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Perturbations of the Asymptotic Region
of the Schwarzschild—de Sitter Spacetime

Edgar Gasperin and Juan A. Valiente Kroon

Abstract. The conformal structure of the Schwarzschild—de Sitter space-
time is analysed using the extended conformal Einstein field equations.
To this end, initial data for an asymptotic initial value problem for
the Schwarzschild—de Sitter spacetime are obtained. This initial data
allow to understand the singular behaviour of the conformal structure
at the asymptotic points where the horizons of the Schwarzschild—de Sit-
ter spacetime meet the conformal boundary. Using the insights gained
from the analysis of the Schwarzschild-de Sitter spacetime in a con-
formal Gaussian gauge, we consider nonlinear perturbations close to
the Schwarzschild-de Sitter spacetime in the asymptotic region. We
show that small enough perturbations of asymptotic initial data for the
Schwarzschild—de Sitter spacetime give rise to a solution to the Einstein
field equations which exists to the future and has an asymptotic structure
similar to that of the Schwarzschild—de Sitter spacetime.

1. Introduction

The stability of black hole spacetimes is, arguably, one of the outstanding
problems in mathematical general relativity. The challenge in analysing the
stability of black hole spacetimes lies in both the mathematical problems as
well as in the physical concepts to be grasped. By contrast, the nonlinear
stability of Minkowski spacetime—see, e.g. [8,18]—and de Sitter spacetimes—
see [16,18]—are well understood.

The results in [16,18] show that the so-called conformal Einstein field
equations are a powerful tool for the analysis of the stability and global prop-
erties of vacuum asymptotically simple spacetimes—see [11,16,18,26]. They
provide a system of field equations for geometric objects defined on a four-
dimensional Lorentzian manifold (M, g), the so-called unphysical spacetime,
which is conformally related to a spacetime (M,Q), the so-called physical
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spacetime, satisfying the Einstein field equations. The conformal framework
allows to recast global problems in (M, §) as local problems in (M, g). The
metrics g and g are related to each other via a rescaling of the form g = Z2g
where = is a so-called conformal factor. Crucially, the conformal Einstein field
equations are regular at the points where = = 0—the so-called conformal
boundary. Moreover, a solution thereof implies, wherever = # 0, a solution to
the Einstein field equations.

At its core, the conformal Einstein field equations constitute a system of
differential conditions on the curvature tensors respect to the Levi—Civita con-
nection of g and the conformal factor =. The original formulation of the equa-
tions as given in, say [11,13,15], requires the introduction of so-called gauge
source functions. An alternative approach to gauge fixing is to adapt the anal-
ysis to a congruence of curves. In the context of conformal methods, a natural
candidate for a congruence is given by conformal geodesics—see [24,28]. To
combine gauges based on themproperties of congruences of conformal geodesics
with the conformal Einstein field equations, one needs a more general version
of the latter—the so-called extended conformal Finstein field equations [20].
The extended conformal field equations have been used to obtain an alterna-
tive proof of the semiglobal nonlinear stability of the Minkowski spacetime
and of the global nonlinear stability of the de Sitter spacetime—see [40]. In
view of these results, a natural question is whether conformal methods can be
used in the global analysis of spacetimes containing black holes. This article
gives a first step in this direction by analysing certain aspects of the conformal
structure of the Schwarzschild—de Sitter spacetime.

1.1. The Schwarzschild—de Sitter Spacetime

The Schwarzschild—de Sitter spacetime is a spherically symmetric solution to
the vacuum Einstein field equations with cosmological constant. It depends
on two parameters: the cosmological constant A and the mass parameter
m. The assumption of spherical symmetry almost completely singles out the
Schwarzschild—de Sitter spacetime among the vacuum solutions to the Einstein
field equations with de Sitter-like cosmological constant. The other admissible
solution is the so-called Nariai spacetime. This observation can be regarded
as a generalisation of Birkhoff’s theorem—see [50]. For small values of the
areal radius 7, the solution behaves like the Schwarzschild spacetime and for
large values its behaviour resembles that of the de Sitter spacetime. In the
Schwarzschild—de Sitter spacetime the relation between the mass and cosmo-
logical constant determines the location of the cosmological and black hole
horizons.

The presence of a cosmological constant makes the Schwarzschild—de Sit-
ter solution a convenient candidate for a global analysis by means of the
extended conformal field equations: the solution is an example of a space-
time which admits a smooth conformal extension towards the future (respec-
tively, the past)—see Figs. 3, 4 and 5 in the main text. This type of spacetimes
are called future (respectively, past) asymptotically de Sitter—see Sect. 2.1
for definitions and [1,29] for a more extensive discussion. As the cosmological
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constant takes a de Sitter-like value, the conformal boundary of the spacetime
is spacelike and, moreover, there exists a conformal representation in which
the induced 3-metric on the conformal boundary .# is homogeneous. Thus,
it is possible to integrate the extended conformal field equations along single
conformal geodesics.

In this article we analyse the Schwarzschild—de Sitter spacetime as a solu-
tion to the extended conformal Einstein field equations and use the insights
thus obtained to discuss nonlinear perturbations of the spacetime. A natural
starting point for this discussion is the analysis of conformal geodesic equa-
tions on the spacetime. The results of this analysis can, in turn, be used to
rewrite the spacetime in the conformal gauge associated with these curves.
However, despite the fact that the conformal geodesic equations for spheri-
cally symmetric spacetimes can be written in quadratures [24], in general, the
integrals involved cannot be solved analytically. In view of this difficulty, in
this article we analyse the conformal properties of the exact Schwarzschild—de
Sitter spacetime by means of an asymptotic initial value problem for the con-
formal field equations. Accordingly, we compute the initial data implied by the
Schwarzschild—de Sitter spacetime on the conformal boundary and then use it
to analyse the behaviour of the conformal evolution equations. An important
property of these evolution equations is that their essential dynamics is gov-
erned by a core system. Consequently, an important aspect of our discussion
consists of the analysis of the formation of singularities in the core system. This
analysis is irrespective of the relation between A # 0 and m. This allows us
to formulate a result which is valid for the subextremal, extremal, and hyper-
extremal Schwarzschild—de Sitter spacetime characterised by the conditions
0 < 9Im?|\| < 1,9m2|\| = 1 and 9m?|\| > 1, respectively.

1.2. The Main Result

The analysis of the conformal properties of the Schwarzschild—de Sitter space-
time allows us to formulate a result concerning the existence of solutions to
the asymptotic initial value problem for the Einstein field equations with de
Sitter-like cosmological constant which can be regarded as perturbations of the
asymptotic region of the Schwarzschild-de Sitter spacetime—see Figs. 1 and 2.
Our existence result can be stated as:

Main Result (asymptotically de Sitter spacetimes close to the asymptotic
region of the SdS spacetime). Given asymptotic initial data which are suitably
close to data for the Schwarzschild—de Sitter spacetime there exists a solution
to the Einstein field equations which exists towards the future (past) and has an
asymptotic structure similar to that of the Schwarzschild—de Sitter spacetime—
that is, the solution is future (past) asymptotically de Sitter.

Remark 1. A detailed formulation of the main result of this article can be
found in Sect. 4.4—see Theorem 1.

Our analysis of the conformal evolution equations governing the dynamics
of the background solution provides explicit minimal existence intervals for the
solutions. These intervals are certainly not optimal. An interesting question
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FiGURE 1. Schematic depiction of the main result.
Development of asymptotic initial data close to that
of the Schwarzschild—de Sitter spacetime in the global
representation—the initial metric is A, the standard metric on
S3, and the asymptotic points Q and Q' are excluded (denoted
by empty circles in the diagram). a—c Illustrate the evolution
of initial data close to the Schwarzschild-de Sitter spacetime
in the subextremal, extremal and hyperextremal cases respec-
tively. See also Figs.3, 4 and 5

FIGURE 2. Schematic depiction of the main result. Devel-
opment of asymptotic initial data close to that of the
Schwarzschild—de Sitter spacetime in the representation in
which Theorem 1 was obtained. The initial metric is h, the
standard metric on R x S2, and the asymptotic points Q and
Q' are at infinity respect to h—since h and h are conformally
flat one has h = w?h. The initial data for the subextremal,
extremal and hyperextremal cases is formally identical. The
development of small enough perturbations of the data have
the same asymptotic structure as the reference spacetime

related to the class of solutions to the Einstein field equations obtained in this
article is to obtain their maximal development. To address this problem one
requires different methods of the theory of partial differential equations and it
will be discussed elsewhere. A schematic depiction of the Main Result is given
in Fig. 1.

As part of the analysis of the background solution we require asymptotic
initial data for the Schwarzschild—de Sitter spacetime. The construction of this
initial data allows to study in detail the singular behaviour of the conformal
structure of the family of background spacetimes at the asymptotic points Q
and Q’, where the horizons of the spacetime meet the conformal boundary.
As a consequence of the singular behaviour of the asymptotic initial data, the
discussion of the asymptotic initial value problem has to exclude these points.
In view of this, it turns out that a more convenient conformal representation to
analyse the conformal evolution equations for both the exact Schwarzschild—de
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Sitter spacetime and its perturbations is one in which the conformal boundary
is metrically R x S? rather than S3\{Q, Q'} so that the problematic asymptotic
points are sent to infinity—see Fig. 2. In this representation, the methods of
the theory of partial differential equations used to analyse the existence of
solutions to the conformal evolution equations implicitly impose some decay
conditions at infinity on the perturbed initial data.

1.3. Related Results

The properties of the Schwarzschild-de Sitter spacetime have been system-
atically probed by means of an analysis of the solutions of the scalar wave
equation using vector field methods—see [48]. This type of analysis requires
special care when discussing the behaviour of the solution close to the hori-
zons. In the asymptotic initial value problem considered in this article, the
domain of influence of the initial data is contained in the region corresponding
to the asymptotic region of the Schwarzschild—de Sitter spacetime.

The properties of the Nariai spacetime—the other solution appearing in
the generalisation of Birkhoff’s theorem to spacetimes with a de Sitter-like
cosmological constant—have been analysed by means of both analytic and
numerical methods in [5,6]. In particular, in the former reference, it is shown
that the Nariai solution does not admit a smooth conformal extension—see also
[26]. Thus, it cannot be obtained from an asymptotic initial value problem.

Finally, it is pointed out that the singularity of the Schwarzschild—de
Sitter spacetime is not a conformal gauge singularity since CopeaC? — o as
r — 0. Accordingly, theory of the extendibility of conformal gauge singularities
as developed in [39] cannot be applied to our analysis. For any of the possible
conformal gauges available, one either has a singularity of the Weyl tensor
arising at a finite value of the parameter of a conformal geodesic or one has an
inextendible conformal geodesic along which the Weyl tensor is always smooth.

Notations and Conventions

The signature convention for (Lorentzian) spacetime metrics is (4, —, —, —).
In these conventions, the cosmological constant A of the de Sitter spacetime
takes negative values. Cosmological constants with negative values will be said
to be de Sitter-like.

In what follows, the Latin indices 4, p,c, ... are used as abstract tensor
indices while the boldface Latin indices 4, b, ¢, - - - are used as spacetime frame
indices taking the values 0,...,3. In this way, given a basis {e,} a generic
tensor is denoted by T,; while its components in the given basis are denoted
by Tap = Tapea®es’. We reserve the indices ;, j» ky- .. to denote frame spa-
tial indices respect to an adapted frame taking the values 1, 2, 3. We make
systematic use of spinors and follow the conventions and notation of Penrose
& Rindler [45]—in particular, 4, g, ¢, ... are abstract spinorial indices while
A, B, C, ... will denote frame spinorial indices with respect to some specified
spin dyad {e4?}. Our conventions for the curvature tensors are fixed by the
relation:

(VaVi — ViV )v© = R a0
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In addition, D*(A), H(A), J*(A) and I*(A) will denote, respectively,
the future (past) domain of dependence, the Cauchy horizon, the causal and
the chronological futures (pasts) of A—see, e.g. [36,55].

2. The Asymptotic Initial Value Problem in General Relativity

In this section we briefly revisit the notion of asymptotically de Sitter
spacetimes—see [1,29,36]. After that, we review the properties of the extended
conformal Einstein field equations that will be used in our analysis of the
Schwarzschild—de Sitter spacetime. This general conformal representation
of the Einstein field equations was originally introduced in [20]—see also
[25,52,53] for further discussion. For completeness, the conformal constraint
equations are presented—see [13,14,17,25]. In addition, we provide a discus-
sion on the notion of conformal geodesics and conformal Gaussian systems of
coordinates—see [20,24,28,49]. In this section, we also discuss how to use the
conformal field equations expressed in terms of a conformal Gaussian system
to set up an asymptotic initial value problem for a spacetime with a spacelike
conformal boundary. We conclude this section with a discussion of the struc-
tural properties of the conformal evolution equations in the framework of the
theory of symmetric hyperbolic systems contained in [37].

2.1. Asymptotically de Sitter Spacetimes
A spacetime (M, g) satisfying the vacuum Einstein field equations

Rab = AGab, (1)
is future asymptotically de Sitter if there exist a spacetime with boundary

(M, g), a smooth conformal factor Z and a diffeomorphism ¢ : M — U C M,
such that:

(1]

>0 in U,

E=0 and d=2#0 on £ =0dlU,

FT s spacelike—i.e. g(d=,dZ) >0 on T,
FF lies to the future of M—ie. T c IT(M).

Observe that this definition does not restrict the topology of .# . In particular,
it does not have to be compact—see [29]. The notion of past asymptotically de
Sitter is defined in analogous way. Additionally, (M, §) is asymptotically de
Sitter if it is future and past asymptotically de Sitter. Notice that a spacetime
which is asymptotically de Sitter is not necessarily asymptotically simple—see
[36] for a precise definition of asymptotically simple spacetime. In the following,
in a slight abuse of notation, the mapping ¢ : M — U C M will be omitted
in the notation and we write

= =2%3. (2)
Furthermore, the term asymptotic region will be used to refer to the set
J7(FT) of a future asymptotically de Sitter spacetime or J(.#7) of a past
asymptotically de Sitter spacetime.



Perturbations of the Schwarzschild—de Sitter Spacetime

2.2. The Extended Conformal Einstein Field Equations

In this section, we provide a succinct discussion of the extended conformal
Einstein field equations.

2.2.1. Basic Notions. Given any connection V over a spacetime manifold M,
the torsion and Riemann curvature tensors are defined, respectively, by the
expressions

(VaVy = ViVa)o = SaVed,  (VaVi — VoVa)ul = Regapu® + %V u,

where ¢ and u? are smooth scalar and vector fields respectively, while ¥,
and R<.,, denote the torsion and Riemann tensors of V.

2.2.2. Frames and Connection Coefficients. Let {e,} denote a set of frame
fields on M and let {w?} be the associated coframe. One has that (w®, ep) =
Jp®. We define the frame metric as gqp = g(€q, €p)—in abstract index notation
Jab = ea“ebbgab. From now on, we will restrict our attention to orthonormal
frames, so that gop = 7ab, Where consistent with our signature conventions
Nab = diag(l,—1,—1,—1). The metric g is then expressed in terms of the
coframe {w®} as

g = Napw?® ® w?.

The connection coefficients I', € of the connection V with respect to the
frame {ey} are defined via the relation

va,eb = Facb607

where V, = €,V, denotes the covariant directional derivative in the direction
of eq. The torsion of V can be expressed in terms of the frame {e,} and the
connection coefficients I', € via

Za,cbec = [eav eb] - (Facb - 1—‘bca,) €Ec.

2.2.3. Conformal Rescalings. Following the notation introduced in Sect. 2.1,
two spacetimes (M, g) are said to be (M, §) conformally related if the metrics
g and g satisfy Eq. (2) for some scalar field Z. In the remainder of this article,
the symbols V and V will be reserved for the Levi-Civita connection of the
metrics g and g. The connection coefficients of V and V are related to each
other through the expression

[0 =T + Sap®d Y4,
where

Sade = 5ac§bd + 5bc§ad — gabQCd and T, = E*IVG

[

In particular, observe that the 1-form T = T,w® is exact.
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2.2.4. Weyl Connections. A Weyl connection V is a torsion-free connection
satisfying the relation

ﬁagbc = —2fagbe, (3)
where f, is an arbitrary 1-form—thus, V is not necessarily a metric connection.
Property (3) is preserved under the conformal rescaling (2) as it can be verified
that Vogpe = —2faGpe where f, = f, + Y,. The connection coefficients of V
are related to those of V through the relation

IAjacb = Fa,cb + Sadefd~ (4)
A Weyl connection is a Levi—Civita connection of some element of the confor-
mal class [g] if and only if the 1-form f, is exact. The Schouten tensor L, of
the connection V is defined as

1 1
Loy = =Rap — —Rgap.
b = 5Ha 12Rg b
The Schouten tensors of the connections V and V are related to each other by
A 1
Lab - Lab = vafb - 5 adefcfd (5)

Notice that, in general, Lqj, # f/(ab).

2.2.5. The Extended Conformal Einstein Field Equations. From now on, we
will consider Weyl connections V related to a conformal metric g as in Eq. (3).
Let Pabcd denote the geometric curvature of V—that is, the expression of
the Riemann tensor of V written in terms of derivatives of the connection
coefficients 'y p:

Ped = €q (fbcd) —eyp (facd) +14% (fbfa - 1Aﬂa%) +Tpfala®s
— Do alvy.
The expression of the irreducible decomposition of Riemann tensor R%cq given
by
P%bed = Zd%pea + 2Sp(f Ly) ¢ (6)
will be called the algebraic curvature. In the last expression d®peq represents
the so-called rescaled Weyl tensor, defined as

a _ =—1/a
d%bed = Z7 C%ea,

where C'%peq is the Weyl tensor of the metric g. Despite the fact that the defini-
tion of the rescaled Weyl tensor may look singular at the conformal boundary,
it can be shown that under suitable assumptions the tensor d%.q4 it is regular
even when = = 0. Finally, let us introduce a 1-form d defined by the relation

do = Zfq + VaZ.

With the above definitions, one can write the vacuum extended conformal
Einstein field equations as

Ya% =0, Z%ca=0, Acap=0, Apea=0 (7)
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where
3 = [€aq, eb] — (facb — fbca) €c, (8a)
E%ed = P%ea — R%bed; (8b)
Acatb = Velpa — VaLeb — dad®pea = 0, (8¢)
Abed = Vad®sed — fad®ved. (8d)

The fields f]acb, iabcd, A and ]\bcd will be called zero-quantities.

The geometric meaning of the extended conformal field equations is the
following: S = 0 describes the fact that the connection V is torsion free.
The equation ; bed = 0 expresses the fact that the algebraic and geometric
curvature coincide. The equations Acdb =0 and Abcd = 0 encode the con-
tracted second Bianchi identity. Observe that there is no differential condition
for neither the 1-form d nor the conformal factor. In Sect.2.2.6 it will be
discussed how to fix these fields by gauge conditions.

In order to relate the conformal equations (7) to the vacuum Einstein
field equations (41), one introduces the constraints

0gq = 0, Yap =0, Cab =0 (9)
encoded in the supplementary zero-quantities
0o =dg — Efa — VE

1 ~
Yab = EAE_znab - va(E_ldb) - E_2SadedCdd7

Cab = L[ab afb

The first equation in (9) encodes the definition of the 1-form dg; the second
equation in (9) arises from the transformation law between the Schouten tensor
Lap of V and the physical Schouten tensor Lap = 677ab determined by the
Einstein field equations (41); the last equation in (9) relates the antisymmetry
of the Schouten tensor ﬁab to the derivative of the 1-form f,.
The precise relation between the extended conformal Einstein field equa-
tions and the Einstein field equations is given by the following lemma:

Lemma 1. Let (e,?, fabc, ﬁab, d%ped) denote a solution to the vacuum extended
conformal Einstein field equations (7) for some choice of gauge fields (2, dg)
satisfying the constraint equations (9). Assume, further, that

240 and det(n®eqep) # 0
on an open subset U C M. Then
g = @72nabwa & wbv

where {w®} is the coframe dual to {eq}, is a solution to the vacuum FEinstein
field equations (41) on U.

The proof of this lemma can be found in [24,53].
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2.2.6. Conformal Geodesic§ and Conformal Gaussian Systems. A conformal
geodesic on a spacetime (M, g) consists of a pair (z(7),8(7)) where z(7) is a
curve with tangent @(7) and B(7) is a 1-form defined along x(7) satisfying the
conformal geodesic equations

i°V,i® = -9’ Sy By, (11a)

iV efa = =250 BoBa + Leai®, (11b)
where im denotes the Schouten tensor of V and

Sav® = 626" + 6a"64° — Gan g™

In addition, it is convenient to consider a Weyl propagated frame—that is, a
frame field {e,} satisfying

Ve = —Sca™ eq i by

The definition of conformal geodesics is motivated by the transformation
laws of Eqs. (11a)—(11b) under conformal rescalings and transitions to Weyl
connections. More precisely, given an arbitrary 1-form f one can construct a
Weyl connection V as in Eq. (3). Then, defining 8 = 8— f the pair (x(7), B(7))
will satisfy the equations

i°Vei® = —i%3° S, By,
jS'CVCﬁa = *%jjcscabdﬂbﬂd + Lcai'ca
where L, is the Schouten tensor of the connection V as defined in Eq. (5). If
one chooses a Weyl connection V whose defining 1-form f coincides with the
1-form B of the V-conformal geodesic Egs. (11a)—(11b), then the conformal
geodesic equations reduce to
i°Vei® =0, Lagi®=0. (12)
Similarly, the Weyl propagation of the frame becomes
i°Veeq® = 0. (13)

The conformal geodesics equations admit more general reparametrisa-
tions than the usual affine parametrisation of metric geodesics. This is sum-
marised in the following lemma:

Lemma 2. The admissible reparametrisations mapping (non-null) conformal
geodesics into (non-null) conformal geodesics are given by fractional transfor-
mations of the form

ar +b
ct+d

T =

where a, b, c,d € R.

The proof of this lemma can be found in [24]—see also [52,53]. Conformal
geodesics allow to single out a canonical representative of the conformal class
[g]- This observation is contained in the following key result:
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Lemma 3. Let (/\;l,g) be a spacetime where g is a solution to the vacuum
FEinstein field equations (41). Moreover, let (z(7),B3(T)) satisfy the confor-
mal geodesic equations (11a)—(11b) and let {eq} denote a Weyl propagated
g-orthonormal frame along x(7) with
g = 0%,

such that

g(@, &) =1
Then the conformal factor © is given, along x(7), by

O(r)=0,+06,(r—1.) + %é*(T—T*)Q (14)

where the coefficients ©, = @(7})7@* = (;)(7'*) and ©, = (:)(7'*) are constant
along the conformal geodesic and satisfy the constraints

O, = (8,50, 0.6, = 13 (B..0.) + g\ (15)
Moreover, along each conformal geodesic
OB =0, Of; =060,
where g = (B, €q).

The proof of this Lemma and a further discussion of the properties of
conformal geodesics can be found in [20,53].

For spacetimes with a spacelike conformal boundary, the relation between
metric geodesics and conformal geodesics is particularly simple. This observa-
tion is the content of the following:

Lemma 4. Any conformal geodesic leaving & (.7~ ) orthogonally into the past
(future) is up to reparametrisation a timelike future (past) complete geodesic
for the physical metric g. The reparametrisation required is determined by

d7 1

— = 16
dr  O(r) (16)

where 7 is the g-proper time and T is the g-proper time and g = ©2%g.

The proof of this Lemma can be found in [28].

2.2.7. Conformal Gaussian Systems. In what follows it will be assumed that
there is a region of the spacetime (/\;175}) which can be covered by non-
intersecting conformal geodesics emanating orthogonally from some initial
hypersurface S. Using Lemma 3, the conformal factor (14) is a priori known
and completely determined from the specification of ©,,0, and ©, on S.
A conformal Gaussian system is then constructed by adapting the time leg
of the g-orthonormal tetrad {eq} to the tangent to the conformal geodesic
(x(7), B(7))—i.e. one sets eg = &. The rest of the tetrad is then assumed to
be Weyl propagated along the conformal geodesic. If one writes this condition
together with the conformal geodesic equations expressed in terms of the Weyl
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connection singled out by 3, as in Egs. (12) and (13), one obtains the gauge
conditions

I'o% =0, Loa=0, fo=0. (17)
One can further specialise the gauge by using the parameter 7 along the con-
formal geodesics as a time coordinate so that

€ = 87—. (18)

Now, consider a system of coordinates (7, %) where (z®) are some local
coordinates on S. The coordinates (%) are extended off the initial hyper-
surface S by requiring them to remain constant along the conformal geodesic
which intersects a point p € S with coordinates (z®). This type of coordinates
will be called a conformal Gaussian coordinate system. This construction nat-
urally leads to consider a 1 + 3 decomposition of the field equations.

2.2.8. Spinorial Extended Conformal Einstein Field Equations. A spinorial
version of the extended conformal Einstein field equations (8a)—(8d) is readily
obtained by suitable contraction with the Infeld—van der Waerden symbols
0% a4. Given the components Typ¢ of a tensor Ty, the components of its
spinorial counterpart are given by

cc’ _ c a b _cc’
Taa'BB =Tapcaa“opp’o

10 1 1 (01
B 01/’ TAA _\/i 10)°
i 1
(o) =500
io0 2 \0 -1
10 SAA _ 1 /o1
5\01)" =i \10)’

gaa 1 (0 gAa 1 (10
2= 2 \~i0)” =L \o-1)

In particular, the spinorial counterpart of the frame metric gap = 7qp 1S given
by gaa BB = €apea p while the frame {e,} and coframe {w®} imply a
frame {€aa/} and a coframe {wA4} such that

(s3]

where,

g(eAA’a eBB/) = €EAB€A'B’-

If one denotes with the same kernel letter the unknowns of the frame ver-
sion of the extended conformal Einstein field equations, one is lead to consider
the following spinorial zero-quantities:

2 _ 5 cc n cc
Yaa'BB =|eaa,eBp| — (FAA' BB —I'Bp AA’) ecc’,
(19a)
acc’ _ .cc’ ACC'
E¥" ppaa'BB =77 ppraaBp — R~ ppaaBB, (19Db)

A _ > - - AA’
Acc'pp' BB =Veco'Lpp'Be' —Vpp' Lecc BB —daad”™ B DD,
(19¢)
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Aspcopp =Vaad* gpccpp — faad* seccpp. (19d)
The spinorial version of the extended conformal Einstein field equations
is then succinctly written as
Saasp =0, E°“ ppaasp =0,
Accopper =0, Appcopp =0. (20)

In the spinor description, one can exploit the symmetries of the fields and
equations to obtain expressions in terms of lower valence spinors. In particular,
one has the decompositions

daa'BB'CC'DD’ = —PABCDEA'B'€C'D’ — P A'B/C'D'€ABECD;

a BB’ P B B | T B’ B

Faa™" ccr =Taa"cec'™ +Taa” cec™,
where papcp = ¢aBcp) are the components of the rescaled Weyl spinor
and I'4 o/ B ¢ are the reduced connection coefficients of V. Using the spinorial
version of Eq. (4) and contracting appropriately one obtains

I'ccraB =TccaB —cacfBor- (21)

Likewise, one has the following reduced curvature spinors

. 1
R°paasp = 5

& ¢ & C
=eaa (FBB' D) —eBp’ (FAA’ D)

/\C !’
R poraaBB

r C_ 7 F r C_ T F’ r Cc 1 F
—I're"pl'aa” B—TBr Dpl'aa” B +T'ra " pI'BB" A

- Cc 1 F’ P C_ 7 E P C_ 7T E
+ Tar " pI'BB" A +Taa " El'BB D —TIBB "ElAA" D)

“ 1 4 ,
Papcc'pp' = §PAQ BQ'CC'DD’
= —-0©¢aBcpeéc'p’ — Le/(aB)p'€cp
1 A .
~5€AB (LCC’DD' — LDD'CC/) ;
1 - Ql

Aaase = QAAA/BQ/C

=VQabaBco — fPadaBcq.
With these definitions, the spinorial extended conformal Einstein field equa-
tions can be alternatively written as

. s ) .
YaaBp =0, EpaaBp =0, Accppsp =0, Apcp=0.
(22)

The last set of equations is completely equivalent to the equations in (20).

2.2.9. Space Spinor Formalism. In what follows, let the Hermitian spinor A4

denote the spinor counterpart of the vector v/2eq®. In addition, let {ea”} with
e0 = 0, €14 = 1 denote a spinor dyad such that

’ ’
O T P

’
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. . ’ . .
We have chosen the normalisation 744" 744 = 2, in accordance with the con-

ventions of [19]. In what follows let 744" denote the components of 744’
respect to {e# 4}. The Hermitian spinor 744’
spinor split of the frame {eqa} and coframe {wA4 }. Namely, one can write

can be used to perform a space

eaa = %TAA,E — B rean, w = 1TAA/«.J + 17 WwCA, (23)
where
€= TPP’GPP/, €AB = T(AP/eB)P'v
w = Tpp/wPP,, wAB = 7T(Ap/wB)Pl.

It follows from the above expressions that the metric g admits the split

1
g=5w ® w + hapopw?? @ WP
where
hapcp = g(eaB,ecp) = —€a(c€D)B-

Similarly, any general connection V can be split as
v 1 o
Vaa = 57aaP - 74/ 9Daq,
where

Y 19 e
P = TAA VAA’ and DAB = T(BA VA)A/,

, 9
A" and Dag

denote, respectively, the derivative along the direction given by 74
is the Sen connection of V relative to 744",

The Hermitian spinor 744" induces a notion of Hermitian conjugation:
given an arbitrary spinor with components a4/ its Hermitian conjugate has

components

’ ’

php =1 o iaa = ¢ i A (24)
where the bar denotes complex conjugation. In a similar manner, one can
extend the definition to contravariant indices and higher valence spinors by
requiring that (wp)t = wfput.

2.3. Conformal Evolution and Constraint Equations

In this section the evolution equations implied by the extended conformal field
equations and the conformal Gaussian gauge are discussed. In addition, a brief
overview of the conformal constraint equations is given.

2.3.1. Conformal Gauss Gauge in Spinorial Form and Evolution Equa-
tions. The space spinor formalism leads to a systematic split of the
extended conformal Einstein field equations (22) into evolution and con-
straint equations. To this end, one performs a space spinor split for the fields
eaa, faa,Laa,Taa®c.

The frame coefficients eg a/® satisfy formally identical splits to those in
(23), where eaar = eaa®cq with ¢, € {0, c;} representing a fixed frame
field—the latter is not necessarily g-orthonormal. Observe that, in terms of
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tensor frame components, the gauge condition (18) implies that eq® = do®.
The gauge conditions (17) and (18) are rewritten as

A eqn =28, T4TaaBc=0, 4 Laapp =0. (25)
In addition, we define

I = 7BAD r =754T =754
ABCD =T aacp, laBcp =7B" laacp, faB=78B" faa,
(26a)

Lagep =78 ™% Laace, ©apcp = Lapcp) ©as = Lapg®.
(26b)

Recalling Eq. (21) one obtains

/

I'aBcp =Tasep — €cafpats™,
where 'apep = 7B A/FAA/CD. This relation allows us to write the equations
in terms of the reduced connection coefficients of the Levi—Civita connection
of g instead of the reduced connection coefficients of V. Only the spinorial
counterpart of the Schouten tensor of the connection V will not be written
in terms of its Levi—Civita counterpart. Exploiting the notion of Hermitian
conjugation given in Eq. (24), one defines

1
XABCD = 7 (FABCD + PQBCD> )

1
éaBcD = 7 (FABCD - FL&BCD) )

where x apcp and £ apep correspond, respectively, to the real and imaginary
part of the connection coefficients I' s o p. We define the electric and magnetic
parts of the rescaled Weyl spinor as

1 1.
NABCD = 5 (¢>ABCD + ¢;Bcp) » MaBcp = —5i <¢ABCD - ¢LB(;D) .
The gauge conditions (25) can be rewritten in terms of the spinors defined
n (26a) as
faB = faB); Ie®ap =0, Lg@%ap=0. (27)
The last condition implies the decomposition

« 1
LaBcp =0©aBcD + §€CD®AB

for the components of the spinorial counterpart of the Schouten tensor of the
Weyl connection where © apcp = La)cp) and ©Oap = LABQQ.

The fields defined in the previous paragraphs allow us to derive from the
expressions
A0 PP ppepp® =0, 79 Zapcopp =0, (28a)

AApaspco =0, 7a® N aBep) =0, (28b)
a set of evolution equations for the fields

o .
XABcD, £ABcD, eAB , €aB', faB, ©aBcp, ©aB, 9aBCcD-
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Explicitly, one has that

dreaB’ = —x(ap) %pq’ — faB, (29a)
drean’ = —xamF%pq’, (29b)
1
d-éaBep = —Xx(aB) C¢pocp + E(GABX(BD)PQ +espX(ac)PQ) 9,
(29¢)
1 .
—V2xaBc® fo)E — 5 (eac®BD +€¢BDOAC) — 1OraBCD,
(20d)
1
OrfaB = — PQfpg + —=0Oas, 29¢
faB XaB) “IPq 75048 (29¢)
d-x(aB)cp = —xaB' ®xpgcp — ©aBcp + Onasep, (291)
9:9aBcD = —X(aB) ®Lpqcp) — Onasep +id” (appcpp (29g)
.08 = —x(aB) " OpF + V24" aBPq, (29h)
d-¢aBcp — V2D(a%dBoD)g = 0. (291)

The following proposition relates the discussion of the conformal evolu-
tion equations and the full set of extended conformal field equations given by

(7):

Lemma 5. (Propagation of the constraints and subsidiary system) Assume that
the evolution equations extracted from Fgs. (28a)—(28b) and the conformal
Gauss gauge conditions (27) hold. Then, the independent components of the
zero-quantities

& BB = A
Yaa”7 cc'y, EaBccpp, AaaBpcc, 0aa, vaa'BB, (aa,

which are not determined by the evolution equations or the gauge conditions,

satisfy a symmetric hyperbolic system of equations whose lower order terms
are homogeneous in the zero-quantities.

The proof of Lemma 5 can be found in [20,21,53]—see also [41] for a
discussion of these equations in the presence of an electromagnetic field.

The most important consequence of Lemma 5 is that if the zero-
quantities vanish at some initial hypersurface and the evolution equations
(29a)—(29h) are satisfied, then the full extended conformal Einstein field equa-
tions encoded in (20) are satisfied in the development of the initial data. This
is a consequence of the standard uniqueness result for homogeneous symmetric
hyperbolic systems.

2.3.2. Controlling the Gauge. The derivation of the conformal evolution
equations (29a)—(29h) is based on the assumption of the existence of a non-
intersecting congruence of conformal geodesics. To verify this assumption, one
has to analyse the deviation vector of the congruence.

Let z denote the deviation vector of the congruence. One has then that

&, 2] = 0. (30)
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Now, let 244" denote the spinorial counterpart of the components z% of z
respect to a Weyl propagated frame {e,}. Following the spirit of the space
spinor formalism one defines zag = 82 2a4/. This spinor can be decomposed
as

1
ZAB = 5%€AB + 2(AB)

The evolution equations for the deviation vector can be readily deduced from
the commutator (30). Expressing the latter in terms of the fields appearing in
the extended conformal field equations, one obtains

0,2 = fapzAB) (31a)
0r2(aB) = XCD(AB)Z(CD) (31b)

The congruence of conformal geodesics is non-intersecting as long as z(ag) # 0.
Once one has solved Egs. (29a)—(291) one can substitute fap and xaBcp
into Eq. (31) and analyse the evolution of the deviation vector—for further
discussion see [40].

2.3.3. The Conformal Constraint Equations. The conformal constraint equa-
tions encode the set of restrictions induced by the zero-quantities on the vari-
ous fields on hypersurfaces of the unphysical spacetime (M, g). In what follows,
we will consider a setting where the 1-form f vanishes. Accordingly, the ini-
tial data for the extended conformal evolution Egs. (29a)—(29h) and those for
the standard conformal Einstein field equations are the same—see Appendix
D. Now, let S denote a three-dimensional submanifold of M. The metric g
induces a 3-dimensional metric h = ¢*g on S, where ¢ : § — M is an embed-
ding. Similarly, one can consider a three-dimensional submanifold S of M with
induced metric h = p*g, such that

h = O2h,
where € denotes the restriction of the conformal factor to the initial hyper-
surface S—in Sect. 2.2.6 this restriction is denoted by ©y.
Let n, and n, with n, = ©n, be, respectively, the g-unit and g-unit nor-
mals, so that n“n, = n®n, = 1—in accordance with our signature conventions

for an spacelike hypersurface. With these definitions, the second fundamental
forms xap = haoVeny and Yap = he©Veny, are related by the formula

Xab = Q()Zab + Zilab)

where ¥ = n?V, Q.

The conformal constraint equations are conveniently expressed in terms
of a frame {e;} adapted to the hypersurface S—that is, the vectors e; span
TS and, thus, are orthogonal to its normal. All the fields appearing in the
constraint equations are expressed in terms of this frame. The conformal con-
straint equations are then given by:

DiDjQ = —inj — QLij + Shij, (32&)
D;Y = :*DpQ — QL;, (32b)
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D;s = —1;>%—QL;, (32¢)
D;Lji — DjLix, = —Ydijk + digig D'Q — (xirLj — i Li), (32d)
D;Lj — D;L; = dii; D'Q + xi*Ljr — x;"* Lik, (32e)
D¥dyi; = x*idjx — x*jdix, (32f)
Didi; = x*diju, (32g)
Djxki — Dixgi = Qdijr + hijLi — hawLj, (32h)
lij = Qdij + Lij — xa"* (x5 — ixhij) + xwiXg" — ithXkl, (32i)
A = 6Qs — 352 — 3D, QDFQ, (32j)

where D is the Levi-Civita connection on (S, h), l;; is the associated Schouten
tensor, dijr = diojk, dij = diojo, Li = Lo; and s is a scalar field on S—see
Appendix D for the definition of s in context of the conformal Einstein field
equations.

2.3.4. Constraints at the Conformal Boundary. The conformal constraint
equations simplify considerably on hypersurfaces for which Q = 0. If this is
the case, then Eqgs. (32a)—(32i) reduce to

shsj = Yxij, (33a)
D% =0, (33b)
D;s = —L;%, (33¢)
D;iLjk — DjLix = —Ydijr — (XinLj — XjrLs), (33d)
D;Lj — D;Li = xi* Lji — X" Li, (33¢)
D¥dyij = x*idjrx — X" jdik, (33f)
A= -3%% (33g)
Didij = x*diju, (33h)
Djxwi — Drxji = hijLi — hirLj, (33i)
lij = Lij — x (Xij - ith) + XkiX;" — %Xleklhij- (33)

A procedure for obtaining a solution for these equations has been given
in [17,20]. Direct algebraic manipulations yield

[IA
Y= |?|a Y = 0, s= Yk, Xij = Hhi.ﬂ L; = —D;k, (34&)

1 _
Lig = lij + 5K°hig,  dige = =S 'yije, (34b)

where £ is an smooth scalar function on the initial hypersurface and y;;x
denotes the components of the Cotton tensor of the metric h. The only differ-
ential condition that has to be solved to obtain a full solution to the conformal
constraint equations is

Did;; =0, (35)
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where d;; is a symmetric trace-free tensor encoding the initial data for the
electric part of the rescaled Weyl tensor.

2.4. The Formulation of an Asymptotic Initial Value Problem

In this section, we show how the conformal Gaussian gauge can be used to
formulate an asymptotic initial value problem for the extended conformal Ein-
stein field equations. Thus, in the sequel we consider an initial hypersurface
on which the conformal factor vanishes so that it corresponds to the conformal
boundary of an hypothetical spacetime. Accordingly, this initial hypersurface
will be denoted by 7.

2.4.1. The Conformal Boundary. Following Lemma 3, we can set, without
lost of generality, 7, = 0 on .#. Moreover, it will be assumed that f, vanishes
initially. Accordingly, we have the initial condition 3, = ©;'dO,. Recalling
that d = ©83, and g* = ©%g*, and using the constraints in (15) of Lemma 3 it
readily follows, for the asymptotically problem (in which ©, = 0), that

5
6. =/

Moreover, using again that d = ©0 and requiring &, to be orthogonal to .%
(so that &, = eg), we have do, = O,. It follows that

A
o=/

The coefficient ©, is fixed by the requirement s = Xk on .#—see [4].
From the definition of s and X, = V.0 it follows that

1 1 1 1
sy = =VaVeO + —RO | = - (ea2%), + ~ (Ta"X?)
4 24 4 4 *
) ) * (36)
= 777ab(eaeb®)* + *9* (Faaﬂ)* .
4 4
Taking into account that © and X; vanish at % we have that
7% (eqep0), = O,. Using the solution to the constraints given in (34a)-

(34b) and exploiting the properties of the adapted orthonormal frame we have
(Ta%0)s = (Ti0)x = (xi¥)x = Kd;* = 3k. Substituting into (36) and using
that s, = O,k one gets

0, = 6,x.
Summarising, for an asymptotic initial value problem, the conformal fac-
tor implied by the conformal Gaussian gauge is given by

o(r) = \/§7(1 + %m). (37)

The conformal factor given by Eq. (37) is, in a certain sense, Universal. It does
not encode any information about the particular details of the spacetime to
be evolved from .. As such, it can be used to analyse any spacetime with
de Sitter-like cosmological constant as long as the spacetime has at least one
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component of the conformal boundary. If k # 0, the conformal boundary has
two components located at

2
7=0 and T=——.
K

The first zero corresponds to the initial hypersurface .#. The physical space-
time corresponds to the region where © # 0. Therefore, the roots of © render
two different regions of (M, g) corresponding to two different conformal repre-
sentation of (M, g)- One of these representations corresponds to the region cov-
ered by the conformal geodesics with 7 € [—-2/|x[, 0] or 7 € [0,2/|x|] and other
corresponds to the region covered by the conformal geodesics with T € [0, o)
or 7 € (—o0,0] depending on the sign of k.

Remark 2. The discussion of the previous paragraphs is formal: the component
of the conformal boundary given by 7 = —2/x may not be realised in a specific
spacetime. This is, in particular, the case of the extremal and hyperextremal
Schwarzschild—de Sitter spacetimes in which the singularity precludes reaching
the second conformal infinity—see Fig. 4.

2.4.2. Exploiting the Conformal Gauge Freedom. The conformal freedom of
the setting allows us to further simplify the solution to the conformal constraint
equations at .#. Given a solution to the conformal Einstein field equations
associated with a metric g, it follows from the conformal covariance of the
equations and fields that the conformally related metric g’ = 1¥?g for some
9 is also a solution. On an initial hypersurface S, the latter implies b’ =
9¥2h. From the definition of the field s—see Appendix D—and the conformal
transformation rule for the Ricci scalar one has that

st =9 s, +97%(Ve?),(VO),.

Thus, the condition s’ = 0 can be solved locally for ¥,. Accordingly, one
chooses ¥, so that x = 0. In this gauge x;; and L} vanish and Lj; = [}, at .7
In addition, the conformal factor reduces to

o= /Bl

In this representation © has only one zero, and the second component of the
conformal boundary (if any) is located at an infinite distance with respect to
the parameter 7.

2.5. The General Structure of the Conformal Evolution Equations

One of the advantages of the hyperbolic reduction of the extended conformal
Einstein field equations by means of conformal Gaussian systems is that it pro-
vides a priori knowledge of the location of the conformal boundary of the solu-
tions to the conformal field equations. Following the discussion in Sect.2.2.7,
the conformal geodesics fix the gauge through Egs. (17) and (18). The last con-
dition corresponds to the requirement on the spacetime to possess a congru-
ence of conformal geodesics and a Weyl propagated frame—i.e. Egs. (12) and
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(13) are satisfied. As already mentioned, the system of evolution Eqgs. (29a)-
(29h) constitutes a symmetric hyperbolic system. This is the key property for
analysing the existence and stability of perturbations of suitable spacetimes
using the extended conformal Einstein field equations.

To discuss the structure of the conformal evolution system in more detail,
let e denote the components of the frame e g, I the independent components
of xapep and Eapep, and ¢ the independent components of the rescaled
Weyl spinor ¢ opcp- Then the evolution Egs. (29a)—-(29h) can be written as

0-v =Kv + Q(T')v + L(z)¢, (38a)
(I+ A%e€))d.¢ + Atd;p = B(I), (38b)

where v represents the independent components of the spinors in the conformal
evolution equations except for the rescaled Weyl spinor whose components are
represented by ¢. In addition, I is the 5 x 5 identity matrix, K is a constant
matrix, Q, A, A% and B are smooth matrix valued functions of its arguments
and L(x) is a matrix valued function depending on the coordinates. To have
an even more compact notation, let u = (v, ¢). Consistent with this notation,
let u denote a solution to the evolution Egs. (38a)—(38b) arising from data
u, prescribed on an hypersurface S. The solution u will be regarded as the
reference solution. Consider a general perturbation succinctly written as u =
u + u. Equivalently, one considers

e=é+¢, TI=I+T, ¢d=¢+0o. (39)

Recalling that 1 is a solution to the conformal evolution Egs. (38a)—(38b) and
making use of the split (39) one obtains that

0.0 =Ko+ QI + )0 + Q(I)d + L(z) g, (40a)
(I+ A%E + )0, + (T+ A%(é + &))0-¢p + AP(é + &€)Dip+
Ai(é+¢8)0ip =B +1)d+ B+ 1) (40D)

Equations (40a) and (40b) are read as equations for the components of the
perturbed fields © and qvb These equations are in a form where the theory
of first order symmetric hyperbolic systems in [37] can be applied to obtain a
existence and stability result for small perturbations of the initial data 1. This
requires however, the introduction of the appropriate norms measuring size of
the perturbed initial data a,. This general discussion will not be developed
further; instead, we particularise this discussion in Sect. 4.3 introducing the
appropriate norms required to analyse the Schwarzschild—de Sitter spacetime
as an asymptotic initial value problem.

3. The Schwarzschild—de Sitter Spacetime and Its Conformal
Structure

In this section, we briefly review general properties of the Schwarzschild—de
Sitter spacetime that will be relevant for the main analysis of this article.



E. Gasperin, J. A. Valiente Kroon Ann. Henri Poincaré

3.1. The Schwarzschild—de Sitter Spacetime
The Schwarzschild—de Sitter spacetime is the spherically symmetric solution
to the Einstein field equations
Rap = Aab (41)
with, in the signature conventions of this article, a negative cosmological con-
stant given in static coordinates (t,r,0, ) by
gsas = F(r)dt @ dt — F(r)"'dr @ dr — r’a, (42)
where the function F(r) is given by
F(ry=1- 27”‘ + %w, (43)

and o is the standard metric on the 2-sphere S?
o =df ®df +sin? dy @ d,

with ¢t € (—00,0), 7 € (0,00), 6 € [0,7], ¢ € [0,27). This solution reduces to
the de Sitter spacetime when m = 0 and to the Schwarzschild solution when
A=0.

Remark 3. In the following, we will only consider the case m > 0 and we will
always assume a de Sitter-like value for the cosmological constant .

The location of the roots of the polynomial r» —2m + %)\rg are determined
by the relation between m and \; whenever 0 < 9m?|\| < 1 this polynomial
has two distinct positive roots 7y, r. and a negative root r_ located at

Ty = 2 cos(a+47r)
b= T FECE
VI3 3

Te = 2 COS <g>
c = |>\‘ 3 )

2 (a N 277)

r_ = cos| —+— ],
Vs T
where cosa = —3m./|A|. The positive roots 0 < r, < r. correspond, respec-
tively, to a black hole-like horizon and a cosmological-like horizon. One can
classify this 2-parameter family of solutions to the Einstein field equations
depending on the relation between the parameters m and \. The subextremal
Schwarzschild—de Sitter spacetime arises when the relation between m and A
satisfies

0 <9Im?\ < 1. (44)

If condition (44) holds, one can verify that F(r) > 0 for r, < r < r. while

F(r) < 0 in the regions 0 < r < r, and r > r.. Consequently, the solution is

static for r, < r < r.—see [7]. The extremal Schwarzschild—de Sitter spacetime
is obtained by setting

I\ = 1/9m>. (45)

If the extremal condition (45) holds, then the black hole and cosmological

horizons degenerate into a single Killing horizon at r = 3m. Moreover, one
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has that F(r) < 0 for 0 < r < oo so that the hypersurfaces of constant
coordinate r are spacelike while those of constant ¢ are timelike and there are
no static regions. In the extremal case the function F(r) can be factorised as

(r —3m)%(r + 6m) .

F(r)=— 4

(r) 27Tm?2r (46)

In the hyperextremal Schwarzschild—de Sitter spacetime, one considers
9m2 |\ > 1. (47)

In this case one has again F(r) < 0 for 0 < r < oo so that similar remarks
as those for the extremal case hold. The crucial difference with the extremal
case is that in the hyperextremal case there are no horizons. Finally, at r =0
it can be verified that the spacetime has a curvature singularity irrespective
of the relation between m and A—in particular, the scalar C’abcdé“de, with
C%eq the Weyl tensor of the metric gggs, blows up.

3.2. The S3\{Q, Q’}-Representation

The basic conformal structure of the subextremal and extremal Schwarzschild—
de Sitter spacetimes has already been discussed in [2,7] and [47] respectively.
Coordinate and Penrose diagrams have been also provided in [32] for the
subextremal, extremal and hyperextremal cases. In this section we present
a concise discussion, adapted to our conventions, of the conformal structure
of the Schwarzschild—de Sitter spacetime in the subextremal, extremal, and
hyperextremal cases. We start our discussion showing that irrespective of the
relation of m and A the induced metric at the conformal boundary for the
Schwarzschild—de Sitter spacetime can be identified with the standard metric
on S3. As discussed in more detail in Sect. 3.3.1, this construction depends on
the particular conformal representation being considered. In the subextremal
case, one cannot obtain simultaneously an analytic extension regular near both
rp and r.—see [2]. Since we are interested only in the asymptotic region, in this
section, we will consider the region r > r.. For the extremal and hyperextremal
cases such considerations are not necessary.
In the following, we introduce the null coordinates

UE\/W(t_t)a UE\/W(t—’_t)v

where v is a tortoise coordinate given by

o 1
t:/F(T)dr. (48)

This integral can be computed explicitly—see [2,7]. The particular form of ¢
depends on the relation between A and m. As discussed in [7,47] the integration
constant can always be chosen so that ¢t — 0 as r — oo. Defining tanU =

u,tan’ V' = v, with U,V € [-7, 7] one gets the line element

1F
Gsas = 5 |§T) sec?Usec? V (AU @ dV +dV @ dU) — r?o.  (49)

As discussed in [2,7], one can construct Kruskal-type coordinates cover-
ing the black hole horizon by choosing appropriately the integration constant
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in Eq. (48). Analogously, choosing a different integration constant, one can
construct Kruskal-type coordinates covering the cosmological horizon. Never-
theless, in the subextremal case, as emphasised in [2], it is not possible to
construct Kruskal-type coordinates covering simultaneously both horizons. To
construct the Penrose diagram for this spacetime, one considers as building
blocks the Penrose diagrams for the regions 0 < r < 74,7, < r < 7. and
r. < r < oo which are then glued together using the corresponding Kruskal-
type coordinates to cross each horizon—see [2,32] for a detailed discussion
on the construction the Penrose diagram and Kruskal-type coordinates in the
Schwarzschild-de Sitter spacetime. Consistent with the above discussion and
given that we are only interested in the asymptotic region, we restrict our
attention, in the subextremal case, to r > r.. In the extremal case one has,
however, that r, = r. = 3m and one can verify that

lim cosU ~ lim cosV _c

r—=3mr—3m r—3mr—3m

where C' # 0 is a constant depending on m and the integration constant chosen
in the definition of r. Consequently, in the extremal case, the metric (49) is
well defined for the whole range of the coordinate r: 0 < r < co—see [47].
Introducing the coordinates (U, V) defined via

_ T U _ T V
tan U = In tan <4 + 2), tan V' = Intan (4 + 2)

one obtains

F

5 |§T) secUsecV (AU @ AV + dV @ dU) — 1’0

Recalling that in the subextremal case F(r) < 0 for r > r. while for the
extremal and hyperextremal cases F(r) < 0 for 0 < r < oo, one identifies the
conformal factor

gsds =

N
[F ()

Therefore, we can identify the conformal metric gsqs = Z2ggqs with

(o)) U COSs V

| 2

||F( I cosUcosVo. (50)

1, _ _ _
gsis = —5 (dU @ dV +dV @ dU) —

Introducing the coordinates

T=U+V, v=V-U,
one gets
_laveav—areadr) - 2 cos L (T4 v)eos (T 1)o
ngS—4 [F ()] COos 5 COb2
The analysis in [2] shows that the conformal factor = tends to zero as r — oo.
Hence, to identify the induced metric at .# it is sufficient to analyse such limit.
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Noticing that

1 (0 — ) = L (tan(ﬁ/ll—&—‘_/))
2v/1A| 2¢/[A " \tan(m/4 +U)
and recalling that

lim =0,
T—00

one concludes that r — oo implies ¥ = 0 as long as U # :t%ﬂ' and V # :t%?‘(.
Using Eq. (43) one can verify that
lim [\l
r—oo [F(r)]

Consequently, the induced metric on .# is given by

1 T
h:—rw®dT—w§§a

which can be written in a more recognisable form introducing £ = %(T + )
so that

h=—d¢®dé —sinéo. (51)
The metric A is the standard metric on S®. Observe that the excluded points
in the discussion of this section (U,V) = (£4m,+47) correspond to & = 0
and ¢ = m—the North and South pole of S3. The Penrose diagram of the
subextremal, extremal and hyperextremal Schwarzschild—de Sitter spacetime is
given in Fig. 4a. The conformal boundary .# of the (subextremal, extremal and
hyperextremal) Schwarzschild—de Sitter spacetime, defined by the condition
=2 = 0, is spacelike consistent with the fact that the cosmological constant
of the spacetime is de Sitter-like—see, e.g. [46,51]. Moreover, the singularity
at v = 0 is of a spacelike nature—see [32,47]. As pointed out in [2,33], the
Schwarzschild—de Sitter spacetime can be interpreted as the model of a white
hole singularity towards a final de Sitter state. Alternatively, making use of a
reflection

Ur— —u, UV =,

one obtains a model of a black hole with a future singularity—see Figs. 3, 4
and 5.

In what follows, we adopt the white hole point of view for the extremal
and hyperextremal cases so that .# corresponds to future conformal infinity
and we will consider a backward asymptotic initial value problem. Consistent
with this point of view, for the subextremal case, we consider asymptotic initial
data on .# T and study the development of such data towards the curvature
singularity located at r = 0—see Fig. 1.

3.3. The R X S2-Representation

In Sect. 3.2 we have shown that there exist a conformal representation in which
the induced metric on the conformal boundary corresponds to the standard
metric on S®. A quick inspection shows that the metric (51) is conformally flat.
In this section we put this observation in a wider perspective and show that
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Q IH(r = 00) Q r=0 Q I (r=o) Qo r=0 Q
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FiGURE 3. Penrose diagram for the subextremal
Schwarzschild—de Sitter spacetime. The excluded points
Q, Q' represent asymptotic regions where the cosmological
horizon appear to meet .#. As discussed in Sect.3.1, this
region of the spacetime does not belong to .

(a) 7 (r =00) 7 (r=o0)
/Q\ //Q7\\ Q
H H H K H H
MY
(b) r=20
SMVMVVMAMAAMANAAAN TAVIAAAAMAMAAAAANAAAAAAAAAAAAAAAAANA/
N P P
H H He, H H H
Q QY "
I (r=00) I (r=o0)

FIGURE 4. Penrose diagrams for the extremal Schwarzschild—
de Sitter spacetime. Case (a) corresponds to a white hole
which evolves towards a de Sitter final state while case (b) is
a model of a black hole with a future singularity. The contin-
wous black line denotes the conformal boundary; the serrated
line denotes the location of the singularity; the dashed line
shows the location of the Killing horizons H at r = 3m. The
excluded points Q, Q" and P represent asymptotic regions of
the spacetime that do not belong to .# or the singularity » = 0

the induced metric on & of a spherically symmetric spacetime with spacelike
# is necessarily conformally flat. In addition, a conformal representation in
which the induced metric at the conformal boundary corresponds to the stan-
dard metric on R x S? is discussed. This conformal representation will be of
particular importance in the subsequent analysis.
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FIGURE 5. Penrose diagram for the hyperextremal
Schwarzschild—de Sitter spacetime. The singularity is of
spacelike nature. Dotted lines at 45° and 135° have been
included for visualisation. Case (a) corresponds to a white
hole which evolves to a final de Sitter state. Case (b)
corresponds to a black hole with a future spacelike singularity

3.3.1. The Conformal Boundary of Spherically Symmetric and Asymptotically
de Sitter Spacetimes. Following an argument similar to the one given in [43],
we have the following construction for a spherically symmetric spacetime with
spacelike conformal boundary: if a spacetime (M, g) is spherically symmetric,
then the metric g can be written in a warped product form

g= ':Y - 520-3 (52)
where 4 is the 2-metric on the quotient manifold Q = M/SO(3),0 is the
standard metric of S and 5 : @ — R. If g and § are conformally related,

g = ©2g, then the spherical symmetry condition for g is translated into the
requirement that g can be written in the form

g=v-ro,
where v = ©7 and p = Op, where © does not depend on the coordinates on
S2. Near .# let us introduce local coordinates (6,) on the quotient manifold
Q = M/SO(3) so that © = 0 denotes the locus of .#. Since the conformal

boundary is spacelike, we have that g(d®,d©) > 0. Therefore, the metric
induced on .# by g has the form

h=-A@W)dy ® dy — p*(¢)o,

where A(¢)) is a positive function. Redefining the coordinate 1, we can rewrite
h as

h = —p2()(dv ® di + o).

It can be readily verified—say, by calculating the Cotton tensor of h—that
the metric h is conformally flat. In Sect. 3.4, it will be shown that, in view
of the conformal freedom of the setting, a convenient choice is to consider a
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conformal representation in which the 3-metric on .# is given by
h=—-dy®dy —o. (53)

This metric is the standard metric of the cylinder R x S? with ) € (—o0, c0). It
can be verified that this conformal representation is related to the one discussed
in Sect. 3.2 via h = w?h, where the conformal factor w and the relation between
the coordinates are given by

P(§) = x —Infesc +coté],  w(§) = ese(§). (54)
Equivalently, one has that

(Ye—v) _
£(1p) = arccos ((m> , w) = i(ezw* + 621&),

e2W—¢) 1 2e¥~
where 1), is a constant of integration. We can directly observe that in this rep-
resentation & = 0 and £ = 7 correspond to 1) = —oo and ¥ = 0o, respectively.

3.3.2. The Extrinsic Curvature of the Conformal Boundary in the R X
S? Representation. A particularly simple conformal representation for the
Schwarzschild—de Sitter spacetime can be obtained using the discussion of
Sect. 3.3.1. Accordingly, take the metric of the Schwarzschild—de Sitter space-
time as written in Eq. (42) with F(r) as given by the relation (43) and con-
sider the conformal factor = = 1/r. Introducing the coordinates p = 1/r and

¢ = +/|A|/3t, the conformal metric

_ =2~
g = = gesds

is given by

3 1 1 -1

9= 7(92 —2mg’® — *|>\|>dé®d<§ - (92 —2mg® — *I/\\) do®dg—o.
[A| 3 3

The induced metric on the hypersurface described by the condition Z = 0 is

given by

h=-d{(®d(—-o.

It can be verified that g satisfies a conformal gauge for which the con-
formal boundary has vanishing extrinsic curvature. To see this, consider a g-
orthonormal coframe {w®} with

3 1\ 2 A
wOZ \/; <Q2 — 2mQ3 - 3A|> de w3: (Q2 - 2mQ3 - 3|A> dQ’

and {w', w?} a o-orthonormal coframe. Denote by {es} the corresponding
dual frame. Using this frame we can directly compute the Friedrich scalar
s= %VCVCE + iR =—see Appendix D. The computation of the Ricci scalar
yields

R = —12myo. (55)
A direct calculation using

= 1 v =
VHVM:‘ = maﬂ( —detg g“ 81,:)
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shows that V,V?Z = 6mo? — 2p. Consequently, the scalar s vanishes at the
hypersurface defined by Z = ¢ = 0. Contrasting this result with the solution to
the conformal constraints given in Eqgs. (34a)—(34b) we conclude that in this
representation the hypersurface described by = = 0 has vanishing extrinsic
curvature as claimed.

Remark 4. Notice that, in this representation the curvature singularity,
located r = 0, corresponds to ¢ = co. Consequently, .# is at an infinite distance
from the conformal boundary.

Observe that, the components of the Weyl tensor with respect to the
orthonormal frame {e,} as described above are given by

Ci212 = —2mp, Ciz13 = mp, Cioio = —mp,
Cazaz = mo, Choz0 = —mpo, Csoz0 = 2mo.

This information will be required in the discussion of the initial data for the
rescaled Weyl tensor—see Sect. 3.4.2. Using now that dgpeq = Z ' Capeq With
= = ¢ and exploiting the fact that the computations have been carried out in
an orthonormal frame so that C%peq = n%F Cfbea, we get

di212 = —2m, diz13 =m, dio10 = —m,
d2zaz = m, dgo20 = —m, dzo30 = 2m.
Finally, considering d;; = d;o;0 we have
di1 = —m, dos = —m, dzz3=2m. (56)

3.4. Identifying Asymptotic Regular Data

As discussed in Sect. 3.1, there is a conformal representation in which the
induced metric on the conformal boundary of the Schwarzschild—de Sitter is
the standard metric h on S?. Nevertheless, the asymptotic points Q and @', as
depicted in the Penrose diagram of Fig. 4, are associated with the behaviour
of those timelike geodesics which never cross the horizon—see Appendix A.
Despite that, from the point of view of the intrinsic geometry of .# these
asymptotic regions—corresponding to the North and South poles of S>—are
regular, from a spacetime point of view they are not. This issue will be further
discussed Sect. 3.4.2 where it will be shown that the initial data for the electric
part of rescaled Weyl tensor is singular at @ and Q'. Fortunately, as exposed
in Sect. 2.4.2 one can exploit the inherent conformal freedom of the setting to
select any representative of the conformal class [A] to construct a solution to the
conformal constraint equations. Taking into account the previous remarks it
will be convenient to choose the conformal representation discussed in Sect. 3.3,
h = w?h with w and h given in Egs. (53) and (54), in which the points Q and
Q' are at infinity respect to the metric h.

3.4.1. A Frame for the Induced Metric at .#. Consistent with the discussion
of the last section, on .# one considers an adapted frame {l, m,m} such that
the metric (53) can be written in the form

h=—-(l®l+o)
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where
l=dy, o= %(m@rﬁ,—i—’rh@m).
In terms of abstract index notation, we have
hij = —lil; — 2mmyy. (57)
The frame {l, m,m} satisfies the pairings

ljlj = 71, mjmj = 71, ljmj = lj’ﬁlj = mjmj = ’ﬁljﬁlj =0. (58)

3.4.2. Initial Data for the Rescaled Weyl Tensor. The procedure for the con-
struction of a solution to the conformal constraints at the conformal boundary
requires, in particular, a solution to the divergence Eq. (35) for the electric
part of the rescaled Weyl tensor. The requirement of spherical symmetry of
the spacetime can be succinetly incorporated using the results in [44]. If the
unphysical spacetime (M, g) possesses a Killing vector X then the initial data
encoded in the symmetric trace-free tensor d;; must satisfy the condition

Lxd;; =0, (59)

where £ x denotes the Lie derivative in the direction of X on the initial hyper-
surface. The only symmetric trace-free tensor d;; compatible with the above
requirement is given by

1
where ¢ = dijlilj.

TT-tensors on R>. The general form of symmetric, trace-free and divergence-
free tensors (i.e. TT-tensors) in a conformally flat setting are well-known—see
e.g. [3,9]. For convenience of the reader, in this short paragraph, we adapt the
conventions and discussion given in the latter references to the present setting.
The general the solutions to the equation

Did;; =0, (61)

where h = —4 is the flat metric has been given in [9]. One can introduce
Cartesian coordinates (z®) with the origin of R? located at a fiduciary position
O. Additionally, we introduce polar coordinates defined via p = 5ag:r°‘xﬁ. The
flat metric in these coordinates reads

h=—dp®dp—po. (62)

Using this notation and taking into account the requirement of spherical sym-
metry encoded in Eq. (59) the flat space counterpart of the required solution
is

d= % <3dp®dp+iz>,

where A, is a constant. In order to obtain an analogous solution in conformally
related three manifolds, one can exploit the conformal properties of Eq. (61)
using the following:
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Lemma 6. Let Jij be a trace-free symmetric solution to DZEZ-]- =0 where D is
the Levi-Civita connection of h. Let h = w?h, then d;ij = w™'d;; is a sym-
metric trace-free solution to D'd;; = 0 where D is the Levi—-Civita connection

of h.

This lemma can be found in [9]. Here we have adapted the statement to
agree with the conventions of this article.

TT-tensors on S? and R x S2. One can exploit Lemma 6 to derive spherically
symmetric solutions of the divergence Eq. (61) in conformally flat three man-
ifolds. In particular, the metrics A and h as given in Egs. (51) and (62) are
related via

h= w2i7,,
where
p(&) = cot(£/2),  w(§) = 2sin*(£/2), (63)
The coordinate transformation p(§) corresponds to the stereographic projec-

tion in which the origin O of R? is mapped to the South pole on S3. Alterna-
tively, one can also derive

p(§) = tan(£/2), w(€) = 2cos’(£/2), (64)

corresponding to the stereographic projection in which the origin of R? is
mapped to the North pole of S?. Using Lemma 6 with equations (63) or (64)
one obtains h
*
d NG (3d¢ ®@dE +h). (65)
Observe that d;; is singular when w(§) = 1 which corresponds to £ = 0 and
¢ = 7 according to Egs. (63) and (64), respectively. Therefore, in this conformal
representation the electric part of the rescaled Weyl tensor is singular at the
North and South poles of S?. Proceeding in a analogous way as in the previous
paragraphs one can observe that the metrics h and h given in Egs. (53) and
(62) are related via

h = w?h
where
p) =e¥, w¥)=e".
A straightforward computation using Lemma 6 renders
d=A,3dy@dy+h). (66)

Moreover, since D'd;; = 3A, D*(1;1;), it follows that verifying that d;; satisfies
the condition (59) reduces to the computation of w; = £xI; and showing that
the components of w; along any leg of the frame vanishes—that is

lw; =0, miw; =0, mw; =0.

The latter can easily be done using the Killing equation £xh;; = 2D;X;) =0
along with Egs. (57) and (58). Finally, comparing expression (66) with Eq. (56),
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we can recognise that A, = m. Observe that this identification is irrespective
of the extrinsic curvature of .#.

3.5. Asymptotic Initial Data for the Schwarzschild—de Sitter Spacetime

In the last section it was shown that the R x S2-conformal representation leads
to regular asymptotic data for the rescaled Weyl tensor. In this section we
complete the discussion the asymptotic initial data for the Schwarzschild—de
Sitter spacetime in this conformal representation. To do so, we make use of
the procedure to solve the conformal constraints at the conformal boundary
as discussed in Sect. 2.3.4 and the specific properties of the Schwarzschild—de
Sitter spacetime.

3.5.1. Initial Data for the Schouten Tensor. Computing the Schouten tensor
Sch|h] of h we get that

Schlh] = —%dw  dy + %a.

Equivalently, in abstract index notation, one writes

1
= —lil; = hi;.

Thus, recalling the solution to the conformal constraints given in Eq. (34b) we
get,

1
Lij = —lilj — 5(1 = k%) hij.
3.5.2. Initial Data for the Connection Coefficients. In order to compute the
connection coefficients associated with the coframe {w;} recall that w?® =
dy and {w!,w?} are o-orthonormal. Equivalently, one has that {e;} =
{Bw, ey, 62} with

e =—=m+m), e
1 ﬂ( ), ez

where o0 = m ® m + m ® m, so that

= \ﬁ(m - ’ﬁl),

h=-w' ouw' —w®w?—-weuw.

The connection coefficients can be obtained using the first structure
Eq. (116a) given in Appendix C.1. Proceeding in this manner, by a straightfor-
ward computation, one can show that the only nonzero connection coefficient
is 7221. In terms of the Ricci rotation coefficients, the latter corresponds to
2v2Re(a,) where o, = —1m®dm, in the standard NP notation—see [51].
Therefore, the only non-trivial initial data for the connection coefficients is

’}/221 = \/5(04* + 64*)~

Remark 4. The frame over the cylinder R x S? introduced in this section is not
a global one. Nevertheless, it is possible to construct an atlas covering R x S?
such that one each of the charts one has a well defined frame of the required
form.
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3.5.3. Spinorial Initial Data. In this section, we discuss the spinorial counter-
part of the asymptotic initial data computed in the previous sections.

3.5.4. Spin Connection Coefficients. The spinorial counterpart of the asymp-
totic initial data constructed in the previous sections is readily obtained by
suitable contraction with the spatial Infeld—van der Waerden symbols—see
Appendix C.3. Following the discussion of Sect.3.5.2, let w3 = dv and let
{w!, w?} denote an o-orthonormal coframe. Using Eq. (123b) of Appendix
C.3 we have that the spinorial coframe is given by

wAB _ aiABwi _ (yAB + ZAB)wl + i(yAB o ZAB)(.U2 o I'ABLUS. (67)
Alternatively, one has that the spinorial frame is given by
ean = xABemgaw + \@yABeermb + \@zABez*mb

where e, e, T, e, denote the only non-vanishing frame coefficients. Equation
(67) allow us to compute the reduced connection coefficients v4 2 cp using the
first Cartan structure Eq. (122a) in Appendix C.3. Alternatively, one can use
the results of Sect.3.5.2 and the spatial Infeld—van der Waerden symbols to
compute

co__ _ _j i CD k
vAB T EF =Vi’k0AB'0" T jORF ",

where
Vil k= 620170k e + 057057 6110”1,
with
Yolo = —\/5(04* + @), Y= \/i(oz* + ay).
Using the identities (123a)—(123b) in Appendix C.3 one obtains

a8 P Er = 2V2(as + &) (yaB — 248) (yerzP — y“Prpr).
Thus, the reduced connection coefficients are given by

1
Y4B r = =74 Pop = (o + @)2P r(yaB — 2aB). (68)

2
By computing the spinor version of the connection form vPp = yapP pwAB

using Egs. (68) and (67), one can readily verify that the first structure equation
is satisfied. Additionally, using the reality conditions,

T T T

TAB = —TAB, YAB = ZAB, <*~AB = YAB

we can verify that v4pcp is an imaginary spinor—as is to be expected from
the space spinor formalism. The field v4pcp represents the initial data for
the field £apecp—the imaginary part of the reduced connection coefficient
T'apep- The real part of 'apcp corresponds to the Weingarten spinor
XaBcp which, in accordance with Eq. (34a), is given initially by

XABCD = KhABCD.

Rewriting the reduced connection coefficients (68) in terms of the basic valence-
4 spinors introduced in Sect.4.1 we get for Eapep = vYaBep the explicit
expression
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éapcp = —(a + &) (" aBep + € aBcD)

1 1
+ ——=(ay + a4 )e + 2z + ——(ayx + ay)e + z .
2\/5( . Jeac(yBD + 2BD) 2\@( «JeBp(yac + zac)

3.5.5. Spinorial Counterpart of the Schouten Tensor. The spinorial counter-
part of the Schouten tensor /;; can be directly read from the expressions in
Sect. 3.5.1. Observe that the elementary spinor 2% corresponds to the com-

ponents of [; with respect to the coframe (67) since
wABxAB = f:vABxABw?’ =w’ = dy =1.

Replacing h;; by its space spinor counterpart hapcp we obtain

lij — laBcD = —TABTCD — §hABC’D-

Equivalently, recalling that the space spinor counterpart of the trace-free part
of a tensor Iy = lij — %lhij corresponds to the totally symmetric spinor
lcaBc D), it follows then from

1

3lhij,

lij = lgigy +
that
1
laBep =laBcD) + glhABCD-

Thus, using that for the metric (53) one has r = —2 and that | = h*[;; = 1r,

it follows that [ = —% and l(aABcpD) = —T(ABTCcD) = —2€4 pop- Therefore,
we get
1
laBcp = —2¢* apcp — ghABCD- (69)

Finally, recalling the expressions for the components of the spacetime
Schouten tensor given in (34b), we conclude

1
Lagcp = —26°aBcD — 6(1 —3k%)haBcD-

3.5.6. Initial Data for the Rescaled Weyl Spinor. Following the approach
employed in last section, the spinorial counterpart of (66) is given by

daBcp = A«(3laBlep + hasep).

However, the trace-free condition simplifies the last expression since
d*; = 0 implies that dij = dgi;y. Therefore dapcp = daBep) =
3A.laBlep)- As the elementary spinor z4p can be associated with the com-
ponents of I respect to the coframe (67), one gets that

daBcp = 3A.T(ABTCD)-

This last expression can be equivalently written in terms of the basic valence-4
space spinors of Sect. 4.1 as

2
¢aBcD = 6me” aBcD.
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where, in the absence of a magnetic part, we have identified ¢ o pcp initially
with dapcp. Observe that have set A, = m consistent with the discussion of
Sect. 3.4.2.

4. The Solution to the Asymptotic Initial Value Problem for
The Schwarzschild—de Sitter Spacetime and Perturbations

As already discussed in the introductory section, recasting explicitly the
Schwarzschild—de Sitter spacetime as a solution to the system of conformal
evolution Egs. (29a)—(29i) requires solving, in an explicit manner, the confor-
mal geodesic equations. This, as discussed in Appendix A.2, is not possible in
general. Instead, an alternative approach is to study directly the conformal evo-
lution Eqs. (29a)—(291) making explicit the spherical symmetry of the solution
and the asymptotic initial data corresponding to the Schwarzschild—de Sitter
spacetime. This approach does not only extract the required information about
the reference solution—in the conformal Gaussian gauge—but, in addition, is
a model for the general structure of the conformal evolution equations. The
relevant analysis is discussed in Sects. 4.1 and 4.2. As a complementary analy-
sis, we study the formation of singularities in the evolution equations. In order
to have a more compact discussion leading to the main result, the analysis of
the formation of singularities is presented in Appendix B. Finally, in Sect. 4.3,
we use the theory of symmetric hyperbolic systems contained in [37] to obtain
a existence and stability result for the development of small perturbations to
the asymptotic initial data of the Schwarzschild—de Sitter spacetime.

4.1. The Spherically Symmetric Evolution Equations

Hitherto, the discussion of the extended conformal Einstein field equations
and the conformal constraint equations has been completely general. Since we
are interested in analysing the Schwarzschild—de Sitter spacetime as a solution
to the conformal field equations one has to incorporate specific properties of
this spacetime. The most important assumption for our analysis is that of the
spherical symmetry of the spacetime. Under this assumption, a generalisation
of Birkhoff’s theorem for vacuum spacetimes with de Sitter-like cosmological
constant shows that the spacetime must be locally isometric to either the Nariai
or the Schwarzschild-de Sitter solutions—see [50]. As the Nariai solution is
known to not admit a smooth conformal boundary [5,26], then the formulation
of an asymptotic initial value problem readily selects the Schwarzschild-de
Sitter spacetime.

To incorporate the assumption of spherical symmetry into the conformal
field equations encoded in the spinorial zero-quantities (19a)—(19d) one has to
reexpress the requirement of spherical symmetry in terms of the space spinor
formalism. In order to ease the presentation we simply introduce a consistent
Ansatz for spherical symmetry—a similar approach has been taken in [43].
More precisely, we set

$ABCD = ¢2€ ABCD, (70a)
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Oa = V20, 248, (70b)
1
Oascp = 02" € apep + ge)hs haBcp, (70c)
1
éaBcp =& €' aBep + & aBep + &€ aBeD + gfh haBcp

+ \f/%(l'BD€AC +2aceBD) + \g/%(yBD€AC +YaceBD)

&
+ == (zBD€AC + ZACE€ , 70d
\@( BDEAC + 2Ac€BD) (70d)
1

XABCD = X2 €aBcp + 3Xh hascp, (70e)

"AB =€) 1B, €4p =€ TAB. €hp=¢yaB, €ap==¢; 2aB,
(70f)
faB = fzxaB, (70g)
daBp =d,raB. (70h)

The elementary spinors Tap,YAB, ZAB, eiBCD and hapcp used in the
above Ansatz are defined in Appendix C.2. For further details on the con-
struction of a general spherically symmetric Ansatz see [21,54]. Alternatively,
one can follow a procedure similar to that of Sect. 3.5.4—by writing a consis-
tent spherically symmetric Ansatz for the orthonormal frame one can identify
the non-vanishing components of the required tensors. The transition to the
spinorial version of such Ansatz can be obtained by contracting appropriately
with the Infeld-van der Waerden symbols taking into account Egs. (123a)-
(123b), (119a)—(119d) and (120a)—(120c).

The ansatz for spherical symmetry encoded in Egs. (70a)—(70h) combined
with the evolution Egs. (29a)-(29i) leads, after suitable contraction with the
elementary spinors introduced in Sect.4.1, to a set of evolution equations for
the fields

T S S 0 3 —
¢27 ®T ) 62 ) ®h 7617 537 5367 Syv §Za €y €xs 6j7€y7 fm

This lengthy computation has been carried out using the suite xAct for tensor
and spinorial manipulations in Mathematica—see [31]. At the end of the day,
one obtains the following evolution equations:

Ore) = Sx26) — $Xn€y — fa, (71a)
d-€2 = tx2€3 — Txnel, (71b)
87.6;; = *%Xzeif - %Xh%} (71c)
dre; = —§Xaes — 3Xne: (71d)
Orfo = Sx2fa — Sxnfz + OF, (T1e)
Orx2 = 2X3 — Zx2xn — ©F — O¢n, (71f)
OrXn = —£X5 — 35X — OF (71g)
0-&3 = 5283 — 3Xnés — sx2&y, (71h)
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0-&1 = T5x261 — $xné1 — 3x26s, (71i)
0-&o = —5X2fa — O — gX2&0 — 3Xna (713)
0-& = —%X2§3 + ﬁ)@ﬁy - %thyz (71k)
9-&, = —gx261 + 15 x26: — 3xnks, (711)
9:0L = 1y,0% — 1,07 + 1d,¢s, (71m)
9,05 = X205 — 1x,05 — 1x2,07 + O¢», (71n)
9,05 = —ix205 — 1y,67, (710)
Orp2 = —5 X202 — Xno2. (71p)

The results of the analysis of Sects.3.5.4, 3.5.5 and 3.5.6 provide the
asymptotic initial data for the above spherically symmetric evolution equa-
tions. The resulting expressions are collected in the following lemma:

Lemma 7. There exists a conformal gauge in which asymptotic initial data for
the Schwarzschild—de Sitter spacetime can be expressed, in terms of the fields
defined by the Ansatz (70a)—(70h), as

1
b =6m, ©,7=0 0,5=-2 ©,5= —5(1 — 3K%),

51 = —(O[* + 6‘*); 53 = —(Oé* + @*)7 535 (a* + 04*)

_2\[

= Qs + Qi

3 M( )

z = Oy + Oy :07 :357 xzoa
3 2\[( ) X2 Xh X
6220, eizl, el =1, e, =1,

4.2. The Schwarzschild—de Sitter Spacetime in the Conformal Gaussian Gauge

In this section we analyse in some detail the spherically symmetric evolution
equations derived in the previous section. In particular, we show that there is
a subsystem of equations that decouples from the rest—which we call the core
system—and controls the essential dynamics of the system (71a)—(71p).

As the Schwarzschild—de Sitter spacetime possess a curvature singularity
at 7 = 0, one expects, in general, the conformal evolution equations to develop
singularities. Moreover, since the two essential parameters appearing in the
initial data given in Lemma 7 are m and x—the function «, only encodes
the connection on S?>—one expects, in general, that the congruence of confor-
mal geodesics reaches the curvature singularity at 7 = 7, (m, k). Nevertheless,
numerical evaluations suggest that for £ = 0 the core system does not develop
any singularity—observe that this is consistent with the remark made in the
discussion of Sect. 3.3.2. Furthermore, an estimation for the time of existence
Te of the solution to the conformal evolution Eqs. (71a)—(71p) with initial data
in the case k = 0 is given. A discussion of the mechanism for the formation
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of singularities in the core system (k # 0) and the role of the parameter « is
given in Appendix B.

4.2.1. The Core System. Inspection of the system (71a)—(71p) reveals that
there is a subsystem of equations that decouple from the rest. In the sequel
we will refer to these equations as the core system. Defining the fields

1/1 1/1 1
=-| = L=-2(-06,% 9 = - 2
X 3(2><2+Xh>, 3<2®2 +6 ) ¢=3d  (72)

the system (71p)—(71a) can be shown to imply the equations

¢ = —3x9, (73a)
K="+ L- 00, (73b)
L=—xL- %(;)gi), (73c)

where the overdot denotes differentiation with respect to 7 and

o(r) = \/?T (1—&-;%7), o= %(14—&7‘).

The initial data for this system is given by
1
B0) =2m, x(0)=r, L(0)= (1~ ). (74)

As it will be seen in the remainder of this article, Eqs. (73a)—(73c) with
initial data (74) govern the dynamics of the complete system (71a)—(71p). The
evolution of the remaining fields can be understood once the core system has
been investigated.

4.2.2. Analysis of the Core System. This section will be concerned with an
analysis of the initial value problem for the core system (73a)—(73c) with ini-
tial data given by (74). As it will be seen in the following, the essential feature
driving the dynamics of the core system (73a)—(73c) is the fact that the func-
tion x satisfies a Riccati equation coupled to two further fields. One also has
the following;:

Observation 1. The core Eq. (73a) can be formally integrated to yield

otr) =2mesp (=3 [ “x(o)as) (75)

Hence, ¢(7) > 0 if m # 0.
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In the remaining of this section, we analyse the behaviour of the core
system in the case where the extrinsic curvature of .# vanishes.

As discussed in Sect. 2.4 in the case Kk = 0 the conformal factor reduces
to ©(1) = y/|\|/37—thus, one has only one root corresponding to the initial
hypersurface .#. To simplify the notation recall that ©, = /|\|/3 so that
O(r) = ©,7. Accordingly, the core system (73a)-(73c) can be rewritten as

¢ = —3x0, (76a)
X=-x*+L- %é*ms, (76b)
L=—xL- %(;)*cﬁ. (76¢)
Moreover, the initial data reduces to
X(0) =0, LO)=3, 60)=2m
Observation 2. A direct inspection shows that Eqs. (76a)—(76¢) imply that
x(7) = 7L(7).

This relation can be easily verified by direct substitution into Egs. (76b) and
(76¢). Observe that L(r) = x(7)/7 is well defined at .# where 7 = 0 and
x(0) = 0 since the initial conditions ensure that

1
i X(7)

T—0 T 2

Taking into account the above observation, the core system reduces to
. , 1.
L=—-7L*— §®*¢ (77a)
¢ =—37Lo (77b)

with initial data

L0) ==, ¢(0)=2m. (78)

1
2 )
Observation 3. One can integrate (77b) to

(1) = 2mexp </ SL(s)ds> (79)
0
and conclude that ¢(7) > 0 for 7 > 0.

To prove the boundedness of the solutions to the core system we begin
by proving some basic estimates:

Lemma 8. If x = 0, then the solution of (73a)—(73c) with initial data (74)
satisfies the bound

L(t) > o(1) (47171 — ;@,ﬂ') for T>0.
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Proof. Using Eqgs. (77a) and (77b) we obtain the expression
. . 1. 1.
¢L — Lo =27L%¢p — 5@*¢2 > —§@*¢2 for 7>0. (80)

Since ¢(7) > 0 we can consider the derivative of L/¢. Notice that
d L . .
2
— | =] =¢L— Lo.
#5 (5) =ob-1o
This observation and inequality (80) gives
d (L 1.
— | =] >—-=0, f > 0.
d7_<¢) 2@ or 7>0

Integrating the last differential inequality from 7 = 0 to 7 > 0 taking into
account the initial conditions leads to
1 1

L(1) > ¢(7) <4m - 26*7) for 7 >0.

O

Observe that the last estimate ensures that L(7) is non-negative for 7 €
[0,8m/©,]. It turns out that finding an upper bound for L(7) is relatively
simple:

Lemma 9. If k = 0, then, for the solution of (73a)—(73c) with initial data
(74), one has that

Proof. Assume 7 > 0. Using that ¢(7) > 0 and Eq. (77a) one obtains the
differential inequality

L(t) < —7L?(7).

Using that L(7) > 0 for 7 > 0 one gets
L(r)
L3(T)

< -7

The last expression can be integrated giving an upper bound for L(7):

2
L < —.
() < T2 4+ 4

O

A simple bound on a finite interval can be found for the field ¢(7) as
follows:

Lemma 10. If k = 0 then, for the solution of (73a)—(73c) with initial data
(74) and for 0 <7 < 1/(2v/©,m), the field ¢(t) is bounded by above.
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Proof. Assume 7 > 0. From the estimate of Proposition 8, one has that
L> —%(i)*ms.
Therefore
—37L¢ < g(é)*r%b?
Using Eq. (77b), one obtains the differential inequality
¢ < 29*7%2-

Since ¢(7) > 0 the last expression can be integrated to yield,

2m
T < —_—.
¢lr) < 1—-0,mr
Therefore, for 0 < 7 < 1/+/©,m, the field, ¢(7) is bounded by above. Conse-
quently, one can take 0 < 7 < 1/(2v/0,m). O

The results of Lemmas 8, 9 and 10 can be summarised in the following:

Lemma 11. The solution to the core system (73a)—(73c) with initial data (74),
in the case k = 0, is bounded for 0 < 7 < 7o, where

. (8 1
T.Emlll{g,m}. (81)

Remark 5. A plot of the numerical evaluation of the solutions to the core
system (73a)—(73c) with initial data (74) in the case x = 0 is shown in Fig. 6.

4.2.3. Behaviour of the Remaining Fields in The conformal Evolution Equa-
tions. In this section, we complete the analysis of the conformal evolution
equations. In particular, we show that the dynamics of the whole evolution
equations is driven by the core system. To this end, we introduce the fields

X=30e-w), L=j(05-6).
The evolution equations for these variables are
%= - L-09, (22)
L=xL+ 06, (82b)

with initial data
_ 1
X(O) =~ L(0) = —5(1+#2).

Notice that despite these equations resemble those of the core system, the field
¢ is not determined by the Eqgs. (82a)—(82b)—thus, we call this subsystem
the supplementary system. Once the core system has been solved, ¢ can be
regarded as a source term for the system (82a)—(82b). If ¥ and L are known
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FIGURE 6. Numerical solution of the core system in the xk = 0
case with [\| = 3 and m = 1/3+/3. The solid line corresponds
to ¢, the dashed line to x and the dotted line to L. Observe
that in contrast to the x > 1 and k < —1 cases, numeric
evaluations suggest that in the case k = 0 the fields of the
core system are bounded for all times—see Figs.9 and 10 of
Appendix B

then one can write the remaining unknowns in quadratures. More precisely,

defining
1 _ 1
;355y+§£3, 'fyszgy_i
1 _ 1
h=6+sh =656,

537

one finds that the equations for these fields can be formally solved to give

50 = &h0e (- [x0s). g = gu0e (- [ xeas).
e =& 0en (- [x0n), g -goe (- [ xwas).

The role of the subsystem formed by ©7, f, and e? is analysed in the following
result.

Lemma 12. Given asymptotic initial data for the Schwarzschild—de Sitter
spacetime, if Oy =0 on & then

fo(m) =2 (1) =0, (1) =0.

Proof. This result follows directly from Eqs. (71b), (71e), (71m) and the initial
data given in Lemma 7. To see this, first recall that

ds = xABeABie,-(G) = 6206()@ + 6953839.
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Assuming then that eg(x) = 0 one has that e3(©) = 0 and therefore
d, = \/iem()@.

Observing that Egs. (71b), (71e), (71m) form an homogeneous system of equa-
tions for the fields e,°, f,, 0,7 with vanishing initial data then, using a stan-
dard existence and uniqueness argument for ordinary differential equations,
it follows that the unique solution to this subsystem is the trivial solution,
namely

O

Using the result of Lemma 12 one can formally integrate Eq. (71j) to yield

£(7) = £(0) exp (— / ' x(s)ds) |

The frame coefficients can also be found by quadratures

i) =0 e ([ xos). = oen (- ["xeas).
() = ez (- [Tx(o)as)

Since we can write

X2:2(X+>_C)a Xh:2X7>_Ca 63:2(E7L)a @S:7I/72L7
1 _ 1 _ _ _

&y = 5( ;3 +§y3)a5z = 5( ,jl +€zl>7 &= 2( ;rl - €z1)a §3 = 2(5;:’) - £y3)
then, it only remains to study the behaviour of ¥ and L to completely char-
acterise the evolution Eqs. (71a)—(71p).

Remark 6. In the analysis of the core system of Appendix B, we identify the
mechanism for the formation of singularities at finite time in the case k #
0. Since ¢ acts as a source term for the supplementary system (82a)—(82b)
one expects the solution to this system to be singular at finite time if the
solutions to the core system develop a singularity. Clearly, the behaviour of the
core system is independent from the behaviour of the supplementary system.
Consequently, the fact that ¢ diverges at finite time or not is irrespective of
the behaviour of L and Y.

4.2.4. Deviation Equation for the Congruence. As discussed in Sect. 2.3.2, the
evolution Egs. (29a)—(29h) are derived under the assumption of the existence
of a non-intersecting congruence of conformal geodesics. In this section, we
analyse the solutions to the deviation equations.

As a consequence of Lemma 12, we have fap = 0. Following the spirit of
the space spinor formalism, the deviation spinor z4p can be written in terms
of elementary valence 2 spinors as

Z(AB) = 22TAB T 2yYAB + 2:2AB-
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Substituting expression (70e) into Eq. (31b) and using the identities given in
Eq. (120d) one obtains

87'23: = 0) 8‘1’22 = 07 67'2:11 = 2Zy - 7Xhzy.

1
12X 6

One can formally integrate these equations to obtain

0(7) = 2anr (7)) = 2ny 2(7) = 20 exD (-é /0 ' X(s)ds) .

In the last equation, zyy, 2y and z,, denote the initial value of z,(7), z,(7) and
z.(7), respectively. It follows that the deviation vector is nonzero and regular
as long as the initial data 2,4, 2y, and 2., are non-vanishing and x(7) is regular.
Accordingly, the congruence of conformal geodesics will be non-intersecting.

4.2.5. Analysis of the Supplementary System. As in the case of the core
system, the supplementary system is simpler in the gauge in which x = 0. In
such case, direct inspection shows that Egs. (82a)—(82b) imply

X = —7L.
This can be verified by direct substitution into Eqgs. (82a) and (82b). Notice

that L(7) is well defined at .# where 7 = 0 and y(0) = 0 since the initial
conditions ensure that

g X _ 1
T—0 T 2
Taking into account this observation, the system (82a)-(82b) reduces to the

equation

L=-7L%+6,4, (83)
with initial data 1
L(0) = —3. (84)

Using that ¢ is only determined by the core system, together with the analysis
of Sect. 4.2.2 one obtains the following result:

Lemma 13. The solution to Eq. (83) with initial data (84) is bounded for 0 <
7 < T with

- 1._
Te = min{To,T.}, where 7T, = \/@* 1/2 (g + 2arctan (2@* 1/2>) (85)

Proof. To prove that L(7) is bounded from above we proceed by contradiction.

Assume that L — oo for some finite 7, € [0,7,], then L — oo at 7;. Now,
Eq. (83) can be rewritten as

i +7L% = @*qﬁ

Therefore, since 7 > 0, the last expression implies that ¢ — oo at 7.
However, in Sect.4.2.2 we showed that ¢ is finite for 7 € [0,7,]. This is a
contradiction, and one cannot have L — oo at 7; € [0,7,]. Consequently,
L(7) is bounded from above for 0 < 7 < 7,. To show that L(7) is bounded
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from below, for 0 < 7 < 7, with 7, as given by relation (85), observe that

¢(1) > —7 for 7 > 0 since ¢(7) > 0. Using this observation, Eq. (83) implies

the differential inequality
L>-7(I2+6,).

Since ©, > 0 one has that (L? +

inequality as

©,) > 0. Thus, one can rewrite the last

L
(L2 +6.)
which can be integrated using the initial data (84) to give

rtan< VO + axctan (21@»

Since the function tan is bounded if its argument lies in [0, 7/4] one concludes
that L(7) is bounded from below for 0 < 7 < 7,. Finally, taking the minimum
of 7, and 7, one obtains the result. O

T,

Remark 7. Numerical evaluations of the solutions to the supplementary system
show that it should be possible to improve Lemmas 11 and 13 and conclude
that the solutions do not blow up in finite time. These results, however, will
not be required to formulate the main result of this article.

4.3. Perturbations of the Schwarzschild—de Sitter Spacetime

In the sequel, we consider perturbations of the Schwarzschild—de Sitter space-
time which can be covered by a congruence of conformal geodesics so that
Lemma 3 can be applied. In particular, this means that the functional form of
the conformal factor is the same for both the background and the perturbed
spacetime.

The discussion of Sect.3.4 brings to the foreground the difficulties in
setting up an asymptotic initial value problem for the Schwarzschild—de Sitter
spacetime in a representation in which the initial hypersurface contains the
asymptotic points @ and Q’: on the one hand, the initial data for the rescaled
Weyl tensor is singular at both @ and Q’; and, on the other hand, the curves
in a congruence of timelike conformal geodesics become asymptotically null as
they approach @ and Q'—see Appendix A.

Consistent with the above remarks, the analysis of the conformal evo-
lution Egs. (29a)—(29h) has been obtained in a conformal representation in
which the metric on .# is the standard one on R x S2. In this particular con-
formal representation the asymptotic points Q and Q’ are at infinity respect to
the 3-metric of .# and the initial data for the Schwarzschild—de Sitter space-
time is homogeneous. In this section we analyse nonlinear perturbations of
the Schwarzschild—de Sitter spacetime by means of suitably posed initial value
problems. More precisely, we analyse the development of perturbed initial data
close to that of the Schwarzschild-de Sitter spacetime in the above described
conformal representation. Then, using the conformal evolution Eqs. (29a)-
(29h) and the theory of first order symmetry hyperbolic systems contained in
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[37] we obtain a existence and stability result for a reference solution corre-
sponding to the asymptotic region of the Schwarzschild—de Sitter spacetime—
see Fig. 1.

4.3.1. Perturbations of Asymptotic Data for The Schwarzschild—de Sitter
Spacetime. In what follows, let S denote a three-dimensional manifold with
S ~ R x S2. By assumption, there exists a diffeomorphism 1 : S — R x S?
which can used to pull-back a coordinate system z = (%) on R x S? to obtain
a coordinate system on S—i.e. x = ©¥*x = x o 1. Exploiting the fact that 1 is
a diffeomorphism we can define not only the pull-back ¢* : T*(R x §?) — T*S
but also the push-forward of its inverse (1)~!), : T(R x S?) — T'S. Using this
mapping, we can push-forward vector fields ¢; on T(R x S?) and pull-back
their covector fields a® on T*S via
ci =W Ve, af =yral.

In a slight abuse of notation, the fields ¢; and a® will be simply denoted by
¢; and at.

In the following, we will refer to all the fields discussed previously for
the exact Schwarzschild—de Sitter spacetime as the background solution and
distinguish them with a " over the Kernel letter—e.g. h will denote the stan-
dard metric on R x §? given in Eq. (53). Similarly, the perturbation to the
corresponding field will be identified with a " over the Kernel letter. Notice
that although the frame {¢;} is Ioz—orthonormal7 it is not necessarily orthogonal
respect to the intrinsic 3-metric h on S.

Let {e;} denote a h-orthonormal frame over TS and let {w®} be the
associate cobasis. Assume that there exist vector fields {€;} such that an h-
orthonormal frame {e;} is related to an h-orthonormal frame {¢;} through
the relation

e; =c; +é;.
This last requirement is equivalent to introducing coordinates on S such that
h=h+h. (86)
Now, consider a solution
(hijs Xig» Li Lij, dijr, dij)
to the asymptotic conformal constraint Eqs. (33a)—(33i) which is, in some

sense to be determined, close to initial data for the Schwarzschild—de Sitter
spacetime so that one can write

hijls = iLijLS + hijls,  Xijls = Xajls + Xijls, Lils = Lils + Lils
Lijls = Lijls + Lijls, dijrls = dijrls + dijrls, dijls = dizls + dijls-

A spinorial version of these data can be obtained using the spatial Infeld—
van der Waerden symbols. Accordingly, one writes

naBcp|s =1NaBcp|s +NaBcpls, paBep|s = flaBepls, (87a)
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Lapcpls = Lasepls + Lagepls, €aepls = asepls + aebpls,

(87b)
Lagls =Lagls, xaBcpls = XaBcpls + Xascbls, (87c)
eaBls = éapls +€anls, fasls= fasls. (87d)

Observe that all the objects appearing in expressions (87a)—(87d) are scalars.

4.3.2. Controlling the Size of the Perturbation. In this subsection, we intro-
duce the necessary notions and definitions to measure the size of the pertur-
bation of the initial data. Let A = {(¢1,U1), (¢2,U2)} with ¢1 : Uy — R3 and
@9 : Us — R3 be an Atlas for R x S%. Let V; C Uy, Vo C Us be closed sets such
that R x S? C V; U Vs. In addition, define the functions

_ 1 =xe€ (Z)1<V1) - 1 =xze€ ¢2(V2)
771(13)— {O $€R3/¢1(V1) ) 772(x)_ {0 $€R3/¢2(V2). (88)

Observe that any point p € S is described in local coordinates by xz, = (¢; o
¥)(p) with z, € ¢(U) where 1 is the diffeomorphism defined in Sect. 4.3.1 and
(¢,U) € A. Consequently, any smooth function @ : S — CV can be regarded
in local coordinates as Q(z) : ¢(U) — CN. Let Q;(z) denote the restriction of
Q(x) to one the open sets ¢;(U;) for i = 1,2. Then, we define the norm of @
as

1 Q lls.m=lm(@)Q1() [[rs,m + [l n2(x)Q2(2) [|lrs,m

where

m 3 1/2
1Q s = (z 3 Az<aal...aalQ>2dsx) |

=0 a1,...,

Now, we use these notions to define Sobolev norms for any quantity Qx
with x being an arbitrary string of frame spinor indices as

| Qi lsan= 321 Qe Nl -
K

In the last expression, m is a positive integer and the sum is carried over
all the independent components of Qx which have been denoted by Q.

4.3.3. Formulation of the Evolution Problems. Consistent with the split
(87a)—(87d) for the initial data, we look for solutions to the conformal evo-
lution Eqgs. (38a)—(38b) of the form

NABCD = ABCD + 1ABCD, MABCD = [lABCD, (89a
Lapep = Lapep + Lapep, faBop =EéaBop +EaBep, (
Lag =1Lap, XaBcD = XaBcD + XaBCD, (89c

eaB =caB+€éap, fap= faB. (89d
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Using the notation introduced in Sect.2.5, the initial data (87a)—(87d)
will be represented as u,. The perturbed initial data will be assumed to be
small in the sense that given some € > 0 one has

| 8 ls.m =) XaBeD lsm + || €aBep llsim + | Lasep llsm
+ | Lag llsim + |l €aB lsm + || faB llsm + || paBeD llsm< e

Remark 8. Notice that, as a consequence of the conformal representation being
considered, the above smallness requirement on the perturbed initial data con-
straints the possible behaviour of the perturbation near the asymptotic points
Q and Q'. To see this in more detail let <Z denote a perturbation of the ini-
tial data for some component the rescaled Weyl spinor. For simplicity, assume
that in some local coordinates (1,6, ) for R x S2, the perturbed field ¢ is
independent of (6, ¢). In such case, if ¢ € L2(R) one has that

o=0w") (90)
with 3 > 1/2. Consequently, in the R x S?-conformal representation the pertur-
bations must decay at infinity, i.e. as they approach Q and Q’. Under the con-
formal transformation g = w?¢, the components of the rescaled Weyl spinor
transform as papep = w‘3¢/ ABcD- This last expression is consistent with
the frame version of the conformal transformation rule given in Lemma 6. Tak-
ing into account the discussion of Sect.3.3.1 and Eq. (90) one concludes that
for the corresponding perturbation in the S*-conformal representation one has

¢ =0 (nl¢))™7)
near the South pole ¢ = 0. Consequently, initial data on R x S? satisfying L2-
decay conditions near infinity correspond, in general, to data which is singular
in other conformal representations. In other words, the class of perturbation
data that we can consider can be, in principle, singular at both the North and
South poles in the S3-conformal representation.

Remark 9. An explicit class of perturbed asymptotic initial data sets can be
constructed, keeping the initial metric fixed to be standard one on R x S2,
using the analysis of [9] as follows: introduce Cartesian coordinates (%) in R?
with origin located at a fiduciary position Q and define a polar coordinate via
p = Sapr®zP. The general solution of the equation

Did;; =0,

where D7 is the Levi-Civita connection on R3, can be parametrised as

dap = dy) +dy) +dy) +d +d).

The terms d/((;;),cfgi) cf((l?),cig?) are divergent at Q and have been explicitly
derived in [9]. Given any smooth function A(x®) on R? the term d/g%) can be
obtained using the operators 0 and 0—see [51] for definitions. This term can
have, in general, any behaviour near Q—see [9]. However, setting A = O(p™)
with n > 3 the term d((llg) is regular near Q. Using the frame version of the
conformal transformation rule of Lemma 6 and either Eq. (63) or (64), one can
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verify that the corresponding term in the S3-representation is dg;) = O(p"+3).
Similarly, using the conformal transformation formulae, given in Sect.3.3.1,
relating the S? and R x S2-representations of the initial data, one obtains
dgl\,) = O(p"*°). We observe that regular behaviour of perturbed initial data in
the R x S?-representation does not necessarily correspond to regular behaviour
in the S3-representation nor in the R3-representation.

4.4. The Main Result

The main analysis of the background solution in Sect.4.2 was performed in a
conformal representation in which the asymptotic initial data is homogeneous
and the extrinsic curvature of .# vanishes—i.e. kK = 0. The general evolution
Egs. (38a)—(38b) consist of transport equations for v coupled with a system of
partial differential equations for ¢. However, as shown in Sect. 4.2, the assump-
tion of spherical symmetry implies that the only independent component of the
spinorial field p apep is ¢2. Consequently, the system (38a)—(38b) reduces, for
the background fields u = (0, ¢), to a system of ordinary differential equations.
The Piccard-Lindelof theorem can be applied to discuss local existence of the
latter system. However, one does not have, a priori, control on the smallness
of the existence time. To obtain statements concerning the existence time of
the perturbed solution, we recall that the discussion of the evolution equations
of Sect. 4.2 shows that the components of solution u are regular for 7 € [0, 7]
with 75 as given in Eq. (85), so that the guaranteed existence time is not
arbitrarily small.

The analysis of the core system in Sect.4.2 was restricted to the case
x = 0, in which the conformal boundary has vanishing extrinsic curvature.
In this case, we obtained an explicit existence time 75 for the solution to the
conformal evolution equations. In contrast, the analysis given in Appendix B
shows that in general, for k # 0, the core system develops a singularity at finite
74 . Since the results given in Sect. 4.2.4 for the conformal deviation equations
hold not only for k = 0, but for any ~ as long as dyx = 0, one has that the
congruence of conformal geodesics is non-intersecting in the x # 0 case as
well. This shows that, the singularities in the core system in the case k # 0 are
not gauge singularities. The estimation for the existence time 75 in the Kk =0
case along with the discussion of the reparametrisation of conformal geodesics
given in Appendix B.3 can, in principle, be used to obtain an estimation for
the existence time 7g in the case x # 0.

In this section, it is shown how one can exploit these observations,
together with the theory for symmetric hyperbolic systems, to prove the exis-
tence of solutions to the general conformal evolution equations with the same
existence time 7g for small perturbations of asymptotic initial data close to
that of the Schwarzschild—de Sitter reference solution. By construction, the
development of this perturbed data will be contained in the domain of influence
which corresponds, in this case, to the asymptotic region of the spacetime—see
Fig.7.
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(a) (b)
- . L S 1=0
/X.,«

FIGURE 7. Schematic depiction of the development of per-
turbed initial data for the Schwarzschild—de Sitter spacetime
and the congruence of conformal geodesics. In (a) the evolu-
tion of asymptotic initial data is depicted in the conformal
representation in which the asymptotic points Q and Q' are
at a finite distance respect to the metric on .#. Figure (b)
shows a schematic depiction of the evolution of asymptotic ini-
tial data in the conformal representation in which Theorem 1
has been formulated. In contrast to the conformal representa-
tion leading to figure (a), the initial data is homogeneous and
formally identical for the subextremal, extremal or hyperex-
tremal cases. In both diagrams, the dashed line corresponds to
the location of an hypothetical Cauchy horizon of the devel-
opment

Taking into account the above remarks and using the theory of symmetric
hyperbolic systems contained in [37], one can formulate the following existence
and Cauchy stability result:

Theorem 1. (Existence and Cauchy stability for perturbations of asymptotic
initial data for the Schwarzschild—de Sitter spacetime) Let u, = u,+1u, denote
asymptotic initial data for the extended conformal Einstein field equations on
a 3-dimensional manifold S ~ R x S? where 01, denotes the asymptotic ini-
tial data for the Schwarzschild—de Sitter spacetime (subextremal, extremal and
hyperextremal cases) with k = 0 in which the asymptotic points Q and Q' are
at infinity. Then, for m > 4 and 7¢ as given in Eq. (85), there exists € > 0
such that:

(1) for ||0.||s,m <€, there exist a unique solution 0 to the conformal evolu-
tion Egs. (40a)—(40b) with a minimal existence interval [0, 7g] and

e C™([0,75) x S,CN),
and the associated congruence of conformal geodesics contains no conju-
gate points in [0,7g];
(ii) given a sequence of perturbed data {ﬁ&")} such that

H ﬁin) ||S,m4> 0 as n— 0,

then the corresponding solutions {u™} have a minimum existence inter-
val [0, 7] and it holds that

I a ls,m— 0 as n— oo
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uniformly in 7 € [0,75] as n — o0;
(iii) the solution u = G+ is unique in [0, 75| xS and implies a C™~2 solution

(M, ,g) to the Einstein vacuum equations with the same de Sitter-like
cosmological constant as the background solution where

M., =(0,79) X S.

Moreover, the hypersurface .9 = {0} x S represents the conformal bound-
ary of the spacetime.

Proof. Points (i) and (i) are a direct application of the theory contained in
[37] where it is used that the background solution u is regular on 7 € [0, 7g].
The initial data for the Schwarzschild—de Sitter spacetime encoded in u, is
in a representation in which the points Q and Q' are at infinity. Observe
that the asymptotic initial data, as derived in Sect. 3.5, for the subextremal,
extremal and hyperextremal cases are formally the same—in particular, notice
that the initial data for the electric part of the rescaled Weyl tensor contains
information about the mass m while the conformal factor © carries information
about A. The arguments in the analysis of Sect.4.2 are irrespective of the
relation between A\ and m. The key observation in the proof is that one can
apply the general theory of symmetric hyperbolic systems of [37] for each open
set and chart of an atlas for R x S?; then, these local solutions can be patched
together to obtain the required global solution over [0, 7g ] x S—it is sufficient to
cover R xS? with finitely many patches (two) as discussed in Sect. 4.3.2. Details
of a similar construction in the context of characteristic problems can be found
in [19]. To prove point (%) first observe that from Lemma 5 the solution to the
conformal evolution system (40a)—(40b) implies a solution u = u + u to the
extended conformal Einstein field equations on [0, 75] X S if uy, = t,+1u, solves
the conformal constraint equations on the initial hypersurface. This solution
implies, using Lemma 1, a solution to the Einstein field equations whenever the
conformal factor is not vanishing. General results of the theory of asymptotics
implies then that the initial hypersurface S can be interpreted as the conformal

boundary of the physical spacetime (M., , g)—see [51,53]. O

5. Conclusions

In this article, we have studied the Schwarzschild—de Sitter family of spacetimes
as a solution to the extended conformal Einstein field equations expressed in
terms of a conformal Gaussian system. Given that, in principle, it is not pos-
sible to explicitly express the spacetimes in this gauge, we have adopted the
alternative strategy of formulating an asymptotic initial value problem for a
spherically symmetric spacetime with a de Sitter-like cosmological constant.
The generalisation of Birkhoff’s theorem to vacuum spacetimes with cosmolog-
ical constant then ensures that the resulting solutions are necessarily a member
of the Schwarzschild—de Sitter spacetime.

As part of the formulation of an asymptotic initial value problem for the
Schwarzschild—de Sitter spacetime we needed to specify suitable initial data
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for the conformal evolution equations. The rather simple form that the con-
formal constraint equations acquire in the framework considered in this article
allows to study in detail the conformal properties of the Schwarzschild—de Sit-
ter spacetime at the conformal boundary and, in particular, at the asymptotic
points where the conformal boundary meets the horizons. The key observation
from this analysis is that the conformal structure is singular at these points
and cannot be regularised in an obvious manner. Accordingly, any satisfactory
formulation of the asymptotic initial value problem will exclude these points.

An interesting property of the conformal evolution equations under the
assumption of spherical symmetry is that the system reduces to a set of trans-
port equations along the conformal geodesics covering the spacetime. The
essential dynamics, and in particular the formation of singularities in the solu-
tions to this system, is governed by a core system of three equations—one of
them a Riccati equation. As discussed in Appendix B, this core system pro-
vides a mechanism for the formation of singularities in the exact solution. The
analysis of the core system allows not only to study the properties on the
Schwarzschild—-de Sitter spacetime expressed in terms of a conformal Gauss-
ian gauge system, but also to understand the effects that the gauge data has
on the properties of the conformal representation arising as a solution to the
conformal evolution equations. It is of interest to explore the idea of whether
the mechanisms identified in the analysis of the core system could be used
to analyse the formation of singularities in more complicated spacetimes—
say, in the developments of perturbations of asymptotic initial data for the
Schwarzschild—de Sitter spacetime.

The conformal representation of the Schwarzschild—de Sitter spacetime
obtained in this article has been used to show that it is possible to construct,
say, future asymptotically de Sitter solutions to the Einstein vacuum Einstein
with a minimum existence time—as measured by the proper time of the confor-
mal geodesics used to construct the gauge system—which can be understood
as perturbations of a member of the Schwarzschild—de Sitter family of space-
times. As already mentioned in the main text, it is an interesting problem to
determine the maximal Cauchy development to these spacetimes. In order to
obtain the maximal Cauchy development of suitably small perturbations of
asymptotic data for the Schwarzschild—-de Sitter one would require the use of
more refined methods of the theory of hyperbolic partial differential equations
as one is, basically, confronted with global existence problem for the conformal
evolution equations. In this respect, we conjecture that the time symmetric
conformal representation in which k = 0 together with the global stability
methods of [38] should allow us to make inroads into this issue. Closely related
to the construction of the maximal development of perturbations of asymptotic
initial data of the Schwarzschild—de Sitter spacetime is the question whether
there is a Cauchy horizon associated with the boundary of this development.
If this is the case, one would like to investigate the properties of this horizon.
Intuitively, the answer to these issues should depend on the relation between
the asymptotic points Q@ and Q' and the conformal structure of the space-
time. In particular, one would like to know whether the singularities of the
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rescaled Weyl tensor at these points generically propagate along the bound-
ary of the perturbed solution—notice, that they do not for the background
solution. If one were able to use the R x S?-representation of the conformal
boundary of perturbations of asymptotic initial data for the Schwarzschild—
de Sitter to construct a maximal development and to gain sufficient control
on the asymptotic behaviour of the various conformal fields, one could then
rescale this solution to obtain a representation with a conformal boundary of
the form S3\ {Q, Q'}. As discussed in the main text, in this representation
some fields are singular at Q and Q’. This observation suggests that this con-
struction could shed some light regarding the propagation (or lack thereof) of
singularities near the asymptotic points Q and Q'.
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Appendix A. The asymptotic points Q@ and @’ and conformal
geodesics in the Schwarzschild—de Sitter
spacetime

A.1. Analysis of the asymptotic points Q and Q’

In Sect. 3.2 it was shown that there exist a conformal representation of the
Schwarzschild—de Sitter spacetime in which the metric at the conformal bound-
ary is h—i.e. the standard metric on S3. In addition, we observed that the
North and South pole of S* correspond to special points in the conformal
structure that we have labelled as @ and Q’. These asymptotic regions are
represented in the Penrose diagram for the subextremal, extremal and hyper-
extremal Schwarzschild—de Sitter spacetime as the points where the conformal
boundary and the cosmological horizon, Killing horizon and singularity, respec-
tively, seem to meet—see Figs. 3, 4 and 5. As discussed in Sect. 3.2 these points
correspond to (U,V) = (+£%,+%) for which the tortoise coordinate t is not
well defined. In Sect. 3.4 we showed that in the conformal representation in
which the initial metric is A the data for the electric part of the rescaled Weyl
tensord;;, as given in Eq. (65), is singular precisely at Q and Q’. Observe that
written in spinorial terms the initial data for the rescaled Weyl spinor in this
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conformal representation is given by

6m 5
PABCD = ————=€ ABCD

1—w(¢)
which is singular at both @ and Q’. This situation resembles that of the geom-
etry near spacelike infinity i of the Minkowski spacetime and the construc-
tion of the cylinder at infinity given in [22] which allows to regularise the
data for the rescaled Weyl spinor. However, some experimentation reveals
that this type of regularisation procedure (in contrast with the analysis of
Schwarzschild spacetime given in [22]) cannot be implemented in the anal-
ysis of the Schwarzschild—de Sitter spacetime without spoiling the regular
behaviour of the conformal factor. Since the hyperbolic reduction procedure
for the extended conformal Einstein field equations is based on the existence
of a congruence of conformal geodesics in spacetime, the singular behaviour
of the initial data for the rescaled Weyl spinor suggest that the congruence of
conformal geodesics does not cover the region of the spacetime corresponding
to @ and Q’. To clarify this point, in the remaining of this section, we analyse
the behaviour of conformal geodesics as they approach the asymptotic points

Q and Q'.
A.2. Geodesics in Schwarzschild—de Sitter Spacetime

The method for the hyperbolic reduction for the extended conformal Einstein
field equations available in the literature requires adapting the gauge to a
congruence of conformal geodesics. The behaviour of metric geodesics in the
Schwarzschild—de Sitter spacetime has been already studied [34,35] and an
analysis of conformal geodesics in Schwarzschild—de Sitter and anti-de Sitter
spacetimes is carried out in [30]. In static coordinates (¢,r,6, ) the equation
for radial timelike geodesics, (8 = 0., = p,) with 6, and ¢, constant, are

dr 3 dt v
w VYR E e (91)

The first equation can be formally integrated as

- . " 1

T — Ty /T* S F(s)ds
where 7 is the gggs-proper time and - is a constant of motion which can be
identified with the specific energy of a particle moving along the geodesic. The
equation for ¢ can be solved once Eq. (92) has been integrated. As pointed out
in [7,47], by choosing v = 1 one can explicitly solve this integral. However,
in general, for arbitrary -y, the integral is complicated and cannot be written
in terms of elementary functions. A side observation is that if » # 7, and
r # r. then the curves of constant ¢ correspond to geodesics with v = 0.
Finally, its worth noticing that geodesics with constant r are characterised by
the condition

(92)

72— F(r) =0. (93)
This last type of curves, which will be called critical curves, are analysed
in Sect. A.4. In general, the properties of conformal geodesics differ from their
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metric counterparts. However, in the case of an Einstein spacetime with space-
like conformal boundary any conformal geodesic leaving .# orthogonally is,
up to reparametrisation, a metric geodesic—see [28] and Lemma 4.

A.3. A Special Class of Conformal Geodesics in the Schwarzschild—de Sitter
Spacetime

As briefly mentioned in Sect. A.2 and pointed out in [7,47], in general, the
integral (92) cannot be written in terms of elementary functions except for the
special case when v = 1 where it yields

r(7) = Ce” <1 - <§m;|> cge?’*)w, (94)

where C is an integration constant. The last expression is valid irrespective of
the relation between m and A. One can also use this expression to integrate
the second equation in (91) to obtain the geodesic parametrised as (r(7), t(7)).
The integration of ¢ will not be required for the purposes of the analysis of
this section. A complete analysis of conformal geodesics in the Schwarzschild—
de Sitter and anti-de Sitter spacetimes will be given in [30]. By virtue of
Lemma 4 one can recast the geodesic with v = 1 as a conformal geodesic by
reparametrising it in terms of the unphysical proper time as determined by
Egs. (16) and (37). A straightforward computation yields

3 T
Sy /71
7(7) [Al n‘2—|— KT

Equivalently, assuming either xk > 0 and 7 > 0or k < 0O and 0 < 7 < —2/k
one obtains in both cases

[A] -
T(7) = - (\/ZT> . (96)
1 —Kkexp ( %'%)

From the last expression one can verify that

. (95)

lim 7(7) =0, lim 7(7) = —2/k,
——00 T—00

s
as expected. In what follows, we will rewrite Eq. (94) in terms of the unphysical
proper time as

mINC33 — or)3)2/3
r(r) = 1 (m|A|IC 6(2 + k7)°) . (97)

(m|\])2/3 CT(T + 2kKT)
From the last expressions one can verify that one has r — oo as 7 — 0 and
7 — —2/k. The location of the singularity » = 0 is determined by
2

(m|A)Y/3C — Kk

Recalling that C is an integration constant which depends on the initial data for
the congruence, since the only freedom left in the conformal factor is encoded
in , one realises that C = C(x). So one cannot draw any precise conclusion

Ty =
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FIGURE 8. Curves of constant r and ¢ in the Schwarzschild—

de Sitter spacetime. a Curves with constant ¢ and r (red
and blue respectively) are plotted on the Penrose diagram of
the Subextremal Schwarzschild-de Sitter spacetime. Curves
of constant ¢ accumulate at the bifurcation spheres B, B’
while the curves of constant r accumulate at the asymptotic
points Q@ and Q’. b Curves with constant ¢t and r (red and
blue respectively) are plotted on the Penrose diagram of the
extremal Schwarzschild—de Sitter spacetime. In contrast with
the subextremal case, curves with constant ¢ in starting from
some 1, < 3m accumulate at the asymptotic points Q and
Q' while those starting from r, > 3m accumulate at P. The
hyperextremal case is qualitatively similar to the extremal one
and has been omitted

about the location of the singularity unless one further identifies explicitly
C(k). In particular, considering constant x as we have done for the analysis of

the core system and setting C to be proportional to k, say C = ((2”“)

Wﬁ? for

some proportionality constant s, one obtains

TR
which is in agreement the with the qualitative behaviour of the core system
as shown in Figs. 6, 9 and 10. Notice, however, that the arguments of the core
system given in Sect.4.2.2 and Appendix B do not rely on integrating (92)
explicitly as we have done in this section.

A.4. Critical Curves on the Schwarzschild—de Sitter Spacetime

In order to clarify the role of the asymptotic points, in this section we show
that there are not timelike conformal geodesics reaching @ and Q' orthog-
onally. More precisely, we show that a timelike conformal geodesic becomes
asymptotically null as it approaches @ and Q’. This is in stark tension with
the required conditions for constructing a conformal Gaussian system of coor-
dinates in the neighbourhood of Q and Q.

As shown in the Penrose diagram of Fig. 8 in the subextremal case the
curves of constant ¢t = t, accumulate in the bifurcation spheres B and B’
while the curves of constant 7 accumulate in the asymptotic points Q and Q’.
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By contrast, in the extremal case the curves with constant ¢t = t, approach
the asymptotic points @ and Q'—see [32] for an extensive discussion on the
Penrose diagram for Schwarzschild—de Sitter spacetime. It follows from the
geodesic equation (91) that the curves of constant r correspond to geodesics
whenever the condition (93) is satisfied, this equation explicitly reads

A7 +3(y* = 1)r + 6m = 0. (98)

Observe that for v = 1 the last condition reduces to |A|r® + 6m = 0 which
cannot be solved for positive r.

In this section, we perform an analysis of the behaviour of the critical
curves on the Schwarzschild—de Sitter spacetime. Notice that in the hyperex-
tremal case the are no timelike geodesics with constant 7 since for [A| > 1/9m?
one has strictly F'(r) < 0 so that the condition (93) can never be satisfied.

A.4.1. Critical Curves in the Extremal Schwarzschild-de Sitter Spacetime.
We start the analysis in the simpler case in which |\| = 1/9m? so that F(r) is
given as in Eq. (46) and the condition (93) reduces to considering r = 3m and
~v = 0. Observe that the curves with v = 0 and r # 3m correspond to curves
with constant ¢ = ¢, which, as discussed in previous paragraphs, approach
asymptotically the points Q and Q’. Notice that for v = 0 the expression (92)
can easily be integrated to yield

T—Toe=3mln(H(r)/H(ry)) (99)

where
V3r+/r 4 6m
(V31 — 1+ 6m)(\/1 + 7 + 6m)2V3
Observe that Eq. (99), as pointed out in [47], implies that the geodesics with
v = 0 never cross the horizon since 7 — oo as r — 3m. For simplicity,
let M, = H(r,) + exp(7x/3m) with r, # 3m so that 7 = 3mIn|H (r)/M,|.
Reparametrising using Eq. (96) and that [A| = 1/9m? renders
2W (r)
m(r) = MY — kW (r)

with W (r) = H(r)'/V3. Using L’Hopital rule one can verify that 7 — —2/k as
r — 3m. To analyse the behaviour of these curves as they approach the points
Q and Q' let us consider r such that » = 3m + ¢. Then, one has that for small
€ > 0 that

W(r) = <

where C'y and Cy are numerical factors whose explicit form is not relevant for
the subsequent discussion. Hence, to leading order W(r) = C/e? where C'is a
constant depending on m only and p = 1/+/3. Consequently, to leading order

dr pCreP™2 pCe

de ~ (MPer —kC) MPer —kC"

H(r)=

— 3m> o ((;nl + %(r —3m) +O((r - 3m)2)>
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Therefore, since p < 2 one has that d7/de diverges as € — 0 so that the curves
with v = 0 become tangent to the horizon as they approach Q or Q'—that
is, they would have to become null to reach Q or Q'. This is analogous to the
behaviour of the critical curve in the Schwarzschild spacetime pointed out in
[23], and the subextremal Reissner-Nordstrém spacetime in [42]—in contrast,

in the extremal Reissner-Nordstrom spacetime one has % =0ase—0as

discussed in [42].

A.4.2. Critical Curves in the Subextremal Schwarzschild—de Sitter Spacetime.

For the subextremal case one could parametrise the roots of the depressed
cubic (98) using Vieta’s formulae and choose some v # 1 for which there is at
least one positive root. However, notice that fixing a value for « is equivalent
to prescribe initial data for the congruence:

O =vEEr), G| = (00

dr T F(T*)

Restricting our analysis to the static region r, < r, < r. for which F(r,) >0
and setting

gl

HT) =te, T(T) =14,

Tx

dr
Zl =0
dr lr, ’
one gets
v =+F(rs),
and condition (93) is equivalent to
Al(r— 7y
Fir) - Py = AT o)
3r
where Q(r) is the polynomial
6m
Qry=r*+ror— —p\lr*.

Notice that Q(r) can be factorised as

where

Q(ry) >0 for re <71y <T¢
Q(ry) <0, for m <71y <rg),
Q(ry) =0, for r=rg,
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1/3
where rg = (%) . In the extremal case, one has 1, = 1. = rg = 3m. The

curve r = rg, as in the extremal case, will be called the critical curve. With
the above notation, the integral (92) can be then rewritten as

N :/ Voo e oonamy®™ 0o

To study the behaviour close to the critical curve, consider r, = (1 + €)rg For
small € > 0 and considering s > r,, one can expand the right-hand side of
Eq. (101) in Taylor series as

" S 1 37‘(2,9362
F—Fo= [ ./ - ds 4+ O(€%). 102
T /,.* 5+ 2rg (s—r® 2(5—7"@)3) s +0(€) (102)

Integrating, we obtain

T—T, = —%arctamh (\/§ ;12) +2In (\/7“®(1—|—e) + \/7“@(3—1—6))

f%arctanh <3T) 2In (\/FJr T+ 2r®)

T4 2rg
3 3 (2r —rg)e? 3
+ — 1T®\/1+2T®(1+2€) — ZT‘@ ‘/1+2T.®<T77")2 +O(E )
® —

As € — 0 the last expression diverges—as is to be expected. The divergent
term can be expanded for small € > 0 as

1+e€ 1 6 €
h = In(|-244+S 2
arctan (\/§ 3+6) 2n<’ ot +6+O(e)
€2

€
4+ — -
23 6V3

and the second term can be expanded as

In (Vre(T+6) +vreB+e) =In ((1+V3)y7g)
Hence, to leading order one has

1
(T)Zﬁ

+O(e).

Ine+ f(r) + O(e)

Rl

where
f(r)=7c+2In ((1 + \/5)./7'®> — larctanh s
\/g r—+ 27"@
3
+21In (ﬂ+ . 27“®) — Srey/I+2re,

Reparametrising with respect to the unphysical proper time using (96), one
gets

 2ew (VINZ3F(r) + O()) e
1— Kkexp (\/Wf(r) + (’)(6)) €p

7(r
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with p = 1/4/3. Thus one gets

dr  2pexp (\/Wf(r) + 0(6)) -1

de (1 — exp (\/mf(r) + (’)(6)) /ﬁel’)g'

Observe that since p < 1 then one has that dr/de diverges as e — 0.

Appendix B. The Conformal Evolution Equations in the Case
k # 0 and Reparametrisations

In Sect.4.2.2 we analysed the case kK = 0—this corresponds to a conformal
boundary with vanishing extrinsic curvature. Nevertheless, as discussed in
Sect. 2.4, k is a conformal gauge quantity arising from the conformal covariance
of the conformal field equations. Consequently, it is of interest to analyse the
behaviour of the core system in the case x # 0. For simplicity, in the remainder
of this section, k will be assumed to be a constant on the initial hypersurface
corresponding to 7 = 0. In first instance, we restrict our attention to |k| > 1
and then discuss how to exploit the conformal covariance of the equations to
extend these results for x € [-1,0) U (0, 1].

B.1. Analysis of the Core System with x > 1

We begin the discussion of this case observing that, for £ > 1, one has that
O(r) > 0 and O(7) > 0 for 7 > 0. Using this simple observation and the core
Egs. (73a)—(73c), we obtain the following:

Lemma 14. For a solution to the core system (73a)—(73c) with initial data
given by (74) and k > 1 one has that L(1) < 0 for 7 > 0.

Proof. We proceed by contradiction. Assume that there exists 0 < 77, < oo
such that L(7) = 0. Without loss of generality we can assume that 7, cor-
responds to the first zero of L(7). Since for x > 1, we have L(0) < 0 then
by continuity it follows that L(77) > 0 L(7z) cannot be negative since this
would imply that L(7) crossed the 7-axis at some time 7 < 7, but this is not
possible since 77, is the first zero of L(7). It follows then from Eq. (73c) that

0< (ri) = ~X(re)L(rs) — 5O(rL)o(rz).

Since L(r) = 0 and ©(rz,) > 0, the last inequality implies that ¢(r,) < 0 but
this is a contradiction since we already know from Observation 1 that ¢(7) > 0
for any 7. U

Observation 4. Using that ©(7) > 0 for £ > 1 and 7 > 0 and that ¢(7) > 0
we obtain from Eq. (73c) the differential inequality

L(1) < —x(1)L(7).
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Observing Lemma 14 we have that L(7) < 0. Thus, we can formally integrate
the last differential inequality and obtain

L(r) < L(0) exp (— /OT X(s)ds) . (103)

We now show that the function y(7) which is initially positive must
necessarily have a zero.

Lemma 15. For a solution to the core system (73a)—(73c) with initial data
given by (74) and k > 1 there exist 0 < 7, < 00 such that x(1,,) = 0.

Proof. We proceed again by contradiction. Assume that x(7) never vanishes.
Since x(0) = & > 0 then x(7) > 0 for 7 > 0. From Lemma 14 we know that
L(7) < 0. In addition, we know that O(7)¢(7) > 0. With these observations
Eq. (73b) gives

X(1) < =x*(1) for 7>0.

Since we are assuming that x(7) never vanishes then

X(r) _
X*(7)
Integrating from 0 to 7 > 0 and using the initial data (74) we get
1
— f . 104
X(T)<T+1/H or 7>0 (104)

In a similar way, we can consider Eq. (73b) and obtain the differential inequal-
ity

) 1

x(1) < —59(7)925(7) for 72>0.

Using now Eq. (75), we get

X < —mO(7) exp (—3/ X(s)ds) for 7>0.
0

Integrating the from 0 to 7 > 0 we get

() < k- m/OT O(s) exp (-3 /0 X(s’)ds’) ds for 7>0.  (105)

On the other hand, integrating expression (104), we have

/ x(s)ds <In(kT +1).
0
Consequently,

—mO(7) exp (—S/OT x(s’)ds’) <-m @m

Integrating we get

—m /O " 0(s) exp <3 /0 ) X(s’)ds'> ds
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m ||| 1
———\ = | ———= +1 1)—1).
22\ 3 ((m+1)2 +in(er +1) )
Substituting the above result into the inequality (105) we obtain
m |\l 1
<k— ==\ | ——=+1 H—-1).
Xx(1) <k 52\ 3 <(m‘+ e +In(kr 4+ 1) )
The right-hand side of the last expression becomes negative for some suffi-
ciently large 7. This is a contradiction as we have assumed that y(7) never
vanishes and y(0) > 0. O

Observation 5. Combining Lemma 14 and Observation 1, we conclude that
L(7) < 0 and ©(7)¢(7) > 0 for 7 > 0. Using these properties in Eq. (73b) we
get

x(t) <0 for 7>0.
Thus, x(7) is always decreasing. From Lemma 15 we know that there exists a

finite 7,, > 0 such that x(7,,) = 0. Then, by continuity, for any 7 > 7,, we have
that x(7) < 0.

With this last observation, we are in the position of proving the main
result of this section:

Proposition 1. There exists 0 < 7, < 0o such that the solution of (73a)—(73c)
with initial data given by (74) and k > 1 salisfies

X — —00, L——00, ¢p—00 as T—Ty.
Proof. From Lemma 15, we know there exists a finite 7, for which x(7)
vanishes. By Observation 5, we have that x(ro) < 0 for any 7o > 7. Let

Xo = x(7¢) < 0. We can assume that x¢ is finite, otherwise there is nothing
to prove. Now, using Lemma 14 and that ©(7)¢(7) > 0 we get

X(1) < =x*(1) for T>0.
Since we know that x(7) < 0 for any 7 > 7 then

x(r) _
X3 (7)
Integrating form 7 = 74 to 7 > 7, we get
1
7)< ——— for 7> 7. 106
X0 < ) (106)

From inequality (106) we can conclude that x(7) — —oo for some finite time
T; < To — 1/x¢. Additionally, observe that 7o — 1/x¢ > ¢ > 0 since x¢ < 0.
Now, given that x — —oco as 7 — 7, it follows from Eq. (75) that ¢ — oo
as 7 — 74. Similarly, from inequality (103) and that L(0) < 0 it follows that
L — —ocoasT—T1y. O

Remark 10. A plot of the numerical evaluation of the solutions to the core
system (73a)—(73c) with initial data (74) in the case x > 1 can be seen in
Fig.9.
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FIGURE 9. Numerical solutions of the core system (73a)-
(73c) with initial data given by (74) in the case k = 2 and
IA| = 3,m = 1/3V/3. The solid line describes the evolution of
o, the dashed line that of x and the dotted line that of L. One
can observe the formation of a singularity at 7 ~ 2.6392

B.2. Analysis of the Core System with k < —1

In this section, we use a similar approach to that followed in Sect. B.1 to show
that the fields in the core system diverge for some finite time if kK < —1. An
interesting feature of this case is that, assuming one knows that there exists
a singularity in the development, there exists an a priori upper bound for
the time of its appearance—namely, the location of second component of the
conformal boundary at 7 = 2/|k|. As a by-product of the analysis of this
section an improvement of this basic bound is obtained.

An important remark concerning the case k < —1 is that if 7 € [0,1/|«]]
then both ©(7) and ©(7) are non-negative. Based on this observation, our first
result is:

Lemma 16. If k < —1 then the solution to the core system (73a)—(73c) with
initial data (74) satisfies L(T) < 0 for 7 € [0,1/|x]].

Proof. We proceed by contradiction. Assume that there exists 0 < 77, < 1/|x|
such that L(7) = 0. Without lost of generality we can assume that 7, is the

first zero of L(7). Since L(0) < 0 for x < —1 then by continuity L(7z) > 0.
Therefore, proceeding as in Lemma 14 one gets from (73c)

) 1.
0= L(rz) = =x(r2)L(7z) = 50(12)d(12) for 7€ [0,1/]]].

Since L(rz) = 0 and ©(77) > 0 the last inequality implies that ¢(r) < 0.

This is a contradiction since ¢(7) > 0—cfr. Observation 1. O

Lemma 17. If k < —1 then the solution to the core system (73a)—(73c) with
ingtial data (74) satisfies x(7) < 0 for 7 € [0,1/|k]].
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Proof. Again, we proceed by contradiction. Assume that there exists 0 < 7, <
1/|k| such that x(7,) = 0. Without lost of generality we can assume that 7,
is the first zero of x(7). Then, by continuity, we have that x(7,) > 0. Using
Eq. (73b) one has

. 1
0 < X(my) = =x(7)* + L(7y) = 50(n)e(ry) for 7€ (0,1/]].
Therefore, since x(7,) = 0 one has
1
L(ry) > 5@(TX)¢(TX) > 0.
This is a contradiction since by Lemma 16 we know that L(r) < 0 for 7 €
[0, 1/]~l]- )

Observation 6. Proceeding as in Observation 4, one readily has that for k <
-1

L(1) < L(0) exp (— /OT X(s)ds) for 7€ (0,1/|x|].

This last observation is used, in turn, to prove the main result of this
section:

Proposition 2. Ifx < —1, then for the solution of (73a)—(73c) with initial data
(74) there exists 0 < 7, < 1/|k| such that

X(T) — =00, L(T) — —0OQ, and ¢(T> — 00 as T —Ty.

Proof. Consider Eq. (73b) on the interval 7 € [0,1/|x|]. Using Lemma 16 we
know that L(7) < 0. This observation and the fact that ¢(7) > 0 leads to the
differential inequality
X(1) < =x2*(r) for T€0,1/|x]].

Since by Lemma 17, we know that x(7) # 0 for 7 € [0,1/||] we can rewrite
the last expression as

X(7)

X*(7)
Integrating from 7 = 0 to 1/|x| and using the initial data (74) we get

1 1

x(7) < ;fm

<=1 for 7€][0,1/|x|]-

(107)

From inequality (107), one concludes that x(7) — —oo for some 0 < 7, <
1/|k|. Finally, using Observation 6 and Observation 1 one concludes that
L(r) — —oo and ¢(7) — 0o as 7 — 7, for some 0 < 7, < 1/|k]. O

Notice that this upper bound for the location of the singularity is not
trivial and improves the basic bound 7 < 2/|k| given by the location of the
second component of the conformal boundary.

Remark 11. A plot of the numerical evaluation of the solutions to the core
system (73a)—(73c) with initial data (74) in the case K < —1 can be seen in
Fig. 10.
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FIGURE 10. Numerical solution of the core system (73a)-
(73c) with |\| = 3,m = 1/3V/3 in the case K = —2. The solid
line corresponds to ¢, the dashed line to x and the dotted line
to L. One can observe a singularity at 7 ~ 0.4203

B.3. Exploiting the Conformal Gauge

In Lemma 12, we have shown that if dyx = 0, then the evolution equations
imply, in particular, f, = 0. Due to the spherical symmetry Ansatz, the com-
ponent f, is the only potentially nonzero component of f. Thus, one concludes
that f = 0. In Sect. B.3.1 we will exploit this feature of the Weyl connection to
extract further information about x and s. These results are used in Sect. B.3.2
to discuss the conformal gauge freedom of the extended conformal field equa-
tions and the role played by reparametrisations of conformal geodesics.

B.3.1. The Relation Between the Weyl and Levi—Civita Connections. As dis-
cussed in Sect. 2.2.1, the Weyl connection \Y expressing the extended conformal
field equations is related to the Levi-Civita connection V of the unphysical
metric g via the 1-form f. If f vanishes then V=V. Exploiting this simple
observation, we obtain the following results:

Lemma 18. If f =0, then the conformal gauge conditions (12) and (13) imply
that s = ©. Moreover, s is constant along the conformal geodesics.

Proof. As discussed in Sect.2.2.1 if f = 0 then Lab = Lap and T4 = T'u%.
Using the conformal gauge condition (12) it follows that Loe = 0 and 'g®p = 0.
Now, the standard conformal field Egs. (124d) and (124e) in Appendix D give

V()V()@ + @L()() — SToo = 0, (108&)
Vos = —LopyV°0. (108b)

Using Lo, = 0 and Tg®%, = 0 in Eq. (108a) one concludes © = s. Similarly,
from Eq. (108b) one gets § = 0. Therefore s is constant along the conformal
geodesics. O
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Remark 12. In the asymptotic initial value problem, the initial value of s is

given by s, = \/|A|/3k—see equation (34a). Thus, if f =0, then s = y/|\|/3k
along the conformal geodesics.

Finally, one has the following:

Lemma 19. In the asymptotic initial value problem, if f =0, then the confor-
mal gauge conditions (12) and (13) together with the conformal Finstein field
equations imply that e;(k) = 0—that is, K is a constant.

Proof. Using f = 0 and the gauge conditions (12), we get from the conformal
field equation (124g) that

60s — 302 + 369 ¢e;0e,;0 = \. (109)

Using Lemma 18 we have s = ©. Therefore, substituting ©(7) = O, 7(1+x7/2)
into Eq. (109) and recalling ©, = /|A|/3 we obtain

6% e;(r)ej(k) = 0.

Observe that the last equation is trivially satisfied on .# as 7 = 0. Off the
initial hypersurface, where 7 # 0, the last equation implies

6ijei(/£)ej(/<a) =0.
Therefore, we conclude that e;(x) = 0. O

B.3.2. Changing the Conformal Gauge. The analysis of the core system given
in Sects. B.1, B.2 and Sect. 4.2.2 covers the cases for which |k| > 1 and x = 0.
As a consequence of the conformal covariance of the extended conformal Ein-
stein field equations, one has the freedom of performing conformal rescalings
and of reparametrising the conformal geodesics—thus, effectively changing the
representative of the conformal class [g] one is working with. This conformal
freedom can be exploited to extend the analysis given in Sects. B.1 and B.2 to
the case where x € [—1,0) U (0, 1].

Following the discussion in the previous paragraph, any two spacetimes
(M, g) and (M, g) with g = ©2g and g = ©2g representing two solutions to
the extended conformal Einstein field equations for different choices of param-
eter k are conformally related. From Lemmas 2 and 3 we have that

o) = ';' <1+;/€) 8(7) = \F-(HQ 7). ()
with
e (111)

The free parameter b in the fractional transformation of Lemma 2 has
been set to b = 0 in order to ensure that ©® and © vanish at 7 = 0 and 7 = 0,
respectively. Thus, the conformal boundary .# is equivalently represented by
the hypersurfaces with 7 = 0 or 7 = 0. As g and g are conformally related one
can write

g=w’g with w=60"1
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Using the relations in (110) and (111) we obtain, after a calculation, that

T (v (i 2))

The conformal transformation law for the field s can be seen to be given
by

1
s=wls4+w 2V.wVeO + §w_3®VchCw.

As discussed in Sect.B.3.1, in the analysis of the extremal Schwarzschild—de
Sitter spacetime one can assume that dyx = 0 and f = 0. Now, Propositions
18 and 19 imply that s = 1/|\|/3k and § = /|\|/3R are constant. Exploiting
this observation, the transformation law for s can be read as an equation for
w—namely

0w? 4 200w + w?s — w35 = 0. (113)
Substituting expression (112) into Eq. (113) one gets the condition
2¢+ ak — dk = 0. (114)
One can read Eq. (114) as the transformation law for % so that
_ dk—2c
k= .
a

In order to have a meaningful transformation law between 7 and 7, neither a
nor d can vanish. Substituting Eq. (114) into the reparametrisation formula
(111) and expression (112) one can observe that a/d actually corresponds to
w(0) = wy. Therefore, one has that

4w,
((wekt — K)T — 2)2

A7) = — 2T w(r) = (115)

(Wek — k)T — 27

From the last expression, one can identify w, = w(0) = wi(wik — k). In
addition, notice that 7 — oo and w — oo as 7 — 2/(w,k — k). Therefore, the
hypersurface defined by 7 = 2/(w,k — k) is at an infinite distance from the
conformal boundary as measured with respect to the g-proper time.

Remark 13. An alternative approach to deduce Egs. (114) and (115) is to write
O(7(7)) = w(7)O(7) and use Egs. (110) and (111) to identify x and w.

Appendix C. Cartan’s Structure Equations and Space Spinor
Formalism

In this appendix, we give a brief discussion of Cartan’s structure equations
and the space spinor formalism.
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C.1. Cartan’s Structure Equations in Frame Formalism

Consider a h-orthonormal frame {e;} with corresponding coframe {w®}. By
construction, one has (w*, e;) = 6;7. The connection coefficients of the Levi-
Civita connection D of h respect to this frame are defined as

(w9, Dier) =7l k.

As a consequence of the metricity of D it follows that v;jx = —7vik;. The
connection form is accordingly defined as

Y =70k Nt
With these definitions, the first and second Cartan’s structure equations are,
respectively, given by
dw® = v Awd, (116a)
dytj = =y AR+ Q5 (116b)
where Qij is the curvature 2-form defined as

sz = szklwk’ Awh.

C.2. Basic Spinors

In the space spinor formalism, given a spin basis {¢ 4} where A=0,1, any of the
spinorial fields appearing in the extended conformal Einstein field equations
can be decomposed in terms of basic irreducible spinors. The basic valence-2
symmetric spinors are:

1 1
zaB = V264 p)", yap = _EG(AIEB)17 ZAB = EG(AOGB)Q (117)
The basic valence-4 spinors are given by
€ACTBD + €BDTAC, €ACYBD +€BDYAC; €ACZBD +€BpZac, (118a)
hapcp = —€acepyp: € aBcp = eaFep’ecCep)™)i. (118b)

In the last expression (ABCD)i indicates that an 4 number of indices are set
equal to 1 after symmetrisation. Any valence-4 spinor (4gcp with the sym-
metries ((4py(cp) can be expanded in terms of these basic spinors. One has
the identities

1 1

L(ABXCD) = 2€2ABCD7 YABYcD) = §€4ABCD, 2(AB*CD) = §€0ABC’Da
(119a)
) 1
YABTCD = —€ ABCD — ﬁ(EACyBD +€eBDYAC), (119b)
1
zaBTCcD = € ABCD + ﬁ(GACZBD +eBpZAC): (119¢)

1
YABZCD = —§€2ABCD + m(eACl'BD +eBpTac) — éhABCD- (1194d)
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Another set of identities used in the main text is given by

1
zABiAB: 1, xAByAB: O, ;EABZAB: 0, ZABZAB: O, yABZAB = —5,
(120a)
229 pe — Lo Qo — -
ATTBQ = B AB;, YA TBQ = \/iyA&
1
Q _ Q —
ZAYTBQ = ——=%AB, Yya~yBqQ =0, 120b
Q \/i Y YBQ ( )
Q ! 41 Q 0 (120c)
ZBQ = ——=% —€AB, 2A72Bg =0, c
YA TZBQ 2\/§AB 4ABABQ
2 cD 1 2 cp _ 1 2 cp _ 1
€aBpcp® = T3%AB, €ABcDY = (YAB, €ABOD® T FAB:
(120d)
These identities and a more exhaustive list has been given in [27].
C.3. Cartan’s Structure Equations in Spinor Form
Let 744" denote a Hermitian spinor 744" with normalisation 744 744/ = 2.

Consider an adapted spin dyad {e 44} such that the matrix representation of
rAA g given by the identity 2 x 2 matrix. The spatial Infeld—van de Waerden
symbols are related to the usual Infeld—van der Waerden via

O’ABi E’T’(BB,O'A)B/i. (121)
Equivalently, one has

oAB, = _;(B ;AB
The matrix representation of the spatial Infeld—van der Waerden symbols is
given by

ocaB" 1(_10) oaB? 1(i O> oaB® 1<01>
2\o01) 2 \0i) NACUA
BT N R
alo1) 2 \0i) /2 10

Thus, the space spinor counterpart of coframe and connection coefficients can
be obtained succinctly by contraction with the spatial Infeld—van der Waerden
symbols as wAB = wig;AB and ’yABCDEF = %jkaiABUjCDakEF. With
these definitions, the spinorial version of the Cartan structure equations is
given by

dw?B = 425 AWBE — 4B o A wAP, (122a)
dv*p = v AYEB + Q%B, (122b)
where
1
’YAB = §'YCDAQBQWCD»
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and Q4 g is the spinor version of the curvature 2-form, with

1
A A CD EF
O%g = 57" BCDEFW N w .

In the last expression, the spinor rapcper can be decomposed as

1 1
rABCDEF = (23ABCD - 127"hABCE) €DF

2 12

where sapcp and 7 correspond to the space spinor version of the trace-free
part of the Ricci tensor and Ricci scalar of h, respectively.

To relate the previous discussion with the basic spinors xaop,yap and
ZAB, observe that using (117) and (121), one obtains that

1 1
+ | =sABDF — —="hABDF | €CE

oaB' = —24aB —yap, 0aB>=i(zaB —yaB), caB®=zap, (123a)
GAB, — JAB L AB  GAB, (o) gABg— _pAB (123h)

Appendix D. The Frame Conformal Einstein Field Equations

The tensorial (frame) version of the standard vacuum conformal Einstein field
equations are given by the following system—see, e.g. [10-13]:

Yapee = 0, (124a)
Vedabs =0, (124Db)
VeLay — Valpe — VaZd%eq = 0, (124c)
VaVeZE + ZLap — SGap = 0, (124d)
Vas + LaeVeE = 0, (124e)
RCaba — paba =0, (124f)
625 — 3V4EVOE = ), (124g)

where X4, is the torsion tensor, given in terms of the connection coefficients,
as

Eacbec = [eaa Eb] - (Facb - Fbca)ec;
Lap is the Schouten tensor; Z is the conformal factor and s is a concomitant
of the conformal factor defined by
1 1
= -V.V®Z+ —RE.
SEQVeY =t
In addition, p®peq is the algebraic curvature and R€gqp is the geometric cur-
vature.
P*bed = Ed%bed + 2(9%cLap — gbjcLa)®)s
RCaab = €a(T%) — ep(Ta®a) + T%a(Ts7 0 — Tafp)
+ 1T al0s — Taf alp®y — Xaf b1 4.
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