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Abstract: We study the backwards-in-time stability of the Schwarzschild singularity
from a dynamical PDE point of view. More precisely, considering a spacelike hyper-
surface X in the interior of the black hole region, tangent to the singular hypersurface
{r = 0} at a single sphere, we study the problem of perturbing the Schwarzschild
data on X and solving the Einstein vacuum equations backwards in time. We obtain a
local backwards well-posedness result for small perturbations lying in certain weighted
Sobolev spaces. No symmetry assumptions are imposed. The perturbed spacetimes all
have a singularity at a “collapsed” sphere on ¥, where the leading asymptotics of the
curvature and the metric match those of their Schwarzschild counterparts to a suitably
high order. As in the Schwarzschild backward evolution, the pinched initial hypersurface
Yo ‘opens up’ instantly, becoming a regular spacelike (cylindrical) hypersurface. This
result thus yields classes of examples of non-symmetric vacuum spacetimes, evolving
forward-in-time from regular initial data, which form a Schwarzschild type singularity
at a collapsed sphere. We rely on a precise asymptotic analysis of the Schwarzschild
geometry near the singularity which turns out to be at the threshold that our energy
methods can handle.
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1. Introduction

It is well-known (cf. Birkhoff’s theorem [10]) that the only spherically symmetric solu-
tion (M1*3, g) to the Einstein vacuum equations (EVE)

Rica,(g) =0, (1.1)

is the celebrated Schwarzschild spacetime. It was in fact the first non-trivial solution to
the Einstein field equations to be discovered [10]. In Kruskal (null) #, v coordinates the
maximally extended metric reads

S¢ = —Q2dudv + r*(d6® +sin® 0d¢?), (1.2)
where Q* = 32F—M3e_ﬁ, M > 0, and the radius function r is given implicitly by

uv = (1 — ﬁ)eﬁ. (1.3)

Here the underlying manifold $ M!*3 is endowed with the differential structure of
U x S?, where U is the open subset {uv < 1} in the uv plane; see Fig. 1. The spacetime
has an essential curvature singularity at » = 0, (the future component of) which is
contained in the interior of the black hole region, the quadrant # > 0, v > 0. In fact, a
short computation shows that the Gauss curvature of the uv-plane equals

oM
K="5
-

(1.4)
and hence the manifold is C? inextendible past » = 0. An interesting feature of this
singularity is its spacelike character, that is, it can be viewed as a spacelike hypersurface.

Yet another interesting feature of the Schwarzschild singularity is its unstable nature
from the evolutionary dynamical point of view. To illustrate this, consider a global
spacelike Cauchy hypersurface £3 in Schwarzschild (Fig. 2). An initial data set for the
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Fig. 1. The Kruskal plane

Fig. 2. The future development of ¥ in Schwarzschild

EVE consists of a Riemannian metric g on ¥ and a symmetric two tensor K verifying
the constraint equations

ngij — gitrgl( =0

e , L5
R— K>+ (rgK)? =0 (1)

where V, R are the covariant derivative and scalar curvature intrinsic to g.

The instability of the Schwarzschild singularity (w.r.t. the forward Cauchy problem)
can already be seen by examining the maximal developments of initial data sets on X
arising from the celebrated Kerr [9] (explicit) 2-parameter C(a, M) family of solutions—
of which Schwarzschild is a subfamily (¢ = 0). For a # 0 the singularity completely
disappears and the corresponding (maximal) developments extend smoothly up to (and
including) the Cauchy horizons. Moreover, taking |a| « 1, the ‘difference’ of the
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corresponding initial data sets from the Schwarzschild one (with the same M > 0),
measured in standard Sobolev norms,! can be made arbitrarily small.

In fact, the Schwarzschild singularity is conjecturally unstable under generic pertur-
bations on X. According to a scenario proposed by Belinskii et al. [3] originally formu-
lated for cosmological singularities, in general, one should expect solutions to exhibit
oscillatory behaviour towards the singularity. To our knowledge such behaviour has been
rigorously studied only in the spatially homogeneous case for the Euler-Einstein system
with Bianchi IX symmetry by Ringstrom [29]. Nonetheless, the heuristic work of [3] has
received a lot of attention over the years, see [16,28] and the references therein (and [12]
for related numerics). On the other hand, there is a growing expectation that, at least in
a neighbourhood of subextremal Kerr, the dominant scenario inside the black hole is the
formation of Cauchy horizons and (weak) null singularities. This has been supported by
rigorous studies on spherically symmetric charged matter models, see works by Poisson
and Israel [26], Ori [25] and recently by Dafermos [9].

However, it is not inferred from the existing literature whether the non-oscillatory
type of singularity observed in Scwarzschild is an isolated phenomenon for the EVE in
some neighbourhood of the Schwarzschild initial data on X or part of a larger family. A
priori it is not clear what to expect, since one might argue that such a special singularity
is a mathematical artefact due to spherical symmetry. Therefore, we pose the following
question:

Is there a class of non-spherically symmetric Einstein vacuum spacetimes which
develop a first singularity of Schwarzschild type?

The goal of the present paper is to answer the preceding question in the affirmative.
A Schwarzschild type singularity here has the meaning of a first singularity in the
vacuum development which has the same geometric blow up profile with Schwarzschild
and which can be seen by a foliation of uniformly spacelike hypersurfaces; hence, not
contained in a Cauchy horizon. We confine the question to the formation of one singular
sphere in the vacuum development in the same manner as in Schwarzschild, where each
point on the sphere can be understood as a distinct ideal singular point of the spacetime
in the language of TIPs [13]. Ideally, one would like to study the forward problem and
identify initial data for the EVE on ¥ (Fig. 2) that lead to such singularities. Although
this is a very interesting problem, we find it far beyond reach at the moment. Instead,
we study the existence problem backwards-in-time.

More precisely, we adopt the following plan: Let ZS be a spacelike hypersurface
in Schwarzschild, tangent? at a single sphere of the singular hyperbola r = 0 inside
the black hole; Fig. 3. We assume, without loss of generality,? that the tangent sphere
is (u = 1, v = 1) in Kruskal coordinates (1.2). Consider now initial data sets (g, K)
on ¥ for the EVE (1.1), which have the same singular behaviour to leading order at
(u = 1,v = 1) with the induced Schwarzschild initial data set (°g, K) on £y and
solve the EVE backwards, as depicted in the 2-dim Fig. 3, without symmetries.

Realizing the above plan we thus prove the existence of a class of non-spherically
symmetric vacuum spacetimes for which (1) the leading asymptotics of the blow up of

1 The difference can be defined, for example, component wise for the two pairs of 2-tensors with respect
to a common coordinate system and measured in W*7 Sobolev spaces used in the literature [5].

2 The tangency here should be understood with respect to the differential structure of the Kruskal maximal
extension induced by the standard u, v, 8, ¢ coordinates (1.2).

3 Recall that the vector field tangent to the r = const. hypersurfaces (Fig. 1) is Killing and we may hence
utilize it to shift o and (u = 1, v = 1) to whichever point on {uv = 1} we wish; Fig. 3.
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Fig. 3. The black hole region in Kruskal’s extension

Fig. 4. The foliation {¥} in 3d

curvature and in general of all the geometric quantities (metric, second fundamental form,
etc.) coincide with their Schwarzschild counterparts, as one approaches the singularity,
and (2) the singularity is realized as the limit of uniformly spacelike hypersurfaces,
which in the forward direction “pinch off” in finite time at one sphere. Conversely,
we visualise the backward evolution of (X, g, K) in the following manner: At ‘time’
7 = 0 the initial slice X is a two ended spacelike (3-dim) hypersurface with a sphere
singularity at (u = 1, v = 1). Once X evolves through (1.1), it becomes instantaneously
a regular spacelike hypersurface ¥;, t > 0 and the singular pinch opens up; Fig. 4.

The main difficulty to overcome in the backward local existence problem is the
singularity on Xy, which of course renders it beyond the scope of the classical local
existence theorem for the Einstein equations [4], even its latest state of the art improve-
ment by Klainerman et al. [18], which requires at the very least the curvature of the
initial hypersurface to be in L2. For the Schwarzschild initial data set (5§, SK ) on X,
and hence for perturbed initial data sets (g, K) with the same leading order geometry at
(u = 1, v = 1), itis not hard to check (Sect. 3) that the initial curvature is at the singular
level

R ¢ LP(Z), VK ¢ L"(Zp) p> (1.6)

L)

Thus, we must rely heavily on the background Schwarzschild geometry to control the
putative backward evolution. A very useful fact for analysis is the opening up (smoothing
out) of the singularity (Fig. 4) in the backward direction.

To our knowledge, general local existence results, without symmetry assumptions,
for the EVE (1.1) with singular initial curvature not in L? have been achieved only fairly
recently by Luk-Rodnianski [20,21] and Luk [19] for the characteristic initial value
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problem, where they consider delta curvature singularities and weak null singularities
respectively. However, their context is much different from ours and the results do not
seem applicable to singularities of Schwarzschild type.

We proceed now to formulate a first version of our main results; for more precise
statements, in terms of weighted Sobolev spaces, see Theorems 4.6, 4.8, 6.7.

Theorem 1.1. There exists o« > O sufficiently large, such that for every triplet (X¢, g, K)
verifying:
(i) the constraints (1.5),
(ii) g = S§ +r%0, K = SK + r"‘_%u, where O, u are 2-tensors on Xy bounded in
H* H3 respectively,
@@ii) llg — S§||Lo<>(>:0) & 1, there exists a H* local solution g to the Einstein vacuum
equations (1.1) with initial data (g, K), unique up to isometry, in the backward

region to X, foliated by {2+ }cc[0,11 (Fig. 3); the time of existence T > 0 depends
continuously on the norms of O, u and the exponent o > 0.

The fact that non-trivial initial data sets in compliance with Theorem 1.1 exist is not
at all obvious nor standard. We need to show essentially that for any large parameter
a > 0, there exist non-spherically symmetric solutions to the constraint equations (1.5),
having the asymptotics (ii). We construct such solutions using the conformal method,
which we set up in Sect. 6.

Theorem 1.2. Let o > 0 be sufficiently large, consistent with Theorem 1.1. Then for
every choice of the transverse, traceless part of the second fundamental form on X,
compatible with the assumptions in Theorem 1.1, there exists a solution to the constraints
(1.5) localized near the singular sphere and verifying the asymptotics (ii) above.

Let us emphasize the fact that the above spacetimes are very special in that they agree
with Schwarzschild at the singularity to a high (but finite) order—this is captured by
the large exponent & > 0 in Theorem 1.1—and therefore are non-generic. The need to
choose « large may be seen however natural to some extent in view of the instability of
the Schwarzschild singularity, from the point of view of the forwards-in-time problem.
Indeed, the stable perturbations of the Schwarzschild singularity must form a strict
subclass of all perturbed vacuum developments.

1.1. Method of proof and outline. The largest part of the paper is concerned with the
evolutionary part of the problem, i.e., proving Theorem 1.1. Due to the singular nature of
the backward existence problem described above, Fig. 3, the choice of framework must
be carefully considered. The standard wave coordinates approach [4] does not seem to
be feasible in our situation; one expects that coordinates would be highly degenerate
at the singularity. Also, the widely used CMC gauge condition is not applicable, since
the mean curvature of the initial hypersurface %o blows up (Sect. 3). Instead, we find
it more suitable to use orthonormal frames and rewrite the EVE one order higher as a
quasilinear Yang-Mills hyperbolic system of equations [18,24], under a Lorenz gauge
condition,* for the corresponding connection 1-forms. We recall briefly this framework
in Sect. 2.

4 The analogue of a wave gauge for orthonormal frames.
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However, even after expressing the EVE in the above framework, the singular level
of initial configurations does not permit a direct energy estimate approach. In addition
to (1.6), one can see (Sect. 3) that neither is the second fundamental form in L2

K & L*(%). (1.7)

Note that the latter is at the level of one derivative in the metric. Hence, near the singularity
the perturbed spacetimes we wish to construct do not even make sense as weak solutions
of the EVE (1.1). Therefore, it is crucial that we use the background Schwarzschild
spacetime to recast the evolution equations in a new form having more regular initial
data. We do this in Sect. 4 by considering a new system of equations for the ‘difference’
between the putative perturbed spacetime and Schwarzschild. The resulting equations
now have regular initial data and they are eligible for an energy method, but there is
a price to pay. The coefficients of the new system will depend on the Schwarzschild
geometry and will necessarily be highly singular at » = 0. We compute in Sect. 3
the precise blow up orders of the Schwarzschild connection coefficients, curvature, etc.
Nevertheless, the issue of evolving singular initial data has become the more tractable
problem of finding appropriate weighted solution spaces for the final singular equations.

In Sect. 4.2 we introduce the weighted Sobolev spaces which yield the desired flexi-
bility in proving energy estimates. The right weights are given naturally by the singular-
ities in the coefficients of the resulting equations, namely, powers of the Schwarzschild
radius function r with a certain analogy corresponding to the order of each term. After
stating the general local existence theorems in Sect. 4.3 and a more precise version of
Theorem 1.1, we proceed to its proof via a contraction mapping argument which occu-
pies Sect. 5. Therein, we derive the main weighted energy estimates by exploiting the
asymptotic analysis at r = 0 of the Schwarzschild components (Sect. 3). It is necessary
in our result that the power of r, « > 0, in the weighted norms is sufficiently large;
cf. assumption (i7) in Theorem 1.1. In the estimating process certain critical terms are
inevitably generated, because of the singularities in the coefficients of the system we
are working with; these terms are critical in that they appear with larger weights than
the ones in the energy we are trying to control and thus prevent the estimates from clos-
ing. The exponent o > 0 is then picked sufficiently large such that these critical terms
have an overall favourable sign; this allows us to drop the critical terms and close the
estimates.

The largeness of « forces the perturbed spacetime to agree asymptotically with
Schwarzschild to a high order at the singularity. Although the latter may seem restric-
tive, it is quite surprising to us that there even exists a suitable choice of « which makes
the argument work in the first place. A closer inspection of our method reveals that it
is very sensitive with respect to certain asymptotics of the coefficients in the equations
that happen to be just borderline to allow an energy-based argument to close. The most
important of these are the blow up order of the sectional curvature (1.4) and the rate
of growth of the Schwarzschild radius function r backwards in time. The latter corre-
sponds to the ‘opening up’ rate of the neck pinch of the singular initial hypersurface X,
Fig. 4. In this sense the Schwarzschild singularity is exactly at the threshold that our
energy-based method can tolerate.

In the last section, Sect. 6, we study the constraint equations (1.5) in a perturbative
manner about the Schwarzschild singular initial data set (Sg, SK)on X, following the
conformal approach. We prove Theorem 1.2 by employing the inverse function theorem.
More precisely, we prove that the linearized conformal constraint map (about Schwarz-
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schild) is Fredholm in suitable weighted Sobolev spaces,® capturing the asymptotics
needed for Theorem 1.1 to be applied, see Proposition 6.6, which we prove in Sect. 6.2.
In the case where X is localized in a small neighborhood of its singularity, the ellip-
tic estimates we derive can be improved to yield that the linearized conformal map is
actually an isomorphism. It is worth noting that the solutions to the constraints that we
produce have unbounded mean curvature. Given the highly singular nature of the prob-
lem, we must exploit the features of the Schwarzschild background in order to obtain
the special initial data sets needed in Theorem 1.1. These include good signs of certain
dangerous terms appearing in the resulting elliptic system and a delicate decoupling of
specific parts of the unknown variables.

1.2. Final comments; possible applications. To our surprise the present evolution bears
some resemblance at an analytical level with a prior work on the stability of singular Ricci
solitons [1]. Although of different nature, hyperbolic/parabolic (respectively), they share
acouple of key features such as the opening up rate of the singularity and the “borderline”
singularities in the coefficients involved.

The understanding of the question of stability of singularities in Einstein’s equations
and the behaviour of solutions near them is of great significance in the field. However, in
general very little is known. In terms of rigorous results, substantial progress has been
made in spherical symmetry in the presence of matter [6,7,9,29]. Moreover, certain
matter models enjoy the presence of a monotonic quantity, which has been employed
to study the stability of singularity formation in the general non-symmetric regime,
cf. recent work of Rodnianski-Speck [31] on the FLRW big bang singularity. This is
in contrast with the vacuum case of black hole interior and the unstable nature of the
Schwarzschild singularity. We emphasize again the fact that the method developed herein
does not impose any symmetry assumptions nor does it rely on any monotonicity. It
should be noted as well that it does not depend on whether the particular singularity
type is generic or not. On the contrary, we hope that the method developed herein can be
employed to produce classes of examples of other singular solutions to the Einstein field
equations, which until now are only known to exist under special symmetry assumptions
and for which the general stability question may be out of reach.

The idea of constructing singular spacetimes by prescribing a specific singular behav-
iour and solving for a spacetime ‘starting from the singularity’ is not new. There exists
an extensive literature regarding the construction of cosmological spacetimes exhibiting
Kasner type singularities at each point of their ‘big bang’ hypersurface® using Fuch-
sian techniques [16,17,28]. However, the results in this category rely on the undesirable
assumption of analyticity [2] and or on various symmetry assumptions, see relevant work
on Gowdy spacetimes [27,30]. Yet, we believe that the usual Fuchsian algorithm cannot
be applied to Schwarzschild type singularities due to their more singular nature.’

After our treatment of singular initial data containing a single sphere of {uv = 1},
a reasonable next step would be to study whether the construction of non-spherically

5 We note that the spaces we use for the constraint equations differ from those we use for the evolutionary
part of the problem.

6 Ateach point of the usual singular spacelike hypersurface the spacetime metric approaches asymptotically
the metric of a Kasner spacetime, with the Kasner parameters generally varying from point to point, what is
called AVTD behaviour [16].

7 The reason should be understood in an effort to reduce the Einstein equations to Fuchsian type equations
for a Schwarzschild type singularity. In this case the singularities in the coefficients of the reduced evolution
equations would be stronger than the ones encountered in the literature.
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symmetric vacuum spacetimes containing an arc of the singular hyperbola (Fig. 3) is
possible or even the whole singularity r = 0. Certainly this is a more restrictive question
and at first glance not so obvious how to formulate it as a backward initial value problem
for the EVE. However, we hope that the method developed herein could help approach
this direction.

Lastly, one could try to perform a global instead of a local construction by considering
a Cauchy hypersurface X extending to spacelike infinity. We expect this follows readily
from the work here, but we do not pursue it further. Perhaps a gluing construction could
also be achieved.

2. The Einstein Equations as a Quasilinear Yang—Mills System

The Einstein vacuum equations (1.1), by virtue of the second Bianchi identity, imply the
vanishing of the divergence of the Riemann curvature tensor. Decomposing the latter
with respect to an orthonormal frame, which satisfies a suitable gauge condition, it results
to a quasilinear second order hyperbolic system of equations for the connection 1-forms
corresponding to that frame, which bears resemblance to the semilinear Yang—Mills
[24]. Recently this formulation of the EVE played a key role in the resolution of the
bounded L? curvature conjecture [18]. In this section we express the EVE (1.1) in the
above setting, which we are going to use to directly solve the Cauchy problem. This
necessitates some technical details which are carried out in Appendix A. Also, to avoid
additional computations we write all equations directly in scalar non-tensorial form.®
All indices below range from O to 3 unless otherwise stated.

2.1. Cartan formalism. Let (M1+3, g) be a Lorenzian manifold and let {eg, e;, ez, €3}
be an orthonormal frame; g,p = mgp = diag(—1, 1, 1, 1). Assume also that M1+
has the differential structure of ¥ x [0, T'], where each leaf ¥ x {t} =: X; is a 3-dim
spacelike hypersurface. We denote the connection 1-forms associated to the preceding
frame by

(Ax)ij = g(Vxei, ej) = —(Ax)ji, (2.1

where V is the g-compatible connection of M!*3. Recall the definition of the Riemann
curvature tensor

Ryvij = 8(Ve, Ve,ei — Ve, Ve, éi, €)). (2.2)

By the former definition of connection 1-forms, using m;, to raise and lower indices,
we write

Ve.er = (Aa)sker.
Hence, we have
Ve, Vesei = Ve, (Ve,ei) = Vy, e ei = Ve, ((Av)i*ex) — (A (Ap)i“ec

= e, (Ay)ifer + (A)F (A1 eqs — (A (Ap)ice.

8 1t will be clear though which are the covariant expressions; see also [18].
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Therefore, we get the following expression for the components of the Riemann curvature

Ruvij = eu(Ay)ij — ev(Aij + (ANF (A — (A (A
— (A (AR + (A, F (AR (2.3)

or setting
(A, ADij = (A (A = (ADF (A (2.4)
we rewrite
(Fi)ij = Ruvij = eu(Av)ij —ev(Ap)ij — ([Au, AvDij — (A[u)u]k(Ak)ija (2.5)
where by standard convention
(Ao (A0 = (A" (AR — (A (AR

In the same manner we compute the covariant derivative of the Riemann tensor:

Vo Ruvij = €o(Fun)ij — (Ae) X (Fio)ij — (Ao )  (Fu)ij
—(A0)i* (Fun)ij — (Ao) /K (Fuix
= eo (Fi)ij — (Ac) [ (Fui)ij — (Ao, FuuDij (2.6)

Recall the transformation law of the above quantities under change of frames: Let {e; }8
be an orthonormal frame on M !*3 such that

&, = Okey 2.7)
and let (Ay); ;= g(Vxe;, ;) be the corresponding connection 1-forms. Then
(Ax)ij = O] O5(Ax)pe + X (O]) Ofmp. (2.8)
In addition, from (2.7) we have

Vxés = X(05er + 05 Vxey
~ d.
(AX)a" €4 = X(OYer + 0K (Ax)1%eq

or
X(0l) = (Ay)," 0} — 0k (Ax). 2.9)

2.2. V x Ric = 0. Now we proceed by assuming that the curl of the Ricci tensor of the
metric g vanishes:

ViRyj — VR, =0, (2.10)
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where R,y = Ryqp™. A direct implication of the (contracted) second Bianchi identity
is that the divergence of the Riemann curvature tensor satisfies

V#Rijvu = ViRyj — VjR,; = 0. (2.11)
Thus, it follows from (2.6) that
e (Fun)ij — (A" L (Fup)ij — (A", FuDij =0 (2.12)
or by (2.5)

B (A))ij — efen(A)ij — e (A, ADij — e (A (Ak)i))

= (A" (Fuij + (A", Fw i, (2.13)
where [] := —eg + e% + e% + e% is the non-covariant box with respect to the frame e;.

Since
[e/u ey] = Veﬂev - Vevep. = (A[u)v]kek,

(2.13) takes the equivalent form

E(A)ij — eve™ (A = (AP ec(A)ij + e (A, Avij + e ((Ap)ut (A7)
+ (AN (Fopis + (A%, FuDij, (2.14)

v, i, j =0,1,2,3. We remark that (2.14) is an equation of scalar functions.
2.3. Choice of gauge. Note that the preceding equation is not of hyperbolic type. We

convert (2.14) into a quasilinear hyperbolic system of equations by imposing a Lorenz
gauge condition on the orthonormal frame {e; }3:”

A% = (divA);; == VH(A)ij — (Av,ue,)ij = e (AL — (AR, KAy, (@15)

where by A? we denote some quadratic expression in the connection coefficients (A,);;
varying in ij. This a freedom one has in choosing the frame e;; see Lemma A.1. Under
(2.15), the Eq. (2.14) becomes the quasilinear second order

O (A)i; = (A ec(A)ij + e ([Au, AVDij + e (A (A7)
HAME L (Fuoij + (AR, FuDij +en(AD) + e (AN, (Apij) - (2.16)

9 A wave type gauge essentially for ¢;. The Coulomb gauge is another alternative which is used in [18].
‘We do not employ it here.
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2.4. The reduced equations; initial data for EVE. Following (2.11)-(2.16) we actually
see that the equation

ViRyj = VjRyite, (divA — A%)
=: H,;j = (LHS of (2.16)) — (RHS of (2.16)), (2.17)

holds true for every Lorentzian metric g and orthonormal frame {ei}g, without any
additional assumptions or gauge condition. We call H,;; = 0, i.e., the system (2.16),
the reduced equations. We note that even after the gauge fixing, the reduced equations
are not equivalent to the EVE (1.1), but only imply the vanishing of the cur! of the Ricci
tensor (2.10). However, one may suitably prescribe initial data for (2.16) such that they
lead to solutions of the EVE and which are consistent with the Lorenz gauge condition
(2.15).

Now we address the initial value problem for the reduced equations H,;; = 0 aiming
to the EVE. To solve the Eq. (2.16) one needs an equation relating the evolution of
the orthonormal frame {e,-}g to that of the connection 1-forms. Let 9y, 91, 97, 93 be a

reference frame!? in = x [0, T (9p transversal direction). We express e; in terms of d,:
e; = 09, (2.18)

By virtue of the diffeomorphism invariance of the EVE, we may assume that the timelike
unit vector of the orthonormal frame {ei}g of the spacetime we solve for is eg = 9.
Doing so we deduce

30(08) = Loy (da(e)) = Loy Ba)ei + 3a([30, ei1) = OF Lag(32)8p + da([e0, € 1),

where £ denotes the Lie derivative and éa is the 1-form dual to 9,. Setting [dg, dp] =:
F[COb] 0. we rewrite
d(0f) = —O0FTH, + (A10)i* OF. (2.19)

Now we proceed to formulate the necessary and sufficient conditions on the initial data set
of the reduced equations (2.16), coupled to (2.19), such that the corresponding solution
yields a solution to the EVE. The following proposition is proved in Appendix A.1.

Proposition 2.1. Let (A,);;, Of be a solution of (2.16),(2.19), arising from initial con-
figurations subject to

(A))ij(t =0)=—(A))i(r =0) 90(Ay)ij(t =0) = —9p(A))ji(r =0)
0§ (t = 0) = I (2.20)

and
(divA);; — A% = 0 <= e*(A,)i; — (AM), [ (Ap)i; — A2 =0

Ricap(g) = 0 = eM(Au)iu - ev(AM)ip, — ([A", Av])iu - (A[M)U]k(Ak)iu =0
2.21)

on Xo. Then the latter solution corresponds to an Einstein vacuum spacetime (M'*3, g)
and furthermore the frame {ei}g (2.18) is g-orthonormal, ey = 0o, and satisfies the
Lorenz gauge condition (2.15).

10' Not orthonormal or coordinates, simply a basis frame.
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{r=0)={w=1} _

(1,1)

Fig. 5. The foliation (3.1) in the interior of the black hole

Remark 2.2. Note that the second part of (2.21) includes the constraints (1.5); Rop =
Roy — %R =0,b = 1,2,3, on Xy. The condition (2.21) is necessary and sufficient
(as we show in A.1) to yield the propagation of the gauge and the EVE themselves.
Once we have chosen the orthonormal frame initially and the initial data components
(Ag)ij(t = 0), which correspond to the dy derivative of {ei}g, then the rest of the initial
data set of (2.16) is fixed by the condition (2.21), i.e., the Lorenz gauge and the EVE on
the initial hypersurface Xy, see Remark A.2.

3. The Schwarzschild Components

We fix an explicit Schwarzschild orthonormal reference frame and compute the corre-
sponding connection coefficients, which we then use to find the leading asymptotics of
the second fundamental form and curvature of the initial singular hypersurface ¢ in
Schwarzschild. Knowing the precise leading blow up behaviour of these quantities is
crucial for the study of the backwards well-posedness in the next section. For distinction,
we denote Schwarzschild components with an upper left script 5.

Let us consider a specific foliation of spacelike hypersurfaces X., v € [0, T'], for the
backward problem in a neighbourhood of (u = 1, v = 1); Fig. 3. For convenience'! let

1
I :—§(u+v)+1=r (u,v)e(l—e,1+e)2, T e[0,T]. 3.1
In temporal and spatial coordinates t, x
Or := —0y — 0y, Oy 1= 0y — 0y
1
= —(u—v), 3.2
x 2(u v) (3.2)

the metric (1.2) takes the form

e

_ 32M3

r

9
-

S¢ = —Q%d7? + Q%dx? + r2(d6? +sin® 6d¢?), (3.3)

W e s easy to see that the following leading asymptotics we derive are independent of the particular choice
of foliation.
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By (1.3), (3.2) r is related to 7, x via

-1 =22 =1 — —)eTn, (3.4)
2M
from which one can derive the following formulas:
Q? Q?
8,1’ = m(l — 'L'), er = mx
3,92 524(1+ 1)(1 ), 0,92 524(1+ 1) (3.5)
= ——(— —_— —7), = ——(— —_— .
i aM'r " 2M > am'ram”
Remark 3.1. The above first two identities yield the leading asymptotics:
2
2 2,X
re~16M (7 +17), ast,x — 0. (3.6)
Directly from the form of the induced metric on X,
53 = Q%dx? + r*(do® +sin® 0d¢?), (3.7)

we compute the corresponding induced volume form

djusg = QrPsinfdxdode = [4/2M3r? + 00| sinbdxdodg  (3.8)

and its rate of change along 9, using (3.5):

12M? 1
8,dp,s§ = [ ) (1—-17)+ 0(;)]dus§. (3.9
Normalizing, we define the Schwarzschild orthonormal frame
a_13 8_18 19 8_1 0 (3.10)
07 Qar 'T Qox 2T 00 37 rsin6 9o '

and the relative connection coefficients 5 (Apij = Sg(8 V3, 0:, 0;) associated to it.
A tedious computation'? shows that the non-zero components read

5(Ao) Q(1+ 1)
=——(—+—)x
0701 8SM 'r  2M
SAy) Q<1+ 1)(1 )
=——(—+— -1
o1 SM'r  2M
S(A0 = S(Ags = —- LT 3.11)
2)02 = 303—4M - .
Q x
S S
AN =5(A) 3= — =
(A2)12 (A3)13 I
s cot@
(A3)23 = p

12 One may calculate the connection coefficients using the Koszul formula

1
Sawij = E{Sg([aﬂ, 31, 9;) — Sg(18;. 871 80) + S g (19 3], an].
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Recall the (spacetime) divergence formula of the connection 1-forms X — S(Ax); J
SdivA);; == 0"5(Aij — S(Avyua)ij = 05 (Ai; — S(AM),P5(Ap)i;  (3.12)
Utilizing (3.5) and (3.11), we check that the first order term in the RHS of (3.12) vanishes
S (AL)ij =0, (3.13)
leaving
S(divA)yj = *(A3)23° (A2)). (3.14)

Remark 3.2. Thus, the orthonormal frame (3.10) satisfies a Lorenz gauge type condition
(2.15).

Remark 3.3. Summarizing the above identities and formulas we obtain the following
leading asymptotics at r = 0:

1 1 1 1
dg~ ——r2d; 0~ ———=r20 (3.15)
aaMr oM
C
A< = 19054] < = (3.16)
r Fk+D3

where C depends on M > 0 and k. Notice that the latter asymptotics are sharp fork = 0
and when 9% = 8ék). In fact, the components of the second fundamental form of the

slices SK;; = S(Apoi, i = 1,2, 3, are exactly at this level. In more geometric terms we
have (up to constants)

1 1 — 1
Fm~gn%%wgw%hﬁ. G.17)

Thus, employing (3.8), (3.6) for T = 0, we see that both the scalar curvature and the
second fundamental of the initial singular hypersurface X are far from being square
integrable

S 2 13 ° 1
K| dusg ~ —3x2dx= —dx = +00

PN 0 X 0 x2 (3.18)
SR |2 13 <1 '
IPRI"dpsg ~ —Xx2dx = —5dx = +00

o 0o X 0 x2

The same holds for the mean curvature of Xy. In fact, a similar calculation shows
trsgK ¢ LP, p > 3.

Remark 3.4. The precise leading asymptotics of all computed quantities in this section
play a crucial role in the analysis of the backward existence problem and the proofs
of the main theorems in the next section. However, exact formulas, like (3.11), are not
really needed. We could have chosen as well a foliation of the form X; : t = f(x),
instead of (3.1), i.e., T = const., for some smooth function f(x), f'(0) = 0. It is easy
to see by computing the induced metric and second fundamental form that the leading
asymptotics of all relevant quantities of interest remain the same.
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4. The Local-in Time Backwards Well-posedness

4.1. Perturbed spacetime; a transformed system. Let (g, K) be a perturbation of the
Schwarzschild initial data set (°g, SK) on X, verifying the constraints (1.5), and let
{e,-}? be an orthonormal frame of (Xg, g). We fix a reference frame {8,~}8 in M3 =

{X¢}ceq0,77, namely, the Schwarzschild orthonormal frame (3.10); Fig. 5. Let {ei}g,
eo = do, be a frame extension in M!+3 expressed in terms of 9y via

ec = 0%9,. 4.1)

Consider now the (unique) metric g for which e; is orthonormal, g.,» = mgp =
diag(—1, 1, 1, 1), and the corresponding connection coefficients (A,);; = g(Ve,e;, ;).
Then Proposition 2.1 asserts that the EVE (1.1) for g, under the Lorenz gauge condition'?

(divA);; = (A3)23(A2)ij, (4.2)

reduce to the system of scalar equations

DAY = (A8 et (A, + e ([Au. ADi; + e (At (An)i))
+ (AL (Foois + [AR, FuDij +e0((A3)23(A2)i7) + eu (A" (A

(0% == 085 (A)n? + (Ap)*Of, v,i,j,c,d €10,1,2,3) (4.3)
where [ := —e2 + €2 + €2 + ¢3 and 5 (A}0)p) = [do, 317

However, the system (4.3) has singular initial data in the Schwarzschild background
which do not permit an energy approach directly. For this reason we recast the equations
in a way that captures the closeness to the Schwarzschild spacetime. Let

()ij = (A)ij — S(Aij : {Zckeeio,r) — R v, i, j€{0,1,2,3}, (4.4)

where the components $(A,); ; are the Schwarzschild connection coefficients corre-
sponding to the frame {8,-}(3) (3.10) and they are given by (3.11). We are going to use
these new functions to control the evolution of the perturbed spacetime.

Consider now the analogous system to (4.3) satisfied by the Schwarzschild com-
ponents S(A); j» 0c. In view of the asymptotics (3.15), we define I'; to be a smooth
function satisfying the bound

C C
N, < =2 p®r,| < =L 4.5)
rd rq+§k

for constants C,, C, x depending on M > 0. Taking the difference of the two analogous

systems we obtain a new system for the functions (u,);;, Of — 1% written schematically
in the form:

h 9,0y ()i = OT38u + OT3u+ OT'3(0 — 1) + OT33(0 — 1)
+T3u% + Oudu +u® + 09(0 — du
90(0¢ = 1Y) =T3(0 = D+(0 = Du+u, (4.6)

13 We choose now a specific type based on the one satisfied by the Schwarzschild reference frame (3.14).
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where
W = m“ 020} = g 4.7)

and each term in the RHS denotes some algebraic combination of finite number of terms
of the depicted type (varying in v, i, j) where the particular indices do not matter.

Remark 4.1. Evidently, the systems (4.3) and (4.6) are equivalent. The benefit is that
the assumption on the perturbed spacetime, being close to Schwarzschild, implies that
the functions (u,);;, Of — 1% are now small and regular. Thus, we have reduced the
evolutionary problem to solving the PDE-ODE system of equations (4.6). However, the
issue of singular initial data in (4.3) has become an issue of singularities in the coefficients
of the resulting equations (4.6), at t = x = 0, which do not make it possible to apply the
energy procedure in standard spaces; see also (3.18). These singularities, in large part,
are due to the intrinsic curvature blow up and cannot be gauged away; in particular the
coefficients I'3 of the potential terms in (4.6) correspond to the Schwarzschild curvature
(1.4). Some of the functions I, that appear in (4.6), expressed in terms of Schwarzschild
connection coefficients (3.11) and their derivatives, are less singular than (4.5), but
representatives of the exact bound do appear in all the terms.

Remark 4.2. Another crucial asymptotic behaviour that our method heavily depends on
is that of the radius function r. According to (3.6), we observe that the best L%OT bound

one could hope for the ratio 1/ is of the form

c
Il < — (4.8)

T
which obviously fails to be integrable in time t € [0, T'], for any 7 > 0. This fact lies
at the heart of the difficulty of closing a Gronwall type estimate.

4.2. The weighted H® spaces. Inorder to study the well-posedness of (4.6) we introduce
certain weighted norms. It turns out that the weights which yield the desired flexibility
in obtaining energy estimates are the following.

Definition 4.3. Given « > 0 and 7 € [0, T'], we define the (time dependent) weighted
Sobolev space H*'*[1], as a subspace of the standard H*® space on X, with the Schwarz-
schild induced volume form satisfying:

s, K 2 [B(k)u]2
H*[t]: we H (), |ulfsep = z mdusg < 400, (4.9)
P

k<s

where by 8 we denote any order k combination of directional derivatives with respect
to the components 91, d2, 93 of the Schwarzschild frame (3.10). For convenience, we
drop 7 from the notation whenever the context is clear.

Remark 4.4. Observe that the weights in the norm || - || gs.« in (4.9) blow up only at
7 = 0,x = 0. For t > 0 fixed, the weights are uniformly bounded above by some
positive constant C;, which becomes infinite as 7 — 0*. The dependence of the power
20 — 3(k — 1) on the number k of derivatives corresponds to the singularities in the
coefficients of the equation (4.6).
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Lemma 4.5. The weighted H** spaces satisfy the properties:
HV* ¢ H2Y 51 <5

r_%lu IS HS’“_%I, whenever u € H>%

a0y e HSTRe=3k k<5 e HY (4.10)
Proof. They are immediate consequences of Definition 4.3 and the fact that

_3 31 _3 _3
[01(r"2) = Clr 272 |02(r™2°)| = [03(r2)| = 0,

cf. (3.5), (3.10). O

4.3. Local existence theorems. Let

3
Ew, 0, T) = [ sup (11 )i 1350 + 180 G)if 12, 3)
Vi, j=0 7€[0,T] H™" 2

T
2 2
+/0 ()i g0 + ||80(uv)ij||H2‘a_%)dTi|
3

T
d d 2 d d2
+S [ sup 10~ L/ o+ [ 108~ 1) msdr]
oy Lreo B> o H>*2

@11

be the total weighted energy of the functions (u,);;, Of — ch defined in {X;}:¢[0,7]
(3.1), Fig. 3.1, the backward domain of dependence of ¥ with respect to the metric g
we are solving for. Since the actual domain depends on the unknown solution, it will be
fully determined in the end; see Sect. 5. For brevity we denote by

f:= [n(uU),-,-(r = 0) 350 + 190(u2)ij (z = )| J
v,i,j€{0,1,2,3} "
D DR oyl Al (4.12)
.def0.1,2,3) A2 (Zo)

the energy at the initial singular slice X.
The following theorem is our first main local well-posedness result for the system
(4.6), whose proof occupies Sect. 5.

Theorem 4.6. There exist « > 0 sufficiently large and ¢ > 0 small such that if
& < +00 108 — 1.8 1oy < &, c,d=0,1,2,3, (4.13)

then the system (4.6) admits a unique solution, up to some small time T = T (&y, @) > 0,
in the spaces

(uy)ij € C([0, T H>*) N L*(0, T]; H>**) v,i, j €{0,1,2,3)
B0,y € C(L0, TT; H2=3) 1 L2([0, T; H>*77)
0f — 1.4 € C(10, T}; H***2) N L2((0, T1; H>**3) c.d €{0,1,2,3)

(4.14)
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Remark 4.7. (i) The second part of condition (4.13), ¢ > 0 small, is necessary for the
equation (4.6) to be hyperbolic, yielding sufficient pointwise control on the h%?’s (4.7)

1 .
|WP? — mPb| < 3 |W’¢| < Ce?,  b,c=0,1,2,3,b £ c. (4.15)

It could be obviously replaced by the stronger assumption that & < ¢, since the energy
E(u, O; a, T) controls the L norm of u, O by standard Sobolev embedding.

(i7) How large the exponent « has to be depends on the coefficients of the system
(4.6). In the final inequalities in Sect. 5 « > 0 is picked large enough so that certain
‘critical’ terms can be absorbed in the LHS and the estimates can close.

The above theorem is a local existence result for the system (4.6). Imposing now the
proper conditions on the initial data set of (4.6), the solution (4.14) yields a solution of
(4.3) which in turn corresponds to an Einstein vacuum spacetime (1.1).

Theorem 4.8. Let o, € be such as in Theorem 4.6 and let (X, g, K) be an initial data
set for the Einstein vacuum equations (1.1) satisfying the constraints (1.5), such that the
components

(u,)ij € H>*(Z0) vi, j=123, (4.16)
0! 1.0 e H¥*3(8g) 04 — 11wz <& cd=1,23,  (417)

computed with respect to an orthonormal frame {e;}% on (2o, g), and
(ui)oj(t = 0) := K;j — 5Kij € H>*(Z0) i,j=123. (4.18)

Then, there exists a solution g to the EVE (1.1) in the backward region to X, foliated
by {X¢}iefo0,1), with induced initial data set (g, K) on X and an orthonormal frame
extension {e; }8 forwhich the corresponding (spacetime) functions (u,);;, Of -1 Cd 4.4),
(4.1) lie in the spaces (4.14).

If in addition 04 — 1.7 € C([0, T1; H**3) ¢ d = 1,2,3, then the Einsteinian
vacuum development is unique up to isometry.

The fact that such (non-spherically symmetric) initial data sets (Xg, g, K) exist, in
compliance with Theorem 4.8, is shown in Sect. 6.

Proof of Theorem 4.8. We want to invoke Theorem 4.6. For this purpose, we prescribe
initial data for the system (4.6):

(i) The components (4.16), (4.17), (4.18) are given.
(ii) Since in the beginning of Sect. 4.1 we assumed eg = dp and since {e; }? is initially
tangent to g, we set

0b(t =0) = I’ 0%z =0)=1° a,b=0,1,2,3. (4.19)
(iii) We (freely) assign'4
0)ap(t = 0) := (Ag)ap — S(A0)ap € H>*(Zp), a,b=0,1,2,3.  (4.20)

14 The functions (1) ap(r = 0) or equivalently (Ag),p(t = 0) fix the 9y derivative of the frame {e; }8 on
>0; see Lemma A.1 and Remark A.2.



942 G. Fournodavlos

Once we have prescribed the above, the components do(u,);;(tr = 0) are fixed by the
assumption (2.21) on the initial data of the original system (4.3); see Remark A.2. Indeed,
subtracting the corresponding Schwarzschild components from (A.15), (A.16), which
obvisouly satisfy the same initial relations, cf. (3.14), we obtain schematically:

00(uv)ij = O8qu+T3u+T3(0 — 1)+ u? onXg, a=123. 4.21)
By (4.10) and standard Sobolev embedding we conclude that

Bo(uy)ij(r =0) € H*™7 i, j=0,1,2,3 (4.22)

Thus, the assumption (4.13) is verified and Theorem 4.6 can be invoked. From Propo-
sition 2.1 it follows that the solution (4.14) of (4.6) and hence of (4.3) yields indeed an
Einstein vacuum spacetime ({2 }¢[0,7], &)-

To prove uniqueness (up to isometry) we rely on the uniqueness statement in The-
orem 4.6. Suppose there is another Einsteinian vacuum development (M3, 8) of the
initial data set (2o, g, K), diffeomorphic to { X };¢[0, 7], satisfying the hypothesis (4.16),
(4.17), (4.18); defined by pulling back the relevant quantities through the preceding dif-
feomorphism, taking differences etc. In order to use the uniqueness statement in Theo-
rem 4.6, we need the two spacetimes to have the same initial data for the system (4.6).
The part of the initial data set given by the assumptions in the statement of Theorem 4.8
is of course identical for both spacetimes. The remaining components that we want to
agree, other than the (i1¢),»(t = 0)’s, as noted in the previous paragraph, can be fixed
by condition (2.21). Therefore, we get identical initial data components for the system
(4.6) by constructing a Lorenz gauge frame (4.2) {¢; }(3) for g, which is initially equal to
{ei}g on X and such that (i19)4p (Tt = 0) = (ug)ap(t = 0) as well; see Lemma A.1. The
only assumption to be verified is the well-posedness of the system (A.1) for functions in
the solution spaces (4.14), after taking differences with the equation for the frame {e; }(3).
However, this falls in the category of the system (4.6) [in fact simpler, being semilinear]
to which Theorem 4.6 can be applied. The extra derivative that we have to assume in

order to close, Of — ch € H4’°‘+%, is due to the divA term in the RHS of (A.1). O

5. Proof of Theorem 4.6

Throughout this section we will use the notation X < Y to denote an inequality between
the quantities X, Y of the form X < CY, where C is an absolute positive constant
depending only on the Schwarzschild mass M > 0. The same for the standard notation
O (X), for a quantity bounded by |O(X)| < CX, X > 0. Furthermore, all the estimates
regard only the Schwarzschild region foliated by {X}:¢[0,77; Fig. 3.

5.1. Proof outline. We prove Theorem 4.6 via a contraction mapping argument. First
we establish an energy estimate in the relevant weighted H> spaces in Sect. 5.3. Then
we obtain a contraction, in Sect. 5.4, in the corresponding spaces of one derivative less,
see (5.48), which together with the energy estimate yield the desired solution (4.14).
To derive these estimates we have to eliminate some critical terms which are generated
due to the singularities in the coefficients of the equations, having larger weights than
the ones in the norm (4.9), and which prevent us from closing (see Propositions 5.3,
5.6). This is where the role of the weights (4.9) comes in. The parameter & > 0 helps
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generate critical terms with a favourable sign. Being large enough, but finite, o provides
an overall negative sign for the critical terms, hence, rendering them removable from the
RHS of the final inequalities. This enables us to close the estimates and complete the
proof. The precise asymptotics of the singularities in the coefficients of the equations
(4.6), at T = x = 0, and the opening up rate of the radius function r in 7 > 0 play a
crucial role here.!?

5.2. Basic estimates. Let v be a scalar function defined on X, represented by
voy,: Uy — R, 5.1

where ¥, : Uy — X; isthe (x, 6, ¢) coordinate chart. We recall some standard inequal-
ities: the classical Sobolev embedding of H2(U) in L>®(U)

lvllzew) S ||U||H2(U) (5.2)

and the interpolation inequality

1 3

Vol

Ivlizawy < Clivll 2wy VECTWU), (5.3)

for a bounded domain U C R? with (piecewise) C? boundary. In the following propo-
sition v is assumed to be regular enough such that the RHSs make sense.

Proposition 5.1. For a general function v : ¥; — R, © € [0, T, with the appropriate
regularity, the following inequalities hold:
The L*° bound

v 2
|Ir—kIILoo(2,) S(k+1) ”v”HZ’k”*%(zr) (5.4)

and the L* estimate

v 3
— < s
Pz lzs S R+ Dl (5.5)

1,k+l+21[(21)‘
Proof. From (5.2) we have

v 5.1y v v
IIr—klle(z,) = “,,_k oVrllLew,) S IIV—k oVrllmu,)

substituting (3.8) and the frame (3.10)

< 2
S G+ Dol ey

We argue similarly in the case of (5.5). O

15 If we were to tweak the leading orders just by € > 0, the previous procedure would fail no matter how
large @ > 0 is to begin with.
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5.3. Energy estimate in H>“. We set up now the iteration scheme we are going to follow.

Let {u, O} := {(,)i, 521 v, i, j,c,d =0,1,2, 3} be a set of spacetime functions in
the solution spaces (4.14), verifying |5f — 1.9 < ¢ initially on (. We assume without
loss of generality'®

Ew,0;a,T) <2&. (5.6)
We also assume
130(0) 12 2age) < €3 +E0 Ve e[0,T], ¢.d=0,1,2,3. (5.7)

Iteration step: Consider the following linear version of the system (4.6), where we replace
the functions u, O in the following specific terms by the corresponding ones from the
set {u, O}:

R 8,0y(w,)ij = OT y9u + OT5u + Oy (0 — 1)+ OT33(0 — 1)
+T30° + Oudu + > + 03(0 — 1)ou
(0% — 1.4) = F3(0 =1+ (0 = Dii+u, (5.8)

where 1" = m“’ﬁfﬁg. Observe that we kept in the RHS of (5.8) the functions u, O
attached to the most singular coefficients of the system. This is actually very important
to our strategy in order to avoid further complications.

We assume now there exists a solution (u,);;, Of — 1.7 of (5.8) lying in the solution
space (4.14). The existence of such a solution is based mainly on the energy estimate
we will derive below and a standard duality argument which we omit.

Claim For a chosen large enough o« > 0 and 7" > 0 sufficiently small (depending on
&o, o) the following estimate holds

Ew, O;a,T) <2&. (5.9)

The preceding H3-weighted energy estimate, cf. (4.11), will be used in the next subsec-
tion to close the contraction argument that yields the existence and uniqueness of the
solution (4.14) to (4.6). Now we begin the proof of (5.9):

First note that by the fundamental theorem of calculus, following a dy integral curve
and employing (5.4), we readily obtain from our initial assumptions and (5.7) the point-
wise bound

sup |0 —I||lL(x,) <e+CTE& < 2, (5.10)
t€l0,T]

provided o > +3+ gand T < %

All the more directly from the ODE in (5.8) we deduce the estimate: [applying the
bounds (5.4), (5.6) to (O — I)u and employing the asymptotics (4.5)]

dy)2 < 2 _ 72 2
180(0 gy SEHNO =TIy + I3y (5.11)

forallt €[0,T],c,d =0,1,2,3.17

16 Any assumptions that we make on the functions u, ‘0, we must derive for the next set of functions u, f
below.

17 This estimate, together with (5.9) in the end, imply the analogue of (5.7) for the functions BO(OCd).
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NT b
2

P

Fig. 6. The backward domain of dependence of X

We derive (5.9) in the backward domain of dependence of ¥y w.r.t. the metric
(8av)w = gu (04, ), a,b =0, 1, 2,3, whose inverse is given by ggb = Edb; compare
to (4.7). The boundary of the domain is the backward incoming gz-null hypersurface /%
emanating from dX¢ (Fig. 6). We foliate the domain by the T = const. hypersurfaces
¥ inside V. Let p be the scalar function defined near N via

p(CH =T —1, (5.12)

where C¥ is the cylinder obtained from the flow of 3X¥ backwards along the integral
curves of dp. Using p we may write each leaf of the foliation as

2= |J toe=T-1"}JB: T €[0,T], (5.13)
1*e[r,T]
where pr := p|yz and By is simply the projection of 2? onto ¥ through the integral

curves of 0.

Since by definition p+7 — T is zero on N'“, it follows that the gz-gradient of p+7 —T,
on N“, lies on the hypersurface itself and furthermore it is g;z-null, i.e., p satisfies the
eikonal equation

2 —AB _»500 _17A0
Ver(o+T =T, =h""8a(p)ds(0) + Q0 +227'h" 94 (p)
=0 onAN%, (5.14)

where A, B =1,2,3.

Remark 5.2. The backward domain of definition of the variables u, O — I depends on
i, O — I. For the iteration scheme and the contraction mapping argument in Sect . 5.4
to be well-defined, all functions involved in the process must have a common domain
of definition. To solve this issue is to begin with a slightly ‘larger’ initial hypersurface
Yo D Xp extending Xo at both ends and to solve at each iteration step for the new
variables in a ‘smaller’ domain contained in the interior of the domain of the previous
iterate by shrinking the initial hypersurface X¢. Since we are also proving a contraction
mapping at the same time (see Sect. 5.4) we can make sure that the shrinking of X stops
at X giving the final backward domain in the limit.
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We define the following adapted energy, which controls the part of the total energy (4.11)
that refers to u:

a vJi
Eyt.alul(®) = ZZ/ [ 400(;;—)3\5(]

vt[|J|<v

2
—AB 0a(uy)ij, g 0p(Uy)ij, g ()i
+h a3 pRETy + 3071 dpsg, (5.15)

r r

where (u,);jj = Y (uy); j and J is a spatial multi-index (containing only directions
d1, 02, 03). It is evident from (5.10), Flb = mcdajﬁ’;, that E3 o is equivalent to the

. _3 i
weighted H>% x H>“~2 norm of u on PILY
We summarize in the following proposition the main energy estimates derived below.

Proposition 5.3. The following two energy estimates hold:
0c E3 olul +8M%e ™ (1 — D)@ E3 g1 [ul

1
S (Ef +Eo+a? + P E0) Es glul + E3aviu] + &[0 — 1 ||23,a+%

+ ||0—1||23,a+% +a3E + & (5.16)
1 _
% 2 10¢ - P sy +AM e 1(1—r>ozZ||0"—1"||
c,d c,d
S ”0—’“23,@ + E3 41 [u] + &, (5.17)

forallt € (0, T).

The overall energy estimate (5.9) follows from Proposition 5.3: adding (5.16), (5.17)
we wish to close the estimate by employing the standard Gronwall lemma. However,
this is not possible in general, because of the critical energies in the RHS, having larger
weights than the ones differentiated in the LHS, namely, E3 o+1[ul, |O — 1 12 s

H‘ ,(1+7

instead of E3 4 [u], |O — I|? R is precisely at this point that the role of the weights
H Nes j

we introduced is revealed. Choosing o > 0 large enough to begin with, how large
depending on the constants in the above inequalities, we absorb the critical terms

E3anlul |0 =117, s
H>"2

in the LHS and then the standard Gronwall lemma applies to give (5.9).

Proof of (5.16). Let

2 2
A o0 [B0@)ij ] caB A By W)y
Pjy = 5[ —h 2 31J] +h eIy eIy + ar3-37] | (5.18)

r r

for any spatial multi-index J with |J| < 2;recall (u,);j, s := 8“)(14,))[]-.
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It follows from (5.13) and the coarea formula that

Plot
d / PJ’ diusy = —/ — dS+/ ad P‘]‘ duss
T E.L[T o g 325 |SVp| E%T T o g

+ / Pradedpissy. (5.19)
EM

T

where $Vp stands for the gradient of p with respect to the intrinsic connection on
(2, Sg) and dS is the Schwarzschild induced volume form on 82?. Note that the
boundary term in (5.19) has a favourable sign. Since A/ U g gu-incoming null, the sum
of all arising boundary terms should have a good sign and therefore can be dropped in
the end. Indeed, this is the case and it can be easily seen by keeping track of the few
boundary terms that appear below. To analyse the last two terms in (5.19), we recall the

d; differentiation formulas of the radius function r (3.5), the estimate on volume form

dus§ (3.9) and the commutator relation [dg, dg] = S(A[O)B]CBC CL F% 0:

J

= —8M*(1 — r)oz/

arPJ,adMS§+/7P],a3rdusg
7

ag|

_r 1
e M Pygdpsg+ | PraO(Z)dusg
u 2? r

Zf
2
1 —o0. [d0(uv)ij ] —AB 0a(uy)ij g 0p(Uv)ij, g
+E/E?Q|:—30(h Ve ) Ty dpusy
2
. Q _E()OaO(”v)ij,Jao(“v)ij,l +EABaA(uU3)ij,J 3B80(u3v)ij,] duts-
7 rze=3lJl pe=3ll a3l 8

. / B At )ij.s T30W)is.s diisy + / QUi o)iig
=7 =

a3l a3l p2o+3—|J]
(5.20)
The first term on the LHS of (5.20) is critical having a favourable sign of magnitude
o. We use this term alone to absorb all arising critical terms in the process. Recall

|h| = |52| < 1, cf. (5.10), and the asymptotics (4.5). Also, applying (5.4) to dph and
(5.7) we derive

|-
|’_k

1Q(h)| < £, O, T)7, Q< —, M3l <

(ST

D=
(ST

r r

Hence, by Cauchy’s inequality and (5.6) we have

2
1 —00, [0 (u)ij. ] —AB. 04 (y)ij g 0 (Uv)ij,J
E/gg[_a‘)(k e L T

()ij, 100(W)ij, 7
diss + Q———————"duss
a=3171 pa=3 Mg 0 r2a+3=lJ] g

< E@. 0o, T)? Esglul + E3 qe1[u]

Qh

+/ —AB 0A(Uy)ij,J F%Z’(”v)w
P

r

1
S &y Esalul + E3 gq1[u] (5.21)
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For the next term we proceed by integrating by parts'® (IBP), denoting by N :=
gBBNpdp the outward unit normal on 9 2% w.r.t. Schwarzschild metric g on X¥:

/Q[ _ 00 0 (u)ij,s 93 (uv)ij,g LB 0a(uy)ij,g 3330(uu)ij,1]d

5o
;20=3/7] a3 a3 ¢
2
/ an(uv),-j,J Eooao(uv)ij,J +EAB3B8A(MV)U,J d
_ _— Sg
w a3l ra=31l roe=3l] )

+/ QhAB da(uy)ij, g domy)ij, JNBdS
BZU

a3l pa=3l
on’ _T30(u)ij.g
- /27 |:8B (m)aA(uv)zj,J + Qhw}ao(u\))ij,‘/dusg (5.22)

It is immediate from the definition of the frame (3.10) and (3.5) that

Q a
|31(r2a—_3)‘ Sﬂa—_z d2( 3)—8%(

r® a3

=) =0.

Hence, similarly to (5.21)

Q_AB I's a(”u)t} J
- /F |:3B (m)af\(”v)l] J+ tha—w}ao(l’tv)ij,‘]dusg (5.23)

1
< (&3 + oD E3 glul + E3 e [ul. (1J] <2)
O

Remark. The term in the RHS of the preceding estimate with coefficient o’ is not critical.
This is very important otherwise the overall estimates would not close, since the critical
term with favourable sign in (5.20) is only of magnitude «.

We proceed to the boundary term in the RHS of (5.22). Recall that p is constant on d E’Z
(5.12), and decreasing in the interior direction of Eﬁ Hence, the outward unit normal N

is the Schwarzschild normalized gradient of p on =¥, N = Ky SVp o Since (h ) A.B=123

is a symmetric positive definite matrix, the following standard 1nequa11ty holds:

3 3
a—31J] a—31J]|

—AB 0A(uy)ij,J QNB‘Z - (EAB da(uy)ij, g OB (uy)ij g

27AB
7 et )(sz 8 NANg)

r r

—AB
B (EAB 0a(uy)ij,g aB(uv)ij,J) Q20" 04(p)dB(p)

o3l a3l 1SV pl?
—00 —A0

B EABaA(Mu)ij,J Op(uy)ij s\ —h  —2Qh 0a(p)
pa=3ll pa=31] ISVp[?

(by (5.14))

13 we integrate by parts using the spatial part of the Schwarzschild frame 91, 95, d3. Doing so we pick up
connection coefficients, since it is not covariant IBP.
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Therefore, we have the bound

/ OB 0a(uy)ij, g 9o (uy)ij, I NpdS
32“

roszul r 2|J|

—00 —A0 —AB
/ iao(uv)ij,J | —h" —2Qh" 0a(p) | h " 0a(uy)ijg 0p(uv)ij,g
Phor

— — ds
= 31| ISV pl ISVp| pe—3ll pa=31]
-—00 2 —AQ 2
1 R [do)ijg]” 290" 04(p) [B0(un)ij s ]
< - _ 2T ds
2 Josr  |SVp,|  r2e—3VI ISV | ra=3ll
—AB
1 ntd iy 0 .
T / - 0alu)ijg 90)ijg 4 (5.24)
axt [SVp| pe=3ll a3l

The remaining term to be estimated is the one on first line in the RHS of (5.22), which
we rewrite

3
a—5J|

B /Q[EOO O (uv)ij, g LB 3BaA(”v)ij,J:| 80(uv)ij,JdMS7

Fe=31J1 - Fa—31l &

Y do(uv)ij.g
/ (—a g ab(uv)l] J) 2av3l|]f| du Hsg

. / 5 A0 8480 000)is s 0@t g Qhr‘%a(u,,)ij,ﬁo(uv)ij,]
=7

r2a=3[J] + 2a=3]J] dusg  (5.25)

By taking the (/) derivative (J spatial multi-index |J| < 2) of the first equation in (5.8)
and commuting the differentiation in the LHS we obtain the equation

—ab

R 0405 ()i, g

) I:EFgau +0T5u+ OT3(0 — 1)+ 0T3(0 1)

+T30% + Oudu +u° + 03(0 — I)au} + 78,0, 3wy, (5.26)
where the commutator can in turn be written schematically as: [recall (3.15),(4.5)]

—ab —_ —_ —_

[ 849, 8 1ws)ij = 8% (0)9* (uy)ij + [T39(R) + T3k ]8> ()i
+3(h)d> (uy)ij +Er%a3(uv),-,~
+[0(M)T3 +Er%]a(uv),-j if |J] =2

—ab — - .

[ 849, 8 1)y = 8(R)D* (uy)ij + AT 392 (uy)ij if [J] =1
+hT30(uy)ij (5.27)
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We integrate by parts in the second term on the RHS of (5.25) and argue similarly to
(5.23) to get

282h 2a—3|J] $2h 20317 dpsg

/ —A00400(1y)j, 700 (Uy)ij, g _Fga(u\!)ij,JaO(uv)ij,J
s

2 2
—a0[d0@)ijg] —a0. [0(uv)ij, /]
=/32H52h T NadS—/ﬁszaA(h Ve i

2
—A0 Q 2 — . [Bo@)iji]
_/Eﬁh 3A(’m)[3o(uv)ij,l] dMSg'*'/El Qhréwdﬂsg

7 2
T

_F%a(uu)ij,lao(uu)ij,J
+/ij 2a—317] dpsg

2
a0 [B0Gun)ij L
< QhAOMNAdS +C(E§ +a)Esglul + CEygulu]l  (5.28)

- 2a—3[J] : ,

Finally, for the last and main term in the first line of the RHS of (5.25) we recall that

12 < Ll to obtain directly from Cauchy’s inequality
P2

ab Ao (uv)ij,g
_/EV(E 3a3b(Mu)ij,J)QWdMS§

T

E“ba 9 . 3 .
5 H a b(ul))l],./ “iz + H O(ul))lj,] Hiz

Fa—31J1-3 Fa—31J1+1
—ab
R840 ()i, 0 2
< Js 2
=3 b vy PR LUICRUT (5.29)

We proceed by plugging the RHS of (5.26) into the first term in the last inequality (5.29)
above and treat each arising group of terms separately. Employing the basic inequalities
in Proposition 5.1 along with the bounds of O, d(0), u (5.6), (5.7) and (5.10) we derive:
) [BF; u + 51"314]
| =

ra—31J1-
S N0 0 Es et ] + 13(0) |7 Exo [l + |utl|3 0,001

(03 du 30\
2 3U
212, + — 112, (5.30)

3
re—alll=3

|72

BI—

+ T
re—alll=3

(the last two terms appear only in the case |J| = 2)
3 (0)

< €@ 0v 0. T)Esalul + Esatlul + (llulfe + 118Ul oo) ==
2

I3,
B

S EoE3olul + E3 g41[ul

| a<f>[6rg(0 —1)+0T39(0 - D] ,

L2

3
a—35|J|—

D=

r
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S IIO—III 5+||30||Loo||0—1||

2a+

Do
(II IILoo+||8(0—1)||Loc)II#

”LZ
r2

’
(we include the last term only when |J| = 2 and utilize (5.7),(5.11))

< 1o - 1||23‘u+% +(E+EO —T17, s +&]0 — In2

2a+

+ & + Eollu 3. (5.31)

V) [T3u* + Oudu +u + 03(0 — |
|| Olfll.”*l HL2

r

[II 1700 + || 3+ 19017 (717 + ||au”L00):|E3,a[ﬁ]

r2
—2 Y 2 —n4 —n2 —n2 —12
+ [l Zoo 10217 1O = 1] et T (17070 + 7 o0 10T L) 11520
2(0_ )82

2
e el A CL AL Rl

+ (100 + 18017 191 7) (10 — 1||22,a+% + Ep o [u])

+ (1003 E3 0[] + | 3

= _ 92(0) 92 (u)
S E@, 00, TV +E@, 030, TV + |57 I 7all 57 174

(employing the L* estimate (5.5)) < &5 + & + &} (5.32)

By (5.30)—(5.32) we have the following lemma.

Lemma 5.4. 35(uv)ij e C(0,T): H-=3) N L2([0, T1; H*=2) and moreover the
following estimate holds:

005 (uv)ij 2
||m||mm

< Eo(Esalul +10 — 1||23_a+%) + E3q[ul + 1|0 — I?

+a3E5+ &5, (5.33)

for|J| <1,J C{1,2,3}, 7€ (0, 7).

Proof. The proof follows by solving for 83 (uy);; in the Eq. (5.8) and summing up the
above estimates (5.30)—(5.32). O

To bound the commutator (5.27) we treat the cases |J| = 2, |J| = 1 separately. For
|J|=1:



952 G. Fournodavlos

” [h 3a3h, )](uv)u

3 ”L2
ra_f_z

d(h)d%(uy); +EF%32(uv)ij +hT30(uy)ij 5

- 2
L
U)l] U)lj v)z]
S ||3h||L0<>||—3||L2 IIhIILooII 17+ IIhIILooII pror 17
r¢¥—2 r¢ 2

(employing (5.33) in the case 92 (uy)ij = 80 Wy)ij)
< &o(Ezqlul +110 - 1||2M%) + E3gat[ul + 0 — 1||:3

+a3E3+ & (5.34)

When |J| = 2 we have

| (R 809, 01w )i 2 E
Fo— 3—— L2

82(h)82(u,,)ij + [r%a(ﬁ) +T3h]0%wn)ij

1 L2
ra—3—§

()3 (uy)ij + Er%a%uv)u +[0(m)s + EF%]B(MU)U )
L2

* | ra—3—%

(note that term 33 (uy); j contains at most two dy derivatives)
3%h 3% (u v)t j
Sl

S =7l

||L4 +[|10R 1172 (E3.alul + 1105 ()i HH| a-3)

+ 1N G oo (E3 vt [u] + Hao )ij 1 310-2)
(employing the L* estimate (5.5) and (5.33))
S @B alul + EoEsolul + Exarilul + &0 =117, s +10 = 1”23,%5

+ a5+ & (5.35)

Summary Incorporating (5.20)—(5.35) in (5.19) we conclude that

8r/7PJ’ad/Lsg+8Mze_l(l —f)a/ip.]’a_{.]dﬂus?
u i

< (52+so+a + &) E3 g[ul + E3 ge1[ul + | O — I

3 Ot+2
+&)10 =11, +’&+& (5.36)
H. ,a+7
Summing over the indices v, i, j and J, | J| < 2, we arrive at the desired estimate (5.16).

Proof of (5.17). Let J, |J| < 3, be a spatial multi-index. Like in the case of (5.19), it
follows from the coarea formula and the asymptotics (3.5), (3.9) that
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0z || T\J\ ”LZ(EM

1/ (OC,J—ch,JﬂdS
d

2 Jysz [V 2063101
31| (OC‘,{J — 14 ))?
~@3= ) [ s derdinsg
02, — 1.4_an(0f ) Lo, - 1)
+/EQ 2at6—317] “S§+§/Eu Wa,dmg
< —4M*ela(l — 1) VRETYT 72 zm
o4, -1, )80(0" 2
+/n9 2ar6—317] d‘“ +Cl agm, 537

where OZ] — 1.7 ; :== 3V (04 — 1.9). By Cauchy’s inequality we have (Q < l%)
.

diss < 5.38
20£+6 31| /LSgN ” atd— 3|J| ||L2 ” (x+%—%|]| ”LZ ( )

/ (06, = I %O ) 05{,—1" 3(0¢ )
b} r

Taking the 9) derivative of the ODE in (5.8) we obtain

a0, — 1.4 )= a”)[rg(o —D+(O0 - Du+ u:| +[d0, 0107 — 1.%)
(5.39)
The commutator in the RHS of (5.39) schematically reads
[ao,a(”](of—lcd)=r%a(05—lcd) if[J] =1
=F38(Of—ch)+F%82(Of—ch) if|J] =2
:Fga(Of—ICd)+F382(0f—ch) if|J] =3
+ r%a3(05’ — 1.9, (5.40)

where we note that at most one dp derivative of Of — 1.4 appears in the preceding
expressions. Hence, we deduce directly from (5.39):

a0, =12 )

5_3 L?
Foet3=31J]

< T30 = Dllsan + 100 = Dl an + +lutl 5.0

[30, 3104 — 1.9) ,

ey 2

(exmploying Lemma 4.5 and applying the L bound on (O — I)u)
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S lo - 1||2 vy * Eranilul+ 10— 192

hard ||14||H3a
an(od—ﬂ) r3a(0§—10d)+1“%32(0g—16d) ,
+ ”;MT”LZ + a3 72
o304 — 1.9 + 138204 — 1Y) +T303(0¢ — 1.9) )
+|| . 5 9 . ”LZ
r¥ti—3
S o - I||i]3m% +E@, 0; 0, T) + E3 g41[u] (5.41)
Combining (5.37)—(5.41) we derive
2
‘L’”M—}”LZ(ZM) +4aM?e (1 — T)||+4—;||Lz(2u)
SO =117, s + Ezanlul + & (5.42)
H>%t2

Taking into account the set of indices ¢, d and J, |J| < 3, we complete the proof of
(5.17) and hence of Proposition 5.3. O

5.4. Contraction mapping in H>%. We proceed to show that the mapping defined via
(5.8) inthe beginning of Sect. 5.3 is a contraction. Let us consider another set of spacetime

functions (i, );;, Of, ﬁ, 0 solving the coupled system analogous to (5.8). Setting

(duy)ij = (up)ij — (iy)ij, dui=1u—1u, do?=0?—0% dO=0-0 (543)

we obtain schematically the new system of equations (depicting only the types of terms
in the RHS suppressing the particular indices)

—ab
R 9,0 (dus);j
=5F%8(du) +5r3du+5r%d0
+ dﬁ[Fgaﬁ + T3t + r%(é —1)+T330]

+ 0T39(df) + (0 + 5)61532(&”» ;i +G(du,do), (5.44)
where
G(dd, d0) =T ydi(@+i +7* + i+ i) + 0ud (d7)
+ 0dudu +dOudu + 09(0)d(du)
+00(d0)dii +d0d(0)di (5.45)
and
d(d0o?) = r3do +(0 — Idu+udO +du (5.46)

Further, we assume that both sets of variables we have introduced are consistent with
the energy estimate (5.9) we have established in the previous subsection:

Ew, 0, T), E@, 0;a,T), i, Ora. T), £Gi, 0;a, T) < 2. (547
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Claim For large enough o« > 0 and T > 0 is sufficiently small the following contraction
holds:

Eyoldul+ ) ||dod||2 < k(Eyaldul + ||d5||22,%%), (5.48)
c,d

for some 0 < k < 1.

Remark 5.5. We are forced to close the contraction mapping argument in H>“, having
one derivative less than the space of the energy estimate (5.47), see Sect. 5.3, as it is
common in 2™-order quasilinear hyperbolic PDE [5], because of the problematic term

(0 + 6)d582(ﬁ‘,) ij in (5.44), which is generated from the difference of the top order
terms in the LHS.

Proposition 5.6. Under the above considerations, the following estimates hold:
3y Ex o[dul + 8M?e ' (1 — 1) Ep o11[dul

1
< (&f + &0 +aP)Eygldul + Ey grildul + ||d0||j{2,a+%

+(50+€§+a350)(E2,a[dﬁ]+||d5||22 3) (5.49)
sty
1 _
Eafindoz’n L HAMZe 1(1—r>ozZ||dO”l||
c,d c,d
S ||d0||2 5+E2a+1[du]+so(Eza[du]+||d0|| vasd) (5.50)

forallt € (0, T).

Assuming Proposition 5.6 we prove the above claim (5.48). After summing (5.49),(5.50),
we absorb into the LHS the critical terms

Eyoldul, |dO|?, 5.
H>""2

which appear in the RHS of the above inequalities. This is done by picking the para-
meter « sufficiently large (but finite). The contraction estimate (5.48) then follows from
Gronwall’s inequality for 7 > 0 suitably small.

Proof of Proposition 5.6. The proof follows exactly the lines of the proof of Proposi-
tion 5.3. The only notable difference lies in the estimation of the analogous term to
(5.29), derived in (5.30)—(5.35). We sketch the argument in the present situation:

Let J denote at most one spatial index, |J| < 1, either 1, 2 or 3. The main term to be
estimated is

d(d
—/ a”)[RHsOf(5.44)] ‘)(“—”)’”d 53
ﬂ r

3 [RHS of (5.44)] >

Bo(duv)u J HLZ’ (551)

(recall Q < i%) S ” +||
r

ro—2
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where (du,);jj = 8(J)(duv),-j. Plugging in (5.44) and using the basic estimates in
Proposition 5.1, along with the assumption (5.47) we obtain

3)[RHS of (5.44)] >
|| ro(—2 || L?

) el el
9 @F%B(du)+OF3du+OF%d0) 5
~ roc—2 L2
V) (dO[T:0i +T3i+T9 (0 — 1) +330])
+ ” 2 2 2
ra—2 L2
3 (0130(d0)) 2 0V[(0 +0)d0d*(itv)ij] 2
s+ |7
3G(du,d0) ,
IITIIU
(recall the asymptotics (4.5))
33 du) ,  d(du) , d(du) , du
S IITlle I g 17+ ||r0[+é 172 +Eo(ll at 72+l g 172)
) (dO) do do
tHl—=—15+ =g g 17, + Eoll— -3 I3,
r“ r*
ado) , 0
+& ||—||L2 II—IILoo(IIMIIszIIO—III ) 5)
+2 r2 2
) a(dO) 3(do) , 8(d0)
+1l e 17, +1 3 17+ Eoll— 1112,
r

0[O+ 0)d08 ()], 9VG(did.dO) ,
+ o 2+ T'LZ

S Eranldul + & Es o[dul + ”do”iﬂw% +50||d0||

dN[(0 +0)d09 ()] 2 a<f G(dii, d0) ,
o I+ I— I3
(5.52)

+EIdOI 3 + |

We proceed to the problematic term (O + 6)d582(ﬂu) ij which can be controlled only
in H':
A [(0 +0)d09 ()] 2
|| ra—2 || L2

( ) N@o)y ,
S 1090 + O 3o 1dO el =g 2, + 10 + 0||Loo||—||L4
( ) d5 032,
N2, 4O + 0||Loo||—||Loo||ra—_2””||iz
(employing the L4 estimate (5.5))
< (E+aEDHdo)? e (5.53)
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Finally, plugging in the nonlinearity (5.45), we have the bound
G du,dO) ,»

|—=—
O (CyduG+a+i + 1 +70) L o) (OFId) s
) ||L2+||ra—_2”L2
3 (Odudu +dOudu + 03(0)d(du)) 2
ro(—2 ”L2

a<1>(_a(d0)au+doa(0)au) ’
|| r(x 2 ||L2

<

+|

dDou 32(0)d(du)

< (E0+E) Enaldi] + (o + DIl =5 72 + | —o5— 172

3(d0)d*u

+(E+EPIAONZ, +II—|IL2+IId0||Loc5o

20t+

_ — 920 d(du) ,
S (6o+€§)(Ez,a[du]+||d0||22a+;)+||—g_1|| =3 —— 1174
H>" 2 r2

a(dO
II( )II 4I|a ||

(by the L* estimate (5. 5))
< (& + 50 + a380)(E2 Jldul+|do|? ) ) (5.54)

6. The Constraint Equations in a Singular Background of Unbounded Mean
Curvature

In this section we prove Theorem 1.2, our main stability result for the constraint equations
(1.5) about the Schwarzschild singular initial data. We use the conformal method to
construct the desired initial data sets for the EVE. The proof is an application of the
inverse function theorem. Although similar results have been achieved in the smooth case
and some rough backgrounds (see [8] for a general exposition), to our knowledge, the
singular Schwarzschild background (Sect. 3) eludes any past references in the literature.

In order to employ the inverse function theorem we derive suitable weighted, elliptic
estimates for the linearized conformal constraint map. We show that it is in general
Fredholm between the weighted H* spaces that we work with and an isomorphism in the
case where the initial hypersurface X is contained in sufficiently small neighbourhood of
its singularity at x = 0. To define the appropriate spaces of our maps and derive coercive
estimates we exploit heavily the features of the background Schwarzschild spacetime,
including a delicate decoupling of the momentum constraint for the divergence free part
of the projected unknown vector field onto the rotationally symmetric spheres of the
Schwarzschild initial data set.

The weighted norms that we use to derive our estimates differ slightly from the ones
we use for the hyperbolic part of the problem Sects. 4.2, 5. This is due to the fact that
different singular terms in the resulting system have different leading orders. We are
forced to take this into account to obtain useful elliptic estimates.
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One of the main aspects of the problem that make it non-standard is the unbound-
edness of the mean curvature trz K of the perturbation. In fact, one can check (Sect. 3)
that

5
trgK & LP (o), p=> 3

The blow up orders of the second fundamental form of ¥ and the mean curvature in
particular happen to be the most singular of the curvature terms in the equations. A very
useful fact that we exploit is that in certain crucial terms they appear with a favourable
sign.

The results in the literature of the constraints using the conformal method are mostly
restricted to the constant mean curvature (CMC) or ‘near CMC’ regime [5]. Recently,
there have been a number of advances to the case of large mean curvature, ‘far from
CMC’,[11,15,22]. However, due to a smallness assumption on one of the variables, these
results can be thought of in a sense as ‘near CMC’ [14,23]. All the more, they contain
certain regularity assumptions which in particular imply that the mean curvature is in L*°
and therefore do not directly apply to our case. Although our theorem generates initial
data sets for the EVE which have unbounded mean curvature, they are also perturbative
in the sense that they are close to the corresponding Schwarzschild induced initial data,
measured in suitable norms.

6.1. The conformal approach; linearization and stability. We wish to construct initial
data sets (g, K) on £g = (—e€, €)y x r2S? for the EVE, i.e., solutions to the con-
straints (1.5), which are close to the Schwarzschild induced initial data and asymptote
to Schwarzschild at a high order towards the singularity » = 0, see Theorem 1.1. Recall
that the Schwarzschild induced metric on X and its second fundamental form are given
by

32M3 .
5% = Q%dx® +rlge, Q% = e, 12~ 8M*x?
r
1 Q Q
S N S
Kii=—-————+lo.t., K»n=Ky3=—"o, 6.1
U= amy 2 BT amr ©.1
where
b= i By =g 6.2)
=™ 2757% 37 Sine™ '

All derivations below involving spatial indices are carried out using the Schwarzschild
frame (6.2). We will look for solutions of (1.5) of the form

_ _ _ 1 g5
g:g04sg Kt] =@ 2(O'l‘j+LWl‘j)+§¢4SgijtrS§SK, (63)
where
_ _ 2 ek
LW;j == SV,-Wj+SVjWi—§SgijSV Wi (6.4)
In this set-up we have the freedom to choose the symmetric, traceless and transverse

(TT) 2-tensor o. Then the constraint equations reduce to an elliptic system of equations
([5]) for the conformal factor ¢ and the vector field W:
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i 2 —

SV]LW,']' — —¢>6SV,-(trs§SK) =0
| | 3 X (6.5)
§— ST 2,7 SN2 45
— D¢+ 2 RY — Zlo + LW + S (irsg  K)'¢” = 0

We prefer to analyse the top order term in the first equation of (6.5) after commuting
derivatives

—i — 1o — —
SV LWi; = CAW); + gsv,-(sv"wk) + SRic;’ w; (6.6)

It is easy to see that the Schwarzschild induced initial data on ¥ can be parametrized
in this fashion by choosing

Sp=1, 0 =0, SW=gradsgf(x), f(x)~ J% 6.7)

where f is a spherically symmetric function on X solving the ODE!?

4.5 8 Q . 3 @ 1 Q2

of+-—x-0{f+= + = =0,
Yy R R S Ty Ve R kT y e

3

0 ~/Ix|dx.  (6.8)

Settingo =0,Y =W — Sw, n = ¢ — 1, the linearization of the system (6.5) about
Y =0, n = 0 with inhomogeneous terms Z, h reads

— | — — _
AY) + gsvl(sv Yo + SR Y1 — 4GVt Kn = Z4
— ] o o— _
CAY); + §Sv,-(5vkyk) SR, Y =7, i=2,3
SN 1S_ 7 S 2 5 S 2 IS ijs=
—Bn+ SRy + G SLW P+ S (tesg K)n — S LWSV v = (6.9)

Recall (3.11) to compute the leading asymptotics, as x — 0, of the (singular Schwarz-
schild) coefficients of (6.9):

SRy = b +0(1) SRy = SRy3 = 1 + 0(1) OV, trs-SK) ~ <
4Mr ’ r2 r’’ 8 r2

— 2 1 9 Q2 M .

N S 2 2 —

R = — + 0 ), trs— K = -, = 2M

r2 (r) ( e ) 4 16M2r2 r ¢
Q 1 Q

r?~8M%x?,  SLWy = - . SLWy =SLWs =~ .

4Mr 24Mr
(6.10)
Remark 6.1. Observe that the most singular coefficients in (6.9) are of order r—> and

they correspond to the zeroth order terms of the third equation. Fortunately they come
with a good sign. This fact plays a crucial role in the analysis below.

19 The first equation in (6.5) for i = 1 reduces to (6.8) in spherical symmetry, whereas the i = 2, 3 parts of
the vector equation for W are automatically satisfied.
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We exploit the fact that the Schwarzschild background is spherically symmetric and split
the variables ¢, n, Wy, Y1, Z1 into

o=d¢o+d1 Wi =W+ Wi
n=no+tn Y=Y+
h=ho+hy Z1=Zio+Z11, (6.11)

where ¢g, 1o, W10, Y10, Z10 are the spherically symmetric parts of the corresponding
functions.

Let WT, YT, ZT denote the projections of the vector fields W, ¥, Z onto the rota-
tionally symmetric spheres #2S%. There is a difficulty in obtaining coercive estimates
for the part of these vector fields lying in the first eigenspace of the vector Laplacian
on the spheres. The former space corresponds to the spherical conformal Killing vector
fields. It turns out that the “genuinely” conformal Killing fields (which are not Killing)
do not obstruct our analysis, by taking advantage of the divergence term in the second
equation of (6.9). However, we must exclude the projections of WT,YT,ZT on the
Killing vector fields of the round spheres r>S?, r > 0. We achieve that by imposing first
that W', Y T are orthogonal to the space of the spherical Killing vector fields:

whyTekt, K={(XeT(?’$?),r>0:Y;X;+V,;X; =0}, (6.12)

where ¥ denotes the covariant differentiation on r2S?. The next lemma is the useful
observation that the orthogonality assumption (6.12) holds automatically for ZT as
well.

Lemma 6.2. f W', Y" € Kt, then ZT € K. In other words the orthogonality con-
dition (6.12) is preserved by the linearized operator corresponding to (6.9) and in fact
by the actual non-linear conformal map (6.5) as well.

Proof. Notice that the i = 2, 3 part of the vector equation in (6.5),
i _ lo—r o— —
0="5V/Lw;,; = CAW), + gsvi(svkwk) + SRy W,

is equivalent to the second equation in (6.9) by just setting ¥ T = W . Hence, the last
assertion follows once we show Z T € K1,

Let X be a Killing vector field of S? and A(x) a test function, compactly supported in
(—€,0) U (0, €). We then have

S 1
/ Sg(AW)X, ZT)dpsg = / A(x) g (X, SAY + VYY) + =Y T)dusg
>0 o 3 r

— 1 «— .
(IBP and using (6.12)) = / A(x)Sg(X,SAY)—g(SVkYk)W’Xid,usg

%o

(X is divergence free) = / A(x)Sg(X, SZY)dusg
o
A =5V +5(AN5V 1 + A)
= / A@)SEX VLY +5(AN 15V Y ) d sy
o

v [ A AN Vdusy
o
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(AX +LX =0) = [ A@ROST0y + 55T ¥ diasy
P}

€
(IBP) / (function of x) / S3(X, Y)dugdx
SZ

—€

=0

Since A(x) is arbitrary, it follows that ZT L X for all X € T(r®S?), X € K, for any
sphere 7>S%. Thus ZT e K+. O

We make use of (6.12) below by employing the following lemma.

Lemma 6.3. Let X be a vector field on r*S? satisfying the orthogonality assumption
(6.12). Then

2 Loiy 4 |X|?
- |Y7X| + §|Y7 Xi| d,u,zgz > § 2 r—zd,u,zgz. (6.13)
r r
Proof. The inequality
X2
/ IV X|2du, 2 > / | 2' du, s (6.14)
1282 282 T

is standard and valid for all spherical vector fields. Moreover, equality in (6.14) is
achieved if and only if X lies in the first eigenspace of the vector sphere Laplacian,
i.e., if X is a conformal Killing vector field. For the part of X orthogonal to the space
of conformal Killing vector fields, denoted by X |, we deduce using vector spherical
harmonics that

1Xo1
/282 |Y7X>1|2d,ur252 > (A — 1)/282 :2 dp, s (6.15)
r r

where Ly = 6 is the second eigenvalue of —Age. If now X is conformal Killing, but not
Killing, X € K, then we have

; | X|?
/ZSZ |Y7[Xi|2d/1«r2§2 = /282 ——dueg (6.16)
r r

r

Combining thus all above cases we derive (6.13). 0O

We proceed now to define the weighted H® spaces we are going to work with:

H ro& > —(Svij)”)zd +
o VE ~ s, x| 2e—lil+1 Msg < +00
) k) 2
, VY )
s, K ) -
Hpi : veH & ; Elkl /ZO —|x|2a—2(|j|+|k|—1)d“5g < +00
Jl+k|<s
U)o k) \2
Vv )
s, ., B I _
HZ*: veH & ’ E|k| /Zo |x|2a73(|j|+|k|fl>dusé’ <+o0o,  (6.17)
JlI+k|<s

where v is either a scalar or a vector field.
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Remark 6.4. The precise ordering of the above derivatives does not matter since the

Schwarzschild connection coefficients S(Au)jk = 0(|x|’%), 1 € {ujk}, see (3.11).
Also, note that we can use either covariant or non-covariant differentiation since
S(Au)jk = 0(|x|_1) for all indices, S(Al)jk = 0, and thus the extra terms arising
from the various 5 (A w) jk’s can be incorporated in the norms.

Define the operator

W(Wio—SWio, Wi, W, —1,0): HfoxH“ x ( VflﬂICJ‘) x H:Y x B,
o e (O
W = (LHS of the system (6.5)),

(6.18)

where 3, can be any of the above spaces of sufficiently high regularity with similar
weights.?0

Lemma 6.5. ¥ is well-defined, bounded and C L (Frécher).

Proof. We realize W is well-defined by matching the singular orders of the coefficients
(6.5) with the analogies in the weights of the norms (6.17) and by recalling Lemma 6.2.

Express W as differences of the variables ¢ — 1, W — SW. The boundedness of ¥
then follows by applying Sobolev embedding to the arising non-linear terms, see (5.4),
and by controlling the linear terms, which can be read from the linearized system (6.9),
in the weighted H® norms (6.17) that where carefully defined to for this exact purpose.
The same argument actually implies that ¥ is C!. O

By definition we have

DYy —swro i wT -1 @10, Y11, YT ) = DW (Y10, Y11, Y T 1)
1 4,
HvtOXHtl X( vflm,C )XHsca
— Hvzf% U« HVZf’_Oi 2y (Hz"" 2 ﬂICl) x H%973,
= (LHS of (6.9)) (6.19)

Proposition 6.6. The bounded operator

H 1 4, 1
DV : [ Hy x Hy x (HyG N K )XHsca}mHo

N Hff’_‘;—l x Hffv_‘;“2 x (HV?‘;‘ Kty x HEe (6.20)

is Fredholm, i.e., it has finite dim kernel and cokernel, for any o sufficiently large,
consistent with Theorem 4.8. In the case that ¥ is contained in a sufficiently small
neighbourhood of x = 0, DV is in fact an isomorphism.

We postpone the proof Proposition 6.6 for Sect. 6.2 and proceed to formulate our stability
result for the constraints.

20 Owing to Sect. 4,0 € H3¢ would be fine.
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Theorem 6.7. Let o be sufficiently large, given by Theorem 4.8. Also, let Lo =
(—€, €)x x r2S? be an initial singular hypersurface for € sufficiently small such that the
second part of Proposition 6.6 is valid. Then for any o € H>® with sufficiently small
norm, there exists a solution to the conformal constraint equations (6.5) in the spaces
(Wio=SWio, Wi, W, ¢p—1) € Hfo x Hf, x (Hv‘}‘} NKL) x HE:
W—SW,p—1¢€H] (6.21)

In particular, the pairs (g, K) given by (6.3) verify the constraints (1.5) and the assump-
tions of Theorem 4.8.

Proof. The main assertion regarding the solution to the conformal constraint equations
follows from the inverse function theorem, since DW (6.20) is an isomorphism, the level
set W1 ({0}) is the set of solutions to (6.5) and W(0) = 0. Although the domain of W
is slightly different from the space of initial data sets in Theorem 4.8, picking « larger
than required, we can ensure that the pairs (g, K) we construct in this section, given by
(6.3), satisfy the initial conditions in Theorem 4.8. O

6.2. Proof of Proposition 6.6. We derive elliptic estimates for DW in the spaces (6.17)
defined earlier. The system

DY (n,Y)=(h, Z). (6.22)
is by definition (6.9). Recall briefly the notation (6.11), Y T, Z7, and let
?:Y1131+Y—r Z=21]81+ZT (6.23)

Then it is easy to see that (6.22) reduces to two systems, one for Y , N1, 7 , hy: [which
we write by replacing the singular coefficients (6.10) with their leading orders, recall
r? ~ 8M*x?]

—_~ 1 S —k ~ 1 - 1
N S S
AN+ =5ViV' ) — —— 11 +
( )1 3 1( ) ot ||2)771
—~ 1 —k ~ 1 - -
(SAY)i + §W(Skak) + _r2 Yi = Zi, i = 2’ 3

— b .
—SAn+ = DSV =hi, b>0 (624

x| |x|2

and one for the spherically symmetric parts of the variables, 1o, Y10, ho, Z10:

1 1 1
3FY10+ O(—)d1 Y10 — —— Y10+ O(—5)no = Z1o
! x| 4Mr IXI2

b
—31770+0( 7)01m0 + —=10 + O( 3)31Y10+0( 5)Y10 = ho, b >0,
x| |x] Ix|? |x |
(6.25)
where O (|x|*) denotes a smooth function, x # 0, satisfying 81(j)0(|x|“) = O(|x|“’%)
Recall that 91 ~ /|x|0y.
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The potential terms iz f’,-, i = 2,31in(6.24) are troublesome, because they come with
abad sign and it is precisely the reason we need (6.12) and Lemma (6.3) to handle them.

Note that the zeroth order term — ﬁ Y10 in the first equation of (6.25) has a favourable
sign, but it is one order weaker than the favourable term coming from the sphere Lapla-
cian in the equations, see also (6.29) below. This fact forces us to treat the spherically
symmetric part of ¥ separately.

Proposition 6.8 (A priori elliptic estimate I). Assume h; € H:*3, 7 € Hf}g‘}‘_z, ZT e

K+, and TRS HS“C*“ N Hol, Y € H:}T_‘}‘ N Hol, YT et solving (6.24). Then the following
estimate holds:
2 12 < 2 5112
00+ 17 S WA s + 120 2

+ il s + 1713, (6.26)

If in addition x € (—e,€), € > 0 sufficiently small (how small depending on the
coefficients of the system (6.24) and o), then (6.26) can be improved to

2 ) 2 5012
+[|Y < |\h L+ |Z B 6.27
IImIIH?C,a Il IIH?f,g S 1”HA_26,01 3+ ”ijf; 2 (6.27)

Proof. We will employ the inequality for ¥ T given by Lemma 6.3:

T2 iyT)2 T2
and the standard one for )71
/ |Y7171|2d'u57 . 2/ idus>0/ idus— (6.29)
5, 1% § =7 Jg, r2xl £=" g, Ix Pt g
which is immediate by definition (6.11), (6.23). Multiplying (6.24) with é%, :Tla

respectively, subtracting the first two equations from the last, integrating on Xy and
integrating by parts we arrive at the inequality

SV 1SYTR 1 SY' R 1 7? e
- — +— ! + L_dus,
5, x| e |x|2®  3e |x|% g 4Mr|x|2®  |x|2e¥3 78
(01 ~ /Ix]x)

3 1 |YSVyY| 1 il 1 YR
- colmdml 1. | 11|+ lmYi 1YV
% |2a+7 e |x|2a+2 P r2|x|2‘1

1
|x|20l+§ £ |X

mSV;Y hm 1 Z;Y

S dus~
I ECE A E e Y
2 .V v 2
</ L@m)?  oom  PVYPC o, Y €
- 202 |x|2°‘ |x|2a+1 |x|2°‘ g2 |x|2¢x+l g2 |x|2°‘+2
=5 ) o~
yeooor TR o1 SV Y2
|x|2°‘+2 e r2|x|2°‘ 2 |x|2°‘+3 |x|2°‘
2 2 V(2 712
m hy Y| C 1Z

N (6.30)

- + + +— 53
413 T a3 T gpar2 T g2 a2 HE
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Now the desired estimate at the level of H'! (i.e., the parts of the relevant norms that
depend on up to one derivative of 1, Y) follows by comparing the powers in the denom-
inators on both sides, taking ¢ > 0 sufficiently small utilizing the inequalities (6.28),
(6.29). If |x| < 1, then it is easy to see that all weighted 71, Y terms can be absorbed in
the LHS. The full H*¢ estimate is obtained by using (6.24), differentiating the system in

the spatial directions and applying a similar procedure We only derive the second order

estimate: Multiply the system (6.24) with - |x|vZ%12Y2’ ‘xvlzzazn%’ integrate over X, subtract

the first two equations from the third one and integrate by parts twice to deduce

- s — =
0 |x|2a—3 e P |x|2a—2 84Mr|x|20‘_2 |x|2"‘ 8

e (o — 3 e (o — ~ — ~ —
/ BVSVom 2 1S ISVSVLYE 1 SVan? SV ?
>

</ Ca RYZUIRZYH |SES§771S$2711|+C 1SV VSV, Y|
= 5 |2a 3+2 |x|2a—3 e

|2D{ 2+2

|x |x

1SRISVPSVLP| 11 YV )5V T

— + —_——

e |x|2a72 e3 |x|2a72
1USVI(Y*Y05VnY € niSVnl)| +C|S?,Y,-S%2m|
e3  |xPe? e P x[243

hiSVpm 1 Z;SVpY!

o |x|2“—3 +E |x|2°‘—2 d'U“Sg

(|5Ric| ~ r~2)

</ LEVamP | s PVamP | PV 1 SV P

- 202 |x|2a73 |x|2a72 |x|2a71 e |x|2a72
C LIVaYP? CISVY? 1 SVuY)? 1 |VSVYP?
e |x|2°‘—1 e |x|2°‘ 4e |x|2¢x—2 O¢ |x|2¢x—2

1 SVulP 1SV 1 FVnPP?
de |x|2a—2 O¢ |x|2a—2 |x|2a+2 20¢ |x|2°‘_2
LV VPP k1 PV Y
|x|2a 2 |x|2a73 |x|2a73 20¢ |x|2a72
c 1zZp
PP (6.31)

We obtain a bound for the weighted norms of the second derivatives of the vari-
ables, including only one 0; derivative, by adding to (6.31) its analogue for the terms
SVSVanr, S VSV3 Y;, absorbing the second order terms of the RHS in the LHS and by
applying the H'! estimate we derived above to the lower order terms. Finally, in order to
bound the corresponding norms of SV 17,-, SV n1 as well, we use directly the system
(6.24) to move the derivatives we have already controlled to the RHS. Then we first take

the || W |l 2 norm of the first two equations in (6.24):
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3 g o 25 = oo —
S I Y Y
— x|t x|t x|t x|
=
Y n Z
+ |l ——ll2+l—= 2 + l|l——ll;2 6.32
l o] lz2 + 1l o] 22 + 1 |x|a_l||L (6.32)
and the || —— || ;2 norm of the third equation of (6.24) to infer that
[x|“72
_ ) _ _
SV Yom SViYm SV
32 = |l T2+ Tl + Il ll2
x|* 72 jx|* 72 |x|*72 x|
=
n iYi 1
+| Tl +l— e+ l—=l.2 (6.33)
Jx|*+2 x| |2
O

For the spherically symmetric parts of n, Y (6.11) we prove the following:

Proposition 6.9 (A priori elliptic estimate II). Let hg € ch’“_3 ,Z10 € Hé’_g_l and

no € H?C'“ N H&, Y0 € H‘Lg N Hol, all x variable functions solving (6.25). Then for o

sufficiently large the following estimate holds:

2 2 < 2 2 2 2
10l yae + Y100 00 S ”hO”HvZE,a—S + ”ZIOHH‘{Zf{z—l +lnollz2 + 1Y10ll7.  (6.34)

vf-0

If in addition x € (—e€, €), € > 0 sufficiently small, how small depending on the coeffi-

cients of the system (6.9) and «, then in fact

2 (6.35)

holl? 2us + |1 Z _
|| 0||H52(.a 3 || 10||sz/,_¢(>; 1

2 Y. 2
<
”no“Hi,a ” IOHH\A}f-((); ~

Yo integrate over X and integrate

Proof. We multiply the first equation above with 5
72
by parts: [note that the boundary terms are either zero or have a good sign]

91Y10)% Y1001Y 91Y
(91Y10) [Y1001 10|+C|7701 10l

91Y10)?
/a#dusgf/ Co 4 C : :
o |)C| o o |)C| o |x|201+§ |x|2a+§
+21031Y10 -
N
- Yo, o@V0? 1 g
= 2a+1 2a A 1y 2043
IR | x| 4 |x|
Z2
- (6.36)
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On the other hand, multiplying the second equation in (6.25) with #, integrating over

Y and integrating by parts we have

(@1m)? m
&> 0) < |x| 2 |x|2e+3 Ksg
(109170l [17091 Y10l noYio . moho
5/ Co— T +C—— 2ar2 T T o dHsg
% |x2et2 x |2+ |x| |x]
- / T@m)? o M 1w (1Y10)
- 202 |x|2°‘ |x|2a+l 2|x|2a+3 |x|2°‘
Y hg
+C|x|2°‘+1 +C|x|2a—3d‘“§ (6.37)
Adding (6.32), (6.33) we employ Hardy’s inequality
€ y?2 1 [€ (8,Y10)? 1
10 kY10
———dx < — ———dx, Oy ~ ——01. 6.38
/,e et = g2 | et R (©39)

and take advantage of the largeness of « to absorb most terms in the LHS and obtain a
weighted H! estimate for Y1, 9. The higher order norms are controlled in turn using the
system (6.25) and differentiating in d;. If in addition |x| < 1, we deduce the improved
estimate (6.35) by absorbing in the LHS all the ng, Y10 terms appearing in the final
inequalities. O

The Propositions 6.8, 6.9 combined imply that DW (6.20) is semi-Fredholm, i.e., it
has finite dimensional kernel and closed range. Since similar type of estimates can also
be derived for the adjoint operator, it follows that the linearized map is Fredholm. In the
case where |x| < 1, we proved that the estimates can be improved to yield that DW is
an isomorphism. This completes the proof of Proposition 6.6.
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Appendix A. Changing Frames Freedom; Propagating Identities; Retrieving the
EVE from the Reduced Equations

Given a spacetime (M!*3, ¢) and an orthonormal frame {e,-}g, one may change to a
Lorenz gauge frame {éi}g by solving the following semilinear system of equations,

which is derived by taking the divergence of (2.9):
001y = (divA)," 0+ A90 + 400 + OF (divA),!
(by (2.15) for A) = A’0+A00 + Ad0 + OdivA
(from (2.8)) = 0°A’+0%00)*+A0%* 0 +A0%0
+0(30)> + Ad0 + OdivA,

where the terms without indices in the RHS stand for an algebraic expression of a finite
number terms of the depicted type.
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Lemma A.1. If the above system (which we write schematically as)
[0,(0F) = 0°A% + 0°(00)* + A0*30 + AO*H0
+0(00)%+A00 + OdivA. (A.1)
is well-posed in a certain solution space, then there exists a unique orthonormal frame
& = Oley (A2)

with Oib lying in that particular space, which is identical to {e; }8 on the initial hyper-
surface X, verifies the Lorenz gauge condition (2.15) and such that the connection
coefficients (Ao)ij = g(Vzei,ej), i < j, are equal to a priori assigned functions on
X, within the corresponding space of one order of regularity less than Oib .

Proof. 1t suffices to show that the initial data for (A.1) is uniquely determined by the
assertions. We set

Ob(x=0):=1" (i.e., & = e; on o). (A.3)
Let
& (0")(t = 0) = ep(OP)(x = 0) =: h?, hYmp; = —h"mp;. (A4)
Then the transition formula (2.8) for X = ¢q reads
(A)ij(t = 0) = (A)ij(r = 0) + h)my;. (A.5)

Thus, the components (Ag)i ;j can be freely prescribed initially by choosing h{’ in (A.4)
accordingly. 0O

A.l. Proof of proposition 2.1. We will leave the reader to fill in the details for the fact
that the solution (A,);;, Olfl of (2.16), (2.19) corresponds to a spacetime (./\/l1+3, ).
This is a consequence of the necessary initial assumption (2.20). One such immediate
consequence follows from (2.19) fori = O:

3(0§) = —Of Ty, 04(t =0) — I)" =0, (A.6)

which implies O§ = Ip* and hence ey = 9y everywhere, since FE‘OO] = 0. The set of

functions Of defines the orthonormal frame {e;}3 in M!*3 through (2.18) and hence
completely determines the metric g. What remains to be verified is that the connection
coefficients of {ei}g are indeed the (A,);;’s of the given solution. In other words, we
have to show that the connection D induced by the solution set (A));;,

De,ei = (Ay)i*er, (A.7)

is the Levi—Civita connection V of the metric g. Formally, one cannot take this for
granted. It has to be retrieved from the equations (2.16), (2.19) and the initial assumption
(2.20). For example, the compatibility of D with respect to g is encoded in the skew-
symmetry of the (A,);;’s

D(g) =0, iff (Ay)ij +(Ay)ji =0, (A.8)
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which also has to be verified, since it is a priori valid only initially (2.20). The way to do
this is by deriving the following new system of equations from (2.16) for the symmetric
sums:

D((A)ij + (A0 1) = A1) e (A1 + (A i) + e (Ao [(An)ij + (A i])
+e, (A[(A)ij + (A)ji]) + eu((AM)uk[(Ak)ij +(Apij]). (A9)

where we have assumed that the sum (A2); j +(A?) ji corresponding to the term AZ in the
gauge condition (2.15) can be expressed as A[(A),-j + (A)ji]. Since (A.9) has zero initial
data (2.20), the symmetric sums are zero everywhere and hence the skew-symmetry
(A.8) propagates.”!

Proof of proposition 2.1; EVE and Lorenz gauge. Recall (2.17) and the reduced equa-
tions H,;; = 0. By assumption (A,);; is a solution of (2.16), i.e., the RHS of (2.17)
vanishes. Taking the divergence of (2.17) with respect to the index v, the first part of the
LHS of (2.17), corresponding to the curl of the Ricci tensor, vanishes and we are left
with

O, (divA— A%),,

= (AY);, (divA — Az)cj +(AY) ey (diva — A?) (A.10)

ic’
The Lorenz gauge condition is valid initially (2.21). If the e derivative of (divA — Az)i/.
is zero as well on X, then the Lorenz gauge is valid in all of M3 =% x [0, T].22
This is in fact implied by (2.17), putting v = 0 we have

eo(divA — Az)l.j = V,;Rpi — ViRg; =0 on (A.11)
by virtue of the vanishing of R;; (t = 0) (2.21) and the (twice contracted) second Bianchi
identity, V'R, = %R, to replace if necessary a transversal derivative with tangential
ones to Xg. .
On the other hand, taking the V' divergence of (2.17) and commuting derivatives we
obtain

. 1 . .
OgRyj = V'VjRui = SV, ViR + R'; Rei +R';% Ry
=R} R +R;Rye, (A.12)
where we employed again the twice contracted second Bianchi identity and the fact that

the scalar curvature R vanishes everywhere: [contracting {vj} in (2.17)]

1 1
0=V,R— EViR = Ev,»R, R|20 =0. (A.13)

Now that we know the Lorenz gauge is valid, the identities (2.21) and (2.17) i = 0 imply
Rvj = O, V()Rvj = V./Rvo, on Eo. (A.l4)

21 This follows by a basic a priori energy estimate for linear systems like (A.9), which in the singular
Schwarzschild background is derived in Sect. 5.3 for the more involved quasilinear system (4.3).
22 Note however that the term ) (diVA — Az)i . is of second order in A and hence not at the level of initial data

for (2.16), which we are allowed to prescribe. If zero initially, this should be a consequence of the geometric
nature of the equations.
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Utilizing the second Binachi identity VR, = %R = 0 once more, we conclude that

VoR,; vanishes and hence the initial data set of (A.12) is the trivial one. Thus, the initial
condition R, (r = 0) = 0 (2.21) propagates and the spacetime (M3, g) obtained
from the solution of (2.16) verifies the EVE (1.1). O

Remark A.2. Given the frame {¢; }(3) initially on ¥, and once the components (Ag);;(t =
0) have been chosen,? then the initial data set of (2.13) is fixed by condition (2.21),
ie., the EVE and Lorenz gauge on Xy. Indeed, the components (A,);j(t = 0),
v, i, j = 1,2, 3, are determined uniquely by the orthonormal frame {ei}? on (X9, 2).
The (A;)o;(t = 0)’s correspond to the components of second fundamental form K;; of
¥, which is given by the solution to the constraints (1.5), included in (2.21). Moreover,
the expression of (2.21) in terms of A, for v, i = 1, 2, 3, reads (schematically)

eo(Ay)oi = ey(A) + A?

3
eo(A0)ij = D eu(A,)ij + A on . (A.15)
n=1

Hence, the LHS functions are expressed in terms of already determined components.
Finally, the rest components eg(A,);; (t = 0),v,i, j = 1,2, 3, are fixed by the algebraic
property of the Riemann tensor

Rovij = Rjjov
eo(Ay)ij —ev(Ap)ij — ([Au, AvDij — (A[u)v]k(Ak)ij =
ei(Aj)oy — ej(ADov — ([Ai, AjDov — (A) ) (Ao)ow
or
e0(Ay)ij = ey(Ag)ij +ei(Aj)oj — ej(Aoy + A%, on o, (A.16)

since all the terms in the RHS have been accounted for. Notice that the definition of
Riemann curvature was implicitly used in deriving (A.12) upon commuting covariant
derivatives.
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