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Abstract

Using the Newman—Penrose formalism we study the characteristic initial value prob-
lem in vacuum General Relativity. We work in a gauge suggested by Stewart, and
following the strategy taken in the work of Luk, demonstrate local existence of solu-
tions in a neighbourhood of the set on which data are given. These data are given on
intersecting null hypersurfaces. Existence near their intersection is achieved by com-
bining the observation that the field equations are symmetric hyperbolic in this gauge
with the results of Rendall. To obtain existence all the way along the null-hypersurfaces
themselves, a bootstrap argument involving the Newman—Penrose variables is per-
formed.
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1 Introduction

The simplest setups of partial differential equations (PDEs) are of course the boundary
value and Cauchy/initial value problems (IVPs). For hyperbolic PDEs the IVP is of
particular interest since it naturally forms a well-posed problem. Rather than speci-
fying data just on a spacelike hypersurface as in the IVP however, we can consider
additionally the initial boundary value problem. In this setup might have, for example,
a compact spatial domain and then choose suitable boundary conditions on a timelike
worldtube at the perimeter of that domain. A third possibility, that we consider in the
present work, is the characteristic initial value problem (CIVP). Here data are speci-
fied on characteristic surfaces of the equations under consideration. In the context of
general relativity (GR) these surfaces are null slices.

In GR the CIVP has a long history which dates back at least to the pioneering work
by Bondi and collaborators on gravitational waves—see [1,2]. The analysis in this
work is based on the observation that in coordinates (Bondi coordinates) adapted to
the geometry of outgoing light cones, the Einstein equations give rise to a hierarchy
of equations which can be formally solved in sequence if certain pieces of data are
provided. These ideas were formalised in subsequent work by Sachs—see [3]. The
CIVP was reconsidered by Newman & Penrose in their more geometric reformulation
of the original analysis of gravitational radiation by Bondi and collaborators—see [4],
which also contains the original formulation of the frame formulation of the Einstein
field equations known as the Newman—Penrose (NP ) formalism. The work by Newman
& Penrose identifies particular components of the Weyl tensor (expressed in terms
of a null frame) as the key pieces of free data to be specified on the characteristic
hypersurfaces. The CIVP setup also underlies subsequent work by Penrose on the
properties of massless spin fields and his approach of exact sequences of fields—
see [5]. The common theme in this early work on the CIVP in GR is that is mainly
concerned with the structural (i.e. algebraic) properties of the system of equations and
does not systematically address the issue of existence and uniqueness of solutions.

Pioneering work on technical issues concerning the existence and uniqueness of
solutions to the characteristic problem for the Einstein field equations can be found in
the analysis of Miiller zu Hagen and Seifert [6]. These ideas were brought to fruition
in the work of Friedrich—see [7]. There, it was shown that the formulation of the
characteristic problem by Newman & Penrose implies a symmetric hyperbolic evo-
lution system for which known techniques from the theory of PDEs can be applied.
In particular, Friedrich shows the local existence of solutions near the intersection
of the characteristic hypersurfaces under the assumption of analyticity of the freely
specifiable data. This method was extended in subsequent work to characteristic prob-
lems for a conformal representation of the Einstein field equations (the the conformal
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Einstein field equations)—see [8,9]. Among other things, this work demonstrates the
mathematical consistency of the work on the nature of gravitational waves by Bondi
and collaborators and Newman & Penrose. The formulation of the CIVP for the Ein-
stein equations using the NP formalism was further developed as a possible pathway
towards numerical simulations of the Einstein field equations [10] —see also [11] for
an alternative formulation for numerics using the Bondi approach to the characteris-
tic problem, and also influenced work on the nature and classification of caustics in
Relativity [12].

A major milestone in the analysis of the problem came with the influential work by
Rendall on the reduction of the CIVP to a standard IVP [13], whose well-posedness is
guaranteed by the classical results of Choquet-Bruhat [14]. In particular this reduction
provides a local existence theorem for the CIVP for the Einstein field equations which
only requires a finite level of differentiability of the initial data. Rendall’s method was
subsequently used to obtain a smooth data version Friedrich local existence result for
the asymptotic CIVP for the conformal Einstein field equations. Ideas arising from the
CIVP underline and permeate the fundamental work by Christodoulou & Klainermann
and on the non-linear stability for the Einstein field equations [15,16]. In particular,
Christodoulou & Klainermann make use of a null frame formalism related to that of
Newman & Penrose. Moreover, their analysis systematically exploits the nonlinear
structure of the Einstein field equations when expressed in terms of such a null frame.

The structural properties identified in the analysis by Christodoulou & Klainermann
paved the way for an improved local existence result for the CIVP for the Einstein
equations. Working in a gauge adopted from Christodoulou’s work on the formation of
black holes [17], which explicitly employs double-null coordinates, such an improved
result has been given by Luk [18]. This work guarantees an existence domain no longer
restricted to a neighbourhood of the intersection of the initial null hypersurfaces but that
stretches along them. Recently, Luk’s analysis has been extended so that the existence
interval extends arbitrarily along the null hypersurfaces and, thus, the solution contains
a piece of infinity—see [19]. An alternative approach to an improve local existence
result for the CIVP has been pursued by Chrusciel and collaborators—see [20-22] This
approach makes use of second order evolution equations for which well developed
theory of the CIVP exists—see e.g. [23,24].

Presently we are interested in two follow-up questions for which the work of Ren-
dall [13] and Luk [18] are most relevant. Firstly, how do the aforementioned results
look when expressed in the language of the Newman—Penrose formalism? Following
long-term existence results in harmonic gauge [25], it is apparent that a variety of
formulations of GR exhibit desirable structure in their nonlinearities. Second, we are
therefore curious as to the robustness of this ‘null-structure’ under changes of gauge.
We hence give a formulation of the CIVP heavily influenced by that of Stewart [26],
and demonstrate for that formulation local existence in a full neighbourhood of the
initial null surfaces. In first instance, the argument here provided gives an improved
local existence result along one of the initial hypersurfaces. This argument can be
adapted, mutatis mutandi, to obtain improved local existence along the other initial
hypersurface—see Fig. 1b. For conciseness, we restrict our discussion to the neigh-
bourhood of only one of the hypersurfaces. The precise statement of our main result
is given in Theorem 4 in Sect. 7.3.
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A tertiary aim in a reformulation in terms of the NP formalism is to allow for
the arguments and methods employed in Christodoulou’s formulation to be recast for
application elsewhere. Although the NP formalism has played an influential role in
mathematical Relativity, for historical reasons, its use in the formulation of existence
results has been limited. Our interest in understanding the structural properties of the
NP field equations is what drives us to consider the approach to an improved local
existence result for the CIVP pursued by Luk rather than the one followed by Chrusciel
and collaborators. In the future we hope that this will permit us to obtain similar
results for the conformal field equations [8,9]. Regarding the question of robustness
of the nonlinearities, our work serves only as a stepping stone for a more detailed
investigation. Nevertheless it is worth stressing that our gauge differs from that used
elsewhere, and that the nonlinearities of the equations do retain sufficient structure for
us to successfully follow through the argument (Fig. 2).

Remark 1 Throughout this article the phrase improved existence result is used in the
sense of an improvement on Rendall’s existence result in a neighbourhood of the
intersection of the initial null hypersurfaces. The improved results are, in a sense,
optimal in that they provide existence in a neighbourhood of the initial hypersurfaces
as long as one has control on the initial data—see Fig. 1.

New insights

Although the main result of our analysis, stated in Theorem 4, is in geometric terms
essentially equivalent to the improved existence result by Luk in [18] our analysis
provides, in addition, a wealth of insight into the structural properties of the NP
equations. In order to attain this aim we feel that it is necessary to give a detailed
discussion of of the various arguments to convince the reader that they indeed follow
through. Moreover, we also provide details on a number of technical results which
cannot be found elsewhere in the literature—these include: (i) a detailed identification
of the reduced initial data for the characteristic initial value problem:; (ii) the verification
that Stewart’s gauge does indeed leads to a symmetric hyperbolic evolution system;
(iii) a verification that Rendall’s strategy for the reduction of the characteristic initial
value problem to a standard initial value problem can be applied to the NP equations in
Stewart’s gauge (in order to do this additional structural properties beyond symmetric
hyperbolicity are required). Moreover, (iv) while Luk’s analysis requires the use of a
certain type of elliptic estimates to control tensor fields over topological 2-spheres, our
approach based on the use of scalar quantities does not require this type of arguments.
This makes our proof technically simpler. Finally, (v) we provide a detailed discussion
of the inner workings of last slice argument used to obtain the main existence result.

Outline of the article
In Sect. 2 we provide a formulation of the propblem under consideration and discuss
the technical details involved in the construction of the choice of gauge for the Einstein

field equations (Stewart’s gauge). Section 3 provides a discussion of how to prescribe
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(a) (b)

S, S

Fig. 1 Comparison of the existence domains for the characteristic problem: a existence domain using
Rendall’s strategy based on the reduction to a standard Cauchy problem; b existence domain using Luk’s
strategy—in principle, the long side of the rectangles extends for as much as one has control on the initial
data

Su*,U*

Fig.2 Setup for Stewart’s gauge. The construction makes use of a double null foliation of the future domain
of dependence of the initial hypersurface Ny U A, . The coordinates and NP null tetrad are adapted to this
geometric setting. The analysis in this article is focused on the arbitrarily thin grey rectangular domain along
the hypersurface N,. The argument can be adapted, in a suitable manner, to a similar rectangle along N,.
See the main text for the definitions of the various regions and objects

initial data for the evolution equations. Section 4 provides a formulation of the local
existence result for the characteristic initial value problem using Rendall’s reduction
strategy. The latter includes an analysis of the symmetric hyperbolicity of the evolu-
tion equations, the computation of formal derivatives on the initial hypersurfaces, the
propagation of the constraints and a brief overview of Rendall’s method. Section 5
contains a discussion of the basic setup for Luk’s method. This section includes, in
particular, an overview of the steps in the argument, a discussion of the analytical tools
which includes the construction of various L”-type estimates for transport equations
and Sobolev inequalities. Section 6 provides a detailed discussion of the construction
of the main estimates required in the improved existence result. Section 7 contains a
discussion of the last slice argument and the statement of the main result in Theorem 4.
The article has five appendices. “Appendix A” list the Einstein equations in NP formu-
lation used in the main text. “Appendix B” provides a quick-reference list of the main
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inequalities used in our analysis. “Appendix C” provides further detail on the com-
putation of angular derivatives of scalar fields. “Appendix D” provides some further
details on some integral identities used in the main text. Finally, “Appendix E” gives
extended detail on the computations of some of the key propositions in our analysis.

Notation and conventions

We take {4, p, ¢, ...} to denote abstract tensor indices whereas {,,,y ., ...} will be
used as spacetime coordinate indices with the values O, ..., 3. Our conventions for
the curvature tensors are fixed by the relation

(VaVi — VpV)v© = R gapv. (1)

We make systematic use of the NP formalism as described, for example, in [26,27]. In
particular, the signature of Lorentzian metrics is (+ — ——). Many of our derivations,
although straightforward, are fairly lengthy, so we have included in “Appendix A” a
complete summary of the equations of the NP-formalism, highlighting the simplifica-
tions that occur with our particular gauge. We recommend that the reader keep a copy
of the appendix to hand as they read the paper.

2 The geometry of the problem

Let (M, g) denote a vacuum spacetime satisfying R,, = 0, where M is a 4-
dimensional manifold with boundary and an edge. The boundary consists of two
null hypersurface: N,, the outgoing null hypersurface; N, the incoming null hyper-
surface with non-empty intersection S, = N, N N,. We will assume that S, ~ S2.

Given a neighbourhood U/ of S,, one can introduce coordinates x = (x*) with XV =v
and x! = u such that, at least in a neighbourhood of S, one can write

Ne={pelUlulp)=0}, N,={pell|v(p)=0}
Given suitable data on (N, UA,) N U we are interested in making statements about
the existence and uniqueness of solutions to the vacuum Einstein field equations of
the aforementioned type on some open set

VCi{pel|u(p)>=0,v(p) >0}

which we identify with a subset of the future domain of dependence, DV (N, U N.),
of N, UN..

2.1 Construction of the gauge: Stewart’s approach

We will ultimately be concerned with existence and uniqueness of solutions, but, as is
common in such constructions, it is useful to start by assuming existence in order to
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give a concrete PDE formulation of the problem. In this section we thus briefly review
the gauge choice. In the rest of this article we will call this construction Stewart’s
gauge—see e.g. [26], Section 4.3.

2.1.1 Coordinates

In the following it will be convenient to regard the 2-dimensional surface S, as a sub-
manifold of a spacelike hypersurface S. The subsequent discussion will be restricted
to the future of S. The hypersurface S is an auxiliary structure which, although it
does not belong to DT (N, UN), plays a key role in Rendall’s strategy to reduce the
characteristic initial value problem to a standard initial value problem—see Sect. 4.2,
below. As S, ~ S2, one has that S, divides S in two regions—the interior of S, and
the exterior of S,. Now, consider a foliation of S by 2-dimensional surfaces with the
topology of S? which includes S,. At each of the 2-dimensional surfaces we assume
there pass two null hypersurfaces. Further, we assume that:

(1) One of these hypersurfaces has the property that the projection of the tangent
vectors of their generators at S, point outwards—we call these null hypersur-
faces outgoing light cones;

(i1) One of these hypersurfaces has the property that the projection of the tangent
vectors of their generators at S, point inwards—we call these null hypersur-
faces ingoing light cones.

Thus, as least close to S one obtains a 1-parameter family of outgoing null hyper-
surfaces NV, and a 1-parameter family of ingoing null hypersurfaces \. One can
then define scalar fields # and v by the requirements, respectively, that u is con-
stant on each of the A, and v is constant on each NL In particular, we assume
that Ny = N, and N, = N,. Following standard usage, we call u a retarded time
and v an advanced time. We use the notation N, (v1, v2) to denote the part of the
hypersurface N, with v; < v < v. Likewise N, (41, u2) has a similar definition. We
denote the sphere intersected by AV, and NV}, by S, ,. We define the region

U Su/, v’ 4

0<v'<v,0<u’<u

as Dy, ,. We also define the time function

t=u+v, %)
and the fruncated causal diamond,
D!, =DuuNir <), (6)

which will be used frequently throughout our arguments.

The scalar fields «# and v introduced in the previous paragraph will be used as
coordinates in a neighbourhood of S,. To complete the coordinate system, consider
arbitrary coordinates (xA) on S,, with the index A taking the values 2, 3. These
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coordinates are then propagated into A, by requiring them to be constant along the
generators of V. Once coordinates have been defined on ), one can propagate them
into V by requiring them to be constant along the generators of each V). In this manner
one obtains a coordinate system (x*) = (v, u, x4 in V.
2.1.2 The NP frame
To construct a null NP tetrad we choose vector fields /“ and n? to be tangent to
the generators of V,, and N, respectively. Further we require them to be normalised
according to
gapl®n® = 1.
The latter normalisation condition is preserved under the boost,
1w ¢cl* n" ¢~ 'n% ceR.
This freedom can be used to set
ng = Vyv.
This requirement still leaves some freedom left as one can choose a relabelling of the
form v — V(v). Next, we choose the complex vector fields m® and m“ so that they
are tangent to the surfaces S, , and satisfy the conditions
gabman_ib =—1, gabm“mb =0.
There is still the freedom to perform a spin
m® i em?, 0 eR
at each point.

Remark 2 1t can be verified that the vectors {/¢, n“%, m“%, m“} constructed in the
previous paragraphs satisfy

gablamb = gabnamb = gablan_’lb = gabnarhb =0.

Now, observing that, by construction, on the generators of each null hypersurface
only the coordinate u varies, one has that

n*d, = Qd,,

where Q is a real function of the position. Furthermore, since the vector [ is tangent
to the generators of each NV, and [“n, = [*V,v = 1, one has that

"9, = 3, + Co,
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where, again, the components C* are real functions of the position. By construc-
tion, the coordinates (x“!) do not vary along the generators of N/,-that is, one has
that [*V,x* = 0. Accordingly, one has that

CA=0 on N,

Finally, since m“ and m“ span the tangent space of each surface S, , one has that
mtd, = P,

where the coefficients P4 are complex functions.

Summarising, we make the following choice:

Gauge choice 1 (Stewart’s choice of the components of the frame) On ) we consider
a Newman-Penrose frame {{¢, n?, m%, m*} of the form:

1=3,+C*4, n=0Q90, m=P,.
Remark 3 In view of the normalisation condition g,,m®m” = —1, there are only 3
real functions involved in the P*A’s. Thus, Q, cA together with pA give six scalar
fields describing the metric. Thus the components (g"") of the contravariant form of
the metric g are of the form

0 0 0
e"H=0o 0o oct|,
0 QC‘A oAB

where
o8 = _(pApB 4 pAPpPD),

Here and in what follows o is the induced metric on S, ,, and has contravari-
ant components o8B defined in the standard manner. Note that care is needed to
distinguish o, the NP connection coefficient, from this quantity. From the expres-
sion, we can compute that [, dx* = 0 'du, JABPAPB =0, o45PAPB = —1
and —94CA = m48CA + m 45C* directly.

Remark4 On N, one has thatn = Q4d,. As the coordinates (x1) are constant along

the generators of NV, and V., it follows that on NV, the coefficient Q is only a function
of u. Thus, without loss of generality one can parameterise u so asto set Q = 1 on \V.,.

2.2 Analysis of the NP commutators

In this subsection we analyse some simple consequences of the NP frame of Gauge
choice 1 and the NP commutator Egs. (29a)—(29d). In particular, we exploit the fact
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that given a choice of NP frame, the evaluation of the NP commutators on the coordi-
nates gives rise to two different types of equations, namely (i) conditions on the spin
connection coefficients, and (ii) equations for the coefficients of the frame. In what
follows we analyse these two classes of equations. For future use observe that from the
definition of the NP frame {/¢, n“, m“, m“} in the gauge choice 1 it readily follows
that,

Dv =1, Av =0, v =0, sv =0, (9a)
Du =0, Au=Q, Su=0, Su=0, (9b)
Dx* = CA, AxA =0, sxA = pA, sxA=PA (90)

2.2.1 Spin connection coefficients

Direct inspection of the NP commutators (29a)—(29d) applied to the coordi-
nates (v, u, x2, x3) taking into account (9a)—(9c) yields on ) the conditions,

k=v=0, y+y=0, p=p, p=np, w=a+p.

We will see that these gauge conditions can be refined still further.
Fixing the rotation freedom The set up of frame vectors under the frame choice 1
allows the freedom of a rotation

a la i0 a

m > m- - =e " m.

The latter, in turn, implies the transformation

y—vy -7 =y—7y—iAd.
Accordingly, by requiring 6 to satisfy the equation
A0 =i(y —y) (10)

it is always possible to assume that y — y = 0, which, together with the condition y +
y = 0 allows us to set y = 0 on V. A similar computation shows that

€e—ér>e - =e—e+iDb.
This equation can be used to set € — € = 0 on N,. Also, after solving this equation,
the result 6 on NV, can be the initial value of Eq. (10). The value of Q on N, can be
propagated from S, using the transport equation,
DO =—(e+6)Q=-20
that is,

30 = —2€0.
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Summarising, we have the following gauge restriction, which we employ exclusively
in what follows:

Lemma 1 (Properties of the connection coefficients in Stewart’s gauge) The NP frame
in I can be chosen such that

k=v=y =0, (11a)
pP=p0, =M, (11b)
T=a+8 (11c)

on 'V and, furthermore, with
€e—eé=0 on VNN,
2.2.2 Equations for the frame coefficients

Taking into account the conditions on the spin connection coefficients given by (11a)—
(11c), it follows that the remaining commutators yield the equations

ACA = —F +m)PA— (t +7) P, (122)
APA = —pupPA— P4, (12b)
DPA—8CA = (p+e—&Pt+oP, (12¢)
DQ=—-(¢+60, (12d)
§PA—§5PA = (a— B)PA — (@ — B)PA, (12¢)
80 =(t —m)0. (12f)

Remark 5 Equations (12a)—(12b) allow us to evolve the frame coefficients C Aand pA
off of the null hypersurface NV,. Equations (12¢)—(12d) allow evolution of the coef-
ficients Q and P4 along the null generators of A. Finally (12e)—(12f) provide
constraints for Q and P on the spheres Suv-

3 The initial data for the CIVP

In this section we analyse general aspects of the CIVP for the vacuum Einstein field
equations on the null hypersurfaces N, and NV, associated to the prescription of initial
data for the evolution equations. The hierarchical structure of the Einstein field equa-
tions in Stewart’s gauge allows the identification of a basic reduced initial data set r,
from which the full initial data on N, U AV, can be computed.

Lemma 2 (Freely specifiable data for the CIVP) Working in the gauge given by the
frame choice 1 and Lemma 1, initial data for the vacuum Einstein field equations
on N, UN., can be computed (near S,) from a reduced data set v consisting of:

Wy, € +€ on N,
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Wy on N,
A, O, U, p, T, P4 on S..

Proof The proof follows by inspection of the various intrinsic equations on N, N,
and S,. This inspection is done as follows:

Data on S,. Since P4 are given, the operators § and & are well defined on S, and
intrinsic to this 2-dimensional hypersurface. From the definition of the connection
coefficients « and g it follows that the inner connection of S, is described by the
combination & — 8. This is readily computable from the data P4 on S,. Thus, using o+
B = 77, 0one can compute « and 8. Noting that Q = 1on S, C N, weobtainthatr = 7
from (12f). Then we obtain all the values of connection coefficients on S,. Thus, the
constraint Egs. (30q), (30j), (30n) of the structure equations can be used to compute
the value of W, W5, W3 on S,. With that, all initial data for the connection coefficients
and Weyl curvature on S, have been obtained.

Data on N, On the incoming null hypersurface N, we can obtain that Q = 1 leads
tot = 7 from Eq. (12f) and A = 9,,. Making use of the structure Egs. (30g) and (300),
which can be reduced by the gauge condition, namely

0 _
YT
ou

I

L vy -2,
ou

we can obtain the value of i and A on \,. Then the frame coefficients P on \, are
computed using Eq. (12b) which takes the form

3 PA

= —,U,PA —wPA.
ou

Thus we can compute the §-direction derivative on N,. Solving the structure
Egs. (30d), (30k) with the Bianchi identity Eq. (31d), namely

oo _
—£=\I/3+,3)L+a,u+)\‘r
p

- — =ak+Bu+pur,

u
S pATTE 4B — )Wy — Aps,
o A 4B — )V — 43

together we can compute the value of o, 8 and W3 on NV,. Then Eq. (12a)

aCcA

=@+ m P+ 1) P
u
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reveals the value of the frame coefficients C** on V.. With the above information at
hand one can use Egs. (30a), (30i), (30r) and (31e):

K]

—ez—\llz—ﬂn—aﬁ—ocr—nt—ﬂf,

u

Aar_aa_x+ a—&t+ﬁT+T2
axA  du PR ’

-4 0T ap _ 5 =

Pr— — — =W+ p+rc +at — BTt + 17,
IxA  du

o ow

T2 _pAZS w4+ 2(8 — 1)Ws — 3,

du dxA

to compute the value of €, o, p and W on N,. The Bianchi identity Eq. (31h)

I I
S pAZT2 . puW — 300, 4 200,
ou xA

provides the value of ¥ on AV, . With the results above, we can then compute the value
of ¥y from Eq. (31b)

A 4 9%
— — P —— = —u¥o — 22t + BV + 30 Ws.
ou dxA
Data on N, From Eq. (12d) one has that 9,0 = —(e + €) Q so that, using the value
of Q at S, one can compute the value of Q on N,. The structure Egs. (30f) and (30m)
give
Jdo

— =Yy + 3€0 — €0 + 2p0,
av

)

9% _ 26,0+,02+06'.

av
Solving these last equations one can obtain the value of o and p on A,. Then the value
of P on N, can be computed using Eq. (12¢) which in the present setting takes the
form

3 PA .
—— =pP 40Pt
v

Then the structure Egs. (30e), (301) and the Bianchi identity (31a), namely,

4 O€ ap _ _ _

Pr— — — = -V, +ac+ e — e — Bp —ao — 1o,
axA v

- 4 O€ o ) +B _ B6
= 2ue € —0€E— €T —op —TTp — po
axA v P P

- 10% 0V

P _A——:(4a—n)\llo—2(2,0+€)‘l’1-
ox ov
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provide us the value of «, 8 and ¥ on N,. Next, the structure Eq. (30b) which takes
the form

at
8—:\D1+ﬁp+no+61—ér+pr+af
v

gives us the value of T on ,. Similarly, the structure Egs. (30h), (30p) and the Bianchi
identity Eq. (31e)

4 07 I _ _ _
—— — =—-W teput+epntar —Br —am — up — Ao,
axA v

AT O e —eh—am 4 B — 7 — Ap—
— — — =3el—€r—am T—7"— A0 — U0,
axA  Jv PR

ow _ 0V

T72  pATTL Wy +2(7 — )Wy + 3pW,

v dxA

give us the value of u, A and W, on A,. Next, the Bianchi identity Egs. (31g) and (31c¢)

Wy W

C53 _pAZT2 _o(p— e)Ws 4 37, — 200,

v IxA

_ oWy 9w

PASS T (de — p)Wy — 2027 + @)W + 300,
xA Qv

show us the value of W3 and W4 on N,. Finally, we have obtained all the initial values
on N, U N, from the reduced data set r,. O

4 Rendall’s local existence theory
In order to apply the basic local existence theory for the CIVP as formulated by
Rendall [13] (see also Section 12.5 of [28]), one has to extract a suitable symmetric

hyperbolic evolution system from the Einstein field equations. The gauge introduced
in Sect. 2.1 allows us to perform this reduction.

4.1 Construction of the reduced evolution system

In the following it will be convenient to group the components of the frame in the
vector valued function

e =" P Q)
the spin connection coefficients not fixed by the gauge in

I'=( 7 B, i, a, A, T, 0, p),
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and the independent components of the Weyl spinor as
U= (W, Wy, W, W3, W),

where superscript-¢ denotes the operation of taking the transpose of a column vector.

A suitable symmetric hyperbolic system for the the frame components and the spin
coefficients can be obtained from Egs. (12a), (12b), (12d) and (30a), (30b), (30c),
(30d), (30f), (30g), (30k), (30m), (300), respectively. These can be written in the
schematic form

Die = B|(T', e)e,
DoI = Bo(I', ¥)T',

where D1 and D, are matrix operators given by,

D) = diag(A, A, D),
D, =diag(A, A, A, A, A, A, D, D, D),

and B, B, are smooth matrix-valued functions of their arguments whose explicit form
will not be required in the subsequent analysis in this section.
The Bianchi identity Eqs. (31a)—(31h) can be reorganised as

D3V = B3W¥ 13)

where

~sD+A =5 0 0
D3y=| 0 -5 D+A =5 O

0 0 -5 D+A -6
0 0 0 )
and B3 = B3(T'). Writing
D3 = A5,

one has that

A3 =diag(0, 1, 1, 1, 1),
A5 =diag(Q, 0, 0, 0, 0),
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and

0o —=PA 0 0 0

—pA CcA —PA 0 0

A= 0o —-PA cA —-PA 0
0 0 —pA cA —pA

0 0 o0 —pPACA

The evolution system (13) for the components of the Weyl tensor are obtained through
the combinations (31b), (31h)—(31a), (31e)+(31f), (31d)+(31g) and —(31c) respec-
tively. It can be readily verified that the matrices Ag‘ are Hermitian. Moreover,

AL (L, +ny) = diag(1, 2, 2, 2, 1)
is clearly positive definite. We can summarise the above discussion with:

Lemma 3 (The evolution system) The evolution system

Die = Bje, (14a)
DoT = B,T, (14b)
DsW = B3V, (14¢)

implied by the NP field equations written in Stewart’s gauge (see Sect. 2.1) is symmetric
hyperbolic with respect to the direction given by t¢ = [* 4+ n“.

Remark 6 In the following, making use of the standard terminology, we call the evo-
lution system the reduced Einstein field equations.

Remark 7 The symmetric hyperbolicity of the reduced Egs. (14a)—(14c) is the key
structural property which allows us to employ Rendall’s local existence strategy—see
the discussion in Sect. 4.2 below.

As the hyperbolic reduction leading to the previous result makes use of a subset of
the NP equations, it is also key to have a propagation of the constraints result for the
discarded equations. Making use of analysis similar to the one discussed in Section
12.5 of [28] one obtains the following:

Proposition 1 (Propagation of the constraints) A solution of the reduced vacuum Ein-
stein field Egs. (14a)—(14c) on a neighbourhood V of S, on J*(S,), the causal future
of S,, that coincides with initial data on M U N, satisfying the vacuum Einstein
equations is a solution to the vacuum Einstein field equations on V.

Remark 8 A consequence of the propagation of the constraints, once local existence
has been established, is that we may use any combination of the NP field equations
in their gauge simplified form in the required subsequent analysis. For example, from
this point on we have 7 = o + 8, and hence discard 7 or view it as a shorthand in
what follows.
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4.2 Computation of the formal derivatives on \/, U N/,

As already mentioned, Rendall’s approach to the local existence of solutions to the
characteristic problem for symmetric hyperbolic systems makes use of an auxiliary
Cauchy problem on an auxiliary spacelike hypersurface

S={peRxRxS*|v(p)+u(p) =0},

which contains the 2-dimensional surface S,—see Sect. 2.1.1. The formulation of this
problem crucially depends on Whitney’s extension theorem. To apply this extension
theorem it is necessary to be able to evaluate all derivatives (interior and transverse)
of the initial data on NV, U N;. A discussion of the ideas behind Rendall’s approach
can be found in Section 12.5 of [28]. For completeness, a formulation of Rendall’s
result is given below:

Theorem 1 (Local existence for the CIVP, Rendall) Let N, and N, denote two char-
acteristic hypersurfaces for the symmetric hyperbolic system

A" (x,u)d,u = B(x, u)

with smooth, freely specifiable data on N, and N, such that all (formal) derivatives ofu
on N, UN, 1o any desired order can be computed in a neighbourhood VW C N, UN,
of Ny N N.,. Then there exists a unique solution u to the CIVP in a neighbourhood V
of Ne NN withu >0, v > 0.

An important property of the NP equations in Stewart’s gauge is that they allow the
computation of the (formal) derivatives of all the fields to any order from the reduced
data r, provided in Lemma 2. This property is discussed in the next paragraphs.
Computation of formal derivatives on N, To compute the formal derivatives on N,
one first observes that the partial derivatives 9,, dp, d3 are interior whereas 9, is
transverse. In this case, direct inspection shows that except for

8uQ’ auta au"p47

all 9,,-derivatives of the unknowns in the vectors e, I', ¥ can be computed using the
structure Eqgs. (12a), (12b), the NP Ricci identities (30a), (30c), (30d), (30g), (301),
(30k), (300), (30r), and the Bianchi identities (31b), (31d), (31f) and (31h).

To obtain these exceptional cases one first applies 09, to both sides of Eqs. (12d),
(30b) and (31c¢) to obtain

08,(8,0) = —0%3, (e + &) — Q(e + )9, 0,
Q0y(9,t) = L(9,71),
08, (3, V4) — 08, PAo4W3 — QPA9,04W3 = M (3, V),

where L, M are smooth functions of {e, I', ¥} and their n-direction derivatives. One
can regard the above equations as first order linear ordinary differential equations
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for 9,0, 9,1, 0, ¥4 along the generators of N,. Since we have all the initial val-
ues of the components of {e, T', ¥} on N, U N,, we can compute the initial value
of 9,0, d,t, 9,W4 on S,. The general results for the existence theorem of ordi-
nary differential equations ensures that the above equation system can be solved in
a neighbourhood of S,. In the following, we assume that the initial data provided
is such that it yields a uniform existence domain for the solutions to the transport
equations—this is a major assumption on the initial data in this construction. Accord-
ingly, all the first transverse derivatives on N, can be explicitly computed. The higher
order 9,-derivatives can be computed in a similar way. Throughout it is assumed that
the neighbourhood on which this construction can be done in uniform for any order
of the derivatives.

Computation of formal derivatives on N, The analysis of the formal derivatives on AV,
is almost the mirror image of that on V. In this case 9,,, 92, d3 are interior while 9, is
transverse. Accordingly, except for

3,CA,  dye,  9,W,

all 9,-derivatives of the components of {e, I', ¥} can be computed using the structure
equations (12c)—(12d), the Ricci identities and the Bianchi identity. Applying the
directional derivative D = 9, + C49, to both sides of Eqs. (12a), (30a) and (31b)
one obtains equations which can be regarded as first order linear ordinary differential
equations for 9,C A 9,€, 9, Wo. The solutions to these equations can be obtained from
the initial values prescribed on S,. Thus, all transverse derivatives can be computed in
aneighbourhood of S, on \V,. A similar procedure applies to higher order derivatives.
The analysis described in the previous paragraph proves the following lemma:

Lemma 4 (Computation of formal derivatives) Any arbitrary formal derivatives of
the unknown functions {e, T, W} on N, U N, can be computed from the prescribed
initial data r, for the reduced vacuum Einstein field equations on N, N N,.

Combining the analysis above and applying Rendall’s reduction strategy for the
CIVP for symmetric hyperbolic systems (see e.g. Section 12.5 of [28]) one obtains
the following local existence result in a neighbourhood of S, = N, U N;:

Theorem 2 (Existence and uniqueness to the characteristic problem) Given a smooth
reduced initial data set ry for the vacuum Einstein field equations on M U N,, there
exists a unique smooth solution of the vacuum Einstein field equations in a neighbour-
hood V of S, on J1(S,) which implies the prescribed initial data on N', U N,

Remark 9 The proof of the above result has two distinct parts. In a first stage one uses
Rendall’s reduction procedure to show the existence of a solution in a neighbourhood
of V. In a second stage one shows that this solution to the reduced equations implies,
in fact, a solution to the full Einstein field equations. This part of the argument relies
on the propagation of the constraints as given in Proposition 1.
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5 Setting-up Luk’s strategy

In this section we begin the implementation of Luk’s strategy to obtain an improved
existence interval for the solutions to the CIVP for the NP field equations in Stewart’s

gauge.
5.1 Outline and main strategy

As the argument leading to the improved existence result for the CIVP is lengthy,
we provide here a summary of the role of the various lemmas and propositions and a
discussion of how they fit into the overall analysis. The whole scheme is based on the
use of sequentially more sophisticated a priori estimates of an arbitrary solution that,
ultimately, arrives at a contradiction giving us the desired result.

Step 0 Estimates for the components of the frame. The basic step in the construction
is to obtain estimates on the components of the frame. This can be done by assuming
control on the L°°-norm on the spheres S, of anumber of spin connection coefficients
by a constant Ar. A peculiarity of the analysis is that one needs to introduce a certain
derivative (to be denoted by y) of the components of the frame as an unknown to
quick-start the argument—this quantity, which is at the level of the spin connection
coefficients, does not arise in the original NP formalism. The key result in this step
is Lemma 5 in which the frame coefficients Q and P are controlled by their initial
data and Lemma 6 in which the frame coefficients C* are controlled along the short
direction.

The bounds on the components of the frame allow us to control in a systematic
and streamlined manner the solutions to transport equations along null directions in
terms of integral quantities over the spheres S, . The technical results required to this
end are presented in Lemmas 7 and 8. From these, more specific results valid for L?
and L°° norms are given in Propositions 2, 3, 5 and 6. Within our geometric setup and
gauge these results are fairly general and are used repeatedly in the subsequent steps
of the procedure.

Step 1 Estimates for the connection coefficients. With the general technology to study
transport equations along the generators of light cones has been established, one can
proceed to control the spin connection coefficients. The key idea of this analysis is
the integration of the transport equations implied by the Ricci identities. In a first
step, in Proposition 7, assuming control on the supremum norm of the third angular
derivatives of the NP connection coefficient T and on the components of the curvature
one obtains control on the supremum norm of the various connection coefficients and
7 itself. This result is used in turn in Proposition 8 to obtain control on the L*-norms
of the connection coefficients and the L?-norm of their derivatives in Proposition 9.
Step 2 First estimate for the curvature. A first estimate for the components of the Weyl
tensor is given in Proposition 10. In this result one assumes control of the components
of the Weyl tensor along the light cones and of the L?-norm of the third angular
derivatives of the connection coefficient 7 on the spheres to obtain control of the
components of the Weyl tensor on the spheres.
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The results of the steps 1 and 2 are conveniently summarised in Proposition 11
in which an assumed control on the components of the curvature along light cones
and of the L?-norm of the third angular derivatives of 7 is used to obtain control on
the spheres S, , of various norms of the connection and its derivatives and of the
components of the curvature.

Step 3 Improved estimate for the connection. In the next step one obtains an improved
estimate for the connection in which the third angular derivatives of the connection,
including t, are controlled assuming control only on the curvature along the light
cones. This result is given in Proposition 12.

Step 4 Main estimates for the curvature. At this point we are in a position to run the
central part of the argument, which depends crucially on the particular structure of
the Bianchi identities. General inequalities for integrals of the various components of
the Weyl tensor implied by the Bianchi identities are given in Propositions 13, 14 and
15 and 16. The whole argument is wrapped up in Proposition 17 in which, under the
boundedness of the connection and the curvature on the initial null hypersurfaces one
obtains control of the curvature on later null hypersurfaces. This is the crucial estimate
which allows us to close the lengthy boostrap argument.

Final step. Last slice argument The control of various norms of the connection and
curvature obtained in the previous steps do not provide, by themselves, the improved
existence result. For this, we make use of a last slice argument in which one argues by
contradiction under the assumption that the solution to the evolution equations breaks
down at some point. The estimates of the previous steps show that this assumption
leads to a contradiction.

5.2 Definitions and conventions

In this section we set up the conventions for the various norms that will be used in the
subsequent analysis.
Integration In the following let ¢ denote a scalar field. For conciseness, we will often

use the notation
/ ¢ = / ¢do

to denote integration on the spheres Sy, ,, of constant # and v. In the previous expres-
sion do = /[deto[dx2dx> denotes the volume element of the induced metric o on
Su.v- On the truncated causal diamonds D, , we define integration using the volume
form of the spacetime metric,

u v
/ ¢Ef f f #+/| det g|dx2dx>dv’du’
Dy 0o Jo Js,
u v
= / / 0~ '¢y/| deto|dx?dx>dv'du’,
0 Jo JS, .y
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with ¥ = min(v, t — u). We will denote integration over the complete causal diamond
in the obvious manner by the natural omission of the superscript # on D;; . As there
are no canonical volume forms on the null hypersurfaces NV, and NV, we define, for
convenience the following:

v
/ ¢E/f #+/| deto|dx?dx3dv/,
N (0,v) 0 Js,.

u
/ ¢E// $+/| deto|dx>dx’du’.
N, (0,u) 0o Js,,

We will often use the notation

/;(pE/,,(lt)(p’ /j\/;f(pzfm[o,s]f(P

where I’ = [0, min(v., ¢ —u)], with v, € R, denotes the truncated long integration
interval. Similarly, the interval [0, €]’ = [0, min(e, t — v)] will be called the truncated
short integration interval. Dropping the superscript t we define the full long and short
integration intervals, I and [0, ] respectively, and the norms on the full outgoing and
incoming slices in the natural way.

Norms Keeping the above conventions for integration in mind, we can now define
the various norms to be used in our analysis. As before, let ¢ define a scalar field.
For 1 < p < oo we define the L”-norms

1/p
||¢||Lp<sl,,v>z</8 |¢|P> Bl
’ 1/p 1/p
(/,|¢|P> Bl = (/M |¢|P) |

u

The L°°-norm is defined by

l1@1lLoe(S,.0) = sup [@].

u,v

For a tensor field ¢, .ap ON the 2-sphere, we define
I/p
2
111Lr(S,0) = (f ¢. 0)5 ) Mellr

» 1/p » l/p
(/N;w,wﬁ ) ,||¢||mes</m<¢,¢>5 ) ,
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where (¢, ¢p)y = obi ...U”PbP¢_>a1 ,,,,, ap¢bl ,,,,, by- As in the definition of the inte-
grals, suppresion of the label ¢ denotes taking the norms over the full long and short
integration intervals.

Integration by parts In the following we denote by ¥ the covariant derivative of the
induced metric ¢ on the spheres S, of constant # and v. Similarly, A will denote the
associated Laplacian. As these spheres have no boundary we have

I¥¢l172s, ) = /S oV N = /S Va0 $Wp) — /S A,

1/2 12
— | pp<2 (/ |¢|2> (/ |x72¢>|2)
Su,v ’Su.u Su.u

where in the last step inequality (35) in “Appendix C” has been used. Integrating
over (¢, m), over two-spheres naturally defines an inner product, so we similarly
obtain,

||X7¢||L2(3M) = ||¢||L2(Su,v) + ||W2¢||L2(Su.v)’
17211205,y < IFBllL2es, ) + 17l 125, ) -

5.3 Estimates for the components of the frame

As a preliminary step we now show that, assuming the components of the connection
coefficients are controlled by a basic boostrap assumption, it is possible to estimate the
components of the NP frame in terms of the size of its initial data on Ny UN. The key
observation in the argument is that the structure equations provide A-equations for all
the components of the frame. Given our particular choice of gauge, these equations
are essentially ordinary differential equations with respect to the coordinate u. In fact
as the structure equations form a neat hierarchy, they can be integrated sequentially.
The quantity,

Ae = sup (101107 1€, 1PH)) (15)

>V

will be used to measure of the size of the initial data of the coefficients of the frame.
Throughout, given that the procedure has only a finite number of steps we denote all
constants depending on the initial data generically by C (A.,) —the latter corresponds
to the largest constant arising in the various steps. For convenience in the subsequent
discussion let

x = AlogQ.
The scalar yx, being a derivative of a component of the frame is at the same level of

the connection coefficients. It provides a component of the connection which does
not arise in the original NP formalism, but is needed to obtain a complete set of A
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equations for the frame. A direct computation using the definition of x = Alog Q
and the NP Ricci identities yields

Dy =W + W) + 2at + 287 + 24T +2BT + 217 — (e + &) %. (16)

The initial data of x on N, is 0 due to the gauge choice that Q = 1 on AV,. On N,
making use of the information of «, 8, t, € and W, obtained in Lemma 2, one can
compute the value of x with Eq. (16). It will also be convenient to define,

m=p—-a

corresponding to the only independent component of the connection on the
spheres S, . As mentioned above, the proof is based on demonstrating a priori esti-
mates for an arbitrary solution and consequently demonstrating that any such solution
must extend to a neighborhood of NV, UN,. We therefore now introduce the following,
which will be initially guaranteed on a sufficiently small diamond by Theorem 1, and
will be employed in most of what follows:

Assumption 1 (Assumption to control the coefficients of the frame) Assume that we
have a solution to the vacuum EFEs in Stewart’s gauge satisfying,

I, Ao, B, T, xHlLoecs,,,) < Ar,

on a truncated causal diamond D!  , where Ar is some constant.

U,Vq°

Step 1 Work under Assumption 1. Integrating the definition of x = Alog Q in the
short (i.e. u) direction along an incoming null geodesic one readily finds that,

& &€ &
IQ—Q*|=‘/ xdu 5/ ledusf Ardu = Are
0 0 0

for any v. It follows that
O — OullL=es,,) < Are.
Hence, one can find a constant C depending on the initial data such that
07l 0 =c.).

Step 2 We now integrate the components P4 in the short direction using Eq. (12b). It
follows then that

3| PAP? = 8,(PAPA) = P23, PA + PA9, PA
= —07" (PA@PA + 1P + PAuPA + 1PY))

= =07 (AIPAR + (P + u| PAP + A(PAY?)
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<O '+ i+ r+ 0P

In the previous chain of inequalities it is understood that there is no summation on the
repeated indices A. From the last inequality one readily concludes that

duIn|PA? <40 'Ar
so that
|PAP < [P exp(4C(A,) Are).
As ¢ is arbitrary, we can choose it so that
|PA| < C(A,,), for any u and fixed v.

The analysis of Steps I and 2 can be summarised in the following:
Lemma5 [Control on the components of the frame. I] Under Assumption 1, ife > 0

is sufficiently small, there exists a constant C depending on the size of the initial data
such that

-1
07,0 <CA,), 1P, < C(AL),
t
onD, ..
A direct consequence of this result is that one can control the components of the
induced metric on the spheres S, , and associated concomitants. This follows from

the relation

oAB = _pApB _ pipA

Corollary 1 (control on the metric of S, ) If ¢ > 0 is sufficiently small there exist
non-negative constants c(A,,) and C(A,,) such that,

1048), loasl < C(A.),  c(A.,) < |deta] < C(A,).
Moreover, one also has that

sup |Area(8u,v) _Area(s(),v)| = C(Ae*)AFg,
u,v

on DL’W.. Consequently the area of S, is bounded above by a constant depending in

initial data in the same region, for € sufficiently small.
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Step 3 One can now use Eq. (12a) to integrate the coefficients C-A. By a procedure
similar to that used in the previous steps one has,

IcA— ¢ = ‘ /0 07 (G +mPA+ (r+7)PA) du

< C(Ae)f (T + ) PA+ (x + 7) PA|du
0

€
< 2C(Aeﬁ)/ 1T + || PA|du < 2C(A.,) Are.
0
Here 7 should be viewed as a shorthand for 7 = o + B. Since C;“ = 0 on N,, we
arrive at:

Lemma 6 (Control on the components of the frame. II) Under Assumption 1, if e > 0
is sufficiently small, then there is a constant C (A, ) depending only on the initial data
such that choosing ¢ suitably, one has ||CA||L°0(S,,,,,) < C(A,,) on D,i’v..

5.4 General estimates for transport equations

The purpose of this section is to develop a general set of tools that allow us to obtain
estimates from the transport equations on hypersurfaces of constant u or v. The pro-
totype of these transport equations are the NP Ricci identities (30a)—(30r). The results
of this section do not depend on Assumption 1 unless explicitly stated.

Derivatives of integrals over S, ,,. We are mostly interested on integral estimates over
the spheres S,,,, and how they evolve along null directions. In the following we will
systematically need to compute derivatives of integrals over S, ,, with respect to the
advanced and retarded null coordinates. The key observation in this respect is the
following:

Lemma7 (Computing derivatives of integrals over Sy ,) Given a scalar ¢ one has
that

d
| e=[ w200, (172)
U u,v SMJ.)

d
d—/ ¢ = 0~ ' (A +2ud), (17b)
M u,v Su,v

along the outgoing and incoming null geodesics that rule Ny and N,,.

Proof The proof follows a direct computation. More precisely, one has that

i/ ¢:/ 9 (o Tdeto])dxdy3
dv u,v u,v av
=f (D(¢,/|deta|)—cAaA(Wdeta))dedx?’
Su,v
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=/ (D¢,/|dew| +¢D/|deto] — cAaA(¢,/|deta|)) dx2dx3,
Su,v

For the second term in the integrand, ¢ D /| det 0|, we find that

1
D,/|deto| = ———=Ddeto = =
et = 5 Jrderel 2/[deta] 2
— /| detoloas (PBDPA + PADﬁB>
— /[ deto] (gABﬁBacf‘ T+ ousPA5CE —2p + coagPAPB + 6GABPAPB)

= V| deto] (r?zASCA +masCcH - 2,0) — —/[deto] (aAcA + 2p),

|deto| 45 Jldeto|
= ———=0""Dosg = OAB

where we have used Remark 2 and the structure Eq. (12¢). For the third term in the
integral one has that

/S Ao, (¢M) dx2dx3 =/S a4 (CA¢,/|deta|) dx2dx’
-, $pIACA\/| det o |dx2dx’
= _[' $34CA/| det o |dxdx>
+ /S Va (C4py/1deta]) dr?de®
= —/S ¢8ACA\/de2dx3,

where for the last equality we have use Stokes’ theorem and the fact that sphere has
no boundary. Combining the above observations one finds that

d
o / ¢ = / (D¢ — 2p¢) /| det o |dxdx>.
v u,v SM.U
To compute the derivative with respect to u, we first consider

1 1 _ _
aVTdeto] = =2/ deto|oazAcB = Sdetalos (PBAPA + PAAPB)
1 _ . _

= 3Vldetalous (PP—upt 3P4 + PA—PE = 3P"))

1 _
=3 (+ ) y/ldeto] = py/ldetol.

From the above identity one readily obtains
d d 2.3
R —(¢,/|deta|)dx dx
du Js,, Sup OU
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=f 0! (\/Mmp +¢A\/|deta|) dx2dx3
’Su.v

= 0~ (A} + 21u¢) /| deto|dx?dx>,

Su, v

as required. O

Integrals over D,, ,,. The construction of energy-type estimates for the components of
the Weyl tensor require further integral identities. These integrals allow us to write
the integral over the diamond D, ,, of the D and A-derivatives of the components of
the Weyl tensor in terms of integrals on the light cones and an integral over the bulk
diamond of the (undifferentiated) components.

Lemma 8 (Integral over causal diamonds of derivatives of a scalar) Let f be a scalar
field in the causal diamond D, . One has then that

o=l
Du,v M(O,u) N,

0

/ Af = f—/ f—f 2t
'Du<u Nu(o!v) N()(O,v) 'Du,v

Proof The proof of the identities follows by integration by parts. For the long direction
we have, by definition, that

u v
/ Df = / f 0~ (0 f + CAauf)/ detodrdc’du'dv’.
Duy,v 0 0 Su’.v’

o'y +/ Qp+e+df,
O,u) Du,v

Now, on the one hand, integrating by parts with respect to v one has that,

u v
/ / 0719, f/| det o |dx?dx3dv’du’
0 0 Su/,v/

u v
=/ / / 3,(Q 7! £/ deto)dx?dx3dv'du’
0 Jo JS,
u v
—/ / f0,(0~ /| deto|)dx>dx3dv’du’,
0 0 JS, ./

u’ v

—[ ot o7y
N, (0,u) Npy(0.10)

u v
— / f f (f9,0" ") deto| + Q7' fo,4/| deto |)dx2dx3dv'du’.
0 Jo JS,
On the other hand, integration by parts respect to the angular coordinates gives

u v
f f 0~ 'cA9 41/ deto|dx?dx3dv/du’
0 Jo JS,
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u v
= _/ / faA(Q_ICA\/M)dxzdx3dv/du/,
o Jo Js,

u' v

S [ et s ot pyTaaThcH
0 Jo Js,,

u' v

+ 07 FCA94y/| deto)dx2dx3dv/du’.

Thus, we have

[ or=[ oti-f oy
Du,v ./\/;}(O,M) -/\/;)(09’4)
—/Of()/s (/[deta]fQ2DQ
+07 ' Dy deto| + 0~ £/ det o3 4C)dx2dxdv/du’.

Finally, making use of the expressions for DQ from Eq. (12d) and D+/[deto] from
Proposition 7, respectively, one obtains the desired identity.

To demonstrate the identity along the short direction one proceeds in a similar
fashion. O

Corollary 2 If f = fi f>, then

ffIsz+/ szf1=/ Q*‘flfz—/ 0 fif2
Du,v Du,u M,(O,u) ./\/E)(O,Ll)

+/D Qp+e+dfif

/ flAfz+/ szf1=/ flfz—f flfz—/ Qi fo.
Du,v Du,v NM(Ovv) NO(();U) Du,v

Basic LP estimates The first step in the analysis is the construction of L? estimates.
These estimates require a priori control of the NP spin connection coefficients p
and p. The reason for their special treatment can be traced back to their appearance
in Lemma 7. Proceeding in this way we obtain the following:

Proposition 2 (Control of the LP-norm with transport equations) Work under

Assumption 1. Assume furthermore on D}, ,, that

sup [|[{p, u}lres, ) < O.

u,v

Then there exists €, = &,(A,,, O) such that for all ¢ < e, and for every 1 < p < oo,
we have the estimates:

v
llpllLr(s,.,) < CU,0) <|I¢>||LP($,,,0) +/0 ||D¢||Lp(slw,)dv’> ,
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u
lPllLr(s,.,) <2 <|I¢||Lp(so,u) + C(A,,, (9)/0 ||A¢>||Lp(su,,u)du/) ;

where, as elsewhere, 1 denotes the long direction interval.

Proof Making use of the definition of ||¢||.»(s, ,) and the identity in Lemma 7, we
have

vd
||¢||il)(8u‘u) = ||¢||€p(3u’0) +/0 a||¢||€”(3u,u/)dv/

vid
=||¢||£p(5u10>+f0 (E/s ,|¢|P)dv/
:||<;>||ip(5u,0>+/0 (/S /(D|¢|P—2p|¢|”>)dv’.

U,

Now, Young’s inequality gives

(161717 (Dlg})”
p/(p—1)

DI¢|” = pl¢|”~'DIg| < p = (p— DI¢l” + (DlpD?”.

Thus, we have that

v
P P
NllLr(s, ) = N19llLr(s, 0 +/O (/S

U,V

v
= ||¢||€p(5‘u’0) +f0 ([S

v v
<1161Lps,0) T /O 1DGI1} s, ,,dv' + C1(O) /O 191175, ,Hdv"

(DI¢h? +(p—1— 2,0)|¢|p> dv’

!

(DIph? + C1(®)I¢>|”> dv’

!

Now, making use of Gronwall’s inequality, we obtain

v
1611755, ) < CU, O) (||¢>||’2,,(Su_0> + /0 ||D¢||’L’p(5u,v,)dv’)
v p
<C,0) <||¢||€p($u o T (/ ||D¢||L17(su_v,)dv/) >
: 0
v p
<C,0) <|I¢||L1’($u,0) +/ [1D@llLrs, v/)dv’) ;
0 ,
so that, in fact, one has

v
lpllLr(s,,) <CU,O) <||¢||LP(SM_0) +/ ||D¢||L1’(SM_U,)dU/> .
0
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Now, for the integration in the short direction 0 < u < ¢, using the assumption
that sup,, , [|il|L=s, ) < O, asimilar argument as before, and now using Lemma 5,
allows us to show that

1011705, ) = 191170 (s,,) + C(A)
“ u
(C(O) /(; ||¢||Zp(5u’.v)du/ + /0. ||A¢| |€p(5‘u,_”)du/) 5

so that one has

NPl Lr(S,) < PllLr(se,) + C(Ae,, O)

u u
(/0 llpllLr s, Hdu’ +/0 ||A¢||LP(Su/_u)d”/>-

Then, using Gronwall’s inequality one is led to

u
l1PllLr(s,.,) < exp(C(A,,, O)e) <||¢>||Lp($0,v) + C(A,,, 0)/0 ||A¢>||LP($,,/YU)dM/> .

From, the latter choosing ¢ > 0 small enough one concludes that

u
[PllLr(s,.,) <2 <||¢||LP(SU_U) + C(A,,, (9)/ ||A¢||LP(Su/VU)dU/> :
0

O

As a particular example of the previous discussion consider ¢ = § f, with p = 2.
In this case one has

/

172
v
18f11125,,) < L O) [ 118 f1l2¢s,0) + /0 (f D|8.f|2> dv’

U,

If p = 4 one has that

/

1/4
v
18 f11 145,y < CLO) [ 118 f1l4¢s,0) + fo (f D|8f|2> dv’

U,

For the short direction one readily obtains analogous expressions.
Basic L™ estimates Our analysis will also require estimates on the L°° norm of various
scalars. The first result in this direction is the following:

Proposition 3 (Supremum norm of solutions to transport equations) Work under
Assumption 1. There exists &, such that for all ¢ < &,, we have
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v

16112,y < 111250 + /0 1Dl 15, v,

v

u
@180 = lDllLesy,) + C(Ae,)/ ABI| Lo (s, ) du',
0

on D!

U,Ve"

Proof Given a fixed point (u, 0, x*) on N, and then integrating out along integral
curves of /%, conveniently parametrizing with v, gives

v d¢ v
¢Su,v - ¢Su,0 = / d_dv/ = / D(]Sd'/.
0 v 0

Fixing u, varying the angular point x4 on A, arbitrarily, and taking the supremum we
obtain the inequality of the of the proposition. The proof of the second inequality is
similar. O

More advanced LP-estimates Finally, we discuss the construction of more refined
L?-estimates. As in the case of the basic L”-estimates, these estimates require some
a priori control on the L°-norm of the the NP spin connection coefficients p and .
More precisely, one has the following:

Proposition 4 (L*-norm of solutions to transport equations) Work under Assump-

tion 1. Assume, as in Proposition 2, furthermore that

sup [[{p, u}lres, ) < O.
u,v

on DI; . Then there exists €, = €x(A,,, O) such that for all ¢ < ¢, we have the
estimates:

172
1911235, = C(Ber O) (IIBllzscs, o) +11DON o0z 0.

|2 +IF ol v
L2(N,(0,0)) LZ(N(0,0)) ’

1/2
||¢||L4(Suyv) <2 (||¢||L4(SO,U) + C(Ae")”Ad)”L/z(/\/U(O,u))

1/4
gl + 1ol !
L2(N,(0,u)) LZ(N,(0,u)) ’

Proof The proof proceeds by direct computation. We first obtain the estimate on the
long direction. Following arguments similar to those used in Proposition 2, we find

that
4 4 Y
||¢||L4(Su.v) = ||¢||L4(Su,0) +[) /S

u,v

Dlg|* — 2p|¢|4) dv’

/
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v
<1911}, +20 /O 1911745, V"

12 12
4 (/ |¢|6) ([ |D¢|2> . (18)
N, (0,v) N (0,v)

Now, for small enough ¢, using the Nirenberg-Sobolev inequality (see “Appendix B”)
we estimate:

v v
|¢|6=/ / |¢|6dv’=f 611172, v’
‘/-;V.M(Ovv) 0 Su,v/ 0 L(Su,v’)

v 2
SC(Ae*)/O (|||¢|3||L1<5u,v,)+||x7|¢|3||u<su,v,)) dv’

v 2
<@ [ (0Pl SIFdls, ) @

u,v

Migllzaes, ) + P12

u,v

v 2
< C(Ae) /0 181134cs, ) (19112205, 0 + 198265, ) AV
v
<2C(Ae,) (sup||¢||‘;4<$”)>f (||¢||iz(5 ) TR s ,))dv/
u,v 8 0 u,v’ u,v
< C(A.) (%a ||¢||‘24<su,v>) (1912200 0.y + 1701220007

where to pass from the second to the third line we have made use of Holder’s inequality
and, to pass from the third to fourth we have extracted common factors. Making use
of the above estimate in inequality (18), we have that

v
4 4 4 /
1611745, ) < Il7as, ) +20 /0 11114, )90

12
+C(A) (Su“,? ||¢||i4(3u1v)) (191220 0.0 + 17012200 0.0 )
DI 2w, 0.v)

v
< 19ll}as, ) +20 /0 1611725 ,dv' + C(A)8 (sup||¢||i4($ ))
’ u,v u,v u,v

C(A.,) 2 2 2
48 (||¢||L2(/\/,,(0,v)) + ||W¢||L2(Nu(0,v))> ||D¢||L2(Nu(0,v))’

for some § > 0. Now, choosing § sufficiently small and making use of Gronwall’s
inequality, one finally obtains that

1811}4¢s, ,) = C(Ae,, O) (||¢||14(Su40) +1DBI72x7, 0.0

2 2
(I|¢| T2, 0.0 T ||W¢||L2(Nu(0,u))>) :

The proof of the estimate along the short direction is similar. In this case we can
choose ¢ > 0 sufficiently small to make the overall constant equal to, say, 2. O
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5.5 Sobolev inequalities

In the last step in our preparatory work, we now obtain Sobolev-type inequalities on
the spheres S, ,—i.e. estimates of the L”-norms of a scalar in terms of its L2-norms
and those of its derivatives. The key tool in this analysis is the isoperimetric Sobolev
inequality on S, , —see [16]:

Theorem 3 (Isoperimetric Sobolev inequality on S, ,) Let ¢ denote an integrable
Sfunction and with integrable first derivatives on Sy . Then we have that

2
f lp — B> < Z(Su.v) (f I)V¢I> : (19)
SM,U Su,v

where ¢_> denotes the average of ¢ over S, , and Z(S,, ) is the isoperimetric constant.

Remark 10 The isoperimetric inequality can be shown to be controlled by the area
of the 2-dimensional surfaces S, ,—see e.g. [16]. Thus, if one has control over the
area of the surface (as it is, in principle, in our setup), one has also control over the
isoperimetric constant.

Using this we can prove the following result concerning Sobolev-type inequalities:

Proposition 5 (Sobolev-type inequality. I) Work under Assumption 1. Let ¢ be a
scalar field on S,,,, which is square-integrable with square-integrable first covariant
derivatives. Then for each2 < p < 0o, ¢ € LP(S,.y), there exists &, = ex(A,,, Ar)
such that as long as ¢ < &, we have

18111050 = Gp@) (1I19ll23s,.,) + IFSll12s, )

where G (o) is a constant also depends on the isoperimetric constant 1(S, ) and p,
but is controlled by some C(A.,), W is the induced connection on S, , which is
associated with the metric o.

Proof We make use of the following result which can be found in Lemma 5.1 in
Chapter 5.2 of [17]:

(Area(Su) P llpllLr(s, < Coy/ T (Su)
((Area(Su) ™" 181112, + 1F8l112(s,.) 20)
where C), is a numerical constant depending only on p,
T (Su,w) = max{l, Z(Su)},
where as above Z(S,, ) is the isoperimetric constant of S, ,,. Now, under Assumption 1

we have that the area of S, , is finite in the tilted rectangle. Accordingly, inequality (20)
can be adapted to our particular setting. O
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Consequently we have the following two results:

Proposition 6 (Sobolev-type inequality. II) Work under Assumption 1. There
exists &, = &,(Ae,, Ar) such that as long as ¢ < &,, we have

@IS, < Gp(@) (11lLrs, ) + 1FSllLrs, ) -

with2 < p < oo and Gp(0) < C(A,,) as above.

Corollary 3 (Sobolev-type inequality. IITI) Work under Assumption 1. There exists &, =
&x(Ae,, Ar) such that as long as € < g,, we have

||¢||L4(Su.v) <G(o) (||¢||L2(Su,u) + ||W¢||L2(Su,v)> ,
I,y < Glo) (||¢||Lz(su,v) + 1Ml 12, ) + ||W2¢||Lz<su,v>) :

again with G(0) < C(A,,).

6 Main estimates

In this section we provide a discussion of the construction of the main estimates
required to obtain the improved existence result for the CIVP. The arguments rely
heavily on the preparatory work carried out in the previous section.

6.1 Norms for the initial data

The boostrap argument requires assumptions on the size of the initial data. Following
Luk [18], we define the following:

(i) Norm for the initial value of the connection coefficients, given by

Ar, =  sup sup
SuvCNN, Telu,rp,0.0,B,7,€}

1 2
max {1, T LS00 O IF Tl 800 D ||x7!r||Lz<s,,,v>} :

i=0 i=0
(i) Norm for the initial value of the components of the Weyl tensor, given by

Ay, = sup sup
SuwCNG N, Wel{Wo, Wy, Wy, W3, Wy}

1 2
max {1, D IR a5, 00 D ||><7’\11||Lz(s,,,v)}

i=0 i=0
3
+Y sup (R Wppn+ sup (P,
i—0 Ve{Wo, W1, W2, W3} Ve{Wy, ¥, W3, Wy}
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(i) Norm for the components of the Weyl tensor at later null hypersurfaces, given by

3

Apy=>" sup sup [|F Wl 2onr) + sup sup ||X7i\I!||L2(A/,)
i—o Ve{Wo, W1, Wy, W3} u We{W, Wy, W3, Wy} v v

where the suprema in u and v are taken over D, , .

(iv) Sup over the L?-norm of the components of the Weyl tensor at spheres of con-
stant u, v, given by,

2
Ag(S) =) sup|[F (W, Wy, W2, W3)|[ 125, ,)-

. u,v
i=0 "’

t

with the supremum taken over D, , ,

small to apply our estimates.

and in which u will be taken sufficiently

Remark 11 There is no appearance of x in Ar, because initial data for x used in the
following calculations are required only on N, where x is zero.

Remark 12 In addition to the above norms, we recall that the norm A,,, as defined in
Eq. (15) has been used to control the initial value of the components of the frame.

Remark 13 Observe that the above expressions do not include any norm for the com-
ponents of the connection coefficients away from the initial null hypersurfaces. Instead
such norms will be controlled by local bootstrap arguments within the proof.

Remark 14 Throughout the proof besides keeping track of Ay, and Ay, (S), to assist
in future generalization, we trace also the dependence of our various constants
on I, A,,, Ar,, Ay,. Note that because of the way that we setup our frame none
of the constants so far depend upon /.

6.2 Estimates for the connection coefficients

In this section we show how to construct estimates on the coefficients of the connection.
The strategy is an application of the tools developed in Sect. 5.4 to estimate the
solutions of generic transport equations along null hypersurfaces. In this approach, as
a bootstrap, control is assumed of the curvature (components of the Weyl tensor) on
the double foliation of null hypersurfaces and on the 2-spheres of constant u and v
through the norms Ay and Ay (S).

In a first step we obtain basic control of the L°°-norm of the connection coefficients
by assuming finiteness of Ay and Ay (S) and of third derivatives of the NP coefficient t
in terms of the L2-norm on the 2-spheres Sy ,.

Proposition 7 (Control on the supremum norm of the connection coefficients) Assume

that we have a solution of the vacuum EFEs in Stewart’s gauge in a region DILU. with

sup |[{u, A, a, B, €, p,0, T, x}HIros, ) < Ar,

u,v
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for some positive Ar. Assume also

2 3
sup ||V 7—'||L2(5uvv) < o0, sup ||V T||L2(SM) < o0, Ay (S) < oo, Ay < 00,
u,v u,v

on the same domain. Then there exists

3
ee = &x(I, Ae,, Ar,, sup [|F7Tll 125, ) SUP IR Tl 125, L) Aw),
u,v u,v

such that when ¢ < g,, we have

sup [[{z, x}IL=es,,) < CU, Ae,, Ar,, Au(S5)),
u,v

sup [{u, &, a, B, €, p, o }l|L>(s,.,) < 3Ar,,
u,v

!
on DM’U..

Remark 15 Observe that in the above proposition, as well as in several of the following
ones, the NP spin connection coefficient 7 is singled out as it requires additional
hypotheses.

Remark 16 The first assumption here covers Assumption 1, which allows us to employ
Lemma 5, Corollary 1, Lemma 6, Proposition 3 and the Sobolev inequalities of Propo-
sitions 5, 6 and Corollary 3. It also permits the use of Propositions 2 and 4.

Proof Basic bootstrap assumption We start by making the bootstrap assumption

sup [|({u, A, &, B, €, p, 0 }ILo(s,,) < 4AT,.

u,v
Estimate for t. As first step we prove that
Tl < CU, A, Ar,, Aw(S)).
For this, we make use of the D-Eq. (30b) for the NP coefficient 7:
Dt =(e—€e+p)t+ot+nmap+mo+ V.

Making use of the Sobolev inequality in Proposition 6, we readily obtain from our
assumptions that for ¢ sufficiently small,

[[Wo, Wi, W2, W3, Wyl|ros,,) < Aw(S) < oo.

Moreover, the inequalities in Proposition 3 show that

v

Htllzes,,) = Tllzes, o) +/ [IDT||Loos, ,ndv
0
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v
< ellixso + [ Nwp+70 + Wil v
0

v

v
+/0 le —€+pl ||T||L°°(Su,vf)dv/+‘/(; o] 1710, v’

u,v

v
<Ar, + (32A12~* + Ayg(S))ve + 16AT, / llzllLes, ,Hdv'.
0 :
Using Gronwall’s inequality in the previous expression one then concludes that

||f||LOO(Su’v) S C(Ia Ae,a AF*’ A\y(‘g))'

Estimate for x To obtain the estimate for x we proceed in a similar manner. We use
the D-transport equation Eq. (16) for x to obtain

v
X Lo, < xllzes,o +/0 IDxllLes, ,Hdv”

1, v

v
< 2Ay(S) + cAr, + C)ve + 2Ar, /0 IxllLoes ,)dv’,

where c is a positive constant and the constant C is related to the constant appearing
in the estimate for 7. From the latter, Gronwall’s inequality readily yields

xIlLeos, ) < CU, A,,, Ar,, Ay (S)).

Estimates for n and X To obtain estimates of the NP coefficients u and A we make
use of the A-transport Egs. (30g) and (300):

Ap = —p* — A,
Ak = —2uh — Wy

These are Riccati-type equations and, thus, they can only be naively integrated for a
small distance in the u direction —i.e. u € [0, €]. Now, making use of the inequalities
in Proposition 3 we find that

&€
ullLeos,. ) < llleesy,) + C(Ae*)/ 1Al Lo s, du'.
0
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Accordingly, one concludes that

&
[eellLeo(s,.) < il + C(Ae*)/ || + MllLeocs, ) du’
0

&
< lmllr=(Sy) + 32C(Ae,)/ Alz"od”/
0

< Ar, +32C(A,,) AT e

For X\ one obtains that

u
AL, < Ar, + 32C(Ae*)A%‘*5 + C(Ae*)/ [1Wallpoos,, ydu'
0

u' v

2
u
< Ar, + C(A,,. Ar,)e + C(A,,) / D P Wall 2, dud,
0 ’
i=0

where in the second inequality we have made use of the Sobolev embedding property—
see corollary 3. Now, using Holder’s inequality, we can transform the estimate of Wy
from one on sphere S, ,, to one on a null hypersurface. More precisely, one has that

u ) u
/ ||Wl \I/4||L2(8u/ v)du/ - / /
0 ’ 0 S,/

u' v

u ) e u 1/2
< (/ / h% \IJ4|2du’> (/ 1du’>
0 JS,, 0

=< C81/2||X7i‘1'4||L2(/\/v(o,u))-

1/2
w"xmﬂ) du'

Hence, we conclude that
M|z, < Ar, + C(Ae,, Ar,)e + CAye'/.

Together, the estimates for ; and A show that the maximum of these functions will
not be too far away from their initial value for ¢ sufficiently small.

Estimates for o, B and € Estimates «, 8 and € can be obtained by a similar method—i.e.
integration along the short direction. In this case the relevant A-transport equations
are given by the structure Egs. (30k), (30d) and (30a),

Aa = —puo — A — At — U3,

AB=—ha—pup — T,
Ae = —am — Bt —at — BT — Tt — Vs,

where it is recalled that in the present gauge one has that 7 = o + f—see Lemma 1,
Eq. (11c). The details are omitted.
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Estimates for p and o In this case the relevant A-transport equations are the structure
Egs. (301) and (30r):

Ap =81 —up —ro —at + Bt — 17 — Wy,

AO’:(ST—X,O—/LG—F&‘L’—ﬂ‘L’—‘L’z.

Observe that these equations contain the derivatives 87 and §7. To control these terms
from our hypotheses, we make use of the Sobolev inequalities in corollary 3 which,
together with integration by parts on S, , allows us to show that,

3
¥l LS, < C(Ae) D IR T2, )
i=1

< CA(ITllas,,) + 17 Tllzs, + 17T, )

It follows then from the Holder inequality
tllz2es,.,) < NTlLees,,) Area(S,,)'?

and the boundedness assumptions on ||X7ir||L2(Su,u) fori = 2, 3, that

¥ TllLos,,) < oo.

From this observation, an argument similar to the one used for x and A yields the
required estimates.

Concluding the argument From the estimates for the NP connection coefficients con-
structed above it follows that one can choose

e =e(l, Ao, Ar,, sup |[F2T|| 1205, ) SUP W Tl 1205, ) Aw(S), Aw)
u,v u,v

sufficiently small so that

sup |[{i, A, a, B, €, p, o }l|L=(s,,) < 3Ar,.
u,v

Accordingly, we have improved our initial bootstrap assumption. As this is our
first such improvement we give an overview of the technique. Recall that to com-
plete a bootstrap argument we need first, to verify that the hypothesis, in our case
that sup,, ., |[[{, 2, @, B, €, p, o}||L=(s,,) < 4Ar, holds over the region of inter-
est, is satisfied. We then need to demonstrate, as in the previous argument, that
the hypothesis can be improved for ¢ sufficiently small. Obviously if the conclu-
sion sup, , [[{, A, &, B, €, p,o}||L>s,,) < 3Ar, holds at some point then our
hypothesis holds in a neighborhood of that point. Since the interval [0, £] is connected
and the set on which our desired conclusion holds is open, closed and non-empty, it
follows that the desired conclusion holds for u € [0, ¢]. In the argument above we have
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shown that we can improve the hypothesis from a bound 4Ar, to 3Ar, . Evidently the
same arguments could be used to improve from (N + 1)Ar, to N Ar, for any natural
number N > 3. Given our initial assumption that [|[{u, A, , B, €, p, 0}||L>(s,,) =<
Ar we can therefore choose N so that A < NAr, and iterate from N down to 4 to
guarantee that our hypothesis is indeed satisfied in some truncated diamond, demon-
strating the statement. O

The existence proof also requires control over the L*-norms of the § and § derivatives
of the NP spin connection coefficients. This is provided by the following:

Proposition 8 (Control on the L*-norm of the connection coefficients) Make the same
assumptions as in Proposition 7, and additionally assume that,

sup [|[F{w, A, e, B, €, p, 0} l14¢s,,) = Ars
u,v

in the truncated diamond D, , . Then there exists,
2 3
Ee = 8*(13 Ae.,, AF,,? Sup ||W T||L2(Su<v)’ Sup ||W T||L2(Su<u)’ A\I/(S)s A\I/)s
u,v u,v

such that when ¢ < g,, we have,

sup [|[¥ {7, xHlz4s,,) = CU, A, Ar,, Ap(S5)),
u,v

Sup ||W{/"L7 )"’ o, ﬂy €, 0, G}||L4(Su,v) S 3AF*,
u,v

t
on Du’v..

Proof Basic bootstrap assumption In order to run the argument we make the following
bootstrap assumption:

sup |¥ {1, b, Bo €, p. 0)llags, ) < 4Ar,.

u,v

Estimates for ¥t First we make use of the boundedness of the L?-norm of 7 and its
angular derivatives up to third order to estimate the L*-norm of the first order angular
derivatives of t. For this, we apply § to the D-transport equation for r—Eq. (30b).
After making use of the commutators of directional covariant derivatives one arrives
at the equations

D8t = (p+ p +2€ —26)8T + 08T + 08T +8(e — €+ p)T

+ t60 + pdm +wép + 0émw + wdo + SV, (21a)
D8t =2p8T + 08T + 68T +18(e — € + p) + Téo
+ p87 +780p + b + wdo + SW. (21b)
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The above equation contains terms of the form I'¥VI"—i.e. products of connection
coefficients and their derivatives. In the following the L*-norm of these products will
be split using the Holder inequality as follows:

TN Lacs,) < Tz, )V Tl L4, ,)-
Observe that from Proposition 7 it follows that terms of the type ||T'[[r (s, ,) are

bounded.
Now, making use of the Sobolev inequality in Proposition 5, we obtain that

1
W Willpas, ) < Aw(S) <00, i=0,1,2,3.
j=0

Combining this with the inequality in the long direction shown in Proposition 2 we
find that

187llr4cs, ) + ||<§T||L4(5M) <C{,Ar,)

v

(||81:||L4(Suv0) + 1187145, o) +/0 1D 45, ) + ||DST||L4(SM_U,)dv/).

Substituting the expressions for D8t and D8t given by Egs. (21a)—(21b) one con-
cludes that

18711 45,y + 18711 4¢s,, )

< C1U, Ar,, Ag(8) + Ca(1, Ar,) /0 v<||6r||L4<s,,,v,> + 1187l 3¢s, V-
Thus, using Gronwall’s inequality it follows that
1811245, ) + 118T1I24¢s, ) < CU, Ar,, Aw(S)).
Consequently, one has

I¥tllpas, ) < CU, Ar,, Aw(S))

as required.
Estimates for ¥ x From Eq. (16) one can readily compute that

DSy = (p —26)8x +08x + 8(Wy + W) 4+ 8T — x8(e + &),

where I" represents a combination of connection coefficients whose particular form is
not essential. A similar equation for D§ x can be computed. Using the same strategy
used for ¥ x one concludes from the above equations that,
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18X 1124, o) + 1811 24(5,.,) < CU, Ar,, Au(S)).

In other words, we find that

¥ xllas, ) < CU, Ar,, Ag(S)).

Estimates for the remaining connection coefficients In order to obtain equations for §
and 6\, we apply the A-directional derivative on both sides of Egs. (30g) and (300).
This gives,

Adp = (T —a& — B)(u* 4+ Ah) — 3 — ASp — ASA — A8,
ASL = (T —a@ — B)2ur + Wg) — 3udh — ASA — 208 — 8Wy.

A direct computation using Proposition 2 shows that there exists an &, such that

¥ (2, Mllzss, ) < 38T,

if ¢ < &,. The details of this computation can be found in “Appendix E”. We
can estimate da, 68 and Se by the same method. Since, by our bootstrap assump-
tionsup,, ,, 1737] l22(5,.,) < o0, itfollows from the Sobolev inequalities in Corollary 3

that ||X7if||L4($u_,,) for i < 2 are finite. Using this information we can estimate 5p
and 8o applying the §-directional derivative to Eqgs. (30i) and (30r).
Concluding the argument From the previous estimates it follows that we can find

an &, depending on I, A,,,Ar,, sup,, ,, ||W2T||L2(Su,v)’ sup, , |W3T||L2(Su,v)’ Ay (S),
and Ay, such that

Sup ||W{M9 )‘" o, /31 €, 0, G}||L4<Su,v) S 3A1—‘*~
u,v

The bootstrap can hence be closed as in Proposition 7. O

In a similar vein, the next proposition shows how to obtain control on the L?-norms
of the NP connection coefficients and their first and second derivatives.

Proposition 9 (Control on the L?-norm of the connection coefficients) Assume that
we have a solution of the vacuum EFEs in Stewart’s gauge in a region D;’v. with

sup [|[{u, A, a, B, €, p,0, T, x}IL>cs,,) < Ar,
u,v
Sup ||W{M, )‘«s o, ﬁ? €, 0, G}||L4(Su,l,1) S Al“s
u,v

sup ||W2{,LL, )"a o, ﬂa €, 0,0, T}”LZ(SM,U) =< Al",

u,v

for some positive Ar. Assume also

sup ||l 125, ) < 00, Aw(S) <00, Ay < 00,
u,v
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on the same domain. We have that there exists

ee = (I, Ao, Ar,. sup || 7l 125, )» Aw(S), Aw),
u,v

such that when ¢ < g,, we have that

sup || F2{r. x Iz, < CU. Ae,. Ar,. Au(S),
u,v

Sup ||)V2{H’v )\11 o, ﬁv €, )0: O-}”LZ(SH,,)) S 3AF*'
u,v

Proof Basic bootstrap assumption Examining the above hypotheses we first observe
that both Propositions 7 and 8 are applicable. We start then with the following basic
bootstrap assumption:

sup |[W2{i. k.o, B. €. p. o}l 2s,,) < 4Ar,.
u,v

Estimates for ||X72t||Lz(Su_v) and ||X72X||L2(Su.u) Starting from Eq. (21a), applying
the §-directional derivative and using the commutators one obtains a D-transport
equation of the form

D&%t = I'§%t + 877 + ['867 + I8t + 82wy + 18T + 67181y,
where I depends linearly on €, p, o, while I'] depends linearly on 7, «, B, €, p, 0.

Similar computations lead to equations for D8t and D887. The term 88Ty is dealt
with using the Holder inequality to obtain

||3F13F1 | |L2($M) = ||5F1||L4(Su‘v)||3rl | |L4($“,U)~

Using Proposition 8, it follows then that the left-hand side of the inequality is finite.
Now, the inequality in the long direction of Proposition 2 and the equation for Dt
show that,

v
18°7 1125,y < CU. Ar,) (||52r||Lz<g,,,0) + /0 ||Da2r||Lz<sm,>dv’),

v
S C(Iv Ae,,v AI‘*, A‘~IJ(‘SV)) + C(I» Ae,,» AF*)/ ||W2‘C||L2(Su u/)dv/'
0 .

Similar estimates can be obtained for 627, 867 and 887.
Recalling the result in Corollary 1 that the area of S,, , is bounded one can estimate
the norm [[87(|;2(s, ,) by observing that

187llr2(s,,) < C(Ae,, Ar)IISTlIL4¢s, )
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Hence, using Proposition 8 it follows that [|§7][;2(s, ,) 18 also finite. Now, from
inequality (32) we then obtain that

v
||WZT||L2(SM,U) <C(,A,,.Ar,, Au(S) +CU, A,,, AF,)/ ||X721||L2(3u dv’
0 :
so that using Gronwall’s inequality one concludes that
1¥% Tl 12s,,) < CU. A, Ar,. Au(S)).

Estimates for ||V?x|| 12(S,,) An analysis analogous to that for 7, readily shows

that [|F2x || 2(s, , is bounded.

Estimates for the the remaining spin connection coefficients The remaining connection
coefficients can be estimated using the same ideas as in Proposition 7—namely, we
first compute equations for AS>I" and ASST" using the NP Ricci identities and the
commutators for covariant directional derivatives. In a second step we make use of
the short direction inequality of Proposition 2. It then follows that one can choose ¢
small enough so that,

sup [[¥*{u. &, o, B, €, p, o }ll12s,,) < 3Ar,

u,v

for,

£ < eI, Ac,. Ar,. sup [|[F7]l 125, ) Aw(S). Ay).
u,v

Details of the generic calculations involved in these last steps are discussed in
“Appendix C”. O

6.3 A first estimate for the curvature

Having obtained estimates for the NP spin connection coefficients, we are now in the
position to obtain a first estimate for the curvature. The proposition of this section
provides for bounds the components of the Weyl tensor of the spheres S, , assuming,
as a bootstrap, their boundedness on the null hypersurfaces and boundedness on 7 and
its derivatives.

Proposition 10 (Basic control of the curvature) Assume that we are given a solution
to the vacuum EFEs in Stewart’s gauge satisfying the assumptions of Proposition 9.
Then there exists

Ex = & (Ae“ Ar,, Ag,, sup |W3T||L2<su<v), Aw)
u,v
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such that for ¢ < &, one has

Ay (S) = C(Ay,),
onDy ..

Proof Boostrap assumption In this proof we start with the following bootstrap assump-
tion:

sup ||V (%o, W1, W, W3}l 25, ) < 4Aw,.  i=0,....2,
u,v

which we then aim to improve.

L?-norm of the components {W,, W, W,, W3}. Estimates for the L2-norms of the
components {Wg, W1, Vs, W3} can be obtained from the A-Bianchi identity Egs. (30b),
(30h), (30f) and (30d) which are then integrated along the short direction. As an
example of the procedure we consider here the coefficient W;. From Proposition 2 it
follows that

u
||‘IJ2||L2(5L,_U <2 <||‘IJ2||L2(50,,)) + C(A,,, AF*)/O ||A‘-I’2||L2(5u,,v)du/>
u
< 2(8u,+ €@ Ar) [ 1Rl ) + 1Bl
i | |

+ 11208 = OV¥sll2s, ) T ||6\I’4||L2(Su’,v)du/>

<2 (Aw* + C(Ae., Ar., Ag,)e + C(Ae,, Ar,)Aye!/?

+C(Bers AL 20 00 )
<24y, + C(Ac,, Ar,, Aye + C(A,, Ar,., Ay,)Aye',

In passing from the second to the third inequality we have used that the term

u
/ IFW3llL2s,, ) du’
) :

is, in fact, an statement on the light cone and, hence, it is controlled by the definition
of Ay. Moreover, we have also used Holder’s inequality in the form

u
1/2
/0 ||‘I’4||L2(5u,,v)d’4/ < cel ||\Il4||L2(NU/(0,M))'

The analysis for the coefficients Wy, W, W3 is similar. Consequently, we can find &,
depending on the initial data, Ay and [ such that for ¢ < ¢,, we have

sup [[{Wo, W1, W2, W3ll;2s, ) < 3Ay,.

u,v
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Estimates for ||V {Wo, Wi, W2, W3}{|12(s, ,) Again, we focus our discussion on the
analysis of the coefficient W,. From Proposition 2 we find that

12
A (W, )V‘l’2>g) du’)

u' v

¥ W2ll2s, ) =2 (IIW‘I'zlle(gOm) + C(A.,, Ar.)/o (/

u
<2Ay, + C(A,,, Ar*)/ /
o \Js,

u' v

1/2
W@ (|ASW,| + |A5wzl>) du'.

Now, using the expression for A§W, and A§W; obtained from using the commutators
on the A-Bianchi equation for W5, and schematically denoting arbitrary connection
coefficients by I', one obtains that

1/2
u
/ (/s IW‘V2|(|A5‘IJ2|+|A5‘1’2|)) du’
0 .

u' v

S/(;L1<L |X7‘1’2||F|2|‘~112,3|) du’ +/o (/ . |V @, ||T| |\IJ4|) au'

W' v

+/0”</SUIX7‘IJ2|IFIIX7\IJ23I du+f0" / |W2||F||W4|)l/2du,
I

u,

s [ wwaiwre) o (2)

u,v

12
walFrieal) Ca s [ / PRAIFTIv)

In the first and third terms of the right-hand side or the above inequality we can separate
the L°°-norm of the connection coefficients. Thus, using the bootstrap assumption with
Proposition 7, we find that

u o 1/2
[ ([ weaier v eal) o
0 ’

u’ v

u
1/2 i 1/2
< C(I,Ae*,AF,,Aw,)f IRl s IR W sll g i,
0 u’ v u' v

for i = 0, 1. Accordingly, using the bootstrap assumption once again, we conclude
that,

u . . 12
[ ([ weariipena) Ca < oo . awe,
0 S,

u,v

fori = 0, 1. The second and fourth term in the right-hand side of inequality (22) can
be handled in an analogous manner. Since we do not have control on the the L2(S,M,)
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norm of Wy, we transform the L2(S,w) norm to a norm over the light cone. More
precisely, one has that using Holder’s inequality

u . . 1/2 u 1/2 , 12
/ (/ 0 TP 7 W du/S/ IRl ¥ Wl du!
0 / 0 u v u' v

u’ v

j 1/2 .
< CAWIIF WAl g gy et 1 =0, 1.

Hence, we conclude that

u 1/2 u 1/2
[ ([ wearprea) ae ([ mearime) o
0o sy, 0o \Js,

u' v

< C(Ay,, Ay)ed/*,

Now, for the fifth term in inequality (22) one has that

u 2
[ ([ weaiwrivaal) o
0 S,
u

u' v

12
< [ (12sllomsn IF9allias, ) I T s, ,))

where the first term in the integral in the right-hand side can be controlled by the
bootstrap assumption and Sobolev embedding (Corollary 3). The third term can be
controlled by the L4(S,,,U) norm as given by Proposition 8, again in combination with
the bootstrap assumption. One then concludes that,

2
u 1/2 u . 12
/O(f FWAIFTI23])  du’ < CU A, Ar, Bu) Y fo 723l s, 30
, i=0 u'v

u' v

<C(, A, Ar,, Ay,, Ay)s?/?.

The sixth term in inequality (22) can also be dealt with by transforming the norms of
the coefficients of the Weyl tensor on S, ,, to norms on the light cone. More precisely,
one has that

u 1/2 , u 1/2 ’
/0(/5 W IFTIWal)  du s/o (11l 17 W2l 2, I Tl 20, ) i

L2 A 12
<C(,A.,, Ar,, Ay,) (/o Z |WZ‘I’4I|L2($L,VU)d”/)
i=0

2
< CUL A Ares Aw) (DI Wl 2 0.0 ) = O Ay, Ar, Au,, Ag)e¥™,
i=0

@ Springer



99 Page480f76 D. Hilditch et al.

Finally, the last integral in the right-hand side of inequality (22) can be separated into
two L%-norms. The estimate of X72\IJ3 can, in turn, be transformed to an estimate on
the light cone and, hence, it can be controlled by the definition of Ay .

Collecting all the estimates for the various terms in inequality (22) we conclude
that,

¥ W2l 25, ) 28w, +C (I, A, Ar,, Ay,)e+C (I, A,,. Ar,. Ay,, Ag)Aye™/?.
The latter inequality implies that we can improve the bootstrap assumption by choos-

ing & small enough. A similar strategy allows us to estimate ¥ {\Wo, W, W3}. Therefore
we have that

sup || ¥ {Wo, W1, W, Ws)ll2s, ) < 3Au,.
u,v

Estimates for ||NV*{Wg, W1, Ws, WU3}|| 12(s,,) As before, we focus the discussion

on ||F2W,|| L2(Su)- The estimate along the short direction in Proposition 2 shows
that

19292l 2, = 2 (19792125, + C(Aes Ar)

12
/Ou (/ A<X72\112,X72l112>0) du’

u v

u
<2Ay, +C(A,,, Ar,)f /
o \Js,.

where T denotes an expression involving products of connection coefficients, their
derivatives and components of the Weyl tensor and their derivatives. In particular, one
has that

1/2
I)VzllfzI(IATl)) du’, (23)

v

f |V W5 |(|AT)) < / |V W, [ WW2T + TW2W + WWWT

u’ v Su’,v

+ 200 + TUNY + T30 + U3 W W, + W3 ws)

We can then proceed with a strategy similar to that used in the analysis of the estimates
for the first order derivatives of the components of the Weyl tensor. In particular,
we use Holder’s inequality to split products and then apply the Sobolev embedding
theorem as necessary. The estimates on the sphere for the terms ¥/’ Wy and 3 W3 are
transformed into estimates on the light cone. Hence the integral on the right-hand-
side of inequality (23) can be made as small as necessary by choosing a suitable €.
Ultimately, we conclude that

sup ||V {Wo, ¥y, W, Ul s, ) < 3Aw,.
u,v
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Concluding the argument Collecting all the estimates in the previous steps one obtains
the statement

sup || {Wo, Wi, W, W3l 2, ,) < 3Aw,. i=0,....2

u,v
which improves the starting bootstrap assumption. O

Applying the standard embedding of L? into L? for p < g, we can summarise the
results of Propositions 7, 8, 9 and 10 in the following proposition:

Proposition 11 (Summary of the basic estimates for the NP quantities) Suppose we
are given a solution to the vacuum EFE’s in Stewart’s gauge emanating from data for
the CIVP as prepared in Lemma 2, satisfying

sup [{u, &, a, B €, p, o, T, xHILees,,) <00, suplIV{u, A o, B, €, p,0}llp4s,,) < 0.
u,v

u,v

sup [[¥*{u, A, . B.€, p. 0, Tl 12s,,) <00, sup|[F Tl 2, ,) < 00,
u,v u,v

Ay (S) <00, Ay <00,

on some truncated causal diamond D! | . Then there exists,

U, Ve

en = eu(, Ac, Ar., Au,sup [T 25, ) Aw),
u,v

such that for ¢ < &, we have

1
Tl 2%(8,0) < CU, Ae,. Ar,., Ag,), D N T, < CU. A, Ar,. Ay,),
i=0
2 .
S IF T2, < CUL A Ar,. Aw),  Au(S) < C(Ay,),
i=0

on D;’U., with I standing for an arbitrary connection coefficient.

6.4 Estimates on the third derivatives of connection coefficients

We are now in the position to obtain estimates for the NP spin connection coefficients
which only require assumptions on the curvature on the light cone. More precisely,
one has the following:

Proposition 12 (Further control on the LZ-norm of the connection coefficients)
Assume, as in the previous proposition, that we are given a solution to the vacuum
EFE’s in Stewart’s gauge emanating from data for the CIVP as prepared in Lemma 2.
Suppose that,
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sup |[{u, A, a, B, €, p,0, 7, x}ILes,,) <00, supllF{u, 2, o, B, € p,0 4, <0,
u,v u,v

sup ||V {1, &, &, B, €, p, 0, Tl s,,) <00, Aw(S) <00, Ay < oo,
u,v

and furthermore that,

sup || M3 {uw, &, a, B, €, s, ,) < 00,

u,v

on Dli’v.. Then there exists €. = €,(I, A,,, Ar,, Aw,, Ay) such that for ¢ < g,, we
have

sup || {u. . o, B. €}l 125, ,) < 3Ar, .

u,v

sup [|[¥3{p. o}lI12¢s, ) < CU. Ac,. Ar,. Ag,),
u,v

sup || {7. xHIz2(s, ) < CU. Ae,. Ar,. Ay, Ay).
u,v

Proof Bootstrap assumption In order to start the proof we place bootstrap assumptions
on i, A, @, B and €, and name the bound on 7 as follows,

sup |3 (i, .o, B, €}l 25, ,) < 4Ar,.  sup|[W ]2, ,) < Ar
u,v u,v

Estimates for p and o We first estimate the spin connection coefficients p and o
using the long direction transport Eqs. (30m) and (30f) as this allows to avoid higher
derivatives on the sphere that arise in the short direction equations. Using the expression
for |73 £1| 12(s, ,) foranarbitrary scalar f givenin “Appendix C”, we will discuss four

typical terms. The first is 83 p. Making use of the commutators of directional covariant
derivatives, we can compute the long direction derivative of any third derivatives of p
on the sphere—for example, one has that,

D8%p =T + T30 + T(8T)% + I'28°T + T8I + ps(e + &)
+ (de — 26 +5p)8p +08°G + 5830 + 08%5p,
where here I represents linear combinations of the coefficients €, p and o, whose
precise form is not crucial for the discussion. The L2-norm of the term §T'82T" can be

split as

||8F62F||L2($M’U) = ||X7F| |L4(SMYU)||W2F| |L4(SM,U)-

The first term on the right-hand side of the inequality can be controlled using the results
of Proposition 8. The second term can be controlled using the Sobolev inequality,

I¥2T 145, ) < C(Ae,) (||><72F||Lz<gm + ||x73r||Lz(5u_v)) :
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Proceeding in a similar way with the other terms in the equation for D83p and the
using the long direction inequality in Proposition 2 leads to

182pl112¢5, ) < CU. Ac,. Ar,. Ag,) + C(I, A, Ar,, Ay,)

v
/0 (173011125, ) + 70l 2gs, ) ) A

The second representative term in the expansion of | |¥3p] l2s,,) 18| | 82p| l2(ss )
u,v u,v
(recall that o = 8 — &). One has

D(w8%p) = Dw (8%p) + w D8%p
= (U] +T? 4 8e — 86)8°p + I’ + 38T + w (8T)? 4+ '28°T,

from which we can conclude that

L(,U) -

v
16l 2 <C(I,Ae,,Ar*,Aw,)-i-C(I,Ae*,AF,,Aw,)/ X2 o125, )4
i |

by Sobolev embedding as before. The third representative term is ||§ dpl[; 2 s, ) for
which we have

D(Swdp) = —W78p + I38p 4+ 8W18p + I'(ST)? + §%(e — €)dp,

so that

l18wdpll2s,,) < CU, Ae,, Ar,, Ag,) + CU, Ae,, Ar,, Ay,) /Ov ||X73:0||L2(S,4.uz)dv/'
The fourth representative term is e 28p for which we can compute
D(@w?8p) = 2 W 8p + 38T + T (8T)% + T,
Consequently, one finds that
I ?8pll12¢s,,) < CU. Ae,. Ar,, Ay,).
Combining all the expressions arising in the expansion of ¥/3p one then concludes,
7ol 25,0 < CU, A, Ar,. Aw,) + C(I, A, Ar,, Ag,)

v
[ (17 llizcs, o + 1703, ) '
0 | |

and Gronwall’s inequality finally gives

v
17 pllr2es,,) < CU. Ae,. Ar,. Ag,) + C(I, A, Ar*,Aw*)/‘ ||W30||L2($L¢ v’
o :
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In order to estimate ||V3o || 12(S, ,)» We make use, again, of the general expressions

contained in “Appendix C”. For brevity we focus our attention on ||8%c || L2(S00):
Making use of the integration identity in “Appendix D” and the commutators one
finds that

3 Te2 23
8%z, ) = 188701l 2, ) = 1187801l 2, )+
where the ellipsis denotes lower order derivative terms. Now, the constraint structure

equation (Codazzi equation) (30q) lets us transform this norm further to a norm of the
same order forp. Thus, one concludes that

v
19011125, ) < CUL Aevs Ary. Au,) + C(I. A Ar. Aw/ 17 pll2s ydv'.
3 O u,v
This inequality in turn implies that

7ol 2s,,) < CU. A, Ar,. Ay,),
¥ 26, ,) < CU, Ae,, Ar,, Ag,).

Estimates for T and x Making use of the structure Eq. (30b) and the commutators we
obtain

D&t = 83W, + T8Iy + 83t + 8w + 8T6°T + I'28°T
+ T28W, 4+ 8T8W, + 38T + '(ST)?,

where I'| contains combinations of €, «, B, p and o. Thus, using the main bootstrap
assumption and the definition of Ay we obtain that

¥l 12s,,) < CU. A, Ar,. Ay, Ay) + C(I. A, Ar,. Ay,)
v
1wl e
A ,
Accordingly, using Gronwall’s inequality one arrives to
173l 125,,) < CU. A, Ar,. Ay, . Ay).

The construction of an estimate for y is similar. In this case we obtain that

¥ xl 25, ) < CU, Ae,, Ar,. Ag,, Ay).

Estimates for the remaining connection coefficients In order to provide estimates for

U7 e hs e, B el p2s, )
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we make use of the transport equations along the short direction. The proofs for the
various coefficients are similar so for brevity we discuss only the argument for €. In
this case one can readily compute that

A8 = —83W, + T8’ + I'$%e + W,8°T + 8T'8°T + I'28°T
+T8%W,y + T28Wy + 38T + T($T)? + W, + I,

where the coefficients I'; do not contain €. Making use of the short direction inequality
of Proposition 2 we obtain that

¥ €l 125, ) < 21F€llr2(s,,) + CU, Ae,, Ar,, Aw,) Aye'/?

u
+C, A, Ar,, Aw*)/‘ 173€ll s, ydu’.
0 :
In particular, we can choose the range of integration sufficiently small so that
1731125, < 3Ar..

The argument for ||¥3{u, A, a, IB}HLZ(SM,U) is the same.

Concluding the argument An inspection of the estimates obtained in the previous para-
graphs shows that we have improved the initial bootstrap assumption. This concludes
the proof of the proposition. O

6.5 Main estimates for the curvature

We are now in the position to obtain the main estimates for the components of the
Weyl tensor. We start with an estimate on a given pair of null hypersurfaces in terms
of their value at hypersurfaces in the past.

Proposition 13 (Basic control of components of the Weyl tensor on the light cones in
terms of its values on causal diamonds) Suppose that we are given a solution to the
vacuum EFEs in Stewart’s gauge and that D, ,, is contained in the existence area. The
following L? estimates for the Weyl curvature hold:

il + / 0w,
Z /Nu(O,v) l Z ’

i=0,1,2 j=123 7N, 00

= Z/ Wik 4+ ) / Q‘lllIJ,-|2+f Wy W + ccl,

i=0,1,2 No(0,v) j=123 -/\/Z)(O»“) Dyv

where V contains Wi, k = 0, ..., 4, Yy denotes the components Vi, k =0, ...,3,
“cc” denotes the complex conjugate of the last term on the right-hand side and I stands
for arbitrary connection coefficients from the collection {u, A, a, B, €, p, o, T}.
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Proof Assuming, as always that the vacuum field equations of GR are satisfied, we
start considering the Bianchi identities (31b) and (31a) written schematically as

AVYg =6V + Ty,
DV, =45Wy + .

Then, integration by parts one obtains (again, using schematic notation) that

/ ‘i’oA\I—’O =/ ‘IJ()B\IJl —i—/ \ilor\ll

= —/ \1118\1'0—/ w1@0w+/®01“\11
Du,u Du,v

=—/ W, DV, +/ (o, W} TW.
Du,v Du.v

Hence, using the identities in Lemma 8, we conclude that

f |‘1’0|2+/ Q‘II\P1|2§/ |‘1’0|2+/ 0w, 2
Ny (0,v) N, (0,u) No(0,v) /\/6(0,14)

+/ ({Wo, W}WI + cc),
DM.U

where in the previous expression W contains Wy 1 2. Analogous inequalities can be
obtained for the pairs AW, DW,, and AW, DW3. O

Similar estimates can be obtained for the first angular derivatives of the components
of the Weyl tensor.

Proposition 14 (Control of the first angular derivatives of the components of the Weyl
tensor) Again let D, ,, be contained in the existence area, then we have that

S o wwke X[ 0w

i=0,1,2 7 Nu(0.v) j=1,.237N,0 ”)
= > [ wwre ¥ / 0wy,
i=0.1,2 7 No(0.v) j=1.2,37No(0.1)

+/ WU (WT2| 4 [FRW] + [WFT)),
DM v
where ¥V contains Vi, k = 0, ...,4, and Yy contains Vi, k = 0, ..., 3, and again

I" stands for some combination of the connection coefficients {i, A, o, B, €, p, 0, T}.

Proof Again, we make use of integration by parts. Consider for example
/ SWoASY) = / W82 W, + f SWo(I2W; + I'sW; + W;8T)
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—/ 88Uy W, +/ SWo(I2W; 4+ I'sW; + W;8T)
D

Du,v

—/ W, DSV, +/ (8T, 8W ) (T>W; 4+ ['8W; + W;8T)
Du,u

u,v

withi =0, 1, 2. A similar expression can be obtained for the combination

/ 8\IJOAS\IIO+/ SW, DS, .
Du,v Du,v

Thus, using Lemma 8§ can conclude that

/ |Wo|2+f Q’1IX7\I/1|2§/ |Wo|2+/ oWy ?
Nu(O,v) /\/U((),u) No((),v) ./\/6(0,1))

—i—/D [V {Wo, WiH(IWT?| + TR | + [WFT)),

where W contains the components Wy, W; and W,. A similar computation for the other
pairs of components renders the desired result. O

The previous result can be extended to include higher order derivatives. More
precisely:

Proposition 15 (Control of the higher angular derivatives of the components of the
Weyl tensor) Let D, ,, again be contained in the existence area. Given a non-negative
integer m, one has

> [ wmeps Y[ ot
i=0.1,2 7 NuO.) j=1237N,00)

< V" / o,
Z/ Y Z Njy(0,v) Vo

i=0,1,2 VNo(0.v) =123
+/ D IR DA A LS
Du i1+ix+iz+ig=m
where ¥ contains the components Vi, k = 0, ...,4, and Yy contains the compo-
nents Vg, k = 0,...,3. Again T stands for some combination of the connection

coefficients {i, A, a0, B, €, p, 0, T}
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To wrap up the argument we also need estimates on the components W3 and W4. These
follow from the Bianchi identities

AWV3 — Wy = 4Wy 8 — Wyt — 430,
DWW, — §W3 = Wyu(p — 4e) + 2W33c + 28) — 3WHa. (24)

Using a similar approach to the one used in the previous propositions one can prove
the following:

Proposition 16 (Control of the higher angular derivatives of the “bad” components of
the Weyl tensor) Let D, , be contained in the existence area. Given a non-negative
integer m, one has that

/ |)vmw3|2+/ QI
Nu(0,v) N, ©.)

5/ IW’"‘If3|2+/ 0wy
No(O,v)

(0,1)

O 2D SO
Dy

i1+i2+iz+is=m

+/ I D A LN A
DM.U

i1+i2+iz+is=m

+/ e S R RET R,
Du.v

i1+i2+iz+is=m

where W contains the components W3 and W4, while V), contains the compo-
nents Vo and V3. Here T stands for some combination of the connection coeffi-
cients {i, A, a, B, €, p, T, 0}. Because neither the coefficient of W4 on the right hand
side of (24) nor the NP 88-commutator (29d) contain t, X terms, neither does ",

Propositions 13—16 clearly make no use of the estimates demonstrated in the previ-
ous sections. Finally, we therefore conclude this section with the main estimate for the
components of the Weyl tensor employing our earlier work. This proposition makes
only assumptions on the initial data.

Proposition 17 (Control of the components of the Weyl tensor in terms of the initial
data) Suppose we are given a solution to the vacuum EFE’s in Stewart’s gauge
emanating from data for the CIVP as prepared in Lemma 2, satisfying

Ae*v AF,! A\IJ, < OO,

with the solution itself satisfying
sup [{u, &, a, B €, p, o, T, xHILees,,) <00, suplIV{u, A o, B, €, p,0}llp4s,,) <0,
u,v u,v

@ Springer



Revisiting the characteristic initial value problem... Page 57 of 76 99

sup ||V {m. koo, Bo€, poo. thllpags, ) <00, supllF{w. Ao, e T2, ,) < 00,
u,v u,v

Ag(S) <0, Ay <0,

on some truncated causal diamond D,ﬁyv.. Then there exists e, = e.(I, A.,, Ar,, Ag,)
such that for e, < & we have

A\IJ S C(Is Ae,s AF,» A\If*)
Proof The aim in this proof is to control the terms involving integrals on the dia-

mond D, , arising in Propositions 15 and 16 for m < 3. Starting with Proposition 15
one has that the relevant integral is given by

/DI)V’”\IJHI > IR F e, (25)

i1+iz+iz+ig=m

for (u, v) in DS” e On the one hand, for the first factor in this integral, given that Wy €
(W, Wy, Wy, W3} can be controlled in LZ(N, (0, v)), one readily obtains

12
u v
V" Yull2p, ) = (/ / / |X7m\111-1|2dv/du/) < CAys'?,
0 Jo /oy

u' v

On the other, for the factors contains W4, one only has control on M (0, u)—that is,

||X7m‘1"||L2(DM_v) <CAy.

It then follows that the integral (25) can be estimated as,

fwmwm > IFITRFATIv e
Du,v

i1+i2+iz+is=m

<Ce'PAy Y IFITERATNEY g, ) (26)
i1+io+iz+is<3

In particular, for m = 0, the right-hand side of the above inequality gives

Ce'PAg|ITV||12p, ) < Ce'P AT | [1¥]]12(p, ,)
< C(, A, Ar,. Ay,, Ap)e'/?.

Next, when m = 1, we have that the right-hand of inequality (26) gives

Ce'2Ag||IT?W + T|FW| + WINT |20

u,v)'
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The first two terms can be controlled like the case m = 0, and the third can be controlled
by means of Sobolev embedding:

IR 2,0 < IFT e, o112, )
< (||X7F||Lz<su,v) +I¥?T 2, + ||W3F||Lz(su_v)) W20, -

For the case m = 2, the terms on the right-hand side of inequality (26) give

Ce'2Ay|IT|F2W| + T30 + D2 W W] + WT|NT| + [WW[FT] + WV 2, ,)-

(27
All terms, save last one, can be controlled by analysis analogous to that used in the
previous cases. To see this, we split the L*°-norm of the connection coefficient and

the L?-normal of the curvature. The L°-normal can then be controlled by means of
Sobolev embedding. For the last term, we have

o 212 2 worv 5 . 1/2
fo /0 /,/(‘I’W FD)2dv'd’ s(/o /0 1B s, |IF FIILz(SM,VF/)dv’du/>

2
< (sup ||><72F||Lz<gu,w,>> D IR W2, )

u,v i=0

hence (27) under control.
Finally, when m = 3 the terms on the right-hand side of inequality (26) give

Ce'2Ag||(DIF3 W] + W[F3T| + |WT|W2W| + [WW||F2T| + D2 W3] + TW|W2T|
+ TIFT|[F¥| 4+ WIFT]? + T W] + WP+ T 2p, -

The various terms in this expression can be estimated in a manner analogous to the
previous cases. We conclude that the integral over D, , can be controlled by

[wmea Y WUTRIRRTIRR) < €L A A Au,. e
Duv i1+iy+iz+ia=m

We now proceed to examine the estimate from Proposition 16. The terms in

[ Y TRy
Du,v

i1 +iz+iz+ig=m
are identical to those already analysed and can be controlled by

C, A,,, Ar,, Ay,, Ay)e'/?,
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The terms
/ Xl Y IR Ry
Duv i1+ iz+ig=m

can also be controlled because the components of the Weyl tensor contained in ¥}, =
{Ws, W3} have already been shown to be controlled. The remaining terms are

[owme S W el p,
Du,v i1+ip+iz+ig=m

We proceed to by treating m = 0, . .., 3 individually. Notice in particular, that I'" does
contains neither t nor x. Crucially the weakest bounds of Proposition 11 and Propo-
sition 12 involving Ay are therefore not invoked in the resulting computation, and so
after a lengthy analysis one concludes that these terms satisfy

[|x7mw4| Do IFITRINE (o + @lF |
Dy i1+ir+iz+is=m

v m
< CU. Ao, Ar.. Ay, /O R all20 0200 D 19 Walli 2 0,090V
i=0

v m
S C(I, Ae*, Al‘*’ A\I—’*)/ E ||Wl lII4||3‘2('/\/ (0 u))dv/~
0 4 o\
i=0

Substituting the previous expressions into the inequality of Proposition 16 one con-
cludes that

3

D IF Wil 0. < CAw, + CU Ac, Ar,, Ay, Ag)e'/?
i=0

v m
+ O ey 81 8w [ 190l 00
i=0

Accordingly, using Gronwall’s inequality and taking & sufficiently small one finds,
3 .
DX W20 0y < CAw, + CUL, Ac,, Ar, A, Ag)e'/?
i=0
=C, A, Ar,, Ay,).

Using this estimate, it follows that

Ay < C(, A, Ar,, Ay,) +C(, A,,, Ar,, Ay,, Ag)e'/?.
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Taking ¢ small enough we have proven the proposition. O

7 Last slice argument and the end of the proof

In this section we make use of the estimates developed in the previous sections to
show the existence of solutions to the vacuum Einstein field equations exists in the
rectangular domain

D={0<u<e 0<v<uv,).

The strategy makes use of an argument by contradiction known as the last slice argu-
ment, in which it is assumed that the solution does not fill the whole of D and,
accordingly, there exists a hypersurface (the last slice) which bounds the domain
of existence of the solution. The estimates we have constructed in the previous sec-
tions allow then to show that, in fact, on this slice the solution and its derivatives are
bounded. Thus, it is possible to make use of the standard Cauchy problem for the Ein-
stein field equations to show that the solution extends beyond the hypersurface #*—an
observation which contradicts the original assumption.

7.1 Setup

In order to implement the above strategy one foliates the rectangle D by means of
spacelike hypersurfaces. To this end recall definition (5) of the time function

t=u-+v

so that Vr is timelike. Let X, denote the level sets of ¢.

The last slice argument starts by invoking the local existence result for the CIVP
based on Rendall’s reduction strategy. This result ensures the existence of a solution to
evolution equations in a neighbourhood V of S, on J*(S,)—see Theorem 2. Within
this neighbourhood there exists a truncated causal diamond on which all the bootstrap
assumptions required to obtain the estimates from the previous sections hold. Thus,
we know that the set on which the bootstrap hypotheses hold is non-empty, and hence
render our estimates applicable. The rest of the last slice argument proceeds now to
show that this basic truncated causal diamond can be progressively enlarged as long as
one has control on the initial data on the null cone N, thus exhausting the domain D.

If the solution does not exist in the whole of D, we must have * € (0, I + &) such
that

* = sup{t : the spacetime exists in D N Ur¢fo,r) Xr}.

Let h; and K; be, respectively, the induced metric and second fundamental form on 3;.
A schematic depiction of the geometric set-up is shown in Fig. 3.
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N

2t

t = u + v = constant \/

Su

Fig.3 Setup for the last slice argument. On each slice of the family of hypersurfaces X; one has a smooth
initial data set (h;, K;) for the vacuum Einstein field equations. The estimates of Proposition 17 then show
that even on the last slice ¥+ one has a well initial data set. Thus, the solution can be extended beyond this
slice—a contradiction!

x5, Ux

Dt (Z4)

Fig. 4 Zoom in on the hypothetical last slice. Regular Cauchy initial data on X+ allows to extend the
solution to, at least, a slab on D (X;+) making use of the standard Cauchy problem for the Einstein field
equations. On the wedge )V, a solution can be recovered by appealing to Rendall’s formulation of the local
CIVP

7.2 Main argument

In the following we will show that the fields &#; and K, converge in C* to fields h«
and K,«. Moreover, it will be shown that the pair (h;«, K;+) satisfy the Einstein con-
straint equations on X;+. In order to show this, it is necessary to show that all derivatives
of h, are bounded uniformly in L?(%,) for all r < r*. The method proceeds by induc-
tion:

Base step The first step corresponds, in essence, to the estimates obtained in the
previous sections. More precisely, we have first derived uniform estimates for the L°°-
norm of the zeroth order derivatives of connection on D—see Proposition 7. For this

@ Springer



99 Page620f76 D. Hilditch et al.

we needed to assume that

2 3
sup [|[¥°1llp2(s, ) < 00, sup ||V Tllr2s, ) < 00, Ay (S) <00, Ay <0
u,v u,v

(28)

on the truncated causal diamond. These conditions also lead to the analysis the L*-
norms of the first order derivatives (Proposition 8) and L2-norms of the second order
derivatives of the connection—see Proposition 9. Now, using the bootstrap assump-
tions, it follows that Ay (S) < oo uniformly on D with bounds given in terms of the
initial data—thus, this condition can be removed from the list in (28). Similarly, we
can also drop the condition | |37 12(S,,) < 0© and estimate the L?-norm of the third
order angular derivatives of the connection. In order to do so, we make use of the D-
direction (i.e. the long direction) equations for the NP coefficients p and o, rather than
the equations along the short direction as we want to avoid dealing with the higher
order derivative of t on spheres S, ,. Now, using integration by parts, one concludes
that Ay satisfies a similar uniform bound on D. Thus, it has been shown that given
some initial data on the initial light cone, it is possible to estimate the L>-norm on the
spheres S, ,, of the connection coefficients and their derivatives up to third order.

Intermediate step The previous analysis is the base step of the induction. As an inter-
mediate induction step one analyses the fourth order derivatives of the connection
coefficients. To this end, we make use of the same approach used in the analysis of
the third order derivatives in Proposition 12 This approach requires the control of the
norms of the fourth order derivatives of the components of the Weyl tensor on the light
cone. As in the case of the Base Step, the required bounds need to be uniform on the
truncated causal diamond with bounds given in terms of the initial data. This control
can be achieved by the using integration by parts as in the analysis of Proposition 17.

Remark 17 The reason the method to analyse the fourth order derivatives of the con-
nection coefficients is different from that of the third and lower orders lies in the
structural properties of the equations—these properties become manifest when con-
sidering higher order derivatives. In particular, one has that:

(i) For zeroth-order derivatives, we cannot make use of the Codazzi equation to access
the norms of p and o, since the Codazzi equation is a first order equation for the
derivatives of p and o. Further difficulties arise from the nonlinear term p? in
the D-direction Eq. (30m) for the coefficient p.

(ii) For the first-order derivatives, we can readily estimate the L2-norm of the con-
nection. However, this is not enough for the second order derivatives. In the L?
estimate for the second order derivatives of the connections, we need Holder’s
inequality to separate products of the form §I" x éI'. This procedure leads to
estimates involving the L*-norm.

Induction step A procedure analogous to the one used to control the fourth order
derivatives of the connection coefficients is employed to estimate the k + 1-th order
derivatives of the connection if control on the derivatives of k-th order is assumed.
This calculation, requires, in particular, control of the value of such norms on the
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initial light cone—this control follows readily from the procedure used to evaluate the
formal derivatives on the initial light cone—see Lemma 4.

Concluding the argument The previous step shows that it is possible to obtain control
over the L?-norms of all angular derivatives of the connection over the rectangular
domain D. Control of the derivatives respect to the optical functions u# and v can
be obtained by applying, as required, the directional covariant derivatives D and A
to the evolution equations and commuting. Since the domain is bounded, then all
derivatives of h; and K; are bounded uniformly in L>(%;) for t < r*. Moreover,
one has that the 1-parameter family of data (k;, K;) converges uniformly in C* to
a pair (hs, K;+). The pair (h;+, K;+) satisfies the Einstein constraint equations on
the hypersurface defined + = t*—see [18]. This leads to a contradiction with the
assumption of the existence of a last slice as the theory of the Cauchy problem for
the Einstein field equations allows us to readily obtain a (future) development of the
data set (h;+, K;+)—see Fig. 4 Thus, no such last slice exists and the solution to the
Einstein vacuum equations exists on the whole of the rectangular domain D.

7.3 Statement of the main result

The long analysis of the preceding sections leads to the following:

Theorem 4 (Main result—improved local existence for the CIVP for the EFE) Given
regular initial data for the vacuum Einstein field equations as contructed in Lemma 2
on the null hypersurfaces N, UMfor I ={0 < v < v,}, there exists € > 0 such that
a unique smooth solution to the vacuum Einstein field equations exists in the region
where v € I and O < u < ¢ defined by the null coordinates (u, v). The number & can
be chosen to depend only on I, A,,, Ar, and Ay,. Furthermore, in this area one has
that,

1 2 3
sup sup max i D NPTl D IF Tl D ||)V‘r||Lz(suﬁv)}
}

u,v 'ef{u,r,p,0,0,B,€,17, i—0 i—0 i—0

3
+>  sup  swpllFWllgn, + sup sup IR Wl
i—o Ve{Wo. Wi, W2, W3} u VeV, WU, W3, Wy} v

<C{,A,,, Ar,, Ay,).
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A: The Einstein field equations in the NP formalism
This appendix serves as quick reference of the basic equations of our analysis.

Throughout we make use of the NP formalism in the conventions used in the book by
J. Stewart [26] which, in turn, follows the conventions in [27].

The spin connection coefficients

Given a NP frame {I?, n%, m?, m“}, we define the complex spin connection coeffi-
cients as,

k= —m’Vl,, p = —m*mPVyl,, o = —-m*mPVyl,, T = —mn’Vpl,,
v=mn?Vpng,  p=mmPVyng, r=mmVn,, w=mbVyn,,
1 1
o = SR Vong = m i Viiia), B = m Vymg —n'mVyla),
1 1
€= E(rﬁ“ﬂ’vbma —n1Pvyl,), y = E(l"nbv;,na — m®n?Vyin,).

The directional covariant derivatives

The directional covariant derivatives along the directions given by the elements of the
NP frame are given by
D=1V, A=n'V, §=m'V,, §=m"V,.

The commutators

The NP directional covariant derivatives satisfy the commutator relations

(AD=DAY =(y+7)D+ (e +A— (T +m)8— (t+7)8)y,  (29a)
@D —DOY =(@+B—7T)D+KkA—(p+e—&)8—ad)y, (29b)
BA—AY =(—D+ (T —a—BA+(u—y+7)8+r8)y,  (29)

88—y =((m— WD+ P —pA+(@—B)s—(@—p)38)Y (29

where 1 is any scalar field. Here we have highlighted the terms which vanish in our
gauge.
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The components of the curvature

The components of the Weyl tensor Cypcq, trace-free Ricci tensor @, and the Ricci
scalar R, namely {Wq, V1, W, W3, W4}, { Do, Po1, o2, P11, P12, P22} and A are
defined as

Yo = Capealm"Im?, Wy = Capeal“n”1°m?, W3 = 2 Capealn® (en — mErit)
2
W3 = Capean®l"nm, Wy = Capean®m”nim,
1 1 1
Do = ER[ab)lalb» @) = ER[ab)l“mb, Qg = ER(ub)m“mb,
1 1 1
oy = ZR(ab}(la”b +m*m?), Op = ER{ab}n”mb, Oy = ER(ab}n“nb,
R
A=——
24

where the curly brackets denote the symmetric, trace-free part.

A.0.1: The NP Ricci identities

The NP Ricci identities (also known as the second structure equations) take the form:

Ae —Dy =A—P1 -V +€Ry+y)+ye+kv—pnr —axm —at —nt — BT,

(30a)
Ak — Dt =—®g — V| +3yk +yKk —Tp — o — €T + €T — pT — 0T, (30b)
A — Dv=—®y — W3 +3ev+ &V — YT + YT — UT — AT — AT — ut, (30c¢)
Sy —AB=®p—ay =28y + By +ak+ B —eb—vo +yT + urt, (30d)
S¢e —DB=—V|+aec+ e+ yk+ku—ex —Bp—aoc — 7o, (30e)
8k — Do = =Wy + ak + 3Bk — k7T — 3€0 + €0 — po — po + KT, (30f)
SV —Apu=Dn + AL +yu+yp—+p® —av—3pv—vr + v, (30g)
dm —Du=-2AN-Vr+ep+ep+kv+ar —Br —amx — up — Ao, (30h)
(ST_A(T:¢02_K\_)+Xp_3)/0'+)70'+/£0‘_&T+ﬂf+fz, (301)
§Bp—8a=—A—®1 +V) —aad+20B—BB—cn+ef—yp—up+yp+ro,

(307
Sy —Aa=W3 — By —ay + Br+aji —ev —vp 4+ At + y7, (30k)
8¢ — Do = —® g + 20€ + fe —aé + yk +kh —em —ap —wp — B, (30D
Sk —Dp=—Dgg+3ak + Bk — kT —€p —Ep — p° — 05 + KT, (30m)
Sp—8h = =Dy + W3 —ar +3Br —ap — B — puw + iAw — vp + vp, (30n)
SV — AL =Wy 43k — PA + A+ Al — 3av — Bv — v 41T, (300)
ST — DA = —Dog 4+ 3€h — EA+ kv —am + B — 72 — Ahp — UG, (30p)
S0 —8p=—Dg + V| —kp+ ki —ap— Bp +3ac — fo — pT — pr, (30q)
ST —Ap=2A+Wy —kv—yp—pp~+jp~+ro +at — Bt +11. (30r)
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Observe that the above are the full NP Ricci identities. The highlighted terms are those
that vanish either because of the gauge or vacuum conditions. Further simplification
following from Stewart’s gauge (Lemma 1) are p = p, 0 = jt and 7 = o + B.
Note furthermore that the three Egs. (30j), (30n), (30q), there are constraints on the
2-spheres Sy, 4.

The Bianchi identities

Finally, the (second) Bianchi identities take the form:

SWoy — DV 4+ D®y — 8P = (4o — )Wy — 2(2p + €) ¥y
+ 3kWy + (T — 20 — 28) Do

+2(e + p)Po1 + 20 P19 — 2k P11 — kD2, (31a)
AWy — W + DDy, — 5P = Gy — w)¥o —2Q2t + )V + 30 ¥

— A®go 4+ 2(7T — B)Po1 + 20 D11 + (p + 2€ — 2&) Dy — 2k Dy, (31b)
SW3 — DWy 4 8Dy — Adyg = (de — p)Wy — 227 + @) W3 + 3405 + 20Dy

—2v®19 — 0D + 2y — 2y + )P0 + 2(T — a) D2y, (3lc)
AWz — 8Wy 4+ 8Py — ADy = (48 — 1)W4 — 2 + ) W3 + 3vWs + 20D s

—20® 1 — D Dog + (T — 28 — 20) Do + 2(y + i) Doy, (31d)
DWWy — §W| + Adgy — Do +2DA = =AW+ 2(r — )W) + 3pWs — 2 W3

—2t P19+ 20D +5DPx + 2y + 27 — )P — 2(T + a) Doy, (3le)
AWy — 8W3 + DByy — 8Poy + 2AA = oWy + 2(8 — 1)W3 — 3uWs + 200,

421Dy —2udy — ADog + (p — 26 — 26) Doy + 2(7 + B) D2y, (31f)

DW3 — §Wy — DDyy + 8Pyy — 28A = —k Wy + 2(p — €) W3 + 37,
=20V =27 @1y +2udio + kP + 2a — 28 — ) Do — 2(p — €) P2y,

(3lg)
AW — §W) — Ay +5Dg — 26A = vWo + 2(y — )W) — 31V, + 2003
+21d1 — 2p® 1y — VDo + (T — 28 + 20) Doz + 2(2 — y) Dor, (31h)

D®| — 8§Djp — 8P + ADoo +3DA = 2y — pu+ 27 — 1) Do

+ (1 = 2a — 2T) Doy + 6Py + 0 Pag + (T — 2a — 27) P

+2(0+p)P11 — kP12 — kP, (311)
D®y — 8Dy —5Dp + ADgr +38A = (<20 + 2B + 71 — T) Do

+(p+2p —28) P15 + 1Py — AP0 4 2(F — 7)1

+ 2y =2 — p)®o1 + 0P — kD2, (1))
Ddy — 8Dy — 8P+ ADy +3AA = (p+

—2e —28)Dp + 2B + 21 — T) Py + v Doy + VP + 2B + 27 — 1) Dy

—2(u+ )@y — AP — ADgy. (31k)
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As in the case of the Ricci identities we have highlighted the vanishing terms. Note
that the last three equations make no contribution to our analysis as they are satisifed
identically.

B: Inequalities

In this appendix, as a quick reference, we list the key inequalities which are used
routinely in our analysis. These inequalities are standard and proofs can be found, e.g.
in [29].

Cauchy-Schwarz inequality If uy, ..., u, € Cand vy, ..., v, € C, we have

vl + -+ wpvp* < (ur* + -+ | D012 + -+ o).

Gronwall’s inequality If B(t) is a non-negative continuous function and u (¢) satisfies
t
u(t) <o)+ / B(s)u(s)ds, Vi € [a, b],
a
then

t t
u(t) < alt) +/ a(s)B(s) exp </ ﬂ(r)dr) ds, t €la, b].

a

In addition, if the function « is non-decreasing, then

t
u(t) < a(t)exp </ ,B(S)ds) , t €la, b].

Moreover, if 8 = C where C is a positive constant, then
u(t) <Cb —a)u(r).

Young’s inequality If a and b are non negative real numbers and p and ¢ are positive
real numbers such that 1/p 4+ 1/q = 1, then

The equality holds if and only if a” = b?. Moreover, if a and b are non negative real
numbers and p > 1, then

a” +b" < (a+Db)".

Finally, if f(x) is non-negative continuous function and p > 1, then

/Kf”5</Kf>p,
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where K is a compact set.
Generalised Holder’s inequality Let K be a measurable space. Assume f € L?(K)
and g € LY(K)with1 < p,q <ocoand 1/r =1/p+ 1/q <1, then

[l fellray < N flleryllgllLa k).

Gagliardo—Nirenberg—Sobolev inequality Let U be a bounded, open subset of R”, and
assume AU is C!.Let 1 < p < n, and suppose that u € W-?(U). Thenu € LP*(U),
with the estimate,

NullLr=wy < Cllullwir @)

the constant C depending only on p,nand U and 1/p + 1/p* = 1/n.

C: Angular derivatives of a scalar function
In our analysis we make repeated use of properties of the angular derivatives of a

scalar field over the 2-spheres S, of constant #, v. In the following let f : S, , — C
denote a sufficiently smooth complex scalar field.

Definitions and basic inequalities
In terms of the NP vectors m“ and m“ one has that
Vaf = —mai® ¥ f —iigm® ¥ f = —mad f —ias f.
Moreover, we have that
¥ P =—0RafRof =5f5] +5]5f.

A direct computation shows that,

1/p
_ — - N 1/2
¥ fllLres, ) = ( /S 1518 f +8f8flp/2> =181 + |8f|2|IL/p/2($u‘v)

2 S 2 1/2
< (18 Pllrres, o + 8/ Pllrns, )
1/2 3 1/2
< WSS Pllmags, ., + 8L P s,

=18 f11r(Su) + 18 S11LP(S00)-

Conversely, we have

i, v

1/p
18 FI1LP(Su0)s IISfllmsu‘v)S(/ |Sfaf+3f8f|"/2) < ¥ flLr(Su)-
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Thus, we can estimate ¥/ f in terms of 8 f and 8 f and vice versa. This observation is
used repeatedly in the main text.

The Hessian

The Hessian ¥/, ¥}, f of the scalar function f can be expanded in terms of NP objects
as

NaWpf = (85f + (B — )5 f)mamp + (88 f + (B — @)8 f) it
+ (88 f + (o — B)S f) mamnp + (85 f + (@ — B)S f) mamp,

where we have made use of the expansion
Namp = (o = Bymamp + (B — &)ritgmy.

Defining, for convenience, the scalars

Ti=8f+B—)sf., Trh=85f+(ax—psf,
T3=85f+@—B)5f, Tui=385f+(B—a)f,

one can then write

W2 12 = 0N N fRpNaf = |Ti1> + 1T + T3> + | Tal>.

Making use of the above decomposition we then have that

1/p 4
172 fllLe s, = (/8 (T + T2 + 1T + |T4|2>1’/2) <Y NTillLe (S,
v i=1

<182 FllLr(Suw) + 1182 FllLrs,) + 188 FllLr(s, ) + 1188 FllLr(Su)
+AALUIS FllLr(S, ) + 18 F11Lr(Sus))s (32)

where Ar is defined as in the main text. Also, observe that ||V2 f]]| LP(S,,) 1S not
smaller than any of the individual terms in the right side of the first inequality (32).
A final observation following the irreducible decomposition

1
Va¥Vbf = Na¥Noyf + EUabAva)V[aWb]f (33)

of the Hessian, where the curly brackets denote the symmetric-tracefree part with
respect to the metric oy, is that

1
\WaWb f1> = W @Wn fI* + 5|4Af|2 + W 1a ey £17 (34)
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so that
AFI1> < 2NV fI? (35)

Third derivatives of a scalar field

As in the main text denote by @ = 8 — « the simple independent component of the
connection of the 2-sphere S, ,,. It follows from the from the structure Eq. (30j) and
its complex conjugate, that the Gaussian curvature curvature

K =2ww + 28w + 28w
satisfies the relation
K=0A4+6A—pu—pjii+ Uy + Uy,

see [27] for details.
Now, the third order covariant derivative of f on S, , can be expanded as

Na¥pWef = Mimgmpme + Msmgmpme + Mamampme + Memgmpm,
+ Msmgmpme + Mamgmpme + Mamampm + Mgmgmpme,

where,

My =—8f +3@8%f 4+ 58 f + 225 f),
My=—85f — @88 f +2w8’f — 88 f + 2w f,
My =—8%f + @85 f +swsf,
My=—885f +@8°f +8wsf,
Ms=—(8f +3ws’f +8wsf +2w25f),
Mg = —88%f —wdsf + 208> f —Swdf +2wwdf,
M7= —85f+wdsf +8wdf,
Mg = —885f +wd>f +swdf.
It follows then that,
8
P F1P =) 1Ml
i=1
From the above expression one finds that

¥ FllLr(Su)
<18 FllLrs,) + 118 FllLr(s,y) + 1878 fllr(s,) + 1188 FllLes, .
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+ 11828 FlILr(S,0) + 11887 FlILp (S0 + 11858 FlILr(S,0) + 11888 flLr(S,)

+ 318 fllLr(Suw) + T8 flILr(Sy0) + 218 FllLr(sn) + 1T 88 fllLr(s, )
+ 18 fllLrs,) + 318 fliees, ) + @88 fllLrs,.,) + 2118 fllLrs,..)
+ @85 fllLr(s,) + 1@ fllLr(se,) + 1I8T8 fllLrs, ) + 168 fllLr(s..)

+ 8T8 f1|Lr(s,,) + 18T f1ILr(s,.) + 188 fllLres,.,) + 18w 8 flILrs, )

+ 188 flLr s, + 8T8 fllLr(s,.) + 218 fllLrs, ) + 2@ @8 fllLrs,.)
+ 2@ 28 f 110 (5,0 + 2T flLr(S,0)-

The above expression contains four representative terms, namely ||83 f]| LP(Suy)
||ZZ782f||Lp(Squ), 168 fllLr(s,,) and ||w28f||Lp(su‘v) which will be used to illus-
trate the analysis in the main text.

D: Integration Identities

In this appendix we prove some integration identities which are routinely used in the
main text.
First we observe that a direct calculation yields

1 PA
¥ A PA = d4(v/deto PH) = d4v/deto + o4 PA
deto v deto
1 1
= EPAUBCGAO'BC + BAP’A = —EPAGBcaAUBC + BAP'A

= PAPBO’BCaAﬁC + PAI;CUBcaAPB — ﬁlc(SPC — mcSPC,
= opc PP PC —5PC) = w.

In the last step we have made use of Eq. (12e). Consequently, we also have
that ¥/ APA =@, Making use of these results we further compute on the arbitrary
sphere S that

f 1571 = f 8f8 f/detod’x = / 8 f P04 fv/detad?x,
S S S

= [ 7waert == [ foor - [ frapdsr.

N S N
On the one hand, the first integral in the last equality can be further expanded as
/féafszaéf—/fzerer/waf
S S S S
= / FPABASf — / faPAoaf + / fodf
S S S
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=—/SfWA<fPA>+/fx7A<fz‘vPA>+/fwéf
S S S

=—/SIS.fI2+fS|fIZIZU|2+/S|flz8z‘v+f8ffm3f-

On the other hand, the second integral can be expanded as

fs FRAPASf = /S Fasf = fs i PAYAS = — fs YA P,
- —/Sfc‘vPAmf—/SWPAm‘v—/S|f|2a‘v N

:_/szaaf—/suﬁaiv—fsl.flzlwlz.

Combining these last expressions one finds that

/S|8f|2=/5|5f|2.

In other words we have found that

||3f||L2(5M) = ||‘§f||L2(Su,,))-

E: Details in Propositions 8 and 9

In this appendix we provide further details regarding the lengthy computations arising
in the analysis of Propositions 8 and 9.

Estimates on the L*-norm of connection coefficients

In the following we consider, for conciseness, the NP spin connection coefficient A.
Making use of Proposition 2 to estimate ||A[|;4(g) one finds that

1/4
u
IR AL, < 2 | IR A4, ) + C(Ae,. Ar,) /0 (/S Aom,mi) du’

One can then estimate

[SLl

|A (WA, FA)g | = / V2 AGASA + 5382

) v

= / IVAI2[(ASA)SA + SAASK + SAASA + SAASA|
Slt

/1')
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5/ |x7,\|2\/2|5x|2 +2|Sk|2\/2|A8A|2 +2|AbA|2

u,v

52/ AP (1A8A] + |ASA]).

u’ v

where we have made use of the Cauchy-Schwarz inequality in the first inequality.
Now, making use of the expressions for ASA and A§A one further finds that,

/ |A (WA, FA)g | < 2/ IWAP (TP + TI[Wa| + [T [[FA] + 4[| F il + |7 Es))

v u' v

=CU, A, Ar,, Ay (5)) (f AP + II‘I’4IIL°°<SM/_U>/S IW/\|3)

u' v

+C(AF*)/S |X7)»|4+C(Ar*)/s wxﬁwm+2||Ww4||Lw(s,,,_v>L WA

u' v

2
< C(. A, Ar,. Aw(SDArea(Sy ) VM s, (1 - (Z ||x7’w4||Lz<su,,U>))
i=0
+CArDIF I, IFullis, ) + CARIFM,,

u'v

3
+ C(ar)AraS ) IR s, (IR Wl ) )
i=1

where in the previous chain of inequalities we have made use of Holder’s inequality
and the Sobolev’s embedding. Moreover, here I represents a linear combination of the
NP spin connection coefficients 7, &, B, u, A whereas I'” contains no 7 term, which
allows the use of sharper estimates. Both I" and I'" are controlled in L*°(S,/ ;) as a
result of Proposition 7.

Making use of the latter estimate and of the bootstrap assumption in Proposition 8§,
one readily obtains that

IFAllLas, ) <241, + CU, A, Ar,. Ap(S)e + CU, A, Ar,. Ay(S) Aye™®,

where it has been used that

u 1/8 u 1/8 " 7/8
/ (/ |lIf4|2> du’ < </ / I‘-IJ4|2du’> </ 1du’>
0 / 0 JS,, 0

7/8 1/4
S & ||\Ij4||L2(/\/7v(0,u))'

Thus, we can choose a suitable ¢ > 0 such that |[[VA[|;4(s, ,) < 3Ar,. This improves
the starting bootstrap assumption.
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Estimates on ||V 21]],2(s, ,)

In this case we start from

/ |A(x72x,><72x>a|=f AAMT) + ToTy + T3Ts + Ty Ty)|

u,v i, v

<2V2 | IFPA(AT| + |AT:| + |ATs| + |ATy)) .
Suv

we can then further expand to obtain (in schematic notation for simplicity) that

/Su/,

|A (P21, F22), | < 2ﬁ/$ [T [[F AL+ T[|[F2T] + |2y

v u' v

+ |WTWT| 4 T2|WT] 4 [Wa|[FT] + W3] |[FA] + [T[|FWs] 4 |Wa||T2] + [T4)

SC(AF*)L |X721|2+C(Ar*)/s |W2A||>V2r|+f a2t

u' v v

+/ I)VZAII)VFII)VFHC(I,Ae,,Ar,,Aw(&)/S |W2A| W

u' v

+C(Aw(5))/$ 2P
+CU, Ao, Ar. Aw(S))/S W2AIF W] + CL, A, Ar.. Aw(S))/S 72

+/ wzxwrnw+c<1,Ae,,Ar.,Aw<$>[g W20 | W

u' v

< CAr)IIF ML, )+ CArDIF M, P Tlee, )
IR M2, 92 Wall s, ) + IR A2, IR ss,,
+CU, Ay, Ar,, AyONIFHI2s, )IIFT I Las, )
+ C(Ae,, Ar)IWall=es, HIIF M2, )
+CU, Ay, Ar,, AuODIIF? M2, ) IIF Wallias, )
+CU, A,y Ar,, AyODIIF M2, )
+CU, Ae,, Ar,, Ay A 125, HIFT s, ) 1Wallies, )

< C(U, Ay, Ar,, AuO) A+ |1 Wall 25, ) + 11X Wallzs, ) + 197 all s, )-

In the previous chain of inequalities we have made repeated use of our bootstrap
assumption, the results in Proposition 4 and of Holder’s inequality. Finally, combining
with the short direction estimate in Proposition 2 we conclude that

IF2M 125, ) < 281, + CU, A, Ar,, Au(S))e + C(U, A, Ar,, Ay (S)Aye™?.
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The factor £3/4 results from the transferring of the 2-sphere estimate of Wy to the light
cone.
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