that natural asymptotics for these higher-order problems may
fail to follow usual intuition from GR. In particular, for the purposes of analysis
of the fourth-order energy £,,_34(g), the above solutions prove to be useful,
as can be seen from theorem A which we recall here:

Theorem. The fourth-order energy of the solution (V,;) is well-defined and
given by

Ea,—3a(g) = 8macs.
Proof. The energy associated to a static solution is given by
5 . .
gaﬁfga(g) = —« lim {7 / (aj“‘gaa - 8juigui) ! dw, + @&&N%der}.
oo (2 Js 2
(56)
In the case that g is spherically symmetric, we find that

2
e e )]
r

Tdr \r2dr dr

where A, stands for the negative Euclidean Laplacian. Plugging N2(r) =
c1 — " + cor in the above expression gives % (AeNZ) = —27%, which implies
ajaiaiNQdewr = —20.}202.
82
On the other hand, computing the contributions of the first term in (56)
can be more difficult, since the above expression should be computed in asymp-
totic Cartesian coordinates. This can be done straightforwardly; nevertheless,
we can save some computations proceeding as follows.

Let e denote the Euclidean metric defined near infinity in M = (r,, 00) x
S?, so that e = dr? 4+ r2gs> in the same spherical coordinates as in (55). Let
us denote by {z}3_; the Cartesian coordinates associated to these spherical
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coordinates and use {1’ }?:1 to denote the spherical coordinate system (r, 8, ¢).
Then, let us denote by d;; = €(0yi, 0pi), gij = g(Oui, 0pi ), €5 = €(0yi, Dy ) and
Gij = 9(0yi, 0ys) the matrices associated to g and e is both coordinate systems.
Then, clearly, we have that Oxg;; = O,x(gi; — €i;). Also, it holds that

oy® Oy’ N or Or 1—=N?  aigdl—c+2 —cor

gij—eijz@aﬂ (gab_eab):%@ N2 g2 cl— ™ f cor
”

N2

where we have used that g,, — €45, = diag (%, 0, 0). The above expression

clearly implies that g;; —ei; = Ouo(r?), and therefore 0iigaa—0juigui = O(r=3)
implying that

J
/ (Ojii9aa — OjuiGui) %dwr = 0(7"71) —0.
Sg rT—00

Putting all of the above together implies the desired result. 0

Remark 4.7. As was mentioned in remark 3.5, applying the previous reasoning
requires a strictly below quadratic growth. However, since when considering
g, the A is not merely quadratic but exactly 72, one can extend the above
proposition to the whole family ¢ when it is well defined at infinity.

4.2. A-Flat Spherically Symmetric Spaces in the Conformally Invariant Case

One can use the conformal invariance to extend the previous discussion to
all A-flat spherically symmetric spaces. First, let us introduce the following
terminology. We will say that a space-time (V, g) is almost conformally Einstein
if there exists at most a radius rs such that both for r < ry and r > rg, these
metrics are conformally Einstein. Similarly, we will say that another Lorentzian
metric g* is almost conformal to g if there is some conformal transformation
between them which is defined almost everywhere. In this context, we have
the following theorem.

Theorem 4.1. Any exterior static spherically symmetric Bach-flat space-time
(V,9) is almost conformally Einstein. More specifically, any such static spher-
ically symmetric Bach-flat space-time is almost conformal to a subset of a
Schwarzschild-de Sitter (or SAdS) space-time, or to (54).

Proof. From our hypotheses, we can assume that g takes the form
g = —U(r)?dt® + V(r)?dr® + r*d6* + r* sin 0%d¢?,

where U,V are positive functions. Let us now consider

e = () o+ (563) o+ (555)

—
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where F2 : I C R} — R* is such that

d (F(r)) _ UV

dr r 72 ’

(57)

and satisfies an initial condition of the form F(r¢) < 0.

Now thanks to (57), if § does not degenerate is a local diffeomor-

phism. Let us then do a change of variable R = —ﬁ. Then

g1(t, R,0,¢) := —P(R)dt* + Q(R)dR? + R?df* + R?sin 6?d¢?,

with
Ur)\*
P(R) =
®=(75)
2 r)? \
Q(R) = \%4 1 | Vi) ( T )
Fi(_ r ) F(T)A(F(T)>
dr F(r) dr r
2
A V@EEF) (F(@)Q !
r2 U(TZ‘;(T) U(r) P(R)
Thus, if we force the decomposition P(R) = 1+ @, the metric g1 (¢, R, 0, ¢)
is as studied in Proposition 4.2 and is thus conformally Einstein and either
conformal to S(A)dS or to (54). O

It is interesting to compare theorem 4.1 with the Willmore case. Indeed
in the latter, R. Bryant proved (see [20]) that all Willmore spheres (surfaces
of genus g = 0 in R® which are critical points of [ H?) are conformally min-
imal: there exists a conformal transformation which imposes H = 0 on the
whole sphere. The comparison may be skin-deep (the proofs are markedly
different) but reveal how the invariance group coupled with the fourth-order
equations leads to a constrained variety of solutions: under an additional as-
sumption (static spherically symmetric when A-flat, topologically a sphere
when Willmore) the solutions to the fourth-order are conformally solutions of
a second-order equation (Einstein when A-flat, minimal when Willmore).

5. Positive Energy Theorem for Einstein Metrics

Because of the above conclusion, we will now move into producing implicit A-
flat examples and relax the previous symmetry assumptions. Implicit construc-
tions of A-flat metrics are highly non-trivial in general, contrary to the case of
Einstein space-time metrics which can be obtained by evolving initial data sat-
isfying the Einstein constraint equations (ECE). However, for space-time Ein-
stein metrics, the Ricci tensor is proportional to the metric, and thus the A ten-
sor reduces to the quadratic terms: A = 243 [Ricngiemg . %(Ricg, Ricg>gg] +
2a [RyRic; — iR%g]. Inserting Ric; = Ag, and thus R = A(n + 1) in the last
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equality, and since Ricg Riemg = A\g.Riemg = ARic; = A2g since the contrac-
tion is on the first and third index, yields A = 28\2 [1 — ”TH] g+ 2aX%(n +
1) [1 — 2] . For n = 3, we can then deduce that Einstein space-time metrics
are A-flat.

The Einstein space-time metrics then provide us with a large set of non-
trivial examples where we can analyse the behaviour of £, g. Furthermore, for
these kinds of second order solutions one may have reasonable expectations on
what an appropriate notion of energy should be measuring based on physical
interpretations on the different energy sources. Along these lines, one can also
appeal to experience within more geometrical quadratic Lagrangians, where
minimal surfaces appear as second order solutions whose analysis has proven to
be relevant for pure higher order results. Let us also highlight that Corollary 3.2
also motivates the analysis of 4-dimensional Einstein solutions and provides
some intuitions on what we can expect to obtain. That is, in the cases included
in Corollary 3.2, the fourth-order energy turned out to be proportional to the
ADM contribution times the cosmological constant. We will see below that
this result remains true in a broader scenario.

Having in mind 4-dimensional Einstein solutions, first of all, let us re-
call that an initial data set for the Einstein equations is a set of the form
= (M,qg,K,e¢,J), where (M, g) is a Riemannian manifold, K is a symmetric
second rank tensor field on M, € is a function, and J a 1-form on M, which is
subject to the ECE

R, — |K|3 + (trgK)2 = 2¢,
div, K — dtrg K = J. (58)

In the above equations € and J stand for the energy and momentum densities
induced on M = M x {0} by some energy-momentum tensor field 7" on space-
time. It is a remarkable fact that on many cases of interest, which include
vacuum and A-vacuum (which corresponds to € = A = cte and J = 0), the
above equations stand as both necessary and sufficient conditions for the initial
value problem associated to the space time equations Gz = T" to be well-posed.
Such initial value problem can be formulated for initial data in uniformly local
spaces, and therefore it gives great freedom on the global properties of M (see,
for instance, [28]).

Notice that in the case of Einstein spaces where ¢ = A = cte the asymp-
totics of isolated systems cannot satisfy usual decaying conditions.” Therefore,
we are forced to consider new (weaker) asymptotic behaviour for the fields.
With this in mind, we appeal to a few physical considerations. First, we know
that the effect of the cosmological constant in Nature drives the expansion of
our Universe when matter fields are sufficiently diluted, and thus, for instance,
it actually breaks time-symmetry. In fact, idealised cosmological solutions have
umbilical Cauchy surfaces, and thus we propose that a natural effect of a cos-
mological constant could be to make isolated solutions asymptotically umbili-
cal. Furthermore, the asymptotic mean curvature should be controlled by the

"This would be g;; = &;; + O2(r~7) and K;; = O1(r~"~1), with 7 > 0.
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strength of A. All these considerations are basically contained in the following
definition, which fixes the asymptotics we shall consider by modifying classical
asymptotics as little as possible.

Definition 5.1. We will say that the initial data set Z is admissible if the evo-
lution problem associated to such initial data is well-posed. Also, we will say
that 7 is AAE of order 7 > 0 if e = A = cte > 0, J = 0, and, with respect to
some fixed asymptotic chart, (M, g) is AE of order 7, satisfying the asymptotic
condition

9ij = 6ij + Oa(|z[™7) (59)
and K satisfies the decaying condition
Kij £ cgij = Oa(l2|7771), (60)

with ¢ > 0 defined by ¢? = %

The above definition concerns initial data sets which are AE in the met-
ric g and asymptotically umbilical in the extrinsic curvature, and which shall
evolve into an Einstein metric in space-time with some particular asymp-
totic behaviour. Notice that these asymptotics are weaker than the ones with
which we dealt in previous sections, since they do not impose that all time
derivatives of the metric must increase the rate of decay at space-like in-
finity. Let us furthermore notice that any time-symmetric vacuum solution
of the ECE (M3, g,0) can be readily mapped into a AAE solution given by
(M3, g, K = cg). This implies that basic examples such as Schwarzschild have
their AAE counterpart. Properties of such solutions could be of legitimate
interest in classical GR.

Remark 5.1. If (M3, g, K) is a AAE initial data set, then asymptotically 7 =
F3c + O(Jz|~"~1). Therefore, denoting by n the future-pointing unit normal
to M in the evolving space-time, under our conventions (See Appendix 7.1.2)

divgn = £3c+ O(|z|771).

We therefore interpreted that K approaching —cg asymptotically implies that,
near space-like infinity, the associated space-time is expanding, while for +cg
it is contracting. Based on observational evidence, it might be more realistic
to pick the first case. Thus, such initial data sets might be useful to describe
isolated systems in an expanding background, something interesting in realistic
situations. The detailed constructions and properties of such initial data sets
can be objects of study on their on right.

5.1. Einstein Solutions: Proof of Theorem B

In what follows, we will consider Einstein metrics constructed from admissible
AAE initial data sets and establish conditions which guarantee that the fourth-
order energy is well-defined and actually computable in terms of the ADM mass
of g and the cosmological constant A. Before doing this, we need to recall the
relevant notations.



R. Avalos et al. Ann. Henri Poincaré

When analysing the initial value problem in GR it is convenient to con-
sider the adapted frames of the form

E;=0;, i=1,2,3 (61)
Eo=08;, — X, (62)

where X = X'0; is the shift vector field (see definition 3.2) tangent to M.
Then Ej is orthogonal to T'M. Its dual coframe is then

0 =dst + Xt , i=1,2,3,
0° = dt,
where {x}3_, are local coordinates on M and t is a coordinate on R. Recalling

that N denotes the lapse function, the ambient metric g is written in terms of
the coframe {0%}3_, in the following way

Gg=-N?0"®6° +g,;0" 267
Furthermore, using these adapted frames, it follows that
1

2N
We are now in position to prove theorem B which we recall for convenience:

K;; = (0r9ij — £x9ij) -

Theorem 5.1. Let (V4,g) be an Einstein space-time generated by AAE initial
data I of order T with R, € L'(M3,dV,). Then, the following statements
follow:

1. If g is asymptotically Schwarzschild, then the fourth-order energy (17) is
well-defined for general values of o and (. Furthermore if A > 0; a < 0
and (3 > —%a, then E,,5(g) > 0. Additionally, if Ry > 0 and 8 > —%a,
then Eq.5(g) = 0 iff (M, g) = (R3,").

2. In the special case 2a+ 8 = 0, the fourth-order energy is well-defined for
T > 1. If, additionally, Ry > 0; A > 0 and o < 0, then €y —2a(g) > 0
with equality holding iff (M, g) = (R3,-).

Proof. In order to analyse the behaviour of the fourth-order energy &, 3(g)
along these kind of solutions, we need to know the behaviour at infinity of the
full initial data for g, which consists of (g, K) and also (N, X, 9N, 0:X)|i=o.
From our hypotheses, we already know the asymptotic behaviour of (g, K)
and in what follows we will analyse the corresponding behaviour for the rest
of these quantities.

Let us recall that given an admissible initial data for the A-vacuum FEin-
stein equations, in order to evolve them away of ¢t = 0, we need to solve the
so-called reduced Einstein equations, which correspond to the Einstein equa-
tions in a suitable gauge. In particular, we can pick a global gauge condition
by first fixing a Riemannian metric e on M; then defining é = dt? + ¢ as a
metric on V' and finally imposing initial data so as to satisfy

g (1:‘;);1/ - f‘ﬁu) lt=0 = 0. (63)
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It is standard to see that, in this setting, initial data which satisfy (63) evolve
into a solution of the space-time Einstein equations. In particular, it follows
that the initial data N|,—o and X |, are freely specifiable, while N = 9, N|,—o
and X = ;X ;¢ are fixed by solving (63). In this setting, taking advantage
of our asymptotic structure at infinity, let us fix an asymptotic chart {x?}3_;
where (59)—(60) hold and construct e so as to be a complete metric which is
exactly Euclidean outside a compact set. Thus, (63) implies that near infinity,
in these coordinates, it follows that

g 5(9) =0 = 0,
which (using N|;—o = 1 and X|;—9 = 0) translates to
gaﬁrg,@@)h:o = —(0¢N|t=0 + trgK) =0,
9T 5(9) =0 = =97 0y Xili—o + §*Tiy(g) = 0
Thus,?
N =3¢+ 03(|z|7771),
X; = g519""T iy (9)- (64)

Associated to the initial (g, N, X, K, N,X) we have a space-time (M x I,7),
with I = [0,T) for some T > 0, where g is Einstein and thus A; = 0. Let
us evaluate the fourth-order energy on these solutions. From our lapse-shift
conditions, we get

3 )
50475 (g) = hm { (2ﬂ + 2a> / (ajaiaigaa - ajauazguz) I;der
7—00 st
+ é (@gﬂ — 8j§ii) ﬁjdwr + é (&@XZ — @&X]) ﬁjdwr
2 S;lfl 2 S;L—l

spt spt

Now, from our hypotheses and (64) we see that

Bijrg = O(Jz|~ "), X = Og(|a|~TY) | 9, X = O(Ja~T+?).
Also, in the asymptotic region, we have that

= 1— = 1 ~v = ~U = v T0

Raﬁ(g) = _ggkua)\a,ugoéﬁ - 5{8@9 Aaug/\oz + aag )\al/g)\,@} - Poﬁrvaa (65)
and since g is Einstein
Rng = Ag,

therefore, due to N|i—o = 1 and X|;—9 = 0, we get

1 1 1 v _ —v — Y 10
Qafgijh:o = (Agij + §§abaa3b§ij + 5(@@ 28, Gix+0:g /\&zgjx)-i-rjoriu)

)
t=0

8The =+ sign for N depends on whether we are in the asymptotically expanding or contracting
case (see Remark 5.1).
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We can also compute

v Ie
joet |,
1—1/ —o - - - - - -
= Zg #g K (8]'9“0 + arguj - 8ugja) (81'971/ + 611971' - a’ygil/) =0’
1
:1{2gab8t§jaat§bi+gab96d (0jGac+0cGaj—0aGjc) (0igav+0bGai—O0agiv) }L_O
1

ao : . 1 a C
=359 ® Gaj Giv + 17 °9°4(;Gac + 0cGaj — Ougic) (igan + Ovgai — Dagiv) ,

where we used X |;—¢ = 0,9, N|;—¢ = 0. In the above identity, 9,g=0(|z|~("+1),
while ¢ has the same asymptotics as g. Explicitly,
g=(-2NK + £x9) |t=0 = —2K

which, for our initial data sets, means g = +2cg 4+ Oa(|x|~("t1). Therefore,

2A
0 2¢%9" gajgiv + Oa (|2 27T)) = =39 T O (|| 727,

With similar arguments, we can also compute that
(33'9”/\81/@1‘,\ + 8i§l/)\au§j)\) li=o
= (0;9"90Gir + 0;3*0aGix + 0:5°*00Gj» + 0" 0aFjr)|i=0,
= (9;3"0agio + 0,5 0ugiv, + 0:g"° 0aGjo + 0;5"*0agjv) lt—0,
= (0;9""0agit, + 0;3*° 0T l1=0,
= Oa(|z|2D).
Putting all the above together, we find that

1 o2c 27 i
500 Giili=0 = Agij + 5 9i + Oa(Jz] (T+2)y,

b —(7
= 349 + Oa(jal =),
Thus, the following holds

1.. 5 .
gakgij = gAainj + O1(|z] ( +3))~

Thus, the leading order is given by the first term in the right-hand side, which
behaves like O3(|z|~("*1)). Using 0 to denote arbitrary spatial derivatives,
notice that

PPgir? = O(r~ (1),
PXr? = 0(r~ (),

The above implies that, in these cases, the only contributions to the energy
can come from

5a,,5(§) = lim {g/ (&gﬂ — 839“) ﬁjdwr — (ﬂ —+ 2&)/ @gjiiﬁjdwr} R
sp—t sp—t

T—00
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:§A lim {5/ (@gji—ajgii)ﬁjdwr — 2(5+20¢)/ 8jgiiﬁjdwr},
3 r—00 S;L—l S;L—l

From the above we see that, for general a and (3, if ¢ is asymptotically
Schwarzschild, then

m

3
) ot

(091 — 0igji) v = —4m (1 +

and this implies

: 2
lim (&gﬂ - 8jgii)ujr dWQ = 4w2m,
T—00 S,
lim ajg“‘l/jT’QdWQ = 76&)2771,
T—00 S

r

establishing
_ 2 ) 3
Ea,5(g) = 40wamA (3ﬁ + a) >0iff 3 > 3%

which gives us a positive energy statement for Einstein solutions which are
asymptotically Schwarzschild. On the other hand, we can weaken the asymp-
totics if we consider the special choice = —2«. In this case,

_ 10 . 2

5(1’,20((9) = —Ea/\ lim (&-gji — @-gii)ujr dWQ.
T—00 S'F

Recognizing the last factor as the ADM energy from GR, we see that under
the geometric condition R, > 0 and g;; — 6;; = Oa(|z|~7) for 7 > 1 it follows
from the positive energy theorem in GR that if o < 0, then &, _24(g) > 0
for any umbilical Einstein solution with A > 0 [98]. The rigidity follows, if
B8 > —%oz, from the same results associated to the PMT in GR, which for
the kind of asymptotics on g considered here can be consulted, for instance,
in [13,48]. O

Remark 5.2. Let us highlight that there is an explicit dependence of &, 3 on
the chosen slicing for space-time, which comes about trough the explicit de-
pendence on the initial values of (N, X, N, X). Although these values do not
affect the evolving space-time due to geometric uniqueness of the Cauchy prob-
lem (see, for instance, [28, Theorem 8.9, Chapter 6]), these values determine
the space-time observers along whose flow we evolve the initial data near the
initial Cauchy surface. What we explicitly see is that the energy &, s is sen-
sitive to such a choice. This could be expected on physical grounds as the
energy measured by different asymptotic observers should be dependent on
the observers. Furthermore, we could even draw some experience with the
ADM energy, which is known to be sensitive to such choices (see, for instance,
[32, Chapter 1, Sect. 1.1.3]). Let us however notice that, by examination of
the above proof, it is only the behaviour near infinity of these observers that
matters, and therefore there will be a class of observers, asymptotic to the one
defined by N =1 and X = 0, who perceive the same value of the energy. This
will be the subject of the next subsection.
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5.2. Einstein Solutions: Proof of Theorem C

We introduce the following definition.

Definition 5.2. Given a (A)AE initial data set J we define the canonical space-
time observers Oy as those whose flow lines in the evolving space-time satisfy
No =1 and Xg = 0 at t = 0. If {'}"_, denote asymptotic coordinates for
M?", we will say that a different set of observers O, are asymptotic of order p
to Og on M if N —1 = Oy(|z|=*) and X* = O4(|z|~7).

We now intend to show that there exist a class of observers which are as-
ymptotic to the canonical observers Qg for which the energy &, 3(g) represents
a asymptotic invariant, in the sense of having the same value for every observer
in the class, and furthermore, in those cases, the energy is independent of the
asymptotic chart used to compute as long as the chart satisfies a minimal or-
der of decay for the metric.” The proof of such a statement is computationally
heavy, and therefore, we first present a computational lemma, which can be
of interest on its own, since in it we shall explicitly compute the é-wave gauge
condition which determined (N X ) in the initial value problem for a general
observer.

Lemma 5.1. Consider a space-time (V =R x M",g) and let {E,}"1{ be an
adapted orthogonal frame constructed as in (61). Let also e be a Riemannian
metric on M and é = dt> + e a Riemannian metric on V, where t : V — R
stands for a coordinate choice for the R-factor and we assume that 0y is time-
like. Denote the associated Riemannian covariant derivatives to e and é by D
and D, respectively. Let us denote by (N, X) the lapse function and shift vector
fields associated to the time-like vector field d;. Then, denoting by S € T(T3 V)
Zh(;;ensor field defined by Sé:ﬁ = Fgﬂ (9) fFZﬁ(é), the following decompositions
old:

St = N7HAN — X (N)),
o N7 2
Sab = ?(—QNK + (X ® d|X|e)Sym - 2(g~DX)Sym + £X§ - DXg)abv
y o XJ , X7 5 ) _
SOO = 6th - 78t‘X|e + TX(lX‘e) - DXX] +NVJN,
—ik

S, = 97 (DaGrb + DoGra — Digas)

where above (§.DX)qp = gleaXl and we have used the subscript Sym to
denote symmetrization of 2-tensors.

Proof. Let us start by recalling that, in any basis (including the one given by
our adapted frame), the tensor S is written
o

g A A .
S&LB = 7 (Dagaﬁ + Dﬁgaa - Dagaﬁ)

9See Theorem 5.2 for a detailed statement.
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and also that in coordinates related to an arbitrary frame the Levi-Civita
connection coefficients read as

erv eHv

Lhs= 5~ (Ba(éup) + Ep(éva)—Ev(Eap)) +—

(Clabop + Clptaa — Chabuo)
where C7, = [E,, E,|?. Furthermore, the following identities also hold:

é(Eo, Ej) = é(0, Ej) — é(X, Ej) = —e(X, Ej) = — X
é(Eo, Bo) = é(0y, 01) + é(X, X) = 1+ X2,
00 = 68(90,90) = et =1,
% = &4(0°,07) = & (dt, da?) + é*(dt, X7 dt) = X7
For brevity’s sake we will only detail the computations for the first term. Then,
~00 N-2

_ g A -
S00(@) = =5~ Dogoo = — 5

2 (ﬁatﬁoo - ngoo).

where

Dxgoo = X7(Ej(goo) — f?ogao - f?ogocy) = X7(E;(goo) — f‘?ogoo - f?ogoo),
= X7(Ej(goo) + 2N*TY) = =X (N?),

and we used that f‘?oX J =0, which follows from

A éOV ~ ~ A éOV o 2 g 5 g 4
F?o = o (Ej(évo) + Eo(évs) — Ev(éjo)) + 5 (CujetTO + Choéoj — Co;‘ew) )
éOO éOO
= T(Ej(éoo) + EO(éOj) — Eo(éjo)) + 7 COjéJO + Cgo é(,j — ngéOn
=0 =0
éOk éOk
+7 (Ej(ék[))+E(](ékj)_Ek(éjo)) + 7 C;cjj éaO+Cgoéaj_ngéka s
=0
1 5y, XF X X b b
= SEIXE) + 5 | 0iens) — X(ény) + Bu(X)) — By(X})
—dxy,
X* l l
+ 7(—Ek(X Jéi — E5(X7)éw),
1 0 XF R b Xt o
=S E(IX[2) + = | Ouléns) +dX7; | — X Er(éy;)
2 2 | A2 2

—2K3,;=0
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1 1 Xk . . .
= §Ej(\X|§) + §XkdXij - X'Ep (&) + En(XYéy +E;(Xeéw |

=Ex(X?)

1 1 1
= SEj(IX2) + 5dXp XP = S(XP En(X)) +Ej(XDX)),
2 2 2 iyl

=dX};+E;(X})
1 1 1
= SE(XI2) + 5aXp; X" = 5 (aX7,X* + By (1X]2).
=0.
Above we used that X” = ¢(X, ) and
Cgj = [Eo, Ejl” = =X, E;]7 = E; X7.

Let us highlight that here we denoted dX;k = E;j(X}) — Ey, (X;), to be
coherent with our differential forms notations (see (72) in the appendix).
Similarly,

Do, oo = 0:900 — 2L Gao = —0:N? — 219 Goo,
= —9,N? + 2N?1Y, = —9,N>.
where we used

~0v ~0v
fo o € €
t0 —

2 (Et(éuo) + EO(évt) - EV(étO)) + 7 (CgtéUO + Cgoéot - Cgtévo) ’
1 1
= §8t|X|g - 5(3tXleb + X*9,X7) = 0.
Therefore,
N
0 =\ _

Soo(9) = 9

Also

-2

(0:N? — X(N?)) = N"Y(;N — X(N)).

gik gik

i (- g - AN~ g AN~ AN .
Sto(9) = 5 (2D09k0 - Dkgoo) =5 <2D8t9k0 —2Dxgro — DkQOO) :
Now, one can compute that

batgko = 01 Gro — f‘?kgao - f?ogka = —fgkgoo - f{ogkj = N2ft0k - f{oé_]kj

and since
<0 éOu . . . éOV o . o o
iy = 7(Et(euk) + Ex(éut) — Ey(érr)) + T(Cuteak + ot — Cfyéuo)
1 1 N
= —iath + 58,5Xlelk,
and
Aj éJV N ~ A éJV o 2~ o 5 T 4
I = 5 (Et(évo) + Eo(éut) — Ey(ér0)) + 5 (Chieso + Croéor — Cgiéuo)

X7 .
= 7@(|X|§) — O X7,
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we find

. (XY 5 ; _ . 2
Do = a5 (5 01X~ 0% ) =iy (07 - 1Y)

Now, since

Dxgro = X (Ej(gro) — f?kgao - f?o?lm) =-XJ (fgkgoo + f‘éogkl)

= —X/(=N°T, + Féogkl%
we need to compute the following quantities:
~0v

09, = %(Ej(éuk) + Ex(év;) — Eu(éji))

éOy o . .
+ 5 Criéor + Chréos — Cfj éue | =0
=0
and
1 élV élu
o= 7(Ej(eyo) + Eo(éyj) — Ev(éo)) + 7(03]‘60'0 +Cloéos — C’Oje,,a)
Xl
= < (B (X 2) — DX,
Thus
n o= Xk 2 _ 1
Tjogr = T(Ej(lee)) —guD; X
implying
. . . . X
Dxgro = —X7 (=N, + logn) = kaX(|X|§) + guDx X!
Thus
j 2 X j Ve
Sho(@) = 0.X —*5t\X| +5X (IX[?) = Dx X’ + NV/N.
Also
g'7 A A A
551, = 9 (Dagob + Dbgaa - Dogab) 5

R R . 1 . .
= %(Daﬁoz; + DyGoa — Dogas) + §(§“kDa§kb + §"* DyGra
and noticing that
Deogo» = *fgo!?ab - f;“b%a = *f‘floﬁw - fgb goo
—~—
=0
X

=~ (E(XP)) + e DXC,

~ Xa — A
Dygon = = - (By (X)) + 1aé DX},

and also that

- gukbkgab)v

Dogab - D@,ggab - DXgab = 8tgab tagab F%gaa - Xubugabv
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= *QNKab + £Xgab - f‘f&a gip — f‘ib Jal — Xub“gab’
~— ~—~ —
=0 =0 =Dx Jab
= 72NKab + £Xgab - DXgab

we see that

7,J/0 R N . 1 . R /\
San = %(Dagm’ +Dygoa — Dogav) + §(§”kDa§kb + 3" DoGra — 3" Digas),
=n0 X Xa
= 92 (‘ %(EaﬂXﬁ)) + gD X" — 7(E;,(|X|§)) + GraDp X!

_uk- . . .
+2NKup — £xGab + DXgab) + %(Dagkb + DyGra — DiGab)-

Thus,

N2 X X
S0, = ( —ONK,, + %DaﬂX\ﬁ) + TGDb(|X|§) — gD X' — Gl Dy X'

@ 2
+ £LxGab — DXQab)a

and similarly,
. gjk
S = > (Darb + Dygra — DiGab)
O

We can now appeal to the above Lemma to prove theorem C which we
recall:

Theorem 5.2. Under the same hypotheses as in Theorem 5.1, given a AAE
initial data set and two asymptotic observers O1 and Os of orders p > %, if

we denote the energies associated to them by S(i%), i=1,2, then

£9(9) = €9 (g).

Furthermore, if ¢y, ¢y : M\K +— R3\B;(0) are two asymptotic charts where
g is of order Ty, T, > "7_2, respectively, and where the general hypotheses of
Theorem 5.1 are satisfied, then

1. If ¢;1*g,¢y_1*g are both AS, the value of 5;%) s the same for both
coordinate systems for general values of o and (3.

2. If 2a+ B = 0, the value of 5;%') s equal in both asymptotic coordinate
systems.

Proof. The results follow from the arguments of Theorem B together with the
results of Lemma 5.1. Notice that in this more general case the gauge condition
Fr = g*PSh, =0 is decomposed

0=F"=-N"3*ON - X(N))-N"'r
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N—2
+ 5 (2divg X — 2diveX — g Dxgas + X (IX[2)),
, X/
0= Fi—— <3Xjat|X2+ X(1X2)
— Dx X/ +NV7'N> + g, (66)

Notice that from the second of the above equations, one gets
5(1-1X[2)0: X2

X2 X2 . _
0=N"?| X0, X e gz + e g xp2) - X;DxX’ + X]NV/N
N , 2 2
30:1X|2
b
g* XJSib,
which implies that, as long as |X|. # 1,1°

2 X 1
| X|? = P 1 <| ‘GX(\X| )—§DX|X\2+X"NVJN N2geb x? 8;b>

Under our decaying assumptions, this implies that
X2 = Os(|a|7>~71)
where 7. = min{r, p} > 0. Therefore, from (66), one gets

N
OGN = —N%*7r 4+ X(N) + - (2divy X — 2dive X - 3" Dxgar + X(1X2))

= +3c+ Og,(|ac\_T*_1)7

¢ X7 o 4
X7 = -0 X[2 = - X (IX[D)+Dx X7 = NVIN+N?g™ 8 =0y (||~ 7).

Thus, since 9°N? and 92X are both O1 (||~ ~3), one sees that these more
general choice of asymptotic observers still gives us the following nonzero con-
tribution for the energy

Eap(9) =1y o { 8 [z (Didsi = D3ii0) 97 — (B + 20) [ 0y oy |
(67)
Also, in the asymptotic region, we have that
M DrDygas = —N2DoDogap + §** D Dygas,

= —N"2D¢Dg,gap + N 2DoDxgap + §*" DaDpGas,

= —N"2D:Dp,Gop + N 2DxDp,gup + N 2D, Dx Gup
10Since below we shall only be interested in an explicit expression for 9; X7 near infinity,
where | X|e — 0, this condition will be satisfied. Within the general Cauchy problem, this

does not pose a relevant problem, since the metric e is actually auxiliary. Thus, if X # 0, one
can chose an equivalent metric given by e/ = e, which guarantees that | X|. < 1

over all of M over all of M.

.
2max [ X|e
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—~ N7 2DxDxGap + 3 Do Dyjas,
= ~N7202Gap + N2X70,0,Gap + N 20,(X70;G0p)
— N72X90,(X*0kGop) + 5" 0aOsGap
thus
7 DxDyugili=o
= —N_23t2§z‘j|t:0 + §ab3aab§ij + N_QXjajatgij

=0s(|z|=7=2)  =O(|z|-(p+7+D)

4+ N2 8th8j§,-j +Xj3j3t§z'j
—— N——
=0 (|z]|~(T+7=+2)) =0z (Jz|~(THr+D)
~ N2 X9(0;X*0,gij + X"0,01.3:5),
=05 (||~ (2e+7+2))
= —N"20Gi;le—0
+Oa(|2] 7772 + O (x| 7777
= —N"207Gijl=0 + O2(|2|"2) + Oa(Jx| > 7).

Putting this together with (65) and the Einstein hypothesis on g, we now
get

1 _ _ ]- v — —v - TV 17O
§at2§lij|t:o = (Agij + i(ajg 20,Gix + 0ig )\augj)\) + ]-—‘jg-l_‘iy) o

+ 0o (|2 777%) + Oa(|a| 2™ 7). (68)

We can also compute the quadratic term (the details will be omitted for con-
ciseness):

1—11 ~0 = = = = = =
‘0 = ig Mg ’Y(ajgua + a:rguj - augjo)(aigvu + aug'yi - avgiu) =0

1—a s —p— —27,
=59 *Giagni + Os(|z|777") + O (= ~>™).

where we used since gogli—o = Nag + Oa(|z|~™), 7 > 0, then go# = n*F +
O4(|z]~™). Recalling that § = +2cg 4+ Oo(|z|~("*Y)), we now find

o L 2A
onC?Qabgajgib+03(|w| P+ Os(|2|7°™) = S-gi

3
+O05(|2[7771) + Os (|| ~2™).
With similar arguments, we can also compute that
(9;3"0uGix + 0:5" 0,32 ) |t=0
= (8j§t>\atgi>\ + 8j£7a/\aa§i>\ + 5i£7t’\5't§j>\ + aig“aagﬂ) lt=0,
= O3(|z|7™71).

rz re

jo~ v

re re

jo~ v

t=
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Putting all the above together, we find that

1 2A o L o
§3t2é7z‘j|t=o = Agij + 5 i + O[] 7™ 1) + O (|| 72™) + Oa(J2| 2™ 71,

5 —Tw— —27,
= 30 + Oz(|2] 7™ Y+ Oz (|2 72™).
Thus, the following holds
1, . 5 e Cor
531@91‘3‘ = gAakgij + O1(|2|7™72) + O1 (Ja| 2™ 7).

Plugging this information in (68) one obtains

/ (05§55 — 0§ii) V) dw, — (B + 2a) / 0;Giit dw,
52 S7

= gA {ﬁ/ (8igji — (r“)jg“') ﬁjdw,« — 2(ﬁ + 20[)/ ajgn‘ﬁjdwr}
S2 S2
+ 02(7’77*) + OQ(T‘iZT*Jrl).

Above, the Oz (r~™) term always vanishes in the limit » — oo, while the term
of order Oz(r~2™*1) also vanishes under the condition 7., = min{r,p} > 3.
Therefore, we find

5 )
53[3@) = gA lim {ﬂ/snl (0595i—0;94:) P’ dw, — 2(ﬂ+20<)/

™00 S;"L—l
Op /=
=&,5(9),

which shows that under our hypotheses the value of the energy is independent

of the chosen observers O.
Since in all the cases we treat £, 3(g) is proportional to the ADM energy
of g, if ¢, ¢, are two asymptotic charts with coordinates {z*}?_; and {y*}?_,,
respectively, of decay rates 7,7, > %, under the condition R, € L'(M,dV,)
the equality 53”6 (9) = Efj}’ﬁ (g) follows for the equality E%> , (g) = Eﬁ‘bM(g),
which itself is a consequence of [13, Theorem 4.2]. O

9;9ii 07 dw, }

5.3. Conformally Einstein Solutions

In this section we would like to consider space-time fourth-order solutions,
that is Az = 0, which are conformally Einstein. In particular, let us notice
that conformally Einstein metrics are Bach-flat, and therefore they correspond
to solutions to (vacuum) conformal gravity, as described in Sect.2.2.1. Such
solutions represent a borderline, being tightly related to second-order solu-
tions. Nevertheless, the conformal symmetry of the equations imposes too
much asymptotic freedom. That is, if we want to impose a particular kind
of asymptotic behaviour for the metric, such behaviour cannot be in general
conformally invariant and therefore one needs to concentrate on a subclass of
conformal transformations. With this in mind, let us consider the following
kinds of space-times.
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Corollary 5.1. Let (V* = M? xR, g) be an AM space-time which is conformal
to an Einstein space-time (V4 = M3 x R, g), where the latter is generated by
AAE initial data J = (M3, g, K) of order T > 0 with respect to an asymptotic
chart {x*}3_,. If J satisfies the hypotheses of Theorem 5.2 and Q stands for the
conformal factor, & : MxR — R, g = 02%g, and Q = 1+o4(|z|79),** witho >
max{1,7}, then . 5(g) = Ea,5(g), which is well-defined, and independent both
of the asymptotic observers and asymptotic charts under the same conditions
of Theorem 5.2.

Remark 5.3. Notice that, although the above result is stated for a general con-
formally Einstein metric and general «, 3, the physically motivated examples
arise for the special case of Bach flat metrics and 3o+ 6 = 0.

Proof. Considering that 2 : M x R +— R satisfies our hypotheses, notice that

_ A\ 1 .
X=X n=N"'E,=Q'a= <QN) Fo,

where {E,} and {E,} stand for the adapted orthogonal frames associated to
g and §, respectively. From this we see that

g = 92@ N = QN, 3tX\t=0 = at)i(|t=0,
G =025+ 4900,5 + 202 § + 200 g.
Let us now appeal to the computations obtained in the proof of Theorem 5.2
to get
9ij = 0ij + O4(r™™), Nlimo =1+ 04(r™™), X; = O5(r~ (=),

where 7, = min{r, p,c}. Notice that this already implies that the energy will
be given by the same expression as in (67). Also,

§=0%+4005 +20% G+ 200§ = (1 +04(r™7)) g+ 0a(r~"F)g
+ 04 (r 2T g+ oy (r= (7T,

Now, appealing to the asymptotic analysis done for A-AE Einstein solutions,

we know that
1
1. 5 . . . A\ . .
291 = 3Gy + Oa(r (TF2), Gij = £2 (3> i + O03(r™™),

then, since g;; = 0;; + Oa(r~7), we find

10
G= A1+ 04(r"7))gi; + 01 (r= D) 4 On(r=(=F2)),

3
From Which it also follows that
Ongij = *A(HO( "’))akgiﬁ AO( @) gij+o(r= D) 4O (r~ = F3),

_ EAak?]z] _|_0( (o+1)) + O( T*+3))

1n this case, in the o4 (|| ~7) hypothesis we impose on Q implies that time-derivatives also
increase the decay by one order.
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which implies
10 ) X . .
A (0j9ii — 0igij) + o(r ( +1)) + 04 (r ( *+3)).

0jGii — 0igij = 3

Therefore, we find

/S2 (03Gii — 0i§ij) vidwy

10
= ?A/ (ajg“ — &gw) l/jd(,d»,- + O(T‘_(U+1))T2 + O(T_(T*+3))’F2 .
52
o(1)
Thus, passing to the limit the last terms do not contribute, and we find

10
lim (ng” — (929”) dewr = ?A lim (@gu — 829”) dewr
r—00 52 r—oeJs,.

= lim [ (855 - 0:Gy ) vidwr  (69)

r—oo [go
T

Similarly, one finds that

lim 8Jg“ Vj dwr = lim 8j g” ﬁj dwr. (70)
7—00 Sf, r—00 Sf

Putting together (69)—(70) in (67), we establish our claim. O

Remark 5.4. Let us highlight that, although the Bach-flat solutions associated
to the above corollary are related to the same kind of equations as those
treated in Sect.4, the kind of asymptotic behaviour imposed in the above
corollary is notably different than that of the FMSK solutions associated to
Theorem 4.1. Interestingly, in both cases we get that £, 3 is related to a
physically meaningful quantity.

6. The Intrinsic Case

Finally, we would like to merely introduce another limit in which the energy
Ea,p is particularly interesting from the geometric viewpoint. This limit is real-
ized in a natural situation, which is given by fourth-order stationary solutions.
Borrowing partial terminology from relativity, we could define a (globally hy-
perbolic) stationary Lorentzian manifold to be a manifold (M™ x I, g), with
I C R, such that

g=—N?dt* +g,
where g stands for a time-independent tensor field which restricts to the same
Riemannian metric g when applied to tangent vectors to M, so that (M, g, N)

is a Riemannian manifold, with metric g and NV : M — R is a positive function.
In this case, the energy would look like
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Ea,ﬁ(g) = hm { <gﬂ 4+ 20[) / (8]‘6@‘3@9(1@ — 8j<9u8,-gui) lA/jdwr
T—00 S:‘L—l

+(B+20) [

8]-81»81-N219jdw7. }
spt
In particular, for those theories parametrized by 2a + 5 = 0 we get a purely
Riemannian situation, given by

ga(g) = 5&,72a<§) = —a lim (ajaiaigaa - ajauazguz) ﬁjdw’w (71)

T—00 S 1
r

The above relation is not only a suggestive higher-order generalization of the
ADM energy from GR, but it strongly related to @-curvature analysis and in
particular to positive mass theorems for the Paneitz operator. These topics
have received plenty of attention in geometric analysis (see, for instance, [57],
or [58]), and due to delicate analysis related with these problems, the anal-
ysis of (71) will be done separately. Nevertheless, we would like to highlight
that (71) carries a powerful positive energy theorem, which implies the know
positive mass theorems for the Paneitz operator. Furthermore, it creates a
bridge between @Q-curvature analysis and positive energy theorem for these
fourth-order gravitational theories, which seems to parallel the relation be-
tween scalar curvature analysis and positive energy theorems in GR (see [10]).
We expect this relation to bring about strong results in geometry and analysis.
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7. Appendix

7.1. Geometric Conventions
7.1.1. Curvature Conventions. To avoid any ambiguity let us pinpoint the
curvature conventions we follow in this text: the curvature tensor is defined
as:
R(X,Y)Z =VxVyZ —VyVxZ —VxyZ,

with its components ordered as follows:
Ry = dz'(R(Or, 01)0;),

= OkT}; — O} + Thu T — T, I

From this we get the canonical Ricci, Einstein, and scalar tensors:

Ric;; = Rd]

7.1.2. Differential Forms. In this section we will establish our conventions con-
cerning differential forms and operations related to them. First of all, given
a k-form w E QF(V) on a d-dimensional manifold V and a local coordinate
system {z'} | we fix w;,..;, = w(0i,,--+,0;,) as its components relative to
the basis {dz’* A ---dzi*}; ..« , and therefore we may locally write

Z Wiy i dz A - datt = ki i iy dz A ot
i1 < <ig
where in the last equality the summation is not restricted to ¢; < --- < ig. In
this setting we have several well-known operations. To start with, given a semi-
Riemannian manifold (V%, g) we have an induced semi-Riemannian metric g
on each space QF(V) which is given by

o 1 o
D, )= 3 @iy B = gy, S0, for any a, 8 € QF(V)

k!
i1 < <ip
where above [ = ghit...gikdrg. o Tt is not difficult to see that if
{e1,--- ,eq} is a g-orthonormal basis for T,V at a point p € V, and if {et, -,

e} stands for its dual basis, then {ei A---Ae™* }i, <.y, is a g®)-orthonormal
basis for the fibre of Q¥(V') over p (see, for instance, [2, Proposition 7.2.11]).
In particular, it holds that

g(k)(ei/\«-«/\ei"‘,ei /\.../\eik) =i, e C,
where above ¢;; = g(e;;, e;;) = £1.

Also, in this setting, we introduce the Hodge-star operator, which is de-
fined pointwise as a linear operator on each fibre. For this one needs to intro-
duce a volume form. Thus, let us again consider an orientable semi-Riemannian
manifold (V¢, g) and denote the associated Riemannian volume form by dV,
which locally reads as dV, = /|det(g)|dz! A---Adx?. Given our vector bundle

QF(V) 5 V, one defines a linear operator
xg : QF (V) = QIR (V)
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by the requirement that for all a, 3 € Q*(V) it holds that
B A xga = g (B, x,0)dV,.

Above, we add the subscript g on * to highlight the dependence on this operator
on the choice of metric g. This can be seen to be well-defined and, in fact, in
local (oriented) coordinates one can see that the action of x on a € QF(V) is
given by (see, for instance, [2, Proposition 7.2.12 and Example 7.2.14(D)]):

*gQ = Z ajl”.jkejl‘“jkijrl"'jd |det(g)|dxjk+l VARERIVAN dmjd,

J1<-<Jk
Je41<-<dq

(g @jipiga = D @G giagaV/Idet(g)],
J1<<Jk
where above ¢;,...;, stands for the antisymmetric Levi-Civita symbol and the
sums which appeal to Einstein summation convention are understood as over
all possible values of the indices. Sometimes, we shall write f1),...;, = €j,...5,
v/|det(g)| which is defined via the relation

dVy = fij,-j,dz? A+ -+ Ada?? (no summation) .
Let us now recall that, given o € QF(V), the exterior differential d :
QF(V) + QF1(V) is characterised by its local action given by
da = Z 0i .y, dx’ Ndx™ Ao A da (72)
i< <lig

In particular, given a 1-form a € Q!(V), we see that

d
do = Z 6‘iajdxi Adx) = &-ajdxi Adx) = Z(&‘iaj — ajai)dxi A da?,
J=1 i<j
daij = &-aj — 8]'051'.
Now, given a semi-Riemannian manifold (V¢, g) we can consider the for-
mal adjoint d* : Q¥T1(V) — QF(V), which we shall denote by J, and where we

shall highlight its dependence on g, which arises through the canonical choice
of dV; as the volume form. One can thus globally write

g = (—1)dkF1HId@) o g o for all a € QFFL(V),

where Ind(g) denotes the indez of the semi-Riemannian metric g. For instance,
if g is Lorentzian, we have Ind(g) = 1. One can then compute that, in local
coordinates, the following formula holds:

i
(59047;1...2'k =-V gy eevigy s

where above V stands for the Riemannian connection associated to g.
Also, given X € T(TV), let us introduce the interior product X :
QF(V) + QF=1(T'V) on any manifold V¢, which is defined by

Xoao( Xy, -, Xp—1) = a(X, Xy, -+, Xj—1) for any a € Q(V)
andV X1, , Xp_1 € D(TV).
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An important formula linking the exterior derivative, the interior product,
and the Lie derivative is given by Cartan’s famous magic formula:

£xa=d(Xia)+ X,(da) ¥V ac Q¥V) and X € T(TV).

The above formula plays an important role in the application of Stokes’
theorem to operators in divergence form. Since in the core of this paper we
will be interested in certain flux formalae which are derived in this manner
within the Lorentzian setting, let us below briefly highlight a few differences
with the more usual Riemannian setting.

Let (V"™ = M™ x R,g) be a Lorentzian manifold, parametrise the R
factor with a coordinate ¢t. Assume 0, is time-like and denote by ¢g; the induced
Riemannian metric on each My = M x {t}. Assume furthermore that (M™, g;)
are orientable Riemannian manifolds and denote by dV,, their corresponding
volume forms. With all this, we have a natural orientation for V: if at p € M
{e1,-- ,en} denotes a positive basis for T, M, then {0, e1,--- ,e,} denotes a

positive basis for T}, V. Thus, if {x? i is a positively oriented coordinate

system for M, then dV; = +/|det(g)|dt A dx' A --- A dz™ denotes our volume
form.

Let © C M be a compact subset with smooth boundary and define the
subset Cr = Q x [0,T]. This subset is Stokes regular, in the sense that it is
regular enough so as to apply Stokes’ theorem over it. Now, let X € I'(TV)
and from the formula

LxdVy =divg XdV; = d(X 1dVy)
one gets that

/ div, XdV, = [ 77 (X.dvy) (73)
Cr acy

where above J* : OCr — Cr denotes the inclusion. We can split 9Cr =
Qo UQr UL, where Qg = Q x {0}, Qr = Q x {T} and L = 9Q x [0,T].
On each of these hypersurfaces we denote the inclusion into V' by J;, J; and
Ji, respectively. Now, let n denote the future-pointing unit normal to each
t-constant hypersurface My = M x {t}. Then, writing X = —g(X,n)n+ X,
we find

To (XadVy) = Tg (dVg(—g(X,n)n + X T, ) = —g(X, n)Tg (dVg(n, -)).

Notice that in (73) € is oriented with its Stokes induced orientation, where
the outward-pointing unit normal corresponds to —n and thus {ej,- - ,e,}
is a positive basis for Q¢ at p iff {—n,ey, - ,e,} is positive for Cp. This
implies that the induced Stokes orientation for )y is actually opposite to its

intrinsic orientation. On the other hand, we see that in the case of Qp these
two orientations agree. All this implies that

jO*(X—‘dvg) = _g<X7 n)dvgo ’ j;(XJd%) = _g(X7 n)dng

and, using intrinsic orientations for €2,

divgXdVy =~ [ Fy(Cavy)+ [ Fixsavy) + [ gixavy),
Cr Qo Qr L
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_ / (X, n)dVy, — / 3(X,n)dVy, + / T5(XadVy), (74)
Qo Qr L

where J} (X 1dV;) = g.(X, v)vadVy = ¢:(X,v)dL, with v the outward pointing
unit normal vector field to L, which is to be understood with its induced Stokes
orientation.

Extrinsic Geometry. In this section we shall quickly fix our conventions for the
extrinsic curvature. Thus, let M™ — (V"1 g) be an immersed hypersurface in
a time-oriented Lorentzian manifold. We define the second fundamental form
of M as
Il : T(TM) x T(TM) — T(TM%)
(X,Y) = (VgY)*
where X and Y denote arbitrary extensions (respectively) of X and Y to V,
V denotes the Riemannian connection associated to g, and 7'M+ denotes the
normal bundle of M. Associated to the second fundamental form, we have

the extrinsic curvature, here denoted by K € I'(T9Y M), which we define with
respect to the future-pointing unit normal to M. Thus, K is defined by

K(X,Y)=g(II(X,Y),n) =g(VY,n), VX,Y € (TM).

Also, we define 7 = tr K as the (not normalised) mean curvature of the
immersion, and therefore we find that

7 = —divgn.

Finally, let us notice that if V"*1 = M™ x R, with R parametrised by a
coordinate ¢t and the time orientation given by 0y, then defining the associated
lapse N and shift X by

N = —g(@t,n), X:at — Nn.

we may write n = % (8; — X). This implies that

KU, W) = (0, Vgn) = - (00, Vd) ~ (0, ¥ X))
= L (@0 ~ 5(V0,0. ) + (0. V.51 — o(U. T X))

Therefore,
_2NK(U7 W) = at(g(U7 W)) - Q(Uv [ata W]) - g(Wv [atu U]) - £Xg(U7 W)
That is,

1 o e _ o _
K(Ua W) = _ﬁ (at(g(Ua W)) - g(U7 [8157 W]) - g(W7 [6t7 U]) - £X9(U7 W))
Notice that locally this reduces to a simple expression given by
1 _
Ki; = “ON (0:9ij — £x9i5) ,

from which we sometimes write K = — 7% (8,9 — £x9).
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7.2. Proof of Proposition 4.1

Since the sketch presented has already dealt with the 2ac+ 3 = 0 case, we will
assume in the following that x := 2a + 6 # 0. Employing the same Maple
procedure as presented in Fig. 1, we can see (see Fig. 3) that, as announced
in the sketch of the proof: M = —m — %7"3 + Cyrf(@B) 4 Cyr9(@B) | with

_ 6a+ 3B+ ,/100a2 + 84af + 1732

f 2(2a+p5)
6o+ 33 — /10002 + 84a3 + 1732
A 220+ )
and
(2@—|—6)2T Fa +in +(a +(a
5103142 Agy = C (hlwl (@8) 4 it @) | o ptd (8 4 ot gt € ﬂ))
10, (hﬁt;(a,m + hyrt2 (@) 4 popts (B) 4 hlrti(aﬂ)) 7
with
- 18a+98— /10002 + 84a3 + 173
r da+ 20
- _ 10a+56— /10002 + 84a3 + 173
2 4o+ 20
- 6a 4 33 — /10002 + 843 + 1732
3 4o + 203
- 6a + 33 — /10002 + 843 + 1732
4 20+ (3
o 18a + 93 + /10002 + 84af3 + 1732
! da+ 20
o 10a + 53 + /10002 + 84a 3 + 1732
2 da+ 20
o 6a 4 33 + /10002 + 843 + 1732
3 4o + 203
o 6a + 33 + /10002 + 843 + 172 (75)
T= )
200+

The 4a + 8 = 0 case will be treated separately as a special case.

Remark 7.1. We must point out that 100a? + 843 + 1732 is not necessarily
positive. We will consider first that 100a? +84a3+1732 > 0, before explaining
that the situation is highly similar in the opposite case.

Since 100a? + 843 + 1732 = 25 (2a + ﬁ)2 — 83 (2a+ B) = 25x2 — 803,
we will favour working with (x, 8) instead of (a, 5). We will thus write:

,/25—8§
f=c+1—77——

2 2
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dsobvel(deg, M(r);

sot38+ /1002 + 340+ 177
2(207p)

sa=3p+/10007 ts1apriIf
[ HeeE)

M =_cr+_C2¢ + +_ctr (6%}
5 5 e
3 sot3pe 102+ st apr 7B 6a-3p+ 10 st apr17p
% T0ath)

18o+9p-J 1002 +s10pr17p worsp-J100 +8sapr17’
A_C2(B+30)r aH2p Ta+2p

3

J10o + stap s 175 ‘
3 )

[u‘zaf

2 ((-2-22) [T wan s + as) (3 22)) o
. = ®

3((-2-22)/ 2 i 22 2a 2mr
. 3((-5-22)/iwo’ +siop+ 175 + [p+ ; ](“wui],c
(3P Me) —T——— © Sar3p-J100L +84aB+ 1160
L z g LAV 2o
N "l[iﬁi?]‘/ b e *‘Z"]:B’(B*?Hl-‘" ° ’% [[’%*zu]\ 10007 + 840p+ 175

sa+3p+ 1000 +84ap+17E
tav2p
9 3

mﬂm[m“’%” wersprfmesuapeif o((8422) oo rsiap s @ +(p+ 222 ot )] mr
) - » - 3 -

sa+3p+ 10027 +siaprtip
TatB

cr
+A[p+2a+

(38, 00 o imesi T s0a)) 1804904 /10 181 ap i ITF
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FIGURE 3. Necessary conditions on M
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This of course works under the assumption that x is positive. However,
. v/ .
if x <0, 100a2+i4aﬁ+17ﬂ2 =sg(x)4/25 — 8% Up to exchanging f and g, and

the tj and the t;, the coefficients remain the same.
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ty t, ty ty tF ty ty ty
t; [RU{oo} [ 0 0 [ 2 2 2 3
t, |0 RU{co} | 0 3 0 = 3 0
t; | 0 0 RU{oo} | 2 0 0 z 0
t, |0 3 2 RU{oo} [0 = 3 z
TS 0 0 0 RU{co} | 0 0 2
|2 Z [ = 0 RU {0} [ 0 0
t ]2 3 i 3 ] 0 RU{co} | 0
ti |3 0 0 = 2 0 0 RU {o0}
FIGURE 4. Values of % for which t = tj[

Using these formulas, one can deduce that there exist a finite number
of [a, 3] € RP! for which one of the tijE equals another t;t. We present those
values in the table, Fig. 4 and detail a few representative cases:

e t =15 ,t;5 clearly has no solution.

\/25-82
et =t is equivalent to 3 — ¥Y——> =3—,/25 — 8% which is rephrased

as /25 — SQ = —3. There are then no solutions.
Otl_:t+1fandon1y1f,/2578 =0, i.e.%:%.
,/25 82 \/25—82
:t+1fandonly1f :g—i— 5 X7i.e.,/25—8§:2,

which means that: g = g.

otf

All the other combinations fall into one of these configurations (obviously
no solution, no solution because of negative squareroot, solution with null
squareroot, solution with positive squareroot).

Outside of those specific values, the (rtii> form a free family. Thus for

the metric to be A flat one must have:
(= (8+4a) V10007 8405 + 175 + (20 + B) (T8 + 200) ) C3 = 0. (78)

. . . . . 10a+58—1/100a24+84a3+1732
This equation is obtained by looking at the r dat2p term (last

term of the first line in formula (2) in Fig. 3). We will rephrase (78) in terms

of § and x:
02<_(2_ﬂ)1/25_8mm_3ﬁ>:o,
X X X

which implies that either Co =0 or £ =0, i.e. 8 =0.

Lo . lOa+5ﬁ+\/100a2+84aﬁ+1782 .
Similarly, looking at the r 1a+2p term (the term of (2) in

Fig. 3 between the third and fourth line):

((ﬁ + 4a) /10002 + 84af + 1762 + (2o + 3) (76 + 20a)) C1=0. (79)



R. Avalos et al. Ann. Henri Poincaré

alpha := -1 : beta == 4 : simplify(pl):
“ 5 2) 6 4 "
lancrv e st semw o oy e ®
alpha = -17 : beta := 50 : simplify(p1): MBeta0 = simplify(M(r));

16( 1+ )2 (AP +15m+51)
3

3/2 3
3 2. A
MBatap = 3 CL+3 €7 7 *‘3 CA s p Y v “

alpha i=-13 : beta := 42 : smplifi(p1):
’

(16a_c2-112_cn),7/? 422 cré s i gy
3 3

—12/2? _crm+som_c2y7 + f-+96,c:’r —14_c2?? ®)

alpha =19 : beta = 56 : simplifi(p1):

A 5 3.2 24/ 3
283104008 crasa c2P 412 cP -2 2P 427 crass c2r41927 3 cim105m c2) @
3

alpha := 1 :beta := 0 : simplifi( pl):
4 50 8 16 4_ 40 s

) AC2P+ T_Cfr + TA_CIt-flo_('Iml -5ra m
FIGURE 5. Cases (4 4a = 0, 50a + 178 = 0, 42a + 133 = 0,
56a + 195 =0

We once more rephrase this as:

Ch <<2ﬁ)’/2586+103ﬂ> =0,
X X X

which implies that C; = 0 or g =3.

Thus outside of g = 2, % %1, 2—98 0, 3, one must have C; = Cy = 0,
which implies that the metric is Schwarzschild-de Sitter (or AdS). We only
have to test these remaining values to conclude. For convenience, and in order
to use the same Maple procedure, we will rephrase those in term of o and
B. We need to test the cases: § + 4a = 0, 50 + 176 = 0, 42a + 135 = 0,
56+ 196 =0, B =0, 3a 4+ B = 0. Actually, this last case corresponds to the
conformally invariant one and will not be considered here (see Proposition 4.2
for this configuration).

On the Maple results displayed in Fig. 5, one can see that for g+4a = 0,
42a + 138 = 0, 56 + 198 = 0 one must have C; = Cy = 0, which is the
desired result. In the configuration 50 + 178 = 0 however, one obtains only
C1+ Cy = 0. Nevertheless, since this corresponds to the case where f = g, one
concludes that M(r) = m + 573 (second line of (4) in Fig. 5), which implies
that the metric is indeed Schwarzschild-de Sitter (or AdS).

In the final case: 8 = 0, while C; = 0, a priori A = 0, Cy # 0 is an
admissible solution, corresponding to the Reissner-Nordstrom metric. We can
check that it is indeed a solution (see Fig. 6) and conclude the proof.

Of course the above stands when 1000 +84a3+1732 > 0. The reasoning
when 10002 + 84a3 + 1742 < 0 will be very similar. We will thus give a brief
overview of the proof in that case: one simply has to replace f and g by

6a + 38 +1i4/]100a2 + 84a3 + 1732

I= 2(2a + )
6o+ 38 — i,/]100a> + 843 + 17/3?|
9= 2(2a + ) '

The algebraic operations will remain the same even with complex exponents,
and thus A will be written as a sum of (complex) powers of r. One simply has
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to replace the tzi by:

_ 18a+98 —i\/]10002 + 84af + 1752

L 4o+ 20
— 10a + 58 — i4/]100a2 + 84a3 + 1732|
2 da+ 20
—_ 6a + 303 — i4/]100a2 + 84a3 + 1732
5 4o+ 23
— 6a + 303 — i4/]100a2 + 84a3 + 1732
4 2a0+
o 18a + 98 + i4/]100a2 + 843 + 1732
! 4o+ 203
o 10a + 53 + i4/]100a2 + 84a3 + 17532
2 4o+ 20
o 6a + 383 +1i+/]100a2 + 84a3 + 17532
3 da+ 20
N 6a + 30 + i4/]100a2 + 84a3 + 1752\.
4 2+ 3

In this case, the ¢ cannot interfere and thus the rti form a free family.
One can then, mutatis mutandis, look at (78) and (79) in the same man-
ner as before, and conclude that C; = C3 = 0, and thus that the metric is
Schwarzschild-de Sitter (or AdS).

with{ rensor) :
coord = [1, 7, theta, phi] :
alpha == 1 : beta = 0:
M(r) =a+ % :

11_compts = array(symmenic, sparse, 1.4, 1.4) :

(1- 2.

=

11_compis[1,1] =

m— 1
11_compis(2, 2] + T
’
11_compts(3.3] =121
11_compis[4. 4 A2 #sin( theta) 2 :
11:= create([ ~1,-11, eval(t]_compis))
tensorsGR(coord, tl, 12, det_t1, C1, C2, R, Ric, Ric_sc, Ein, V) :
dIRic = cov_diff (Ric, coord, C2) :
d2Ric = cov_diff (dlRic, coord, C2) :

Ricchh = prod(12, prod(12, Ric, [1, 1]). [1.2])

RiccRiem = prod(Ricchh. R. [1,1]. [2.3]) :

Riccancarre = get_compts( prod|(Ricchh, Ric, [1,1]. [2,2])) :
§ = get_compts(Ric_sc)

Einsteind := hrlfaru[helz. DeltaRic,- (2-alpha + beta), d25, 2-beta, RiccRien,2-alpha-S, Ric, 1‘{“—"’5" + beta-

Ricoauearre. (b“_,i +2 alpl\a] -Deltas, 11] :
EinsteindTen = get_compts(Einsteind) :

A = stmplify(EistemndTen) :

E = simplifr([A[1. 1]. 4[2,2). 4[3. 3], A[4. 4]]);

E:=1[0,0.0,0] m

FIGURE 6. The Reissner-Nordstrém metric is Aq o-flat
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