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AN EXTENSION OF THE STABILITY THEOREM
OF THE MINKOWSKI SPACE
IN GENERAL RELATIVITY

LypiAa BIERI

Abstract

In this paper, we sketch the proof of the extension of the stabil-
ity theorem of the Minkowski space in General Relativity done
explicitly in [6] and [7]. We discuss solutions of the Einstein
vacuum (EV) equations (obtained in the author’s Ph.D. thesis
([6]) in 2007). We solve the Cauchy problem for more general,
asymptotically flat initial data than in the pioneering work of D.
Christodoulou and S. Klainerman [21] or than in any other work.
Moreover, we describe precisely the asymptotic behavior. Our re-
laxed assumptions on the initial data yield a spacetime curvature
which is not bounded in L*>°(M). As a major result, we encounter
in our work borderline cases, which we discuss in this paper as
well. The fact that certain of our estimates are borderline in view
of decay indicates that the conditions in our main theorem are
sharp in so far as the assumptions on the decay at infinity on the
initial data are concerned. Thus, the borderline cases are a con-
sequence of our relaxed assumptions on the data, [6, 7]. They are
not present in the other works, as all of them place stronger as-
sumptions on their data. We work with an invariant formulation
of the EV equations. Our main proof is based on a bootstrap argu-
ment. To close the argument, we have to show that the spacetime
curvature and the corresponding geometrical quantities have the
required decay. In order to do so, the Einstein equations are de-
composed with respect to specific foliations of the spacetime. This
result generalizes the work of D. Christodoulou and S. Klainerman
[21].

1. Introduction and Main Results

The laws of General Relativity (GR) are the Einstein equations link-
ing the curvature of the spacetime to its matter content.
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(rationalized units 47G = 1), where, for p,v = 0,1, 2,3, G, is called the
Einstein tensor, R, is the Ricci curvature tensor, R the scalar curva-
ture tensor, g the metric tensor and 7}, denotes the energy-momentum
tensor.

This paper discusses the main results and steps of the proof of [6]
and [7], dealing with the global, nonlinear stability of solutions of the
Einstein vacuum equations in General Relativity. The case of (1) where
T,, = 0 are the Einstein vacuum (EV) equations. These read as follows:

(2) R, = 0.

Solutions of the EV equations are spacetimes (M, g), where M is a four-
dimensional, oriented, differentiable manifold and ¢ is a Lorentzian met-
ric obeying the EV equations. We study these equations for asymptoti-
cally flat systems. These are solutions where M looks like flat Minkowski
space with diagonal metric n = (—1,4+1,+1,+1) outside of spatially
compact regions. Many physical cases require studying the Einstein
equations in vacuum. Isolated gravitating systems such as binary stars,
clusters of stars, galaxies, etc., can be described in GR by asymptot-
ically flat solutions of these equations, for they can be thought of as
having an asymptotically flat region outside the support of the matter.

In view of the EV equations (2), what the sharp criteria are for non-
trivial asymptotically flat initial data sets to yield a maximal develop-
ment that is complete is an open problem. We generalize the results
of D. Christodoulou and S. Klainerman [21]: Every strongly asymptot-
ically flat, maximal, initial data which is globally close to the trivial
data gives rise to a solution which is a complete spacetime tending to
the Minkowski spacetime at infinity along any geodesic.’

We solve the Cauchy problem with more general, asymptotically flat
initial data. In particular, we have one less power of r decay at spatial
infinity and one less derivative than in [21]. We prove that also in this
case, the initial data, under appropriate smallness conditions, yields
a solution which is a complete spacetime, tending to the Minkowksi
spacetime at infinity along any geodesic. In accordance with the initial
data, the asymptotic flatness is correspondingly weaker. Contrary to
the situation in [21], certain estimates in our proof are borderline in
view of decay, indicating that the conditions in our main theorem on
the decay at infinity on the initial data are sharp.

Our main results are stated in Theorems 1 and 3.

We construct global solutions (M, g) of the EV equations (2) for ini-
tial data specified in definition 2 below. We use two foliations given
by a maximal time function ¢ and an optical function wu, respectively.
The time function ¢ foliates our four-dimensional spacetime into three-
dimensional spacelike hypersurfaces H;, being complete Riemannian
manifolds. Whereas the optical function u induces a foliation of (M, g)
into null hypersurfaces C,, which we shall refer to as null cones. The
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intersections H; N C,, = Sy, are two-dimensional compact Riemannian
manifolds.

Definition 1. An initial data set is a triplet (H,g,k) with (H,g)
being a three-dimensional complete Riemannian manifold and k& a two-
covariant symmetric tensorfield on H, satisfying the constraint equa-
tions

Vi k?ij - Vj trk = 0,
R— |k* +@rk)?> = o

The constraint equations constrain the initial data. We recall that a
development of an initial data set is an EV spacetime (M, g) together
with an imbedding i : H — M such that g and k are the induced first
and second fundamental forms of H in M. The barred quantities denote
the metric and curvatures on H.

We work with a maximal time function ¢. That is, the level sets H; of
the time function ¢ are required to be maximal spacelike hypersurfaces.
Thus, they fulfill the equation trk = 0. (See below.) Also, the lapse
function ® is introduced after the definition of a time function (definition
13). For a time function ¢ (that is, dt - X > 0 for all future-directed
timelike vectors X at all points p € M) the corresponding lapse function
® is given by & = (—g" 8ut8,,t)_%. From the structure equations with
respect to the t-foliation, using the EV equations (2), we derive the
constraint equations, the evolution equations, and the lapse equation
below. The structure equations, consisting of the variation, Codazzi,
and the trace of the Gauss equations, relate the spacetime curvature
R.p+s to the Ricci curvature R,-j of H;, the second fundamental form k,
and the lapse function ®. Note that in the three-dimensional leaf Hy,
its Ricci curvature Rij completely determines the induced Riemannian
curvature tensor R,-jkl as follows (R is the scalar curvature g Rij):
1 L _
5 (Gik gj1 — Yjk git) R.
At this point, let us give the following formulas for the frame field
(eg,e1,e2,e3) for M, where eg = %T denotes the future-directed unit
normal to the Hy and (eg, ez, e3) is an orthonormal frame tangent to the
leaves of the foliation:

(3) Rij;i = gik Ry + gju R, — gu Rjr —

(4) D,-eo = kij ej,

(5) Diej = Vie; + kij e,

(6) Doeg = (®7'Vi®) e,

(7) Doe; = Doei + (<I>_1VZ-<I>) €0,

Dye; denoting the projection of Dge; to the tangent space of the folia-
tion. Note that in a so-called Fermi propagated frame, it is Dge; = 0.
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Here, note that goo = —1, goi = 0, and g;; = gij = g(e;,e;) for
ij=1,2 3.

With respect to the foliation of the spacetime by a maximal time
function ¢, the constraint equations take the following form:

(8) trk = 0,
9) V'ki; = 0,
(10) R = k2
The evolution equations for a maximal foliation are
9Gi;
11 =1 = 20k
( ) 8t 7
81432']' = m
(12) 5 = ViV;® — (Rij — 2kimk]") ®.
Moreover, the lapse equation reads
(13) AD = |k* @

In our work, we consider asymptotically flat initial data of the fol-
lowing form:

Definition 2 (AFB). We define an asymptotically flat initial data set
to be an AFB initial data set, if it is an asymptotically flat initial data

set (Ho, g, k), where g and k are sufficiently smooth and for which there

exists a coordinate system (z',z2,23) in a neighbourhood of infinity

such that with r = (Zf’:l(xl)z)% — 00, it is
(14) gij = 0ij + o3 (7‘_%)7
(15) ky = oy (r73).

The initial data (Hy, g, k) has to satisfy the global smallness assump-
tion below. We introduce Q(a, z(g)) for the terms that have to be con-
trolled by a small positive €. At a later point in the proof, € has to be
taken suitably small, depending on other quantities.

Qasz) = a ' ( /H ([EP + (@ +dd) | VK]
0
+ (@®+d§)? | V2K ) dug
+/ ((a2+d(2)) |Rz’c|2
Hy

(16) + (a®*+dj)* | VRic | ) dug ),

where a is a positive scale factor and dgy denotes the distance function
from an arbitrarily chosen origin z ).

Let infy ) o @(z(0),a) denote the infimum over all choices of origin
7(g) and all a of the quantity defined by (16).
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We consider asymptotically flat initial data sets for which the metric
g is complete and there exists a small positive € such that
(17) inf Q(x@),a) < e

50(0)7(1

One version of our main theorem is the following:

Theorem 1. Any asymptotically flat, maximal initial data set, with
complete metric g, satisfying inequality (17), where the € has to be taken
sufficiently small, leads to a unique, globally hyperbolic, smooth, and
geodesically complete solution of the EV equations, foliated by the level
sets of a maximal time function. This development is globally asymp-
totically flat.

For later reference, we state the global smallness assumption B as
follows:

Global Smallness Assumption B:

An asymptotically flat initial data set satisfies the global smallness
assumption B if the metric g is complete and there exists a sufficiently
small positive € such that
(18) inf Q(z(),a) < e

ZC(O)7(I

The global smallness assumption B has to be considered together
with the main theorem 3 in section 4. Then € in (18) has to be taken
suitably small such that the inequalities stated in main theorem 3 hold.
This main theorem 3 is the most precise statement of our results.

To prove this result (theorem 1, respectively theorem 3), we do not
need any preferred coordinate system, but we rely on the invariant for-
mulation of the EV equations. Also, the asymptotic behavior is given
in a precise way.

We remark that by geodesically complete is denoted what in GR is
called g-complete, which means that every causal geodesic can be ex-
tended for all parameter values.

At this point, let us recall the result of D. Christodoulou and S.
Klainerman [21]. They consider the following strongly asymptotically
flat initial data set:

Definition 3 (SAFCK). We define a strongly asymptotically flat
initial data set in the sense of [21] and in the following denoted by
SAFCK initial data set, to be an initial data set (H, g, k), where g and
k are sufficiently smooth and there exists a coordinate system (z!, 22, 23)

defined in a neighbourhood of infinity such that,
as = (DL (#)?)7 — oo,

2M
(19) g; = 1+ T) dij + 04 (r=3),

(20) kij = 03 (7" ) )

[Sl[s
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where M denotes the mass.

In order to state their global smallness assumption, Christodoulou
and Klainerman introduce a quantity Qc (z(g),b) that has to be con-
trolled by a small positive e. It is

QCK(x(O),b) = sgp (6_2 (d% + b2)3 | Ric \2)

3
+ 573 > o(dg + ) | VE |
Hz:o

(21) / Z d2 + b2)l+3 ’ VlB ‘2 )

H -9
with do(x) = d(x(g), v) being the Riemannian geodesic distance between
the point z and a given point x5y on H; b is a positive constant, V!
denotes the l-covariant derivatives, and B (Bach tensor) is the following
symmetric, traceless 2-tensor:

1
Bij = Ejab Va (sz - Z gib R)
It is used to formulate the following global smallness assumption in

[21].

Global Smallness Assumption CK:
A strongly asymptotically flat initial data set is said to satisfy the global
smallness assumption CK if the metric g is complete and there exists
a sufficiently small positive € such that

= x(o)lelg,bzo Qck(z@),0) < e

Then one version of the main theorem in [21], is stated as follows:

Theorem 2 (D. Christodoulou and S. Klainerman, [21], p. 17, the-
orem 1.0.3). Any strongly asymptotically flat, mazimal, initial data set
that satisfies the global smallness assumption CK (22) leads to a unique,
globally hyperbolic, smooth, and geodesically complete solution of the EV
equations foliated by a normal, maximal time foliation. This develop-
ment is globally asymptotically flat.

The full version of their result is provided in [21], p.298, theorem
10.2.1.

There is no additional restriction on the data. The authors do not
use a preferred coordinate system, but their proof relies on the invari-
ant formulation of the EV equations. Moreover, they obtain a precise
description of the asymptotic behavior at null infinity.

Our initial data ((14), (15)) is more general than that in ((19), (20))
in the sense that in (14) and in (15) we have one less derivative and
less fall-off by one power of r than in ((19), (20)). We show existence
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and uniqueness of solutions of the EV equations under these relaxed
assumptions on the initial data (AFB; see (18)). As we are assuming
less on our initial data, the description of the asymptotic behavior of
the curvature components is less precise than in [21] (with (19), (20)).
However, it is as precise as it can be with these relaxed assumptions. The
case we study does not tend as fast to Minkowski as the situation in [21].
In our proof, we use the main structure as in the proof of [21], namely, a
bootstrap argument. However, the proof itself and the techniques differ
considerably from the original one. Our more general case requires
subtle and different treatment of the most delicate estimates. Another
major difference to the situation studied in [21] by Christodoulou and
Klainerman, and which arises from our relaxed assumptions, is the fact
that we encounter borderline cases in view of decay in the power
of r, indicating that the conditions in our main theorem on the decay
at infinity of the initial data are sharp. Any further relaxation would
make the corresponding integrals diverge and the argument would not
close any more. As a consequence from imposing less conditions on our
data, the spacetime curvature is not in L°°(M). We only control
one derivative of the curvature (Ricci) in L2(H). By the trace lemma,
the Gauss curvature K in the leaves of the wu-foliation S is only in
L4(S). Contrary to that, in [21], the Ricci curvature is in L>(H), and
in L°°(S). The authors control two derivatives of the curvature (Ricci)
in L?(H). Thus, this is a disadvantage and an advantage. First, as we do
not have the curvature bounded in L°, certain steps of the proof become
more subtle. On the other hand, we do not have to control the second
derivatives of the curvature, which simplifies the proof considerably. A
major simplification is the fact, that we do not use any rotational
vectorfields in our proof. We gain control on the angular derivatives
of the curvature directly from the Bianchi equations. Whereas
in [21], a difficult construction of rotational vectorfields was necessary.
Moreover, in our situation, energy and linear momentum are well-
defined and conserved, whereas the (ADM) angular momentum
is not defined. This is different to the situation investigated in [21],
where all these quantities are well-defined and conserved.

The results of [21] yield the laws of gravitational radiation proposed
by Bondi [8]. In particular, they explain the physical theory of the
so-called memory effect (see [12]) in the framework of gravitational ra-
diation. D. Christodoulou discusses this in his paper about nonlinear
nature of gravitation and gravitational-wave experiments [12]. This
memory effect is due to the nonlinear character of the asymptotic laws
at future null infinity. The many well-known experiments to detect grav-
itational waves, going on and planned for the near future, build on this
effect. In the same paper the formula for the power radiated to infinity
at a given retarded time, in a given direction, per unit solid angle, is
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stated, as well as the formula for the total energy radiated to infinity in
a given direction, per unit solid angle.

The full version of our main theorem is stated in theorem 3 in section
4. Crucial steps of the proof of the main theorem, in particular the
bootstrap argument, are given in section 5. In section 6 we discuss the
proof further and we investigate a borderline case.

For the reader who wishes to delve deeper into the area or the back-
ground material on which developments in this area depend, then among
the vast interesting literature we suggest the following in addition to the
references cited in this paper: [1], [11], [13], [14], [15], [16], [19], [20],
23], [25], [26], [27], [28], [29], [30], [32], [35], [36], [37], [39], [40],
[41], [42], [43], [44].

2. Setting

The spacetime manifold (M, g) is defined above. For a Lorentzian
metric g, there exists a vector V' in T,,M such that g,(V,V) < 0. Its
gp-orthogonal complement is defined as Xy = {X : ¢,(X,V) = 0} and
gp restricted to Xy is positive definite.

Then at each p in M we can choose a positive orthonormal frame
(eo, €1, €2, €3), continuously. We obtain the positive orthonormal frame
field consisting of eg, e1, €2, e3 with

Vv

@) AT

and eq, es, e3 being an orthonormal basis for Xy .
A given vector X in T, M can be expanded as

X = X060+X161+X262+X363
= > X' (i=0,1,2,3).

Consequently, it is

glei,ej) =y = diag(—1,+1,+1,+1).
g(X,X) = —(X°)?+ (X)) +(X?)? + (X?)?
]

At a point p in M, we distinguish three types of vectors. Namely,
null, timelike, and spacelike vectors. The null vectors form a double
cone at p, while the timelike vectors form an open set of two connected
components—that is, the interior of this cone—and the spacelike vectors
a connected open set being the exterior of the cone. They are defined
as follows.
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Definition 4. The null cone (or light cone) at p in M is
N, = {X#0 € T,M: g,(X,X) =0}
The double cone consists of N7 and N,;: N, = NS UN, .
Denote by I the interior of N, and by I, the interior of N, .
Definition 5. The set of timelike vectors at p in M is given by
I, = I; Ui, ={X € T,M: gy(X,X)<0}.
Definition 6. The set of spacelike vectors at p in M is defined to be
Sp = {X € T,M: g,(X,X)>0}.
Thus, S, is the exterior of N,.
Definition 7. A causal curve in M is a differentiable curve v whose

tangent vector ¥ at each point p in M belongs to I, U N,, i.e., is either
timelike or null.

Definition 8. The causal future of a point p in M, denoted by J*(p),
is the set of all points ¢ € M for which there exists a future-directed
causal curve initiating at p and ending at q.

Correspondingly, we can define J~(p), the causal past of p. We also
need the causal future of a set S in M:

Definition 9. The causal future J*(S) of any set S C M, in
particular in the case that S is a closed set, is

JH(S) = {¢g € M: q € J¥(p) for some p € S}.

Similarly, the definition is given for J~(S). The boundaries dJ*(S)
and 9J~(S) of JT(S) and J~(S), respectively, for closed sets S are null
hypersurfaces. They are generated by null geodesic segments. The null
geodesics generating J*(S) have past end points only on S. These null
hypersurfaces 9J1(S) and 8J(S) are realized as level sets of functions
u satisfying the Eikonal equation g"”0,ud,u = 0.

Definition 10. H is called a null hypersurface if at each point z in
H the induced metric g, | T, H is degenerate.

This means that there exists a L #0 € T,H such that
9.(L,X) =0 VX € T,H.
Now, let u be a function for which each of its level sets is a null
hypersurface. Then we can set
LY = —g"o,u

and we have
9(L.L) = o.
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The same reads in terms of du as follows: g"”0,ud,u = 0, which is
the Fikonal equation. In fact, L is a geodesic vectorfield, that is, the
integral curves of L are null geodesics. A null hypersurface is generated
by null geodesic segments.

Definition 11. A hypersurface H is called spacelike if at each x in
H, the induced metric
9z |71 =t G
is positive definite.

We observe that, (H,g) is a proper Riemannian manifold. And the
g-orthogonal complement of 7). H is a one-dimensional subspace of T, M
on which g, is negative definite. Thus there exists a vector N,, € If
of unit magnitude

g:c(N:caNx) = —1
whose span is this 1-dimensional subspace. We refer to N (the so-
defined vectorfield along H) as the future-directed unit normal to H.
The second fundamental form of the hypersurface H is denoted as

(24) k(X,Y) = g(DxN,Y) VX, Y € T,H.

A very important notion in GR and in this work is a Cauchy hyper-
surface, being defined with the help of causal curves:

Definition 12. A Cauchy hypersurface is a complete spacelike hy-
persurface H in M (i.e., (H,g) is a complete Riemannian manifold)
such that if « is any causal curve through any point p € M, then ~
intersects H at exactly one point.

A spacetime admitting a Cauchy hypersurface is called globally hy-
perbolic.

Assuming the spacetime to be globally hyperbolic, a time function t
can be defined.

Definition 13. Let the spacetime (M, g) be globally hyperbolic. A
time function is then a differentiable function ¢ such that

(25) a - X >0
forall X € I} andforallp € M.

The foliation given by the level surfaces Hy of t is called t-foliation.
Denote by T the following future-directed normal to this foliation: T+ =
—®2g o t. Tt is Tt = TH9,t = 1. Now, a spacetime foliated in this
fashion is diffeomorphic to the product R x M where M is a 3-manifold,
each level set H; of t being diffeomorphic to M. The integral curves of
T are the orthogonal curves to the H-foliation. They are parametrized
by t. Relative to this representation of M, the metric g reads

(26) g = —®%dt* + 3
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with g = g(t) denoting the induced metric on Hy. Note that g is positive
definite. Here, ® is the lapse function corresponding to the time function
t. It is defined as follows:

(27) O = (—g"Outo,t) 2,

This lapse function measures the normal separation of the leaves H;.
By N (already given above) denote the unit normal N = ®~!7. Its
integral curves are the same as for T', but parametrized by arc length s.

In view of the first variational formula below, consider a frame field
e1, €9, e3 for Hy, Lie transported along the integral curves of T'. That is,
we have

[T, ei] =0

for i = 1,2,3. Denote g;; = g(e;,ej) = g(ei,ej). Then the first varia-
tional formula is

(28) kij = k(ei,ej)
o 1 8@]
(29) 2% ot

One can choose a time function ¢, the level sets H; of which are
maximal spacelike hypersurfaces. This eliminates the indeterminacy of
the evolution equations. The definition of a time function (definition 13)
implies a freedom of choice. In fact, ¢ being subject only todt - X > 0
for all X € I;r and for all p € M is arbitrary. We now fix our time
function ¢ by the condition to be maximal. This means we require the
level sets Hy of the time function ¢ to be mazimal spacelike hypersurfaces.
It describes the fact that any compact perturbation of H; decreases the
volume. Thus, H; satisfies the maximal hypersurface equation

(30) trk = 0.

The existence of maximal surfaces in asymptotically flat spacetimes
under slightly more general conditions, but for data with the same fall-
off as ours, has been proven by R. Bartnik, P.T. Chrusciel and N.
O’Murchadha in [4]. It was first proven by R. Bartnik for stronger
fall-off in [2].

Definition 14. A maximal time function is a time function ¢t whose
level sets are maximal spacelike hypersurfaces, being complete and tend-
ing to parallel spacelike coordinate hyperplanes at spatial infinity. We
also require that the associated lapse function ® tends to 1 at spatial
infinity.

There is one such function up to an additive constant for each choice
of family of parallel spacelike hyperplanes in Minkowski spacetime. These
families are connected by the action of elements of the Lorentz group.

One can single out one family by choosing

(31) P = 0.
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Then the time function ¢ is unique up to an additive constant.

The covariant differentiation on the spacetime M is denoted by D.
For that on H write V. Whenever a different notation is used, it is
indicated. In the sequel, denote by R the Riemannian curvature tensor
of M, and by R the one of H. We shall work with the Weyl tensor
W, not directly with the Riemannian curvature, for reasons explained
below.

As motivated at the beginning, we are studying asymptotically flat
solutions of the EV equations (2):

R, = 0.

Therefore, let us now explain what in general an asymptotically flat
initial data set is. In view of the different types of asymptotic flatness,
we first give the general definitions. Then, we can compare them with
the definitions 2 and 3 from above describing the situations in [21] and
[6], respectively.

Definition 15. A general asymptotically flat initial data set (H, g, k)
is an initial data set such that
e the complement of a compact set in H is diffeomorphic to the
complement of a closed ball in R3,
e and there exists a coordinate system (z',22,23) in this comple-
ment relative to which the metric components
9j — 0
k?ij — 0

sufficiently rapidly as r = ( ‘Z’Zl(xi)z)% - 00.

Generally, one defines “strong” asymptotic flatness as follows:
Definition 16. A strongly asymptotically flat initial data set is an

initial data set (H, g, k) with the following:

1) M is Euclidean at infinity.
2) There exists a chart on the neighbourhood of infinity in which the
following holds:

(32) gij = (1 + g) 5 + oz(r™H).
3) Itis
(33) kij = o1(r™?).

M denotes the mass.

For certain asymptotically flat data sets, the ADM definitions of en-
ergy F, linear momentum P, and angular momentum J are well defined
and finite. Let us write the ADM definitions in the following:
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Definition 17 (Arnowitt, Deser, Misner (ADM)). Let S, = {|z| =
r} be the coordinate sphere of radius r and dS; the Euclidean oriented
area element of S,.. Then we define the following

e Total Energy
1. _ _
(34) E = 1 hm/s Z(@igij — 0;ii) dS;

e Linear Momentum
. 1
(35) P'" = —= lim (klj — Gij trk) de,

T—00 S
T

e Angular Momentum

(36) J' = —% rlglolo s, fijmx] (kmn — Jmn trk) dSn

For strongly asymptotically flat initial data (definition 16), total en-
ergy, linear and angular momentum are well defined and conserved.
Thus, also in the work of Christodoulou and Klainerman [ [21], defini-
tion 3], all these quantities are well defined and conserved.

In our more general situation (see definition 2), the total energy and
the linear momentum are shown to be well defined and conserved. We
are still within the frame for which R. Bartnik’s positive mass theorem
applies [3].

Generally, total energy and linear momentum are well defined and
conserved for asymptotically flat data sets such that there exists a co-

ordinate system in the neighbourhood of infinity in which the following
holds:

(37) gij = 6y + oa(r™?),
1
(38) k?ij = Ol(T_l_a), o > 5
Let us now discuss the foliation of the spacetime given by wu.
The optical function u is a solution of the Fikonal equation
ap Ou  Ou
ox> OxP
This equation tells us that the level sets C;, of u are null hypersurfaces.

The (¢,u) foliations of the spacetime define a codimension 2 foliation
by 2-surfaces

(40) Stuw = Hy N Cy,

the intersection between H, (foliation by ¢) and a w-null-hypersurface
C, (foliation by u). The area radius r(t,u) of S, is then defined as
Area (St.,)

(41) r(t,u) = —

(39) = 0.
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To construct this optical function u, we first choose a 2-surface Sp,
diffeomorphic to S?, in Hy. We assume the spacetime to have been con-
structed. Then the boundary 9J%(Sp ) of the future of Sy consists of
an outer and an inner component. They are generated by the congru-
ence of outgoing, respectively incoming, null geodesic normals to Sp .
Now, the zero-level set Cy of u is defined to be this outer component. In
order to construct all the other level sets C, for u # 0, we start on the
last slice Hy, of a spacetime slab. We solve on H;, an equation of motion
of surfaces. We sketch it later in this paper. It forms a crucial part of
our work. These level sets C, are also outgoing null hypersurfaces. By
construction, u is a solution of the Eikonal equation (39).

Important structures of the spacetime used in the proof are com-
ing from a comparison with the Minkowski spacetime. Crucial are the
canonical spacelike foliation, the null structure, and the conformal group
structure. As the situation to be studied here is “close” to Minkowksi
spacetime, we can use part of its conformal isometry group. In [21], the
authors defined the action of the subgroup of the conformal group of
Minkowski spacetime corresponding to the time translations, the scale
transformations, the inverted time translations, and the spatial rotation
group O(3). For our present proof, we also define the actions for the first
three of these, but not for O(3). In contrast to [21], where the construc-
tion of the rotational vectorfields is a major part of the proof, we do not
work with rotational vectorfields at all. Recalling the construction in
[21], once the functions ¢ and u have been fixed, the rotation group O(3)
takes any given hypersurface H; onto itself. The orbit of O(3) through a
given point p is the corresponding surface S;, through p. The surfaces
(40) are the orbits of the rotation group O(3) on H;. In our situation,
the vectorfields for the time and inverted time translations as well as for
the scalings supply everything that is needed to obtain the estimates,
as we shall see below. The group of time translations has already been
defined. This corresponds to the choice of a canonical time function
t. The integral curves of the generating vectorfield T are the timelike
curves orthogonal to the hypersurfaces Hy, and are parametrized by t.
For the corresponding group { f;}, it holds that f, is a diffeomorphism
of H; onto Hyy,. Further, the vectorfields for the scaling and inverted
time translations, that is, S and K, respectively, are also constructed
with the help of the function u, as given below.

3. Important Structures and Former Results

We denote the deformation tensor of X by (X)z. It is given as

(42) Oras = (Lx9)ass
(43) — Ogaf = (Lx g HP,
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Moreover, a Weyl tensor W is defined to be a 4-tensor that satisfies
all the symmetry properties of the curvature tensor and in addition is
traceless.

Given a Weyl field W and a vectorfield X, the Lie derivative of W
with respect to X is not, in general, a Weyl field, for it has trace. In
fact, it is

(44) gaﬁ/ (ﬁXWaB'ycS) = (X)ﬂ_a'y Waﬁ'\/é'

In view of this, we define the following modified Lie derivative:

A 1
45 ExW = LxW — & O] 4 2 S w
2 8
with
(46) (X)[W]aﬁ'yé = (X)Tr“aWMB,Y(; + (X)ﬂ'luﬁWau'y(S

+ O Wagus + OntsWagy,.
W is said to satisfy the Bianchi equation , if it is
DiaWpyise = 0.
To a Weyl field one can associate a tensorial quadratic form, a 4-
covariant tensorfield which is fully symmetric and trace-free; this is a

generalization of one found previously by Bel and Robinson [5]. As in
[21], it is called the Bel-Robinson tensor:

1 ag * * g
(47) Qaﬁ'yé = 5 (Wapfyo WBP(; + Wap'\/a' Wﬁpé )
It satisfies the following positivity condition:
(48) Q (X17 X27 X37 X4) 2 0

where X7, X5, X3, and X, are future-directed timelike vectors. More-
over, if W satisfies the Bianchi equations then @ is divergence-free:
(49) D Qapys = 0.

Equation (49) is a property of the Bianchi equations. In fact, they
are covariant under conformal isometries. To be precise, let  be a
positive function. Then, if & : M — M is a conformal isometry of the
spacetime, i.e.,

o9 = g,
and if W is a solution, then Q~1®,W¥ is also a solution.

The Bel-Robinson tensor () is an important tool in our work. We
shall come back to it.

For a long time, the burning question in the Cauchy problem for the
EV equations (2) had been: Does there exist any non-trivial, asymp-
totically flat initial data with complete maximal development? In their
pioneering work “The global nonlinear stability of the Minkowski space”
[21], D. Christodoulou and S. Klainerman proved global existence and



32 L. BIERI

uniqueness of such solutions under certain smallness conditions on the
initial data.

But this question has its roots back in the 1920s, 1930s and 1950s. Im-
portant preliminary work was done by de Donder, Friedrichs, Schauder,
Sobolev, Petrovsky, Leray, and more people. A nice exposition about
these early developments and further references can be found in [22].
Finally, in 1952, Y. Choquet-Bruhat focussed the question of local exis-
tence and uniqueness of solutions, in GR. In [9] she treated the Cauchy
problem for the Einstein equations, locally in time, she showed exis-
tence and uniqueness of solutions, reducing the Einstein equations to
wave equations and introducing harmonic coordinates. She proved the
well-posedeness of the local Cauchy problem in these coordinates. The
local result led to a global theorem proved by Y. Choquet-Bruhat and
R. Geroch in [10], stating the existence of a unique maximal future
development for each given initial data set.

Regarding the question of completeness or incompleteness of this
maximal future development, R. Penrose gave an answer in his incom-
pleteness theorem [38], stating that, if in the initial data set (H,g, k)
H is non-compact (but complete), if the positivity condition on the
energy holds, and, H contains a closed trapped surface S, the bound-
ary of a compact domain in H, then the corresponding maximal future
development is incomplete.

Definition 18. A closed trapped surface S in a non-compact Cauchy
hypersurface H is a two-dimensional surface in H, bounding a compact
domain such that

try < 0 onS.

The second fundamental form x is given below in (57). The Penrose
theorem and its extensions by S. Hawking and R. Penrose led directly to
the question formulated above: Is there any non-trivial asymptotically
flat initial data whose maximal development is complete? The answer
was given in the joint work of D. Christodoulou and S. Klainerman
[21]. A rough version of the theorem is stated at the end of subsection
2, whereas a more precise version is given in theorem 2. The problem
studied by Christodoulou and Klainerman in [21] was suggested by S.-
T. Yau to Klainerman in 1978. Christodoulou elaborated the method
of [21] and combined it with new ideas in his remarkable work “The
Formation of Black Holes in General Relativity” [18].

N. Zipser in [45] studied the Einstein equations with the energy-
momentum tensor being equal to the stress-energy tensor of an electro-
magnetic field satisfying the Maxwell equations. As in [21], she consid-
ered strongly asymptotically flat initial data on a maximal hypersurface.
She generalized the result of [21] by proving the global nonlinear sta-
bility of the trivial solution of the Einstein-Maxwell equations. Lately,
a proof under stronger conditions for the global stability of Minkowski
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space for the EV equations and asymptotically flat Schwarzschild initial
data was given by H. Lindblad and I. Rodnianski [33], [34], the latter
for EV (scalar field) equations. They worked with a wave coordinate
gauge, showing the wave coordinates to be stable globally. Concerning
the asymptotic behavior, the results are less precise than the ones of
Christodoulou and Klainerman in [21]. Moreover, there are more con-
ditions to be imposed on the data than in [21]. There is a variant for
the exterior part of the proof from [21] using a double-null foliation by
S. Klainerman and F. Nicolo in [31]. Also a semiglobal result was given
by H. Friedrich [24] with initial data on a spacelike hyperboloid.

A still open question is: What is the sharp critera for non-trivial
asymptotically flat initial data sets to give rise to a maximal develop-
ment that is complete? Or, to what extent can the result of [21] be
generalized?

The results of [21, 45], and our new result [6], [7] are much more
general than the others cited above, as all the other works place stronger
conditions on the data.

4. Detailed Statement of the Main Results

In this section, we provide the most precise version of our main re-
sults. In order to state our main theorem in full detail, we have to
introduce the corresponding norms. The definitions of these norms can
be found in subsection 5.2.

We recall (16) and the global smallness assumption B (18) from the
Introduction. The small positive € on the right-hand side of (18) has to
be chosen suitably small later in the proof, depending on other quanti-
ties, such that the inequalities in the main theorem 3 hold.

Theorem 3. (Main Theorem) Any asymptotically flat, maximal
initial data set (AFB) of the form given in definition 2 in the Introduc-
tion satisfying the global smallness assumption B stated in the ‘Introduc-
tion’, inequality (18), leads to a unique, globally hyperbolic, smooth, and
geodesically complete solution of the EV equations, foliated by the level
sets of a mazximal time function t, defined for all t > —1. Moreover,
there exists a global, smooth optical function u that is a solution of the
Eikonal equation defined everywhere in the exterior region r > 3, with
ro(t) denoting the radius of the 2-surface Sio of intersection between
the hypersurfaces Hy and a fixed null cone Cy with vertex at a point on
H_1. With respect to this foliation the following holds:

(50) ‘Rpp, K Opys “Lyg
(51) KX, O, LY

< €0,
< €0.
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Moreover, in the complement of the exterior region, the following
holds:

(52) iR[l}) iK:[2}7 Z£[2] < €0,
(53) KL, L < e

The strict inequalities hold for t = 0 with € on the right-hand sides.
The norms are given in subsection 5.2.

In the next section, we are going to state the main steps of the proof
and to explain the bootstrap argument in detail.

We recall that in the global smallness assumption B (18) the initial
data has to be smaller than a sufficiently small positive e. Later in
the proof, this € has to be taken suitably small, depending on other
quantities. In the bootstrap assumptions BAO-BA2 ((135)—(137)) and
in (138), the considered quantities have to be smaller than a small pos-
itive €g. We estimate the main quantities at times ¢ by their values at
t = 0, which are controlled by inequalities with € on their right-hand
sides. Then, choosing € sufficiently small, the right-hand sides of these
inequalities can be made strictly smaller than ¢y from the bootstrap
assumptions. The bootstrap argument is explained in detail in the next
section.

Our main theorem 3 provides existence and uniqueness of solutions
under the relaxed assumptions (AFB, see (18)) as well as describes
the asymptotic behavior as precisely as possible under these relaxed
assumptions. Compared to the result [21] main theorem 10.2.1, p. 298
(we give one version of their main theorem in theorem 2), we impose
less on our initial data. That is, we assume one less power of r decay of
the data at infinity and one less derivative to be controlled.

5. Crucial Steps of the Proof of the Main
Theorem—Bootstrap Argument

Our proof consists of one large bootstrap argument, containing other
arguments of the same type but at different levels.

First, we give the main steps of the proof of our main result.
They can be summarized as follows:

1. Energy. Estimate a quantity Q1(W), which is an integral over Hy
involving the Bel-Robinson tensor () of the spacetime curvature W
and of the Lie derivatives of W as below. At time ¢, this quantity
Q1(W) can be calculated by its value at ¢ = 0 and an integral
from 0 to t, which both are controlled. We use the vectorfields
T time translations, S scaling, K inverted time translations, and

K =K +T. (See below). Q;(W) is given by
(54) QW) = Qo +
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with Qg and @)1 being the following integrals:

(55) QO (t) = " Q (W) (Kr T7 T7 T),
Ql(t) = - Q (‘éSW) (Kv T,T, T)
(56) + Q (LrW) (K,K,T,T).
Hy

2. The components of the Weyl tensor W are estimated by a com-
parison argument with Q1 (W). The estimates for the Weyl tensor
W rely heavily on the fact that W satisfies the Bianchi equations.

3. The geometric quantities are estimated from curvature assump-
tions using the optical structure equations, elliptic estimates, evo-
lution equations, and tools like Sobolev inequalities.

The bootstrapping allows us to go from local to global. The whole
procedure can mainly be split into three parts.

e Bootstrap assumptions: initial assumptions on the main geometric
quantities of the two foliations, i.e., {H;} and {C,}.

e Local existence theorem: It guarantees the local existence of a
unique solution and the preservation of the asymptotic behavior
in space of the metric, the second fundamental form, and the cur-
vature.

e Bootstrap argument: Together with the evolution equations, it
yields the global existence of a unique solution as well as shows
the asymptotic behavior as above to be preserved.

Now we are going to state and to explain the crucial steps of the proof
of the main theorem, that is, of the bootstrap argument.

Before that, let us say a few words about the geometric quantities
in point three. In order to estimate the geometric quantities of point
three above in the framework of a bootstrap argument, one assumes
that the curvature components satisfy suitable bounds. To see how
this is done, let us consider the affine foliation {Ss} of C. Here, the
generating vectorfield L of C' is geodesic, and s is the corresponding
affine parameter function. We shall now give the idea for the case of
the second fundamental form x of S relative to C,

(57) X(X,Y) = g(DxL,Y),

for any pair of vectors X,Y € T,S;. To estimate y, we first split it
into its trace try and traceless part . Then, one estimates y from the
propagation equation

otr
X 4

1
(58) 0s 2
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and the elliptic system on each section Ss of C' (the Codazzi equations)

1
(59) di/b )A(a = 5 datTX + fa

where f, involves curvature.

Assuming estimates for the spacetime curvature on the right-hand
side of (59) yields estimates for the quantities controlling the geometry
of C as described by its foliation {S}. This is discussed in more detail
below.

5.1. Local Existence Theorem. Relying on the local existence theo-
rem, [[21], statement theorem 10.2.2: p. 299/300, proof 10.2.2: p. 304—
310], we show global existence of a unique, globally hyperbolic, smooth,
and geodesically complete solution of the Einstein-vacuum equations,
coming from initial data stated in definition 2 (AFB) and inequality 18
(global smallness assumption B). The local existence theorem is stated
and proven in [21] for their problem, and it also holds in our case. It
requires the second fundamental form k to be in L*°, which is satis-
fied in our situation. The proof of the local existence theorem in [21]
mainly uses the ideas developed in the proof of the well-known existence
result of Choquet-Bruhat [9] and modifies them simply. In [21], the au-
thors formulate the conditions in the local existence theorem according
to their situation imposing Ric(go) € Ho1(H, go) and k € Hs1(H, go),
while we impose Ric(go) € H1,1(H, go) and k € Hoo(H, go). The proof
still holds in the same way, as it only requires k in L°°, which in our
situation is true.

5.2. Norms. We define the norms as they appear in the main theorem
3 and as we use them in subsection 5.3.

We consider a spacetime slab Ute[oﬂt*} H;. In this section, we assume
that this slab is foliated by a maximal time function ¢ and by an optical
function u. In what follows, we shall introduce the basic norms for the
curvature R, the second fundamental form k, the lapse function ¢, and
the components y, (,w of the Hessian of . In most of the definitions
below, we follow the notation of [21].

Let V be a vectorfield tangent to S. Then we define the norms on S:

1

60) | V [lps (tu) = (/S VP dw)’, forl < p <o,
(61) = sup| V]|, forp = oc.
St,u

Sometimes, we also denote these norms by | V' |, g (£, u).

The following norms are stated for the interior and the exterior re-
gions of each hypersurface Hy.

The interior region I, also denoted by H}, is all the points in H; for

which )
o
< .
"=
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The exterior region U, also denoted by Hf, is all the points in H; for
which

ro(t)
r > —=
- 2
Here, 79(t) is the value of r corresponding to the area of S;, the
surface of intersection between Cy and H;. And u;(t) is the value of u
corresponding to ro(t)/2.
Now we introduce

1
0 VI = ([ 1ve) e <e <
Hy
6)  IVie: = swp|V]
Hy
1
60 IVIe® = ([ 1vE) 1 <p <o
t
6) 1Vioe® = sup|V].
H

Sometimes, we denote the norms ((62)-(65)) also by |V, 1, |Vp,u(t),
or |Vlip.r, IV Ip,u(t) or |VI]ps, |VI]pe(t), respectively.

5.2.1. Norms for the Curvature Tensor R. We are now going to
define the norms Ry (W) and Ry (W) as well as Ro(W) and Ry (W)
for the null curvature components.

The norms are stated for the interior and exterior regions of the
hypersurface Hy.

Norms Rg (W) and Ry (W):

On each slice Hy, we denote by R, (W) the following maximum:

(66) E(W) = max (B—Rq(W), Wq(W)), g = 0, 1.

By ¢R,(W) we denote the exterior and by “R,(W) the interior L2-
norms of the curvature given as follows: In the interior region I, we
define for ¢ = 0,1,

(67) Ry = 10" | DIW ||a .

Then, one sets

(68) Rig = “Ro,
(69) i'R[l] = iR[O} + "Ry.

In the following, the weight function 7 and the curvature compo-
nents a, a, 3, 3, p, o are defined in ((151)—(156)) and right before (151).
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We define the exterior norms ¢Ro(W) and ¢Ri(W) to be

T W) = [ laP+ [ 2laPe [P+ [ 2lop
U U U U

2 2 2 2
(70) +/U7‘]ﬁ!+/Ur\a\

and

e . 2 _ 2 2 2 4 2 4 2
R (W) = /U Va +/Ur V5| +/Ur Vol
4 2 4 2 4 2
+/Uv~ wc\+/Urrwr+/UrrWar
+/UTE|WNQ|2+/UT%2|WN@|2
+/Ur4|va|2+/Ur4|WNJ|2+/UT4|VN5|2
(71) +/Ur4yy7Na 2.

We refer to the norms of the components of R by the formulas for
q=0,1,

Rola) = [ 7-r'V % 2e,

Ryla) = |77V % ||z,

)

and correspondingly for the remaining components.
Denote ay = ¥ yo, ay = YV ya and correspondingly for the other
curvature components. Then, we set
‘Rola] = “Rola),

1

(72 “Rila] = (Ril@) + “Rolan) )"

Similarly as in (72), we proceed with all the other null components

of the curvature. This allows us now to define for ¢ = 0,1 the following:
1

(73) ‘Rq = ( eRq@P + 5—72(1[5]2 + o F 5—72(1[04]2 )2~

Then, one sets

(74) “Riop = “Ro,

(75) eRm = eR[O] + °R;.

Norms Ro(W) and R1(W):
First, we introduce some notation. (See also [21], [6], [7].) The
signature s is defined to be the difference of the number of contractions
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with L minus the number of contractions with L. See also subsection
6.1. Then we introduce the following.

Definition 19. Let W be an arbitrary Weyl tensor and let ¢ be any
of its null components. Let ) ;¢ and P ,& denote the projections to Sy,
of D3¢ and D,¢&, respectively. Define the following S; ,-tangent tensors:

3—s

& = Dyt + o
& = D&+ 3;strxg.

Similarly as above, we define on each slice H; the quantity R, (W)
as the maximum

(76) Ry (W) = max ( “Rey(W), "Ry(W)), qg = 0, 1.

By °R,(W) we denote the exterior and by ‘R, (W) the interior L2-
norms of the curvature given as follows: In the interior region I, we
define for ¢ = 0,1,

(77) Ry = 10" | DTW | -
Then, one sets

(78) "Rgg = ‘Ro,

(79) Z'R[l] = Z'R[O} + '"Ry.

We define the exterior norms ¢Ry and ¢R, as follows:

RoW? = [ 2laf [21aP [21ofs [ 2lop

2 2 2 2
(20) +Aj|ﬁ|+£rlw

and

Ry (W) = Af%ﬁwvgﬁ+[;ﬂrvgﬁ+ﬂ}vapP

5/#rvoﬁ+/rﬂvﬁﬁ+/rﬂvaﬁ
U U U
5/ﬁ|%ﬁ+/wﬂ%ﬁ+/F%ﬂgP

U U U
+/%ﬂgﬁ+/%ﬂmﬁ+/%ﬂmf

U U U
+/7’4‘03’2+/7’4‘0'4’24-/7’4‘,83’2

U U U

(81) +/7’4\B4]2+/7‘4\a3]2+/r4\a4]2.
U U U
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We refer to the norms of the components of R by the formulas, for
q=0,1,
“Ral | 79V 2.

“Ry(a) = [[m77V % ||z,

)

B
I

and correspondingly for the remaining components.
Then, we set

‘Rola] = “Rola),

1
2

(82 “Ril = ("Ri(@’ + “Roles)’ + “Roles)’ )"

Similarly, this is done for all the other null components of the curva-
ture. Thus, we define the following for ¢ = 0, 1:

1

(33) Ry = ((“Rolal* + RyFZ + -+ Ryfal )*.
Then, one sets

(84) ‘R = “Ro,

(85) Ry = ‘R + “Ri

5.2.2. Norms for the Second Fundamental Form k of the t-
Foliation. First, let us define ‘KY and ¢K} to be the interior and
exterior weighted LP-norms of the g-covariant derivatives of the com-
ponents of the second fundamental form k. The quantity K} we then
define as follows:

(86) KP = max(ilel’, EICZ), g =20,1,2 and 1 < p < oo.

Correspondingly, we have

(87) K3 = max ('K, °Kg).
The interior norms K} in (86) are given by
; 1+q—2
(88) Ky =m0 "1 D% lp-

In view of the exterior norms €K%, let us remind ourselves that the
second fundamental form k relative to the radial foliation of v on H;
decomposes into

kny = 6,
kan = ea,
(89) k’AB = TMNAB-
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In addition, n decomposes into its trace trn = —d and its traceless

part 7. Let us also introduce the following notation:

(90)

04

€4

M4
03

€3

A~

3

Then, we set

(91)

(92)

Ky )
‘Kale)
K ()

Kigr1(64)
“Kigr1(03)
‘K (ea)
“Kas1(e3)
“Khpa1(1a)
)

K1 (s

Next, one sets

(93)

and correspondingly we do this for € and 7). Then for all ¢ =0, 1, 2:

(94)

For the case p = 2, which will be used later on, we write simply

o
)
=3
> >
Il

°Kho

s

elcé) —

o o
e
VRS lS]
—~
S, o

Do
Dye

Dy +
@35,
Dse

D0+

DO | =

Py tTX ’flv

3_3
[ r<2 DTS e,

~34q)
172 ) e ||y,

|| r@—;

5_3
[RaEaasl AL TR M

¥ ) llp,es

3_3 (Q_l)
(R AL

|G wie, ||,

I F1=2+q)

K, = k2.

-3

kP[] + KDl + kP[]

T_ VQE'?) Hp@’

5 3
2_ 24 ~
17270 D 9y ||y,

(3-1)

Y 03 lp.e -
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Thus, we define the basic spacetime norms for k as follows:

(95) Koy = 'Ko

(96) Ky = 'Kg + 'K,
(97) 'K = 'Ky + ‘Ko,
(98) ‘Rog = “Ko,

(99) ‘Kp = Ko + Ky,
(100) GIC[Q} = eIC[l] + Ko,
(101) Kig = Z‘IC[q] + K

Correspondingly, we define K} and €K} to be the interior and ex-
terior weighted LP-norms as given below. Then we define K as follows:
(102) K& = max (1KY, €KY), q=20,1,2 and 1 < p < oo.

Correspondingly, we have
(103) K = max ('KF, Kg°),

Now, in the interior region I we define the following norms for k:

—_— 14q—2
(104) Kg = o " DU p-

On the other hand, in the exterior region U, we define the following
norms:

—5 3_3
Ko = {1,
1
Y T ) T e e e b
i+j=q, j>1
3_3
e = {1y,
1
Y I ) T Y, |
i+j=q, j>1
3_3 N
K@) = {0y,
1
—24 _2. i P >
> T )y, 1
i+j=q, j>1
(105)

Then we set
(106) KG = “KGO) + “Ki(e) + Kh()
similarly as above. For the case p = 2, we write simply
K, - T
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Putting this together into the basic norms of the second fundamental
form,

(107) Ko = Ko,
(108) Ky = Ko + Ki,
(109) Ko = Ky + K

5.2.3. Norms for the Lapse Function ®. Analogously to the previ-
ous cases, we first define ‘L) and ©L} to be the interior and exterior
weighted LP-norms of the (g + 1)-covariant derivatives of the logarithm
 of the lapse function ¢. Then we also define

(110) .C{]’ = max(iﬁf]’, eﬁi’;),

for ¢ = 0,1,2. Correspondingly, we define
(111) Ly = max ('L, °LT).
The interior norms *£} in (110) are given by

. 14q—2
(112) Ly =g Dl

In order to state the norms for ¢£%, we first decompose V¢ as follows:

(113) $a = Vap
(114) oN = Vneo.

That is, we have

%A = WACID = %WAQ%

1
oN = Vnp = " Vno.
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Next, we set

i) = [ rET g .
(115) “Lhen) = || r@% V9on e,
La@d) = [0 9D g e
LaAPag) = [T YDP g .
L (Dign) = 7575 YD oy e,
(116) ‘Lo (D3 en) = | 3%, S P VD3 N ||pes
La@sd) = [ PY |,
(117) L (Pgen) = ||r<%% V9on lpe
L@ sPid) = [0 0D g e
LaPsPsd) = 1TV, 4 |
Ly, o(DsDy pn) = HT(%% YV IDspn llp.es
(118) “L2,,(DsDsox) = |73 390025 pangoy ..

Then, we set

Lolg] = L),
Lig) = L) + LiDPsd) + LUP4H),
(119) “LEg] = “Lyf) + LEPsd) + LyP 4 4),

and correspondingly for ¢y .
Then, we define for ¢ =0, 1, 2,

(120) 2 = Lg] + Ll
These norms we use for p = 2 and we write
‘Ly = eﬁg.
Finally, we define
Loy = ‘Lo
Ly = Lo + 'Ly
Ly = Ly + L
‘Lo = “Lo,
Lpny = Lo + Ly,
]

(121) Loy =  “Lp + “Lo
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and

(122) Ly = "Ly + Ly

5.2.4. Norms for the Hessian of the Optical Function u. Here,
we state the L?-norms for the Hessian D?u of the optical function u.
Let 'O, and “0O, denote respectively the interior and exterior norms.
We set

(123) 0, = max(‘0,, “0,),
for ¢ = 0,1,2. Correspondingly, we define
(124) 0F° = max ('O, “OF).

The Hessian of © decomposes relative to a null frame into x 45, (4, w.
See also subsection 6.3, before formula (184). Denote by a =| Vu |~!
the lapse function of the foliation induced by w on each Hy.

In the interior region, we express the components of D?u with respect
to the standard null frame in terms of ¥’ = ay, ¢! =(, ' = a 'w. In
the interior let us define

PO, (trx —trx) =l > | VIDIDE (trx — trX) 2.,

i+j+k=q

0, ) = 1 > NVPIPE R e
i+j+k=q

PO, () = b > 1 YIDIDE ¢ s,
i+j+k=q

(125) "0, W) = 18 > | V'DIDE W o
i+j+k=q

Then, we set
(126) Z'Oq = O (tTX/_FX/) +° p (X/) + O, (C/) +° op (W/)'

In the exterior region, we work with the [-pair and the null frame
related to it. The components of the Hessian of w in the exterior region
with respect to the l-null frame, that is try, x, (,w, behave differently.



46

Let us also introduce

trxa

trxs
X4
X3
G4
G3

Wy
(127) w3

Then, we define

(128) © 0, (w
(

€ Oq+1 (tTX4
€ Oq+1 (tT‘Xg

(129)
Next, we set

cOoltrx] =
€ Oqftrx] =
(130) ¢ Oqltrx] =

Correspondingly, we

L. BIERI

1
Dytry + 3 try try,

Dstry +
Pyx +
Psx +
D,C+ %“‘XQ
PyC+ = try

2
D4w
Dgw.

1
—tryt
5 rXx trx,

trx X,
trx X,

| 77 VU (trx —trx) ll2e,
| 77 VX [|2,e,

|79 V¢ (2,65

| P32 Y o,
max { ¢ O, (trx —1rx), © Oy (X)},
Y TR (2,

| 7Y 9% [l2e,

| P19V s (2.,

| 77— Vtrxs |l2.e,
17149V 9 l2e,

|71 Vs (g,

1 1
” T§+q7——2 qu4 ”2,67

1y, 3
7727972 Vs [lae -

c OO(tTX)7
¢ O1(trx) + © O1(trys)
¢ Oytrx) + © Oa(trys)

proceed for x, (,w.

Now, for ¢ =0, 1,2 one sets

(131)

a

01 (t?"X4),

_I_
+ ¢ Oy(trxa).

CO;= CO2= COltrx] + ¢ O]+ © Ogl¢] + © Oylwl].
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Then we set

TOF = TOF o swp X~ | +swpla - 1)
(132)° 0 = 07 + supr%]ﬁ—g] + sup |a — 1].
2 ooy
Finally, we define
O = 0+ 'Of,
Oy = Og + 'Oy
"Op = Oy + 'Oy
“Oy = O+ O
COy = “Og + O
(133) “Oy = Oy + °O,
and
(134) Oy = 'O + 0y

5.3. Bootstrap Argument. The method of bootstrapping constitutes
the core of the proof of the main theorem. Several steps are needed to
close the bootstrap loop.

We define S to be the set of all t > 0 such that there exists a spacetime
slab |, €[04 H; endowed with a canonical optical function with respect
to which the following bootstrap assumptions hold:

e BAO: For all t' € [0,¢], assume that

(135) SO ) <) < 50+
e BA1: For all ¢ € [0, 1], assume that

(136) ‘O°, K, Ly < eo.
e BA2: For all ¢ € [0,1], assume that

(137) Ry “Opyy Kpgpy L < eo.
Additional Assumption on the last slice H;:

(138) S;lp {r% |V loga} < e.

First, we show that the set S is not empty. Of course, the bootstrap
assumptions hold at ¢t = 0. Afterwards, we define the supremum of S as
t.. If t, = oo, then the global existence is proved. We use a continuity
argument to derive that indeed t, = oco. This goes by contradiction,
assuming that t, < oo. Then it is t, € S, and the inequalities must be
saturated at t.. It will be shown that this cannot happen. This yields
that t, = oo.
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Step 1: We show that the set § is not empty. That is, it contains at
least t = 0. In view of the local existence theorem we can construct the
past slab €[-1,0] Hyp and the initial cone Cy with vertex at a point on
H_;. Then an exterior optical function u on ¢ = 0 is constructed by
solving the inverse lapse problem, starting on the 2-surface Spo = CpN
Hy, according to the procedure explained in Step 4 for “The last slice.”
We proceed analogously to Step 4 for a background radial function u’
on Hy. One then shows that the norms Ry, Kpg), Lig), “Ofg), as well as
cO5°, K, L3° can be made arbitrarily small, that is, the assumptions
BA1 and BA2 are fulfilled. The additional assumption (138) follows
from the main result in Step 4.

Step 2: Let t, = supS. If t, = oo, then the global existence is
proved. Now, we assume t, < oo. Then, it is t, € S. The hypersurface
H;, is called the “last slice” of the t-foliation of the bootstrap argu-
ment. One defines an interior optical function u in the interior region
of the spacetime slab Ute[O,t*] H,, for which one derives the following
inequalities:

O < c(Ry + Kg + L),
(139) 'OF < e (Ry + K+ L)
Then one obtains
(140) iO[g], ZOSO < C €.

The global function w is obtained by the matching of two optical
functions, defined in the exterior and in the interior region respectively.
The exterior optical function is crucial, as it describes the structure of
null infinity. And one constructs it by solving the Eikonal equation
with initial conditions on the last slice. For the interior optical function
one prescribes initial conditions on a “central line” given by an integral
curve of the vectorfield T. The quantities related to the foliation given
in the exterior region are more subtle to estimate than the ones in the
interior. Thus, proving the exterior estimates takes the largest part of
the work. Further information is given in [6], [7], and [21].

Step 3: This is the core part of the proof. It splits into three sections,
namely, obtaining estimates for

a) Ry,

b) K, L), respectively, K§°, L,

c) “Ojy, respectively, “Og°.

Using step 2 and the bootstrap assumptions BAO, BA1, BA2, we
show that the size of the norms “Og°, Kg°, L5 and Ry}, Kgp, L2}, “Opg
cannot exceed a constant multiple of the respective size of the data at
t = 0. Therefore, given any €y > 0 we can choose € > 0 sufficiently small
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such that
e o (o @) o
OO ) ,CO ) £0 S

€0,

€0.

N~ N~

(141) “Op;s Rup Ky L <

This is achieved as follows:

a) In this part, we use the bootstrap assumptions BAO, BA1, BA2
and inequality (140) to check all the assumptions of the comparison
theorem, which in item 2 of the main steps of the proof of our main
result laid out at the beginning of section 5 allows us to estimate the
curvature by Q1(W), as well as of the main theorem concerning the
error estimates, where we estimate the three terms of Q1 (W), as given
in (54)—(56).

According to the main theorem for the error estimates, which is from
item 1 of the main steps of the proof of our main result laid out at the
beginning of section 5, we have

(142) Q1+ + Qox < ¢ (Q1(0) + Qo(0)).

Thus by the comparison theorem of item 2 at the beginning of section
5, we conclude that, for all t € [0, ],

(143) ’R[l](t) < C'Rm(O).

We recall that in our work we do not need rotational vectorfields at
all to derive the estimates for Rpyj(t). Contrary to [21], where rotational
vectorfields were used in a crucial way, we only work with the vectorfields
T, S and K in conjunction with the Bianchi equations to deduce the
required estimates for R (t). That is, we define the quantities Qg and
Q1 with help of the vectorfields T, S, and K as given also above. Then
we estimate Rpj() in terms of Qo and Q1 by the comparison argument.

From (143) and from the fact that we can bound R(;)(0) by c- €, we
decuce

(144) R[l] (t) < ce.
Choosing e sufficiently small yields
1

b) We show that the bootstrap assumptions BAO, BA1, BA2 and
the inequality (140) imply the following:

Koy L = ¢ Ry
Then, by the Sobolev inequalities, we deduce that
K&, L5° < ¢ Ry,
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and therefore, choosing € sufficiently small, we conclude

(146) Koo, Lg° < €0,

(147) K Ligg <

€0.

N — N~

c) Here, we show that the bootstrap assumptions BAO, BA1, BA2
imply the following:

‘OF < cg
60[2} < ce
Therefore, if € is sufficiently small, this yields
1
(148) ‘O < 3 €0
1
(149) ‘Op < 5 o-

Step 4: This step is to be considered together with the previous
one. However, as it is a crucial point within the whole procedure of the
bootstrap argument, we formulate it separately.

We show that we can extend our spacetime beyond the time t,. In
particular, we use the result of the previous step together with the local
existence theorem, with initial data at t., to extend the spacetime up
from t, to t, + d. Also, the optical function u’ of the spacetime slab
Ute[O,t*] H, is extended by continuing the null geodesic generators of the
hypersurfaces C,/ into the future up to t, + 6. We choose § to be suffi-
ciently small, such that the size of the norms R'j;), K'jg), L9}, ©O'[g) and

. . 3
"0, L57, O'¢° remains strictly smaller than €g. Moreover, supgs {r'z |
u

YV'loga'} in (138) is strictly smaller than .

Now, we start with H;, s as last slice. The cut S, 45 0 = Hy,+5 M Co
of this last slice with Cj is the initial 2-surface, from which we start,
to solve the appropriate equation of motion of surfaces and construct a
new optical function u on Hy, 5. We recall that the function ' gives the
background foliation here. As the level surfaces of u in Hy, 15 do not exist
yet, but have to be constructed, we use the bootstrap assumptions on
the quantities of the background foliation and the comparison between
the two foliations induced by «' and w to control the curvature and
geometric quantities of the foliation by w. Thus, using a bootstrap
argument, we construct the new optical function v on Hy, 5 by solving
an equation of motion of surfaces on Hy, s starting from Sy, 45 o. This
is then extended to the past.

In view of the continuity properties of the equations, we deduce that
the new norms Ry}, Ko, Lz, O and K§°, L§7, “OF° can be made
arbitrarily close to the previous ones by choosing § suitably small. One
therefore checks that the bootstrap assumptions BA1 and BA2 as well
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as BAO and inequality (138) still hold. Thus, we obtain that t, +J € S,
which contradicts the assumption that ¢, < oo.

Step 5: To complete the proof of the main theorem 3, one shows
that the optical function u defined on the slab Ut’e[O,t] Hy, starting
from the last slice H; in the exterior approaches a global exterior optical
function u as t — oo.

6. Discussion and Outline of the Proof

6.1. General Ideas and Concepts, Curvature, and Energy. There
are several important properties of our spacetime which play a crucial
role in our proof. We are going to discuss them now and also give an
outline of the proof of our main theorem (theorem 1, respectively, of the
full version of our main theorem 3).

In order to obtain the precise estimates, it is necessary to work with
appropriate foliations of the spacetime (M, g). These are the foliation
into hypersurfaces H; given by the time function ¢ and the foliation
into u-null-hypersurfaces C,, by the optical function u, as they were
introduced earlier. The slices H; of our spacetime are three-dimensional,
complete, Riemannian manifolds, diffeomorphic to R? and Euclidean at
infinity. Each slice carries a structure induced by the level hypersurfaces
of the optical function u. Thus, the (¢,u) foliations of the spacetime
(M, g) define a codimension-2-foliation by 2-surfaces S;,, = H; N C,.

The asymptotic behavior of the curvature tensor R and the Hes-
sian of t and u can only be fully described by decomposing them into
components tangent and normal to S,

One achieves this by introducing null pairs consisting of two future-
directed null vectors e4 and e3 orthogonal to Sy, with e4 tangent to C,
and

(150) (es,e3) = — 2.

Note that the null pair (es,e4) is only determined up to a transfor-
mation of the form

(e3,e4) +— (ales,aeq), a>0.
It is uniquely determined if we also impose the condition that e; — eg
is tangential to the Hjy.

The null pair is completed with an orthonormal frame ej,ez on Sy,
to form a null frame. The null decomposition of a tensor relative to
a null frame ey, es, e2,e1 is obtained by taking contractions with the
vectorfields ey, e3.

Also define

S
V)
I
—
+
IS



52 L. BIERI

With respect to this frame, we obtain the following null decomposi-
tion of the Riemann curvature tensor of an EV spacetime, where the
capital indices take the values 1, 2:

(151) Rasps = aup,
(152) Ragsa = 20,
(153) Rgaza = 4p,
(154) *R3y34 = 4o,
(155) Rasza = 2 Ba,
(156) Rasps = aag,
wit

h
«, a: S-tangent, symmetric, traceless tensors,
B, 8 : S-tangent 1-forms,
p, o : scalars .

We show, as a part of our main result, that these components are
controlled in the sense of the main theorem. And our estimates yield
the decay behavior:

(][54

(67 = O (r_l 7——_ )7
B = O(@F? 7’__%),
pyoa, B = o(r3)

At this point, let us recall that in [21] the null components have the
following decay properties:

a = 0@ T__g),

B = O T__%),

po= 007,

o = O@Fr3 7'__%),
a, B = o (r_%).

The fact that in [6, 7] only one derivative of the curvature (Ricci)
in H is controlled means that the curvature is not pointwise bounded.
What one has is only the following, where Ric includes corresponding
weights according to (16):

Ric € Wh2(H).

For the Gauss curvature K in the leaves of the u-foliation S the trace
lemma gives,
K € LY9).
Whereas in [21], the authors control two derivatives of the curvature
in L2(H), giving L>°(H) bounds: Ric including weights as in [21]:
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Ric € L™(H).

This yields for the Gauss curvature K in the surfaces S that K €
L>(S).

In our case, we also control two derivatives of the second fundamental
form k. Therefore, by Sobolev inequalities, it is

k e L®(H).

Then, also in the surfaces S, the second fundamental form k lies in
L>(S).

Working with this approach, there are two main difficulties to be
discussed. They have been stated and solved by Christodoulou and
Klainerman in [21]. As these concepts are also crucial in our work,
let us now say what they are. However, employing these concepts in
our setting requires fundamentally new ideas in our proofs. It shall be
explained below. Now, the said difficulties are:

1) “Energy estimates”

2) A general spacetime has no symmetries. Thus the conformal isom-
etry group is trivial. Hence, the vectorfields needed to construct con-
served quantities do not exist.

1) As the goal now is to find estimates for the spacetime curvature
to give control on regularity, one way to attack the problem could be to
focus on the definition of the energy-momentum tensor appropriate to
a geometric Lagrangian, namely, considering the variation of the action
A with respect to the underlying metric. Generally, for a domain D
with compact closure in M and Lagrangian L the action A is defined as

(157) A[D] = /D L dp,.

Variations supported in D of the action, with respect to the under-
lying metric, yield the energy-momentum tensor as follows:

. 1 .
(158) Ay = =5 [ 1 g duy
But this approach would not work here (or in [21]), because the
variation (158) vanishes for the gravitational Lagrangian L = —%Rdug,
that is for the Einstein-Hilbert action:

(159) AD] = — 2 / R dp,.
4 Jp
This vanishing is stated in the Euler-Lagrange equations for gravita-
tion, which is in the EV equations.
An alternative, one could think, could be Noether’s theorem after
subtracting an appropriate divergence relative to a background metric.
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But the energy could give control on the solutions only after the isoperi-
metric constant is controlled. Therefore, the energy alone could not help
to prove regularity. For a discussion of this problem, see also [17].

However, the right way to resolve the first difficulty is the following:
Consider the Bianchi identities

(160) Do Rpjsc = 0

as differential equations for the curvature and the Einstein equations
R, = 0 as algebraic conditions on the curvature. At this point, break-
ing the connection between the metric and the curvature, one introduces
the Weyl tensorfield W of a given spacetime (M, g), which has all the
symmetry properties of the curvature tensor and in addition is traceless

(161) gaﬁ Wauﬁu = 0)

which is the analogue of the Einstein equations, and satisfies the Bianchi
equations,

(162) D Wags = 0.

We remark that the Bianchi equations are linear.

Note that the Riemann curvature tensor has 20 independent com-
ponents, whereas the conformal curvature and Ricci tensors have 10
components each.

The Bel-Robinson tensor @ is defined out of the Weyl tensor W and
given above in (47). The main properties of () are stated after its
definition (47). This quantity @ can then be thought of as the “energy-
momentum tensor” in our setting.

The Bel-Robinson tensor @, in fact, plays the same role for solu-
tions of the Bianchi equations as the energy-momentum tensor of an
electromagnetic field plays for the solutions of the Maxwell equations.

Assume to be given three vectorfields X, Y, Z, each of which generat-
ing a 1-parameter group of conformal isometries of the spacetime (M, g).
Then the 1-form

P = _Q(7X7Y7Z)

is divergence-free. It follows thus that the integral on a Cauchy hyper-

/ * P
H

is conserved (and is positive definite, if all of the vectorfields X, Y, Z are
timelike future-directed), recalling that *P is the dual 3-form *P,,3 =
PYeyp08-

To investigate the Einstein equations, being hyperbolic and nonlinear,
we use energy estimates of the type in [21]. Aiming at global results, the
classical energy estimates do not suffice, their usefulness being limited to
obtaining results which are local in time. Instead, we introduce energies
Qo(t) and Q1(t) (see definition above), being integrals over H; involving
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the Bel-Robinson tensor () of the spacetime curvature W and of the Lie
derivatives of W, which serve to estimate the curvature components by
a comparison argument. This is one of the core parts of our work, and
it is different from the work of D. Christodoulou and S. Klainerman in
a fundamental way, which will be explained below.

The quantities Qo(t) and @Q1(¢) themselves are estimated by a conti-
nuity argument to be bounded by a multiple of the initial value Q1(0).
More precisely, we show the error terms, which are generated while
estimating the growth of @)y and @1, to be controlled. In this proce-
dure it is important to assess the structure of these nonlinear terms. It
turns out that the most troublesome terms cancel by identities that are
consequences of the covariance and algebraic properties of the Einstein
equations.

As a major result emerges the fact that the estimates for the most
delicate of these error terms are borderline. This means that any fur-
ther relaxation of the assumptions would lead to divergence and the
argument would not close anymore. This needs further explanation.
Contrary to many problems in analysis, where the principal terms, that
is, the terms containing the highest derivatives, are the most sensitive
ones to estimate whereas the non-principal terms (containing fewer or
no derivatives) are usually easier to handle, here the most difficult terms
to be estimated are of higher order with respect to asymptotic behavior
(that is they have less decay), but they are non-principal from the point
of view of differentiability. On the other hand the expressions, which
are principal with respect to derivatives behave better asymptotically,
and therefore can be controlled easier. Thus, by “borderline” we always
mean borderline from the point of view of decay (asymptotic behav-
ior). It is an essential difference between the situation investigated by
D. Christodoulou and S. Klainerman in [21] and ours that their worst
terms still being of lower order in asymptotic behavior than ours, the
borderline case does not appear, whereas in our setting the estimates
for the highest order terms in view of asymptotic behavior are really
borderline.

2) The second difficulty is that a general spacetime has no symme-
tries, that is, the conformal isometry group is trivial. Then one could
not construct integral conserved quantities by using vectorfields in con-
junction with energy-momentum tensors.

The solution is as follows: As a spacetime arising from arbitrary
asymptotically flat initial data is itself supposed to be asymptotically
flat at spacelike infinity in general, and also, with corresponding small-
ness assumptions of the initial data, as the time tends to infinity, one
could expect the spacetime to approach Minkowski spacetime. Now,
Minkowski spacetime has a large conformal isometry group. The idea
is to use part of it in the following way. One defines in the limit an
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action of a subgroup. Next, one extends this action backwards in time
up to the initial hypersurface in a manner as to obtain an action of the
said subgroup globally. This has to be done in a way such that the
deviation from conformal isometry is globally small and goes to zero at
infinity sufficiently rapidly. It is described by the circumstance that the
trace-free part (X)# of the deformation tensor (X)7 := Lxg of the gen-
erating vectorfield X is globally small and approaches zero sufficiently
fast at infinity. In order to derive a complete system of estimates, we
define the action of the subgroup of the conformal group of Minkowski
spacetime corresponding to the time translations, the scaling, and the
inverted time translations. We recall that, contrary to the work of S.
Christodoulou and S. Klainerman [21], our proof does not involve any
rotational vectorfields.

The action of the group of time translations is the easiest to define.
Having chosen a canonical maximal time function ¢, the corresponding
time translation vectorfield T' generates the action, taking the maximal
hypersurfaces into each other, as described above. This and the optical
function u, from which the action of the other groups are defined, are
introduced above, where we discuss the (¢, u)-foliation of the spacetime.

Let us define the vectorfields S for the scaling and K for the inverted
time translation. First, we introduce the function u to be

(163) u=u+2r

We define also
T_%_ =1 + u*
The time translation vectorfield T' has already been defined. We only
remark here that it can be written as in the subsequent formula. Let
L and L be respectively the outgoing and incoming null normals to the
surface S, given by (40), for which the component along T is equal to
T. Also, the integral curves of L are the null geodesic generators of the
null hypersurfaces C, parametrized by t.
Then T is expressed as

(164) T = % (L + L).

The generator S of scalings is defined to be
(165) S = %(gL—i—uL).

And the generator K of inverted time translations is defined as
(166) K = % (v L + v’ L).

Then the vectorfield K = K + T reads as

(167) K = % (ri L + 72 L).
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These vectorfields are used to construct quantities whose growth can
be controlled in terms of the quantities themselves. This procedure is
in the spirit Noether’s theorem. We observe that it is crucial to work
with a characteristic foliation of the spacetime in order to obtain the
required quasi-conformal isometries.

In the subsequent paragraphs, we are going to outline how the ener-
gies Qg and ()1 are constructed and estimated.

Before we do this, however, let us say a few words about the follow-
ing. As pointed out in the main step 3 above, we have to estimate the
geometric quantities by curvature assumptions and using mainly ellip-
tic estimates on the surfaces S;, and evolution equations in H; and C,.
The elliptic tools are used in many situations. In particular, they are
crucial in deriving inequalities for the components of the second funda-
mental form. Note that in the estimates we have to make a difference
between angular and normal components and derivatives relative to the
radial foliation. This is a consequence of the decay behavior of the
spacetime curvature (in the wave zone). Following the notation of [21],
we call such estimates degenerate, and the usual type non-degenerate.
At several points, we work with LP estimates on the surfaces S. In order
to obtain them, we need the uniformization theorem so that we can use
the Calderon-Zygmund theory for the corresponding Hodge systems on
the standard sphere. We prove the uniformization theorem in [7] and in
[6] in chapter 9, theorem 13 for our setting, where the Gauss curvature
K is in L*(9).

As a central part of the proof, we state and prove the comparison
theorem from the main step 2 above. It estimates the components of
the Weyl curvature by the quantity Q;(W) introduced above. This
quantity Q1(W) is shown to be bounded. For the vectorfields T, S, K,
the corresponding deformation tensors are calculated. Here, the Bianchi
equations play a crucial role. In fact, the Bianchi equations allow us to
obtain the estimates of the angular derivatives of our curvature com-
ponents directly. We re-emphasize that no rotational vectorfields are
needed in the present proof. In [21], the authors introduced rotational
vectorfields to obtain the corresponding angular derivatives. While this
is different in our work, another fact is used similarly, that is, the prin-
ciple of conservation of signature.

In the error estimates we show the quantity (W), that is, Qo(t)
and Q1(t), to be bounded. In view of estimating Q1 (W) from (56), we
continue as follows. Qy(t) is controlled directly, once Q1 (t) is estimated.
The integral Q;(t) for t. can be split into

Ql(t*) = - Q (‘CASW) (K7T7T7T)

+ [ Q(LrW) (K, K,T,T) + & (W, t.),
Hy
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where & (W, t,) is the integral on V;, of the absolute values of the er-
ror terms. V;, denotes the spacetime slab Ute[oﬂt*} H;, for which the
bootstrap assumptions hold. That is, the corresponding quantities are
bounded by a small positive constant ¢y. These error terms are gen-
erated because of the fact that the integral (56) on H; differs from an
integral over Hy, as the vectorfields T,S, K are not exact conformal
Killing fields (only quasi-conformal). The expressions in &1 (W, t.) to be
integrated are quadratic in the Weyl fields W and linear in the defor-
mation tensors 7 of the vectorfields.

Generally, for the integral on Hy, we have the following formula, (see
[7] and [6] chapter 5, proposition 13), for three arbitrary vectorfields
X,Y,Z and T denoting the unit normal to the foliation by a time func-
tion t:

. QW)(X,Y,Z,T) dpg

= QW)(X,Y,Z.T) dug

H
t
+ / ( / (divQ)es XB YT Z°
0o \Ju,
1
+ 3 / Qaprs (XaByr 70 4 WVged zv x9
H,

+ D708 X7 Y0) @ dpy) dt

We also need the following integral on the cones C,:

O1(Wout) = /C o, QUESWIE T T e

(168) 4 / QUrW) (K, K, T, e1)
Cu(to,t)

with Cy(to,t) denoting the part of the cone C,, between Hy, and H;
for 0 <ty <t.

And what we have just said for (56) also holds for (168). In fact, we
estimate

(169) Qi = max ( sup Qi(W,t), sup  sup Gi(Wut)).
t€[0,64] te[0,t4] us>uo(t)

Thus, we have the inequality
Q1 < Q1(0) + &i(ts).

Therefore, we have to estimate the error terms &;(t.). We prove by
a bootstrap argument (see [7], [6], chapter 6, theorem 7) that

(170) 51(75*) S CE()QT,
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which for ¢y sufficiently small implies

(171) Q1 < 2Q1(0).

In deriving (170) we encounter borderline estimates for the most del-
icate terms.

6.2. Borderline Estimates. We now give an example of a borderline
estimate. To do so, let us first give the formula for the error terms.
Let V; denote the spacetime slab Ut'e[o,t} Hy.

The first term in Q;(¢) from formula (56) is

Q (LsW) (K, T,T,T) = Q (LsW) (K,T,T,T)
Hy HO
- / @ (div Q(LsW))gys KP TV T°

Vi

+% / d Q(»CASW)QQ«,J (f()ﬂaﬁTﬁ/TJ
Vi

+ / D Q(LW)apys Dn KT,
Vi

Similarly, we obtain for the remaining terms

Q1 (W, 1)
Qo(W, 1)

Q1(W,0) + &(W,t),
Qo(W,0) + &(W,1)

<
<
with
a0 = [ @ |div QUEW)s K717 T |
t
[ @ i QUenw)) s K K717
+% /Vtcp | QULsW)agys FmPTT0 |
+ /V O | QULsW)agys Dr KT |
+ /V O | QULrW)apys FrPKIT? |
1

+ 3 / D | QLW )aprs DrPRVK? |,
Vi
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fW.t) = [ @ | (div QUV))ss KF T T

=0

1 _
+5 [ @ 1QWams OrTT |
Vi

+ / O | QW )ags D KT | .
Vi

There are several borderline cases appearing in & (W, t.). One of
them we encounter in the integral

a [ e i) @)l | il lal
tx

which arises in the most delicate term

/Ve (I)T_?_ ’ (di?) Q(ﬁsW))ggA ‘

when estimating the O | (div Q(LsW))gys KP T7 T | from above. We

stress the fact that (div Q(£sW))3s4 being multiplied by 72 involves
parts with the worst decay properties, which require more subtle esti-
mates, as we shall see in the treatment of the borderline case (172).
Note that V,° is the exterior region as introduced earlier. We can split
the integrals in & (W, t,.) and & (W, t,) into the interior region V;’ where
r < 2, and the exterior region V¢ where r > 2. The interior integrals
are estimated in a straightforward way, as in the interior all the com-
ponents of the tensors DW, ﬁTW, LW and all the components of the
deformation tensors of the vectorfields 7', S, K behave in the same man-
ner. Whereas in the exterior, the components of the said tensors behave
differently. Therefore, the exterior estimates are more complicated, as
they depend on the structure of the nonlinear terms.

Writing out the terms of fo 72 | (div Q(LsW))334 | in detail, we

find that the most delicate, namely, the borderline terms, are of the
form (172). The quantities we have to pay special attention to are «
and (%)i. Here, a is the null curvature component (151) and %)i is the
null component ()7 45 of the deformation tensor (see (42)) tangent to
the surface. In view of the coarea formula, we write the integral (172)
over V¢ as an integral on C, and an integral with respect to u:

| 70 o) (W) | [rx] | @] Ja]

tx

= [Cdu [ o (o) @) It || D]l
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We calculate on C,:

[ 7 1.o) Gl 1kl | il 1a

u

< sup(ry | trx |} /C e | (pro) (LsW) || ]| al

<o [ A1wariesmp ) ([ 1@ipar)”

Whereas the first integral on the right-hand side is bounded by cur-
vature assumptions, the second integral has to be investigated further.
Thus, one obtains

([1@ipiar) = (/Ot*{/%| @5 o Jar)?

u

t X 1
= ([0Sl sy @)

t X 1
113) < (71 s N, @)

The problem reduces to estimating the last integral. We have

1

t* 2

3 t X 1
(74) <er ([T o | @i, )’
| ,

The curvature assumptions give

|
wlw

1
sup {r? ||allpis,.,) } < 72,

t, onCy,
and the assumption on (9j is
1 (S);
” T2 ? Hoo,e < e,

which gives
I il pags,.) < Ceo.

If these bounds are substituted in (174), a logarithmic divergence
would result. Thus the integral in (174) is borderline. We show that
in fact it is bounded. Any relaxation of our assumptions on the data
involved would make this integral diverge. Now, in view of the definition
of )7 and writing out the Lie derivative, we obtain

s); — 1

= -ux +

N —
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Thus, the (97 involves the terms ry and uy. Whereas the latter has

1
order of decay O(r~'72), the first term is only of order o(r_%). There-
fore, the difficulty lies in estimating ry. Using the Codazzi equations
and the assumption that 8 € L%(S;,), by elliptic estimates from the
results to control ry in terms of 5, we obtain

(175) | X lzags,ny + 172V X lzasn < ¢ 1728 llrags,.) -

As we want to integrate (1 +¢)~1 | )3 ”2L4(St,u) in (174), we study
the integral for

3
| 728 ||%4(St,u):

tx 3
/0 1738 2ags, ., dt
t*
<o /0 178 Nz - 1176 lzags,ny dt

Tx
a76)  +e /0 178 sy | 72V 8 llzags,) dt

t 1 t )
<c (/0 178 1225, ) dt)2 </0 176 11325, .) dt)z

Ty % T %
+ c (/0 || 7"5 ||%2(St,u) dt) </0 H TzVﬁ ||%2(St,u) dt)

< rror) ([ se)
ars) ([ #1R) ([ tiver)t

The right-hand side of the last inequality is bounded by the curvature
assumptions on 3. In order to prove the first inequality, we apply the
isoperimetric inequality on S, to | B 2. Using the fact that for a

function f we have fst,u(f_f)z = fst,u fz—fsm ff= fgm f2_fgt’u f?
we obtain by first applying the isoperimetric and then Holder inequality

/Smw < cr—z(/&u|ﬁ|2dm)
x{(/smu\ﬁ\2dm)+(/s

Multiplying by 7%, we derive
(179)

3
1728 s,y < C {78 Basny + 178 lzags,l ™2V 8 iz, }-

(177)

VS P )}

t,
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Finally, estimate (176) for the integral over ¢ is deduced, and the Cauchy-
Schwarz inequality then gives the right-hand side of (177) respectively
(178) which is bounded. What we have shown is

1 1
_1 (S)2 < / 2 B 2\ 2 / 2 ,8 2\ 2
r o2 2 2 4 < C T T
| 1 2((0,6],L4(S¢.0)) ( . | B | > ( . | B | >

ve([risr) ([ iver)
< CEOQ’{-u “

From this it directly follows that

[ o o) W) ||| @] ]a] < cqQr

tx

We observe that only the estimates of (%) in terms of 3 yield the re-
quired bounds for this integral. Any further relaxation of our assump-
tions would lead to divergence of this integral. Therefore, this is indeed
a borderline case.

The estimates for many quantities in our work are borderline. Let
us point out here that this is true also for xy. Most of these borderline
cases require a more careful treatment.

6.3. Controlling Geometric Quantities and the Construction of
the Optical Function. The main step 3 above consists of estimating
the geometric quantities with respect to the foliations {H;} and {C,}.
The core part in here is the treatment of the components of the second
fundamental form k and the Hessian of u. In view of the results men-
tioned in the previous paragraph, the estimates derived here have to be
appropriate. Then this makes it possible to close the proof of the main
theorem and to derive the main results. To make this more precise, let
us discuss in the following the procedure for how it is done, and give
the different quantities that are estimated.

We introduce the basic norms of our geometric quantities in subsec-
tion 5.2, that is, in particular, of the components of k in 5.2.2 and of
the components of the Hessian of u in 5.2.4. With the definitive version
of our main theorem 3 comes a concrete description of the asymptotic
behavior of the geometric quantities.

The second fundamental form & decomposes into the scalar kyy = 9,
the S-tangent 1-form kany = €4, and the S-tangent symmetric 2-tensor
kap = nap. The worst decay properties have 745, that is, the traceless
part of nap. Having good estimates for the curvature, we can then
use standard tools. Here, elliptic estimates are applied to derive the
desired results. The main part is to prove them in the wave zone, where
the behavior of the components and of their derivatives depends on the
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direction. The elliptic system on H; for k is given by

(180) trk = 0,
(181) curl k. = H,
(182) divk = 0.

H is the magnetic part of the spacetime curvature relative to the time
foliation. We also have

(183) Rij = kia k% + Ejj,
where E denotes the electric part of the spacetime curvature relative
to the time foliation. This elliptic system on H; for k is decomposed
relative to the radial foliation, that is, the foliation of each H; by the
surfaces S;,. From the fact that the nonlinear terms in these equations
behave better in view of decay than the worst linear ones follows that
the estimates are essentially linear but nevertheless yield control of the
full nonlinear problem. The estimates, being essentially linear in the
present situation in contrast to [21], simplify the proof considerably.

In order to study the components of the Hessian of u, we apply the
basic method from the original proof in [21], namely, the method of
treating propagation equations along the cones C,, coupled to elliptic
systems on the surfaces S;,. However, our estimates differ fundamen-
tally from the ones in [21]. The reason for that is the fact that we do not
have any L°° bounds on the curvature, but we only control one deriva-
tive of the curvature in the hypersurfaces H; and the Gauss curvature K
in the surfaces Sy, lies in L*, as explained above. Our situation yields
borderline estimates for y (see [7], chapter 7), whereas in [21], there are
no borderline estimates. In fact, our assumptions on the fall-off cannot
be relaxed. Thus, they are sharp with respect to decay.

Relative to a null frame (introduced before) the Hessian of u decom-
poses into x ap, (4, w, satisfying the following equations:

d
EAB = — XAc XcB + aaB,
S
dCa
s XAc (B + XxaB Gy — Ba,
dw
= = 2(-¢- 2 _
- ¢-¢—1¢| P

As « is traceless, the trace of y fulfills an equation without curvature
terms, namely, (58):

dtry 1 R |2

= — Z (try)? =
7 5 (trx)” — |x

with x denoting the traceless part of x. For x the null-Codazzi equations
form an elliptic system on the surfaces S ,. Recall (59), which in detail
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read

1 1
(184) dip Xa = —Ba + SVatrX = Xa' G + 5 X o

Y is the induced covariant differentiation on the surfaces S;,. As a
main goal here, we show that  is one degree of differentiability smoother
than the curvature. This is achieved by a bootstrap argument with a
certain assumption on the curvature term S on the right- hand side of
(184), as sketched above. The divergence equation (184) is a Hodge
system. Thus, the bootstrap argument together with (58), (184), the
method of treating such coupled systems of propagation and elliptic
equations together with the Hodge theory yield the estimates. In the
same line, we obtain the results for ¢ and w. For {, we have the Hodge
system

dip¢ = —p— p+
afrl¢ = o — =X A X,
with x being the second fundamental form

x(X,Y) = g(DxL,Y)

for X,Y € T,S and L being the inward null normal and p denoting the
mass aspect function

1
w =K + ZtTXtTX — dip<.

The propagation equation for y is derived to be

dp 3 B 1 2 1 9
o Togtrxp = - gt [XIT 45t [C]
(185) +2dibx-¢ + X V&,

with (¥ &C)ap = ¥ oo + ¥ 4G — Yab difo .

Within this framework, to obtain our estimates, the uniformization
theorem for K € L*(S) is needed, as it is mentioned above and proven
in [6, 7].

A further crucial part of our main proof deals with the last slice Hy, of
the spacetime. Here, we study the construction of the optical function
u on this last slice. It is done by solving an inverse lapse problem for
the function uw on H;,. That is, starting from S;, o = H;, N Cp, the
intersection of the last slice with the initial cone Cj, the function w is
defined to be the solution of

| Vu |_1 = a, u |s, o= 0,
where a on each Sy, , fulfills

Aloga = f — f — dipe, loga = 0
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with

f=K - gm0

This method of solving an inverse lapse problem for u is the same as in
[21], whereas the proof itself differs fundamentally from the one in [21].
Again the fact that we do not have any L bounds on the curvature is
crucial, but the curvature only lies in H! of the hypersurface Hy, .

Constructing u as a solution of the inverse lapse problem, that is, solv-
ing an equation of motion of surfaces, was first done by D. Christodoulou
and S. Klainerman in [21]. One might first think of applying other, eas-
ier methods in order to construct w. But, as we are going to explain
now, they would not match our requirements.

What we refer to as the “last slice” is the maximal hypersurface H;,,
which bounds in the future the spacetime slab that we are constructing
in the continuity argument. The obvious choice of v on H;,, namely,
minus the signed distance function from Sy, o, is inappropriate because
this distance function is only as smooth as the induced metric g;, . It
is not one order better, which would be the maximal possible. Thus,
there would be a loss of one order of differentiability. But the problem
does not allow us to lose derivatives. That is, with this loss of one order
of differentiability, the estimates would fail to close.

To overcome this difficulty, we define v on H;, in a different way,
namely, by solving an equation of motion of surfaces on Hy,, as described
above.

Why would the use of other methods like the inverse mean curvature
flow (IMCF') not work here? Using IMCF, the problem could be solved
in the outward direction only, whereas the equation of motion of surfaces
can be solved in both directions, which is what we need.

The equation we use here has to have the smoothing property de-
scribed above as well as has to be solvable in both directions. This
excludes the IMCF and similar methods. It turns out that the equation
of motion of surfaces yields exactly what we need.

Let us explain now the principal ideas in the proof of the main theo-
rem in the last slice and also show in which sense our relaxed assump-
tions on the curvature require a special treatment.

The main results of this part are again obtained by a bootstrap argu-
ment. We have to assume estimates for the spacetime curvature on the
last slice H;,. To be precise, these assumptions have to be made with
respect to the background foliation, as the level surfaces of u on the
last slice do not yet exist, but have to be constructed. Note that, at the
beginning, only S;, o is given. We have to use the estimates on the back-
ground foliation to control the curvature and geometric components of
the foliation by u. We estimate try, x, ¢, and their first angular deriva-
tives, as well as K in dimensionless L*-norms on the surfaces Sy, ,,. We
show this by bootstrapping. A crucial role in the proof is played by the
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trace lemma, yielding L*bounds on the curvature components in St u-
Relying on them, we then apply elliptic theory to obtain the estimates
of the theorem. By a straightforward argument, the said quantities are
shown to be controlled correspondingly in Hy,. Next, integrating in the
last slice over u € [0,00) yields the estimates for the second angular
derivatives of try, X, and ¢ in L?-norms in Hy, .

Yet in order to apply the trace lemma, as said above, one has to work
more. We estimate on H;, the components of the above quantities of
the foliation by the function u by corresponding quantities with respect
to the background foliation given by u/. Let u' be a smooth function
without critical points, defined in a tubular neighborhood U’ of Sy, and
let S!, be the level sets of v’ on Hy, of our background foliation. Denote

v= U s

u’ € (ug),00)

The function v is introduced and specified in detail in [7] and in [6]
in chapter 11, theorem 6. The curvature components with respect to
its foliation are small. However, this function will not in general satisfy
the equations of the inverse lapse problem above. Therefore, we use
the estimates on the background foliation to control the curvature and
geometric components of the foliation by u. For the foliation in the
bootstrap argument, with respect to the function u, we denote

U= J S

u€[0,u1)

We have to overcome the following difficulty: By assumption, the
curvature components of the background foliation lie in H(U’). How
can they be bounded in H'(U)? There is no straightforward procedure
to bound the curvature components in the surfaces of the foliation given
by u directly, as is done in [21], where the corresponding curvature com-
ponents of the background foliation are in L*°. Thus the situation here
is different. We solve the problem as follows: The transformation coeffi-
cients between quantities referring to the two foliations being bounded,
we derive that the curvature components relative to the u-foliation lie
in H'(U). Only now, the trace lemma can be applied to obtain the cur-
vature components with respect to the u-foliation to lie in L4(S,). We
re-emphasize that, as a consequence from controlling one less derivative,
the derivatives of these components are not bounded in the surfaces S,,.

The main results of the last slice are formulated in L*-norms. Actu-
ally, they hold for LP-norms with 2 < p < 4. The upper bound 4 is given
by the trace lemma, the lower bound 2 by the fact that at certain levels
of the proof, in the surfaces S;, .+, we have to bound the L*-norms of
the quantities we estimate, and we only have them in LP up to their
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first derivatives, we have to require p > 2. This is necessary in view of
the fact that for the said surfaces it is W}, < L> for mp > 2.

Finally, all the bootstrap arguments close and so does the overall
bootstrap argument, which finishes the proof of the main theorem.

Conlcuding, we find that the estimates for some of our main quantities
are borderline from the point of view of decay, which means that it is
not possible to relax further our assumptions. This indicates that the
conditions in our theorem are sharp in so far as the assumptions on the
decay at infinity on the initial data are concerned.
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