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Trapped surfaces in vacuum arising
dynamically from mild incoming radiation

XINLIANG AN AND JONATHAN LUK

In this paper, we study the “minimal requirement” on the incom-
ing radiation that guarantees a trapped surface to form in vacuum.
First, we extend the region of existence in Christodoulou’s theo-
rem on the formation of trapped surfaces and consequently show
that the lower bound required to form a trapped surface can be
relaxed. Second, we demonstrate that trapped surfaces form dy-
namically from a class of initial data which are large merely in a
scaling-critical norm. This result is motivated in part by the scal-
ing in Christodoulou’s formation of trapped surfaces theorem for
the Einstein-scalar field system in spherical symmetry.
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In this paper, we study the formation of trapped surfaces by the focusing of
“mild” incoming radiation in a (3 + 1)-dimensional spacetime (M, g) satis-

fying the vacuum Einstein equations

(1.1) Ric,, = 0.
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Figure 1: Setup in Theorem 1.2.

A trapped surface is a 2-surface such that both null expansions are negative
on every point on the surface, i.e., the area element of a trapped surface is
infinitesimally decreasing along both families of null generators emanating
from this surface. Trapped surfaces play an important role in the study of
the solutions to (1.1) due to the following celebrated incompleteness theorem
of Penrose [20]:

Theorem 1.1 (Penrose [20]). A spacetime with a non-compact Cauchy
hypersurface satisfying the vacuum Finstein equations (1.1) and containing
a compact trapped surface is future causally geodesically incomplete.

This theorem, however, does not show that trapped surfaces can arise
from regular data without trapped surfaces. Indeed, this latter problem
requires an understanding of the dynamics of the vacuum FKinstein equa-
tions (1.1) in some large data regime.

In a monumental work, Christodoulou [6] showed that a trapped surface
can be formed dynamically starting from regular initial data free of trapped
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surfaces. Christodoulou studied! the characteristic initial value problem with
data posed on a truncated incoming cone H, and a truncated outgoing cone
Hy, which intersect at a 2-sphere 57 (see Figure 1). The data on H are
prescribed to coincide with a backward light cone in Minkowski space such
that the sphere S; o is the standard 2-sphere with radius 1. On the other
hand, the data on H; are given in a region with a short characteristic length
u < and such that the traceless part of the null second fundamental form
X is large in terms of §. This special form of initial data was termed a
“short pulse” by Christodoulou. As a consequence of the short pulse ansatz,
Christodoulou was able to consider a hierarchy of large and small quanti-
ties, parametrized by the smallness parameter §, whose sizes are preserved
by the nonlinear evolution. Therefore, despite being a problem in a large
data regime, a long time existence theorem can be established. Moreover, a
sufficient condition, i.e., that the incoming radiation per unit solid angle is
bounded uniformly below independent of 4, is identified such that a trapped
surface is guaranteed to form in the causal future of the data, within the
domain of existence. We summarize? Christodoulou’s result? as follows:

Theorem 1.2 (Christodoulou [6]). Consider the characteristic initial
value problem for (1.1) such that H, coincides with a backwards light cone*

1Strictly speaking, the original theorem of Christodoulou is stated such that the
initial data is at past null infinity and the radius of the final (trapped) sphere is of
radius = 1. Nevertheless, a simple rescaling implies also a version of the theorem
such that the initial inner sphere is of radius 1 as in the case under consideration.

2We briefly explain the notation necessary to understand the following theorem
but refer the readers to later sections for more details. We foliate the spacetime
by a double null foliation (u,u) and denote the intersections of the u = constant
and u = constant hypersurfaces by S, .. Topologically, each S, , is a 2-sphere.
Associated to the double null foliation are the normalized null vectors (es,eq).
In the statement of the theorem, all integrations are with respect to the natural
volume form associated to the induced metric v on S, ,,. The differential operator
V is defined to be the Levi-Civita connection associated to v and V, is defined
as the projection of the spacetime covariant differentiation in the e, direction to
TSy u-

3Again, as mentioned in footnote 1, Christodoulou’s original result allows the
initial data to be posed at past null infinity. Here, we only mention a version in a
finite region.

“Here, and in the remainder of this paper, we normalize the u coordinate on
the backwards light cone as follows. Let C' = {(t, x1, 72, 23) : t <0, t? = 2% + 2% +
23} be the backward light cone in Minkowski space emanating from the origin.
Define r = \/2? + 23 + 2% and u = $(—t + r). Notice in particular that u =1 on a
standard sphere of radius 1 and v = 0 on the vertex.
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in Minkowski space for 0 < u < 1. For every B > 0 and u, < 1, there exists
0 = (B, us) > 0 sufficiently small such that if the initial Xo, prescribed on
Hy for 0 <u <4, satisfies

(1.2) Yo VIVl ras, ) < B,
1<5,75<3

then the solution to (1.1) remains regular in u, <u <1, 0<wu <J. More-
over, if the initial data also verify the lower bound

é
(1.3) inf / 1Xol? (', 9) du' > M, > 2(1 — ),
79651,0 0

then, after choosing § to be smaller (depending on B, u, and M., ) if neces-
sary, the sphere S, s is a trapped surface.

Remark 1. In Chapter 2 of [6], Christodoulou also constructed initial data
satisfying both (1.2) and (1.3) simultaneously. Moreover, the initial data can
be arranged to obey the additional bound

0
inf / IXo|? (', 9) du < 2
YES 0 0

so that for ¢ sufficiently small, it can be shown that the initial hypersurface
H, indeed does not contain any trapped surfaces.

In this paper, we extend Theorem 1.2 to show that trapped surfaces
can arise dynamically from the focusing of “milder” incoming radiation.
Our main result is Theorem 1.3 below, which guarantees the formation of
trapped surfaces when x is much smaller than is required in Theorem 1.2.
We note here that the monumental theorem of Christodoulou-Klainerman
[7] on the stability of Minkowski spacetime states that the maximal Cauchy
development of small initial data must be future causally geodesically com-
plete and hence, by Theorem 1.1, is free of trapped surfaces. Therefore, any
trapped surface formation result necessarily requires the data to be “large”
in a certain sense. Our theorem below in particular allows the data for the
metric to be large only in H 2 (as opposed to H' in Theorem 1.2), which is
a scaling-critical norm® for the Einstein equations:

5See further discussions after Corollary 1.4.
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Figure 2: Domain of Existence in Theorem 1.3.

Theorem 1.3. Consider the following characteristic initial value problem
for (1.1): The initial incoming hypersurface H is required to coincide with
a backwards light cone in Minkowski space with 0 < u < 1. On the initial
outgoing hypersurface Hy, the initial X satisfies

(1.4) Do IViRollLrras,.) < a

i<7

for 0 <wu <. There exists a universal large constant by such that if by <
b<aanddazb < 1, then the unique solution to (1.1) remains reqular in the
region Sazb < u < 1, 0 <u < 3. Moreover, if the initial data also verify the
lower bound

o
(1.5) it [P0 du’ = avdal,
’1965'170 0

then the sphere Sbéa% sisa trapped surface.
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The region of existence given by Theorem 1.3 is depicted® as the union of
the darkly and lightly shaded regions in Figure 2. After choosing a = B2§~!
and b = by, we recover (a slightly weaker version” of) Theorem 1.2 as a spe-
cial case. This is because for fixed by, B, u, and M,, we obviously have
the inequalities a = B?6~1 > by, uy > boBdé and M, > 4b0B5§ after choos-
ing d to be sufficiently small. Moreover, notice that even in this restricted
case, Theorem 1.2 only guarantees that the solution remains regular in the
darker shaded region in Figure 2, while Theorem 1.3 proves that the solution
also remains regular in the lightly shaded region. As a consequence, under
the assumption of a similar upper bound (1.2) in Theorem 1.2, the lower
bound (1.3) can be relaxed to

0
inf / %02 (¢, 9) du' > 4byBé>.
V€S0 0

We summarize this explicitly in the following corollary:

Corollary 1.4. Consider the following characteristic initial value problem
for (1.1): The initial incoming hypersurface H is required to coincide with
a backwards light cone in Minkowski space with 0 < u < 1. On the initial
outgoing hypersurface Hy, the initial X satisfies

255 ||Vi>20|’L;oL2(sw) <B
i<7

for 0 <u < 6. Then there exists a universal large constant by such that the

1
solution to (1.1) remains regular in u, <u <1, 0<wu<§ for u, =byBdz.
Moreover, if the initial data also verify the lower bound

)
inf Col2(ul . 9) du’ > Aby B
ﬁé]%l,o/o Ixo|“(u',¥) du’ > 4byBéz,

then the sphere S, s is a trapped surface.

6Clearly, the depiction assumes that b < a%, which is not required in the state-
ment of Theorem 1.3. However, as we will see below, this is the technically more
difficult case and we will frequently restrict our attention to this scenario in the
discussion in the introduction.

"Strictly speaking, the numbers of derivatives required in Theorems 1.2 and 1.3
are not the same. We nonetheless make a comparison of them since after choosing
a = B?6~! and b = by, the data have the same scaling in terms of 6. In fact, in view
of [19], one expects that the condition (1.4) can be improved to requiring only i < 5
with better book-keeping.
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More importantly, a is allowed to be much smaller than §~! in Theo-
rem 1.3 and can be a large constant independent of §. In particular, if we
think of

1
. ~ 12 / /
as a measure of the “size” of the incoming radiation, it can be of the same
order of magnitude as the length scale 6. In terms of L? based Sobolev
spaces®, there exist data satisfying the assumptions of Theorem 1.3 with
metric that is only large in H > but can be small in H* for any s < %
Indeed, since we have %’YAB = 2x ap for the induced metrics Y45 on the 2-
sphere 51, in the (u, 6',6?) coordinate system, and moreover the u-interval
has length §, there exist data verifying (1.4) and (1.5) in Theorem 1.3 such
that

Y- ~ a2827.

Taking a = by and § sufficiently small, it is easy to see that such data are
small in the H® norm whenever s < % This is in contrast to the data in
Theorem 1.2 which are large in H?® for all s > 1. The significance of the H :
space is that it is a critical space for the Einstein equations according to
scaling considerations.

One motivation for Theorem 1.3 is that it can be considered as a non-
spherically symmetric counterpart of an analogous theorem by Christodoulou
[2] in the setting of the Einstein-scalar field equations in spherically symme-
try. In that context, the formation of trapped surfaces theorem requires only”
a lower bound as in Theorem 1.3, i.e., one that is much weaker compared
to that in Theorem 1.2. We remark that this sharper version of the theorem
was used crucially in Christodoulou’s resolution of the weak cosmic censor-
ship conjecture, showing that “naked singularities”'® are non-generic!! for
this system in spherical symmetry. We will make a more detailed comparison

8Here, we can understand fractional Sobolev H*® spaces for instance in the given
coordinate system (u, 0',6?) (see Section 2.2).

90n the other hand, we note emphatically that the spherically symmetric result
does not require any upper bounds either on Hy or H, in stark contrast to our main
theorem. See a more detailed discussion in Section 1.2.

10Tn this context, these are singularities not preceded by a trapped surface.

HHere, genericity is understood in the sense that the non-generic set of initial
data has co-dimension at least two in the BV topology for the derivative of the
scalar field. Moreover, Christodoulou constructed examples of naked singularities
for this system in [4], showing that the non-generic condition is indeed necessary.
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with the spherically symmetric case in Section 1.2, after a discussion of other
known extensions of Christodoulou’s theorem (Theorem 1.2) in Section 1.1
The main analytical difficulty that we face in the present work is that
under the assumptions of Theorem 1.3, a trapped surface can only form near
(in terms of §) the vertex where certain geometric quantities become large.
We thus have to introduce weighted estimates to carefully track the growth
of various geometric quantities as we approach the vertex. Moreover, in
order to obtain the existence result in the region |u| > 5(1%6, these weighted
estimates are coupled with renormalized energy estimates introduced in [18],
[19] and [17]. We will discuss the main ideas of the proof in Section 1.3.

1.1. Known results on the formation of trapped surfaces for the
vacuum Einstein equations

Returning to the problem of dynamical formation of trapped surfaces in
vacuum, various extensions of Theorem 1.2 have been achieved since
Christodoulou’s breakthrough in [6]. Here, we first briefly discuss the works
[14], [13] and [19], in particular since some ideas in our present paper are
drawn from them.

In [14] and [13], Klainerman-Rodnianski extended Theorem 1.2 by allow-
ing the angular derivatives of the initial data to be large in terms of inverse
powers of d in accordance with the parabolic scaling on null hypersurfaces
for the Einstein equations. This is in contrast to Theorem 1.2 where the an-
gular derivatives of Yo are required to satisfy similar bounds as X itself. The
class of admissible initial data in [13] is moreover critical with respect to the
parabolic scaling on null hypersurface. Moreover, by considering a relaxed
hierarchy of large and small quantities, Klainerman-Rodnianski showed that
most of the geometric quantities obey scale-invariant estimates and this ob-
servation allowed them to greatly simplify the proof of [6].

Another extension of Theorem 1.2 was achieved in [19] in which the
assumption on the triviality of data on H is replaced by assuming only
some regularity conditions on the initial cone. This result was in fact a
corollary of a more general existence theorem established in [19], which was
motivated by the problem of the interaction of impulsive gravitational waves.
In these spacetimes, the Riemann curvature tensors admit delta singularities
supported on transversely intersecting null hypersurfaces. It turns out that
the estimates used to handle this type of singularities also can be applied
to extend the formation of trapped surfaces theorem. As we will outline in
Section 1.3, these estimates will also play a crucial role in the analysis of
this paper.
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While the above theorems strengthened the existence part of
Christodoulou’s theorem, a more recent work [12] shows that the lower
bound can also be relaxed. In fact, a lower bound is only necessary in the
neighborhood of a single null geodesic on the initial hypersurface Hy, i.e.,
the inf in (1.3) can be replaced by an sup:

Theorem 1.5 (Klainerman-Luk-Rodnianski [12]). Assume that the
data for (1.1) satisfy the condition (1.2) in Theorem 1.2. If the initial data
also verify the lower bound

§
(1.6) sup / 1Xo0|? (', 9) du' > M, >0,
Y€S1,0 /0

then, after choosing 0 smaller if necessary, a compact trapped surface can be
guaranteed to formed to the future of the initial data, within the domain in
which the solution remains regular.

Even with the improvement in [12], however, the lower bound for the
L? integrals of Yo along null generators is required to be independent of
0, albeit only in a small set. By contrast, in our present work, we show
that under a similar upper bound as (1.2), the L? integrals of Yq along null
generators only have to be of size §% in order to guarantee the formation
of a trapped surface. Moreover, our result implies that as long as we also
have an even better upper bound, the lower bound can be further relaxed.
The techniques introduced in this work may possibly be combined with [12]
to obtain a trapped surface formation theorem for which the lower bound
can be small in terms of ¢ and is only required in a small set of angular
directions, although we will not pursue this in the present work.

Regarding other related results, we also point out the treatments of [1],
[21] and [22], as well as the work of Yu [23] on an analogous theorem for the
Einstein-Maxwell system. While all of the aforementioned works posed initial
data on null hypersurfaces, Li-Yu [15] combined Christodoulou’s result with
the Corvino-Schoen gluing method to construct a class of Cauchy data such
that a trapped surface is guaranteed to form in the future. Finally, we refer
the interested readers to the beautiful exposition [8] for more background on
the problem and a further discussion on the original work of Christodoulou.

1.2. The Einstein-scalar field system in spherical symmetry

As mentioned previously, our present work is motivated in part by
Christodoulou’s trapped surface formation theorem for the Einstein-scalar
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field system:

. 1
Ricy, — igWR =21,

1 -1\«
T;w = 8M¢al/¢ - *guu(g 1) 68a¢8ﬁ¢7

2
Oy¢ =0

in spherically symmetry. Here, ¢ is a real valued function on the manifold
M. A special case of the result'? of Christodoulou in [2] can be repharsed
as follows:

Theorem 1.6 (Christodoulou [2]). Consider the following characteristic
initial value problem for the FEinstein scalar field system with spherically
symmetric data. The initial hypersurface H is a cone such that the sphere
S1,0 has area radius v = 1. The data on H are otherwise arbitrary. On the
initial hypersurface Hy, after normalizing the outgoing null coordinate u by
the condition Oyr = %, we prescribe ¢ in the region u € [0,0]. Then there
exists a uniwersal constant Cy such that as long as the data on Hy satisfy

6
1
[ @0 = costos(),
0
a trapped surface must form in the causal domain of the initial data.

In contrast to any of the trapped surface formation theorems without
symmetry assumptions that we have mentioned above, Theorem 1.6 requires
no upper bounds for the initial data, either on H; or H. In fact, it is pre-
cisely because the data on H, are allowed to be singular that Christodoulou
was able to apply it to resolve the weak cosmic censorship conjecture in
[5]. Moreover, not only did Christodoulou show that a trapped surface must
form in [2], he also gave a complete description of the maximal Cauchy devel-
opment of the initial data, proving that the spacetime possesses a complete
null infinity and has a black hole region with a spacelike singularity in its
interior.

The proof of this theorem relies on a special monotonicity formula that
holds for this system of equations in spherical symmetry. It immediately

12The original theorem does not require the sphere defined as the intersection of
the initial hypersurfaces to be of area radius 1. We only state this special case for
easy comparison with Theorem 1.3. The general case can be recovered by a scaling
argument. Moreover, the original result gives a slightly sharper bounds in terms of
the constants involved. We refer the readers to [2] for the original statement.
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breaks down even if we restrict to a small perturbation of a spherically
symmetric background.

Up to the logarithmic factor log(%), Theorem 1.6 is sharp. More precisely,
there exists a positive constant ¢ such that for every § > 0 sufficiently small,
there are examples of initial data satisfying

6
(1.7) | P = s
0
whose future development does not contain a trapped surface. That this is
the case follows from Christodoulou’s theorem' on the regularity of space-
times with initial data of small BV norms:

Theorem 1.7 (Christodoulou [3]). Consider characteristic initial value
problem for the Einstein scalar field system with spherically symmetric initial
data given on a cone inu € [0, 2] with O,r = % Then there exists g > 0 such

that if
)
/0 02(r )| ()’ < eo,

then the causal domain of the initial data does not contain any trapped sur-
faces.

Using Theorem 1.7, in order to show that there exist initial data satis-
fying (1.7) which give rise to spacetime without trapped surface, it suffices
to show that for small but fixed ¢y > 0, there exists ¢ sufficiently small such
that for every § > 0 we can find a function ¢; : [0, 0] — R with the properties

)
/ (Outps)* (W) du' > o
0

and
5
/\33(T¢5)!(ul)dU’§eo.
, u

This can be achieved by considering ¢;(u) = €§0&(%) for a fixed smooth
function ¢ compactly supported in [0, 1] of C2 norm ~ 1 and then taking ¢
to be sufficiently small.

13The original theorem in [3] also gives quantitative estimates on the development
of the data. We will only need that statement that it is free of trapped surfaces in
order to contrast Theorem 1.6.
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Returning to the discussion of the result in this paper, notice that our
main theorem (Theorem 1.3) can be thought of as a formal analogue of The-
orem 1.6 without symmetry assumptions in terms of scaling. In particular,
if we formally compare the metric in Theorem 1.3 with the scalar field in
Theorem 1.6, we see that the initial data in both theorems are allowed to be
small in H*® for every s < % and are large only in H 3. However, we emphasize
that even though our result applies without any symmetry assumptions, it
also requires much stronger assumptions on the initial data, including the
very restrictive condition that the initial data have to be trivial on H.

1.3. Main ideas of the proof

1.3.1. General structure. As in [6], [14], our proof is based on estab-
lishing a priori estimates for the vacuum Einstein equations in the double
null foliation gauge. In this gauge, the Einstein equations exhibit a certain
type of null structure, in which large components are coupled with suitably
small components, allowing all the estimates to be closed even in a large
data regime.

More precisely, we foliate the spacetime under consideration by outgoing
and incoming null hypersurfaces H,, and H,, respectively. Associated to this
double null foliation, we define a null frame T{61, ea, e3, e4} such that es (resp.
e4) is null and tangent to H,, (resp. H,), and {e1, ex} forms a frame tangent
to the 2-spheres S, 4, defined to be the intersections of H, and H » We then
define the following Ricci coefficients a

xap = g(Daes,ep), X,z =9(Daes,ep),

1 1
nNA = _59(D3€Aae4)7 QA = _7g(D46A763)7

2
(1.8) 1 1
w= —19(D463,64)7 W= _19(D364’e3)’
1
Ca = 59(Daesse3)

and curvature components*

aAB - R(6A7 647 eB; 64)7 QAB - R(eAa 637 er 63)7

1 1
(19) BA = §R(€A564563764)7 QA = §R(€A,€3,63,€4),
1 1,
p= 13(64763764763)7 o= —"R(eq,e3,¢€4,€3)

4Here, *R is the Hodge dual of R.
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with respect to this null frame, where A, B € {1, 2}.

The general strategy of our proof is to obtain L? energy estimates for
the curvature components and their derivatives and to derive bounds for
the Ricci coefficients using transport equations and elliptic estimates. These
estimates are highly coupled: Ricci coefficients and their derivatives arise as
error terms in the energy estimates and curvature terms come up as a source
for the transport equations for the Ricci coefficients. A bootstrap argument
is therefore set up in order to obtain all these bounds.

As mentioned earlier, one of the challenges of our problem at hand is
that since the data is small in terms of §, a trapped surface can only form
near (in terms of §) the vertex of the cone. On the other hand, various geo-
metric quantities necessarily grow as the vertex is approached. It is therefore
necessary to prove precise estimates on the growth of the geometric quan-
tities. As a result, as we will describe below, all the estimates for the Ricci
coefficients and curvature components are appropriately weighted in w.

These weighted estimates are reminiscent of those used in the setting
where u is large, i.e., in a neighborhood of null infinity. In fact, they form
an important part of the monumental proof of the nonlinear stability of
Minkowski spacetime by Christodoulou-Klainerman [7] (see also the work of
Klainerman-Nicolo [11]), as well as Christodoulou’s result on the formation
of trapped surfaces from past null infinity [6]. We show in the present paper
that these estimates can also be used near the vertex, where u does not
measure decay, but instead measures growth of the geometric quantities.

In the following subsections, we will discuss these weighted estimates in
the context of transport estimates for Ricci coefficients, energy estimates
for the curvature components and also the elliptic estimates for the highest
order derivatives for the Ricci coefficients. We will highlight some difficulties
of the problem and explain the special structure of the Einstein equations
that we use to overcome them.

1.3.2. Weighted estimates for the Ricci coefficients. As mentioned
above, the Ricci coefficients are estimated in function spaces with weights
in u. The Ricci coefficients are controlled using transport equations and the
weights in the bounds are ultimately dictated by the non-integrability of
the null mean curvature try of the incoming hypersurfaces along incoming
null generators. More precisely, on the initial Minkowskian hypersurface H, 0>
we have try = —%, which is non-integrable in u. Consider for example the
following transport equation for x:

N S
V3X+§tTXX:'“
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Suppose the right hand side of the equation can be controlled and that try
is close to its value on Hy, i.e., try ~ —ﬁ. Then the equation implies that
we have

. a:

X~ 17
Jul
which — oo as u — 0. We therefore have to content with norms for y which
are weighted in u. Moreover, these terms enter into the equations for all the
other Ricci coefficients and every geometric quantity has to be estimated in
an appropriate weighted space.

We therefore apply the following strategy: Assume as one of the boot-
strap assumptions that the value of try remains close to its Minkowskian
value throughout the region of existence. We then prove weighted estimates
for all the Ricci coefficients satisfying the V3 equation with weights in u
that are determined by the try term. The Ricci coefficients satisfying V4
equations will in turn have weighted that are dictated by the source terms.

We now describe the weighted estimates in more detail. Recalling the
definitions for the Ricci coefficients in (1.8), we introduce the following
schematic notation:

. 2
Y e {trx, x,w}, Y€ {trx+ ‘u’,x,n,n,w}-

They obey the following slightly schematic null structure equations

(1.10) Vit + ’i'w = 9 + 9y + VY + curvature,
(1.11) Vap =9¢ v +9i + ]1u|¢ + Vi + Vb + curvature.

At this point, in order to ease the exposition, we will first not discuss the
terms with curvature and derivatives of Ricci coefficients on the right hand
side.’ To derive estimates from the schematic null structure equations, we
first assume that ¢ has small u-integral. This implies that the growth rate
1

of ¥ is determined by the non-integrable coefficient Tul

5 Directly integrating these terms will of course lead to a loss of derivative and in
order to tackle these terms, we need to combine with energy estimates and elliptic
estimates which we will describe later.
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Therefore, (1.10) implies that

az
(1.12) W~
|l
Substituting this bound for ¢ into the equation (1.11), we obtain the fol-
lowing estimates:

Sas
(1.13) P o~ e
It is easy to see that these estimates are sharp, at least for some of the Ricci
coeflicients ¥ and . For instance, as described above, the bounds for x are
dictated by linear theory and indeed can be shown to be sharp. At the same
time, by considering the equation for ¥

where - - - denotes terms that behave better, it is easy to show the estimates
for x are also optimal.

Observe that since we only work in the region |u| > 5a%b, the weighted
estimates (1.12) and (1.13) above imply in particular that ¢ is smaller than

1. On the other hand, as u — 5aéb 1 can be in fact be large With estimates

mu s smaall as can be seen by the direct computation

Saz < -
¢ / [w]? |ur “

In particular, the assumption above that ¢ has small u-integral is valid
and We can justify the heuristic argument above. Indeed, one sees that if

Y~ | |2 , then according to the equation (1.10), 1) does satisfy the estimate
P~ % as predicted by the linear theory.

1.3.3. Estimates for higher derivatives of the Ricci coefficients. In
order to close our estimates, we also need to control the higher derivatives
of the Ricci coefficients with appropriate weights. Since the area of the 2-
spheres S, ,, scales like |u|?, one expects that for every additional angular
derivative on the Ricci coefficients, the bounds gets worse at least by a factor
of ﬁ We will show that in fact such estimates can be proved. In other words,
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we have a commutation principle similar to that in [9]: |u|'V'¢ and |u|"V'y
obey estimates similar to those for 1) and ¢ . More precisely, we have

1 1

L daz
|u|zvzg -~

[u|" V' ~ Wa

ma
for i < 2. Moreover, for i = 3,4, we also have L? estimates for Vi and Vig
that are consistent with the above scaling.

The observation that allows us to obtain these estimates is that the
commutator [V3, V] takes the form

1
V3, V] = —§trXV +e-

where --- denotes terms that behave better. Recall now that try ~ —Tal
and therefore the linear part of the commuted equation for ¢ takes the form

1+ 1

VsVih — Vip =
Recall moreover that the initial data obey the bound |Vt | < as. Therefore,
V') verifies the estimate
1
. az
(2
VO

consistent with the commutation principle.

In order to obtain the appropriate weights for the angular derivatives of
the Ricci coefficient 1 satisfying a V4 equation, we notice that their weights
are dictated by the source terms, which include the terms V*i) whose weights
we have determined. In particular, this shows that V*1) also obeys estimates
in accordance with the commutation principle.

1.3.4. Reductive structure and improved estimates. As we can al-
ready see in the above argument, some of the terms are borderline and there
are no extra smallness in the error terms. Nevertheless, similar to [6], [16]
and [19], there is a reductive structure that allow us derive estimates in a
sequence of steps, each of which involves error terms that either come with
sufficient smallness or have already been controlled in the previous step.
More precisely, we first prove the bounds for V). All the error terms on
the right hand side behave at least b~ better than is necessary and we can
obtain the desired bounds for Vi) under the bootstrap assumptions. We
then turn to the equation for V’y . There are error terms in this equation
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without additional smallness, but we can use the estimates that we have
just obtained for V%) instead of using the bootstrap assumptions to control
them.

Beyond the estimates described above we also need to obtain improved
estimates for the components try — |u|, trx + Iu\’ w and'® 4 compared to
what is suggested by scaling. They are needed in the elliptic estimates and
the energy estimates since otherwise we would encounter % terms that we
need to integrate in u, resulting in logarithmic losses. To explain this further,
we consider the term try — % According to the previous discussion, scaling

considerations suggest that
1

trx| S .
[u]

However, this will be insufficient to close the estimates and we need to obtain
a bound

try —

2 ‘ da
[ul |~ fuf?”
Notice that when |u| = dazb, this gives

Saz

~ blul

2

[ul

-

and is only better than the previous estimate by a constant factor %. Nev-
ertheless, the fact that this is smaller for a large range of u allows us to
integrate in u in some of the error terms to avoid logarithmic divergences.
However, we note that the improved estimates for try — |%, try + I%\’ w and
1 are coupled and the proof of them requires another reductive structure. We
refer the readers to the text for more details on this more refined reductive
structure.

1.3.5. Weighted energy estimates I: Renormalization. In order to
close our estimates, we need to obtain L? energy estimates for the curvature
components in addition to the bounds for the Ricci coefficients described
above. In particular, we need to prove sufficiently strong estimates for the
curvature terms arising in the transport equations (1.10) and (1.11) for the
Ricci coefficients.

These energy estimates are also weighted in u in order to capture the
growth near the vertex. However, unlike for the Ricci coefficients for which
we can obtain estimates for each component separately, the energy estimates

161, is defined by = —divn+ K — ﬁ See discussions in latter sections.
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for different curvature components have to be derived at the same time.
For instance, when trying to obtain the energy estimates for 8 (recall the
notation from (1.9)) and its derivative along outgoing null hypersurfaces,
typically we need to prove at the same time the energy estimates for p and
o and their derivatives on incoming null hypersurfaces.

Now, the Codazzi equation on the 2-spheres S, , reads

1 1 1
divy==-Vtry—=(n—n)- | x — =t — p.
v x = 5Virx — 500 —n) (x 5 rx) B
By the estimates for ¢ and ¢ and the commutation principle, we hope to
prove a bound consistent with

|u[+2VB| < as.

Recalling that Area(Sy ) ~ |u|?, we would like to prove the following L?(H.,,)
bound for V*g:

S Tl VBl 2 as, ) S 82 a.

i<d

Now, if we were to prove estimates for Vip and Vo, in order to obtain the
above L?(H,) estimates for V'3, we also need to prove at the same time
that

(1.14) D Mul Y p, o) r2(s, ) S 02az.
i<4

These estimates, however, are inconsistent with those dictated by scaling
considerations and cannot be expected. To see this, notice the equation

1
curln:U—i—iX/\)Z.
By the estimates for x, X, n and the commutation principle, o obeys the
pointwise bound

oa
‘G’5W7

which is only consistent with (1. 14) in the region ]u| > da, but cannot be
proved in the full region |u| > dazb in the case b < az.

Instead, we perform renormalized energy estimates as in [18], [19] and
[17]. We make the observation that the following renormalized curvature
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components:

1 N

A%
5 X

>

o L]
—trytry — —5, =0+ =
g XX T 2

behave better than the spacetime curvature components p and o. More

precisely, we have
1 Saz
K——45]l<
‘( \u|2"’>‘ ~ uf?

and we can therefore use the (5, K — ﬁ, &) equations

1
V35+trxﬁ+V<K—> Vo=

juf?

1 .
Vi|K—— | +divB=---

Juf?

V4o +div*f=---

to get the following desired estimates:

L o 1
> (HUHIVIBHLﬁLz(SU,U) N (A <K - 2’5’>

i<4 |ul

W=
[

<9

~

az.

L2L2(S,.) >

In particular, we need to obtain energy estimates directly from the Bianchi
equations as in [10] instead of using the Bel-Robinson tensor (see [6], [7],

[11], [14]).
The reason that we can prove better estimates is that when we compare
the equation for (K — ﬁ, &) to that for (p, o), we see that the most singular

term Yo ~ ﬁ drops off. In fact, as noted in [19], by performing renormalized
energy estimates, the estimates for a completely decouple and we do not
need to prove any bounds for o component, which is very large in this
setting. At the same time, we also do not need any information on «, which
allows the proof to be simplified.

1.3.6. Weighted energy estimate II: Additional cancellations. Even
after using the renormalization, we need to exploit additional cancellations in
the error terms in order to close the energy estimates. One of these instances
is that the renormalization introduces an error term in the equation for K
of the form

1
V3K + trx K = —itrxdiv n+---

At the highest level of derivatives V7 has to be retrieved in L? from the
bounds for K — ﬁ via elliptic estimates. Since try ~ —%, it would seem
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that we have an estimate of the type

()

L2L2(Su.)
1
1 1
§Data+/ — ||’ <K )
w U |u/[?
1

Since ; is non-integrable, Gronwall’s inequality would imply that this term
grows as u — 0 and the bound will be too weak to close the estimates.
Instead, we note that there is a more subtle structure (for more details, we
refer the readers to the proof of Proposition 8.4) and we can rewrite the
equation as

2
(u)

2
dul + PN
L2L2(Su )

1
(1.15) V3K +trx K + §trxdiv n

1 3 1 1
=V3 | K- t K——|]—=t e
o (- ) + o (- )~ g
where p is the mass aspect function given by

p=—-divn+ K- —5
Juf?

and - -- denotes terms that are under control. The crucial observation is that
we can prove a better estimate for the derivatives of p than what scaling
naively suggests. More precisely, for derivatives of 1, we expect using the
heuristics in the previous section that

i+1 da’ i+1 < da3
|v | ~ | |’L+3 or Hv TIHLQ(Su’E) ~ ‘u|l+2 ?

while for p, which is a special combination of derivative of n and curvature,

we have
52aibi j O%arby
Viu| < T (or IViullr2s,.) < Tulits )

as long as ¢ > 1. Notice that in order to close the energy estimates, we only
need to use this improvement for ¢ > 1 and the extra power of u allows us
to close the estimates using Gronwall’s inequality.

There is yet another miraculous structure in the Einstein equations that
allows us to prove the energy estimates with the desired weights in u. The
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linear parts of the equations for K — T |Z and & from which we prove energy
estimates in L2L?(S,,) take the form

1 3 1
K- — )+ 2ty (K- —)=-
V3< |ur2>+2‘"’<< \u|2> !

3
V3o + §trx& =

Therefore, the %trx factors dictate that we control (K — m%, g) at least in

the weighted space
1
2
# (- o)

On the other hand, the L2 L?(S,, ) energy estimates for (K — m ‘2) and & are
coupled with the L2 L*(S,,,) of 3. However, naive scaling considerations may
suggest that 3 cannot be controlled in the weighted space |u?B| L212(Su)-
One important observation is that there is a cancellation which results in
being slightly better behaved than expected. More precisely, using the Co-
dazzi equation, we can express 3 in terms of the following Ricci coefficients:

L2L2(Su,u)

1 1 1
B =div x — §Vtrx+ 5(17—@' <§<— 2trx) :

As we observed previously, the terms div %, trxn and try n behave no better

'l
than ‘|5“|§ in L*°. On the other hand, notice that the contributions from div ¥

and (7] n)try in the Codazzi equation actually cancel! Thus 8 in fact
behaves better and can be controlled in the desired weighted L? space. On
a more technical level, in the V40 equation, the potentially deadly term
trxVx does not appear! Instead, in this equation, the only quadratic term
that contains try is the term trxvtrx As mentioned above, we have improve
estimates for Vtry = V(try — e |) which are stronger than that for Vx. This
then allows us to close all the energy estimates.

1.3.7. Elliptic estimates. We now turn to the final technical difficulties
in the proof of the main theorem. Notice that yet another consequence of
using the renormalized energy estimates is that they introduce error terms
with highest order derivatives in the Ricci coeflicients. As a result, it is
necessary to control those terms via elliptic estimates. While the procedure
of deriving highest order bounds for the Ricci coefficients from the energy



Trapped surfaces arising from mild incoming radiation 23

estimates via elliptic estimates is by now standard (see [6], [7], [11] and
[14]), many technical difficulties arise when coupled with the scale-invariant
weight estimates. In particular, we also need to obtain improved estimates
for certain components using elliptic estimates.

One of the difficulties is that the estimate we obtain for V°7 is weaker
than that for V°7. These terms would otherwise appear to be “similar”
from the point of view of scaling and indeed obey the same lower order
estimate. On the other hand, for the highest order bound, the derivation
of the L2L?(S,,) estimate for V57 would give rise to a logarithmic loss.
As a result, we give up the LﬁLQ(STu@) estimate for Vo1 and content with
an estimate in L2L?(S,.). (Notice that V°; obeys both L2L?(S,,) and
L2L%(S,.) bounds.) Tt is a remarkable fact regarding the structure of the
Einstein equations that while the stronger estimate for V°7 is crucially used
to obtain the bounds for V*y and V*try, we can close the whole argument
without a similar estimate for V!

This concludes the discussions of the main ideas and difficulties of the
proof.

1.4. Outline of the paper

We end the introduction by a brief outline of the remainder of the paper.
We will describe the setting of the double null foliation gauge and explain
the notations used in this paper in Section 2. This will allow us to state the
main estimates that we will prove in Section 3. The main a priori estimates
will then be proved in Sections 4-8. We refer the readers to Section 4 for a
more detailed outline of the proof in Sections 5-8. Finally, in Section 9, we
show that a trapped surface indeed forms given the bounds we have derived
in the previous sections.
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Figure 3: Basic Setup

2. Setting, equations and notations

In this section, we will introduce the geometric setup and the double null fo-
liation gauge. We then write the Einstein equations as a system of equations
for the Ricci coefficients and curvature components adapted to this gauge.
After that we introduce the necessary notations and the norms that we will
use.

2.1. Double null foliation

Given a spacetime solution with initial data as in Theorem 1.3, we define
a double null foliation by solving the eikonal equations

(g_l)’wauu&,u =0, (g_l)“”aug&,g =0,

for w and u such that © = 1 on H; and v = 0 on H,,. Note that u is increasing
towards the future while u is decreasing towards the future.
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Let
L = —2(g YO, L = 2(g" )0

be future directed, null geodesic vector fields and define
207% = —g(L',L).

Let
es=OL, e, =0QL
such that
gles,eq) = —2.

These are the frames that we will use to decompose the Ricci coefficients
and curvature components. Define also

L:QQL/7 L:QQL/

to be the equivariant vector fields.
We fix the gauge on the initial hypersurfaces such that

Q2=1, on H; and Hy,.

Let H, be the level sets of v and H, be the level sets of u. By the
eikonal equations, H, and H, are null hypersurface. The intersections of
the hypersurfaces H,, and H J are topologically 2-spheres. We will denote
them by S, .- -

2.2. The coordinate system

We define a coordinate system (u,u, 6", 6?) in the spacetime as follows: On
the standard sphere S, define a coordinate system (6',6%) such that on
each coordinate patch the metric «y is smooth, bounded and positive definite.
We then define the coordinates on the initial hypersurfaces by requiring
64 to be constant along null generators of the initial hypersurface. In the
spacetime, we define v and uw to be solutions to the eikonal equations as
described in the previous subsection. Moreover, define ', 6% by

L1604 =0,

where £ denote the restriction of the Lie derivative to T'S,, (See [6],
Chapter 1). Relative to the coordinate system (u,u,#',6?), e3 and e4 can
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be expressed as

9 B )
_ Q—l v A Y _ Q_li
“ <au d aaA)’ . ou’

for some d* such that d* =0 on H, and the metric g takes the form

g =—20%du ® du + du ® du) +yap(dd? — dAdu) @ (d6P — dBdu).

2.3. Equations

We decompose the Ricci coefficients and curvature components with respect
to a null frame e3, e4 defined above and an frame ey, es tangent to the 2-
spheres S, 4. Using the indices A, B € {1, 2}, we define the Ricci coefficients
relative to the null fame:

xaB = g(Daes,ep), X, =9(Daes,ep),

1 1
nA — _59(D36A7€4), QA - _79(D4€A>63)7

2
(2.1) 1 1
w= —ZQ(D463764), w= —ZQ(D3€4763),
1
Ca = 59(Daeq; e3)
where Dg = De,,; and also the null curvature components,
aAB = R(QA,€4,€B,€4), aap = R(eAae?neB’e?)))
1 1
(2.2) Ba = iR(eA, es,e3,€4), B, = §R<€A7 e3,e3,e4),

*R(€4a €3, €4, 63)'

e

1
P = ZR(647 €3, 64, 63)7 g =

Here *R denotes the Hodge dual of R. Let V be the induced covariant
derivative operator on S, , and V3, V4 be the projections to S, , of the
covariant derivatives D3, Dy (see precise definitions in [11]).

Notice that,

1 1
w= —§V4(10g(2), w= —§V3(logQ),
na=Ca+Va(logQ), n,=—Ca+ Va(log).

(2.3)
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Define the following contractions of the tensor product ¢(*) and 2 with

respect to the metric . For two symmetric 2-tensors ¢f41])3, gb A B, define

<z><1> = (v <*1>B%E§;¢(§£,
¢(1) ¢AB( 71)CD¢ ¢5323)’

where ¢ is the volume form associated to the metric . For two 1-forms ¢541),
gzﬁf), define

oo = ()P o)),
¢(1) A ¢(2) - ,t[AB (1)¢(2)
(V&) ¢A ¢(2) + ¢B ¢(2) vap(eM - @)

For a symmetric 2-tensor qbfjg and a 1-form gzbf), define

(@ 64 = (v ) lipec .

We also define by * for 1-forms and symmetric 2-tensors respectively as
follows (note that on 1-forms this is the Hodge dual on Sy, ,,):

*ba :=vacf “Pop,
*bap =v8pf P Pac.

For totally symmetric tensors, the div and curl operators are defined by
the formulas

(div ) a,..a, == VPopa,..a,
(curl ¢)a,..a. == ¢ P Vpdoa,..a,

Define the operator V& on a 1-form ¢4 by
(V&¢)aB := Vadp + Vpoa — yapdiv ¢.
Also, define the trace to be

(trd) ayn, = (v )P %BcA,.a,
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Let x and X be the traceless parts of x and y respectively. Then x and x
satisfy the following null structure equations:

1 .
Vatrx + §(th)2 = —|RI* — 2wtrx,
Vax + trxxy = —2wy — «,
1 .
Vstry + 5(‘51‘&)2 = —2wtry — ]MQ,
Vax +try X = —2wx — a,
1
Vatrx + ?CYXUK = 2wtrx + 2p — X - X + 2div n + 2m|2,
.1 . ~ 1 N ~
Vax + itrxx =Ven + 2wx — §trxx + n&n,
1
Vstry + itrxtrx =2wtry +2p — x - X + 2div n + 2|n|%,

S PR o Lok +nd
Visx + itrxx =V&n+ 2wx — §trXX +nen.

The remaining Ricci coefficients satisfy the following null structure equa-
tions:

Van=—x-(n—n) -5,
Vin=—x-(n—-n)+p5,

1 1

(2:5) Vaw = 2ww =10+ sl* + 5p,
1 1

Viw = 2w —n -1+ 5lnl* + 5p.

The Ricci coefficients also satisfy the following constraint equations:

1 1 1
div x = §VtTX - 5(77 -n)- <>€ - 2“)() - B,

1 1 1
div x = =Vtrx +=(n—n) - <§( — trx) + B,
(2.6) S22 S% 28 e

1
curln:—curlﬂza+§XA>2,

1 1
K=—-p+ 5)2 "X — Ztrxtrz,
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with K the Gauss curvature of the spheres S, ,,. The curvature components
verify the following null Bianchi equations:

(2.7)

Defining

. - ~
VaB 4 2trx8 = div @ — 208 + (2¢ +1) -

V3B +trx = Vp +2wB +* Vo + 2% - B + 3(np +* no),
3 1
3 1

V3U—|—§trxaz—div *é—i)Z/\g-i-C/\ﬁ_%?/\ﬁv

3 . 1.
V4p+§trxp:d1v5—ix‘oz—i-C‘ﬁ—i-QQ-,B,

3 1
Vgp—l—itrxpz—div@—ix-g%—é-ﬁ—%-ﬁ,
Vyf+trxB = —Vp+* Vo +2wB +2x -5 —3(np —"no),

V3B + 2trx = —div a — 2wl — (-2¢ + 1) - @,

1 ~ ~
Via + Strya = —VEB + dwa = 3(%p =" X0) + (¢ — 4)&B.

F=0+XAXs

[N

the Bianchi equations can be expressed in terms of K and & instead of p
and o are as follows:

V3B + trxB = —VK +* V& + 2wB + 2X - B — 3(nK —* n5)

1 3
+ §(V(X X))+ VXAX)) — 77t

3, 1
+ i(nx X FIXAX) — 1(Vtrxtrx + trx Vitry),

3 1 ~
Vo + Stexe = —div "8 = (A B =29 A B — SX A (VER)

1 ~
(2.8) V4K+ter:—divﬁ—(-ﬁ—QQ-ﬂ+§f<-V®n+

1. N
—EX/\(ﬂ@’ﬂ%

1 1
— itrxdiv 7 — 5trx|g|2,
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3 1 ~
Vs + Stixs = —div B+ CA B — 2 A S+ Sk A (VEn)

1. .
+ XA (n&@n),

—_

V3K+trKK:divg—<~§+2n-§+§gv®n+

1 1
— itrxdiv n— §trx|17]2,
VB +trx = VK +7 Vi 4 2wB +2x - B+ 3(—nK +" no)
|
(V(x %) =" V(XA X))

(Virxtry + tryViry)

K- (n@n)

N

_|_

DO O | DD
—
|
=>

S
X — QX/\X)szﬂtrXtrx

In the remainder of the paper, we will use the convention that capital
Latin letters A € {1,2} are used as indices on the spheres S, , and while
Greek letters u € {1,2,3,4} are used as indices in the whole spacetime.

2.4. Schematic notation

We introduce a schematic notation as follow: Let ¢ denote an arbitrary
tensorfield. For the Ricci coefficients, we use the notation

. X 2
(2.9) Y e {x, try,w}, ¢ € {n,n, X, trx + u,w} -

The set of all Ricci coefficients can therefore be represented by either v,
or try. B

We will simply write 1) (or 1), 13, etc.) to denote arbitrary contrac-
tions with respect to the metric v. V will be used to denote an arbitrary
angular covariant derivative. We will only use the schematic notation when
the precise nature of the contraction is not important to the argument. More-
over, under this schematic notation, all constant factors will be neglect.

When writing an equation, we use the following convention. On the left
hand side of the equations, all of the terms are written with exact coeffi-
cients, while on the right hand side of the equations, terms are only written
schematically. In particular, as mentioned above, we will neglect constant
factors.
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Another convention we introduce is that brackets are used to denote
terms with any one of the components in the brackets. For example, 1 (1), 1))
is used to denote either ¢y or Y. -

Finally, Vi7 will be used to denote angular derivatives of products of
1. More precisely, Vith? denotes the sum of all terms which are products of
ffactors, where each factor is Vik@ and that the sum of all 7;’s is 4, i.e.,

i1t Fi=1

j factors
2.5. Integration

Given a function ¢, the integration on Sy, i.e., fs ¢, is defined with re-
spect to the volume form induced by 7. The spacetime integration is defined
with respect to the volume form induced by the spacetime metric g. Since

there are no canonical volume forms on H, and H

+» We define integration
by

/H7L¢::2/Ou </5 fw) !
[ o=z ( [ m)) .

Likewise, the norms LP(S,,), LP(H,) and LP(H,) are defined using the
volume forms above.
We will also use mixed norms defined by

U 1 f i
19l eLsr(s) = (/0 </u HWQT(Sql,Yu,)du’) du’> :

Lyoru a z
9llzzarr(sy = / </0 !!VZcb\\qT(Su,,u,)du’) du' | .

with appropriate modifications if p = co or ¢ = co. Notice that it is implicit
that the LP norms are taken over the spacetime region given in coordinates
by {(v/,u/,0%,6%) :u <u <1,0 <o/ <wu}. In particular, the size of these
norms can depend on u and u.

and
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With the above definition, [|@||z272(s, ) and [[@[/z2(q,) (similarly for
9l L2 22(s, ) and [|@]l z2(m,)) differ by a factor of Q. Nevertheless, in view of
Proposition 5.1 below, these norms are equivalent up to a factor of 2.
2.6. Norms
We now define the norms that we will work with. First we define the norms

for the curvature components

R=Y" <sup( . i*lv%nmm))
<4
St ve L
+sup | — VK- 75,0
u \d2a2 |ul L2(H,)
; » 1
+ Z <Sup( T3 w2V <K—2,6> )
1<i<4 d2as [ul L*(H.)
+ Sup ( 1+2vil3||L2(Hu)))
e (e (7))
N (5%0& |’U/‘2 L2(H.,) )
We then define the norms for the Ricci coefficients. We begin with those for
the highest order derivatives
@5,2 = sup < - Hu5v5(x7trx, )HL2( ; ) -+ sup ( H“5V577HL2 >
w \S2a2 u \dz2a3
o (Vs )
d2qa
|ulz 2 5o
+sup (P PV (trx, )l e
u,u (5@2
For i < 4, we define the following L? norms
Lo e
Oi2 = sup| —[[u'V'(X,w, trX) |l r2(s., .
uu \ @2
ul || s L2
Vin,m, ViegQ, x, trx + —,w :
s

1

_l’_
daz
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and for ¢ < 2, we define the following L°° norms:

1 o
O = sup(1|u|||uzv1<x,w,trx)HLm(su,u)

u,u \ @2
Jul?

+ —
daz

. 2
AVA (77’7% X, tr& + u,w)

L5°(S4.0) ) '

As a shorthand, we will also denote

0= E Oi oo + Z Oi 2.

i<2 i<4
3. Quantitative statement of main theorem

We now state the a priori estimates that we will prove in this paper. The
existence result in Theorem 1.3 follows from the a priori estimates using
standard arguments (see, for example, [6]). We will omit the details.

Theorem 3.1. Consider the following characteristic initial value problem
for the Einstein vacuum equations. The initial incoming hypersurface H,
is required to coincide with a backwards light cone in Minkowski space with
0 <u < 1. On the initial outgoing hypersurface Hy, the data are smooth and
the initial shear satisfies

i~ 1
D IViKollzzrogs,.,) < a2
<7

for 0 <u <9.

Then there exists a universal large constant by such that if by < b < a
and Sazb < 1, the unique solution to the Einstein vacuum equations obeys
the following estimates in the region Sazb < u < 1,0<u<9:

07 @5,27 R 5 ]-7
where the implicit constant is universal and independent of a, b and ¢.
Remark 2. Following [6], one can solve the constraint ODEs and obtain

bounds for the initial data on H; from that of the initial shear. In particular,
under the assumption of Theorem 3.1, we have the following initial bounds
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for the Ricci coeflicients

1 _— 1 ' R
Z (1Hvl(X7w’trX)”L2(51,u) + 5 1 ||VZ(777ﬁa X5 tI‘X—{— 2aw)||L2(Sl,u)> S 1,

i<s \aZ a

and the following initial bounds for the curvature components

1
T (Cﬁ||vv3|rw<sl,u> n

i<4

1

V(K — 17675)“L3"L2(51,u)> S
da -

Once the existence theorem is established, the actual formation of
trapped surfaces follows from a simple ODE argument as in [6]:

Theorem 3.2. If, moreover, the data on Hy obey

1
(3.1) / IXo|?(u)du' > 4bSa>
0

along outgoing characteristics in every direction 19, then the 2-sphere defined
by Spst 5= {(u,u,0",60%) : u=bdaz ,u = &} is a trapped surface.

Theorems 3.1 and 3.2 together imply Theorem 1.3. The proof of Theo-
rem 3.1 will take up most of the remainder of the paper in Sections 4-8. We
will then turn to the proof of Theorem 3.2 in the final section.

4. Bootstrap assumptions and the outline of the proof of
Theorem 3.1

We now introduce the bootstrap assumptions that we use to prove The-
orem 3.1. We make the following bootstrap assumptions on the first four
derivatives of the Ricci coefficients:

1 i ) 1 ) [ 1
(4.1) Z F”u VPl Las, ) + Z EHU VY || (s, ) < b4

i<q 007 i<g 9@

and

ENE

1 . 1 . .
(4.2) > EHU’VWHLQ(SM) +Y TV | s,y < BT

i<d i<2 @2
We will also make the bootstrap assumptions on (7)572 and R:

(4.3) @572 +R< bi.
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Finally, we make a bootstrap assumption on K and its derivatives, which
will be useful for elliptic estimates:

(4.4) > |t <K - |u1’2>

i<3
In the following sections, we will show that given the bootstrap assump-
tions (4.1)—(4.4), the bounds in fact hold with a better constant. More pre-
cisely, we will show

<1.
L L L2 (Su,u)

1 . . 1 ) )
(4.5) Z FHUHIV@HB(SM) + Z M—%HUHQV@HW(SM) S,

i<q 002 i<2
1 .. 1. .

(4.6) Z — [u' V'Y |2, ) + Z — [V P s, ) < 1,

i<q4 @2 i<g a2
(4.7) @5’2 +R S 1
and
(4.8) > |t (K — 1> <1

[l /1| L o5, ™ b

i<3

Here, and in the rest of the paper, we use the convention that
A < B denotes the inequality A < CB for some universal constant
C that is independent of §, a and b. The bounds that we derive will
therefore improve over the bootstrap assumptions (4.1), (4.2), (4.3) and (4.4)
after choosing by to be sufficiently large.

We now give a brief outline of the proof of Theorem 3.1 in Sections 5-8.

e In Section 5, we prove some preliminary estimates. These include the
bounds for the metric components v and €. A particular consequence
of these bounds is a Sobolev embedding theorem on the 2-spheres
Suu- We also derive propositions from which we can obtain bounds
from general transport equations and elliptic systems.

e In Section 6, we use transport equations for the Ricci coefficients to
obtain

I itioi i+2wi A
> VY ls, ) + D>, [PV s, ) S1+ 052+ R

1
<1 a2 <o a2
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and

1 L 1 . ;
Z ?HUZVWHLz(Sw) + Z — [ VY [ s, ) < 1

i<a @ i< @?
In other words, we obtain estimates that would imply (4.5) and (4.6)
once (4.7) is also proved. In the same section, we also prove some

more refined estimates for some of the Ricci coefficients. Moreover, we
obtain the bound (4.8).

e In Section 7, we use elliptic estimates to show that
Os0 S1+R.
e In Section 8, we use energy estimates to prove that
R <1

Combining this with the bounds above, we will have thus obtained
(4.5)—(4.8) as desired.

5. The preliminary estimates
5.1. Estimates for metric components

We first show that we can control €2 under the bootstrap assumptions:

Proposition 5.1. Under the assumptions of Theorem 3.1 and the bootstrap
assumptions (4.1), (4.2), (4.3) and (4.4), we have

Sazbi
107! = 1l pe(s,) S -
o) =
Proof. Consider the equation
1 1 10
1 = —-VylogQ=_-QV,Q ' =-—Q°
(5 ) w 2V4 og B \ 2 0u

Fix u. Notice that both w and ) are scalars and therefore the L norm is
independent of the metric. We can integrate equation (5.1) using the fact
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that Q7! =1 on H, to obtain

U
1 1 s, < / ol s, it <

where we have used the bootstrap assumption (4.2). Il

We then show that we can control v under the bootstrap assumptions.
This follows from an argument similar to that in [6].

Proposition 5.2. We continue to work under the assumptions of Theo-
rem 3.1 and the bootstrap assumptions (4.1), (4.2), (4.3) and (4.4). Fiz a
point (u,) on the initial hypersurface H. Along the outgoing characteris-
tic emanating from (u, ), define A(u) and \(w) to be the larger and smaller
eigenvalue of v~ (u,u = 0,9)y(u,u,?9). Then
Sazbi

Jul

for every u € [0,0]. As a consequence, we also have

[A(w) = 1]+ [Mw) =1 5

Sazbi
|€(w) =1 <
|ul
for every u € [0, 6], where
dvol.,
§lw) = dvol,

Proof. The first variation formula states that

Ly =29,

which translates to

9,
(5.2) 9048 = 2Qx 4B

in coordinates. From this we derive that

0
B log & = Qtry.
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Since by definition £(0) = 1, we have

Sazbi

|ul

(5:3) €(w) =11 S

Y

using the bound for try in the bootstrap assumption (4.2) and the estimate

for 2 from Proposition 5.1.
Define v(u) = % = % Following the derivation of (5.93) in [6], we

can use (5.2) to derive the estimate

u

v(w) <1+ /0 (QR) () |y (.

This implies via Gronwall’s inequality that

1.1

dazbs
(5.4) v(w) - 1] 5 220
|ul
The desired conclusion follows from (5.3) and (5.4). O

A direct consequence of the previous proposition is an estimate on the
surface area of the two sphere S, 4.

Proposition 5.3. Under the assumptions of Theorem 3.1 and the bootstrap
assumptions (4.1), (4.2), (4.3) and (4.4), we have

Sazbi
sup |Area(Syu) — Area(Su0)| S CTu|

5.2. Estimates for transport equations

In latter sections of the paper, we will derive the estimates for the Ricci coef-
ficients and the null curvature components from the null structure equations
and the null Bianchi equations respectively. These will be viewed as trans-
port equations and we will need a way to obtain estimates from the covariant
null transport equations. For the transport equation in the ey4 direction, we
will need the smallness of [trx||zer1 75, ), Which is a consequence of our
bootstrap assumption (4.2). More precisely, we have
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Proposition 5.4. Under the assumptions of Theorem 3.1 and the bootstrap
assumptions (4.1), (4.2), (4.3) and (4.4), we have

6155, S 10l + [ Va6, "

for an Sy tangent tensor ¢ of arbitrary rank.

Proof. We first note that the following identity holds for any scalar f:

d B df B
du /sf = /s <du + Qtrxf> = /Su,,u,Q(eél(f) +trx f).

Hence, taking f = \¢|,2y, we have

(5.5)
% 1
(605,00 = 0050+ [ [ 20 (<6.900 >, 4500k )

The proposition can be concluded using the Cauchy-Schwarz inequality on
the sphere and the L bounds for € and try which are provided by Propo-
sition 5.1 and the bootstrap assumption (4.2) respectively. ]

On the other hand, in order to use the V3 equation, we need to incorporate
the weights in the norms. These weights depend on the coefficients in front
of the linear term with a try factor. The main observation is that under
the bootstrap assumption (43), try can be viewed essentially as —%. More
precisely, we have

Proposition 5.5. We continue to work under the assumptions of Theo-
rem 3.1 and the bootstrap assumptions (4.1), (4.2), (4.3) and (4.4). Let ¢
and F' be Sy -tangent tensor fields of rank k satisfying the following trans-
port equation:

V30a,..a, + Aotrxoa,..A, = Fa,..a,,

Denoting Ay = 2(\g — 3), we have

1
P 9l ze(s, ) S I6llzecs, sy + / P pags,, el
u

where the implicit constant is allowed to depend on Ag.
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Proof. To begin, we have the following identity for any scalar function f:

d d
_du/swf - /SM <_d{L +Qtrxf) = /SMQ (es(f) + trxf) .

Using this identity, we obtain

(5.6) —i(/&

-/ 9<2A1|u\”1-1<e3u>|¢12 2l < 6, Vg6 > +trx\u|%|¢|2)
o X

[ul[¢]%)

= / Q<2|u|2A1 < ¢, V30 + Aotrxo > )
Su,u

+ /S <\uy”19 <2A1|Ef3“) +(1— 2)\0)trx) \¢|2>.

Observe that!'” we have

2)\1(63u)
|ul
221 — 4N +2 22 (071 -1 2
- 0 _2M( )+(1—2)\0)<trx+>

Jul Jul Jul

+ (1 = 2X)try

- Sazbi
™~ fulf?

using Proposition 5.1 and the bootstrap assumption (4.1), since we have
chosen the parameters to satisfy 2A\; — 4X\g +2 = 0.
Therefore,

d 21 2
-2 (/su,u‘“' 9 )

< /S (2ru\”w¢uF| T |ur”125azb4r¢2).

"Note that in the following formula we need the exact cancellation and thus we
do not use the schematic notation for this equation.
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Using Cauchy-Schwarz for the first term and applying Gronwall’s inequality
for the second term, we obtain

a0l (s
1
L (chllm st [ u'w||F||Lz(su,,u)du')
[ .

< 1625, / P s, el

.

1
since dazbi|ju~ 2N S Mli‘ = <

o
»Mw‘ =

5.3. Sobolev embedding

Using the estimates for the metric v given in Proposition 5.2, we can follow
[6] to obtain a bound on the isoperimetric constant
min{Area(U), Area(U°)}

1(5) = sup (Perimeter(0U))2  ’

U
oueCt

where S is one of the 2-spheres S, , adapted to the double null foliation.
This will then allow us to obtain the necessary Sobolev embedding theorems.
We first have the following estimate:

Proposition 5.6. Under the assumptions of Theorem 3.1 and the bootstrap
assumptions (4.1), (4.2), (4.3) and (4.4), the isoperimetric constant obeys
the bound

I(Suu) <

3| -

for 0 <u < § and dazb < u < 1.

Proof. Fix u. For a domain U, C Sy 4, define Uy C S, to be the image of
U, under the diffeomorphism generated by the equivariant vector field L.
Using the notations introduced in Proposition 5.2 and its proof, we have

Perimeter(0U, )

fA
Perlmeter(an) éno W)
and
Area(U,) Area(Uy)

m < Zlulﬁo)f(ﬂ)a m < SuP&(@)'
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Now, the conclusion follows from the fact that I(S,,0) = 5= and the bounds
in Proposition 5.2. U

We will only need an L? — L> Sobolev embedding in this paper. In order
to derive it, we will use the following two propositions, quoted directly from
[6]. The first is an L? — L? embedding theorem:

Proposition 5.7 ([6], Lemma 5.1). For any Riemannian 2-manifold
(S,7), we have the estimate

PllLr(s) < Cpv/max{I(5),1}

x (V| L2(s) + (Area(S)) 7= |9l L2(s))

(Area(S))_i

for 2 < p < oo and for any tensor ¢.
The second is an LP — L*° embedding:

Proposition 5.8 ([6], Lemma 5.2). For any Riemannian 2-manifold
(S,7), we have the estimate

[l Lo (s) < Cpy/max{I(S),1}

x (Area(S))= "+ (| V@llacs) + (Area()) ™2 |l s(s))
for p > 2 and for any tensor ¢.

Recall from Proposition 5.3 that Area(S,.) ~ |u|?. We can now combine
Propositions 5.6, 5.7 and 5.8 to obtain

Proposition 5.9. Under the assumptions of Theorem 3.1 and the bootstrap
assumptions (4.1), (4.2), (4.3) and (4.4), we have

(5.7) Il (5,.) SO N0 V0] L2, )-

i<2
5.4. Commutation formula

In this section, we derive general commutation formulae. We have the fol-
lowing formula from [11]:
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Proposition 5.10. The commutator [V4, V] acting on an (0,7) S-tensor

s given by

V4, VBlda,..a, = [Ds, DBloa,..a, + (VBlog Q)Vida,..a,
— (v HYPXxBpVeda,.a,

—-1\CD
_2(7 1) XBDﬂAiﬁbAl...Aic...Ar

+ Z(’Vﬁl)CDXAiBQDﬁﬁAI...Aic...AT‘

Proposition 5.11. The commutator [Vs3, V] acting on an (0,r) S-tensor

s given by

Vs, VBloa,..a, = [Ds, Dploa,...a, + (VplogQ)Vs3da,..A,
— (v )P xppVeda, - a,

;
—-1\C
=D PG A,
=1

T

-1\CD
+Z('Y 1) XAiBnDQSAl.A.Aic...AT-

By induction, we get the following schematic formula for repeated com-

mutations (see [18]):
Proposition 5.12. Suppose V¢ = Fy. Let V4Vip = F;. Then

F, = Z Vi (n + g)”V”’FO
i1+i2+i3:i
+ ) Vi)V Ve
11 +io+ig+is=1
D DR A RN R AU

i1 +io+ig+ia=1i—1

where by Vi (n + Q)iz we mean the sum of all terms which is a product of io
factors, each factor being V7 (n + n) for some j and that the sum of all j’s is
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i1, i.e., Va(n+n) = Z Vit (n + n)--- Vi (n 4 n). Similarly, sup-
Jit iy =h
pose Vs = Gq. Let VsV'¢ = G;. Then

{ 7 i1 12\ 713
Gi—2t7’xv¢=‘+;‘_iv (n+1)=2V=Gy

11 12 13 < . (2
f X e (e 2 v
11+ +13+14=1
S SR,
i1 +io+ig+ig=i—1

The following further simplified version is useful in the latter sections:
Proposition 5.13. Suppose Vi¢ = Fy. Let V4V'ip = F;. Then

Fi= ) VWRVER+ Y VigpRVEpVe,
i1 +ia+iz=1 i1 +la+is+ia=1
Similarly, suppose V3¢ = Gg. Let V3V = G;. Then

4 i 11,7, 2713 i1,/ 2% 713
Gi—2trxv¢:‘+;‘v Y=V G0+'+;'v PEVEe

+ > try V2V g,
i1 +ia+iz=1,13<i—1

Proof. We first replace 3 and 8 using the schematic Codazzi equations:

B=Vi+9y,
B=Vi +1(trx + ).

We then replace try and x by v, as well as substitute 7, n, X and trx + %
with .

O

5.5. General elliptic estimates for Hodge systems

In this subsection, we prove elliptic estimates for general Hodge systems. To
this end, we recall the definition of the divergence and curl of a symmetric



Trapped surfaces arising from mild incoming radiation 45

covariant tensor of an arbitrary rank:

(div ¢)a,.a, = VF6pa,..a,
(curl p)a,..a. = ¢BVpdca,..a

where ¢ is the volume form associated to the metric v. Recall also that the
trace is defined to be

(tr @) aya,, = (7 H)P%BcA,a,

The following is the main L?(S,,,) elliptic estimate that we will use:

Proposition 5.14. We continue to work under the assumptions of The-
orem 3.1 and the bootstrap assumptions (4.1), (4.2), (4.3) and (4.4). Let
¢ be a totally symmetric v+ 1 covariant tensorfield on a 2-sphere (S?,7)
satisfying

divp=f, curlp=g, trp=h.
Then, for 1 <1 <4, we have

i—1

14"V @l 125, ) S Z (I (f, 9 r2s )
7=0

+ W VR L2s, )+ 19Vl L2s, L)

Proof. Recall the following identity from Chapter 7 in [6] that for ¢, f, g
and h as above

58 (1vop + -+ vclol ) = [ (1724198 + KInP).

Notice that [|K||perer=(s,.) S E ‘2 by the bootstrap assumption (4.4) and
the Sobolev embedding theorem (Proposmon 5.9). This implies the conclu-
sion for i = 1 after multiplying (5.8) by u?. For i > 1, we recall again from
[6] that the symmetrized angular derivative of ¢ defined by

r+1

s 1

(VO)para =75 <VB¢A1 A+ VAba casBA, +1)
=1
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satisfies the div-curl system

div (V) = (Vf)* — ——("Vg)* + (r + DEd— 2 (y&* )

r+2 r+1
S r —"_ 1 S * S
curl (Vo)® = (Vg)’ + (r+1)K(*9)
r—+2
2 r
tr (Vo) = —— Vh)®
F(VO) = =+ (TR
where
(v ®° h)A1~~~AT+1 = YA,A,; Z RAy . cAi>icAj>aA,
i<j=1,- r+1
and
1 r+1

CO)ayn,,, =

Z $a.°04,<a>B-A,
r + 1 i_l (2 K2 r

Using (5.8), we therefore obtain that for i = 2, we have

IV28l172(s,.) S IV 1225, ) + 1Vl Zeqs, )
HIE (VO + |1+ VAP | s, )
1K, ) + 1K) Zs, -

Using again HKHLZOLEOLQQ(SW) < ﬁ, we have

1
V2225, ) S IV D Zas, ) + W(HV(@ W72, ) + I1F1725,.)

1 2
+ WH(QS’ h)HLZ(Su,g)a

which implies, after multiplying by |u|*, that

[0V 01 a5,y S 12V (F ) as, )+ 10V (@)1 Eags, )
HlluflFags, )+ 1@ WG,

S DU VI 9l ags, ) + 107V (6,9 125, .0):
j<1
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Iterating the procedure and applying (5.8), we thus obtain that for i < 4,

IV &ll72(s

uu

) S IV 9, )
+IEAVTH O WP+ IV 2 9P s,

|
+ HK( > VEKVE(g, h))2

i ia=i—3 LH(Suu)
2
e 3 o)
i1 in=i—4 P ()
+ ) IVEEVE(6,h) s,
i1 +in=i—2
+ Y IVEEVE(£ 9 s,
i1+ip=1i—3
+ Z KV KN (6, 0)[1 225, .
i1 +ia=i—4

where we have used the convention that Zigfl = 0. By the bootstrap as-
sumption (4.4) and Sobolev embedding (Proposition 5.9), we have

Z 'V K| e s, S 1

i<2

Therefore, for i < 4, we have

10V $2es, ) S S VI (F, ) 2, oy + 1077 (6, )2, -

j<i-1

For the special case that ¢ a symmetric traceless 2-tensor, we only need
to know its divergence:

Proposition 5.15. Suppose ¢ is a symmetric traceless 2-tensor satisfying
div ¢ = f.

Then, under the assumptions of Theorem 8.1 and the bootstrap assumptions
(4.1), (4.2), (4.3) and (4.4), for 1 <i <4, we have

i1
|w' V'l L2(5,.0) S Z(HU]HVJJ‘”HL%SM) + WV @ 25, .))-
=0
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Proof. In view of Proposition 5.14, this Proposition follows from

curl ¢ =" f.

This is a straightforward computation using the fact that ¢ is both symmet-
ric and traceless. O

6. L*(S,.) estimates for Ricci coefficients

In this section, we prove estimates for the Ricci coefficients and their first
four angular derivatives in L?(S5).

Before we proceed to prove estimates for the Ricci coefficients, we first
make a preliminary observation regarding the bounds for ¢ and its deriva-
tives and products. These follow directly from the bootstrap assumption (4.1).

Proposition 6.1. Under the assumptions of Theorem 3.1 and the bootstrap
assumptions (4.1), (4.2), (4.3) and (4.4), we have

Do g s S WV s,

11+12<4 11<4

and

Z [t T2V e L, ) S Z [ 2V | oo s, )

i1 +12<2 11<2

In particular, by (4.1), we have

Z ||ui1+i2+1vi1yi2+1 ”LZ(SH,E) 4 Z HuilJrl'zJFQVlllyinrl ||L°°(Suyl)
7,1+1,2§4 Zl+12§2
< Sazbs.

Proof. For the L*(S,,,) estimates, we have

>

|ui1+i2+1vi1yi2+l HLQ(Su’E)

11412<4
< (S 1Y s ) (2 3 el )
11<4 1954 13<2

S DM e, L),

11 <4
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since by (4.1) and Sobolev embedding, we have

1.1

y . dazbs 1
Z [T || e 5, ) S | < -5
= ul bi
Similarly, we have
Z R VA e PN
i1+12<2 - -
5 <Z "ui1+2Vi1,l/}‘|Loc(Su,u)> <Z Z "uis+1vi3¢‘|lioo(smu)>
i1 <2 12<245<2
SO W VY [ pegs, -
1, <2 O

We now proceed to the estimates for the Ricci coefficients and their
derivatives. We will first bound the terms we denote as 1, first with x
(Proposition 6.2), then try (Proposition 6.3) and w (Proposition 6.4). We
will then turn to the estimates for ¢» in Proposition 6.6. We begin with x:

Proposition 6.2. Under the assumptions of Theorem 3.1 and the bootstrap
assumptions (4.1), (4.2), (4.3) and (4.4), we have

- N
Z [V X L2 (5,.,) S a2
i<d

Proof. We use the null structure equation
N S
Vsx + Stk = Vn+9y + 9.

Commuting this equation with ¢ angular derivatives, we have

141

VsVix + 5 trxV'x
— vi+177+ Z vi1gi2+2+ Z Vilgiz-‘rlvisw
i1+ia=1 i1 +ia+iz=1

1. . .
+ Il tlyisy),
2 eV
i1+t tig=i—1
We apply Proposition 5.5 with \g = %, which shows that the quantity
[u'VX Lo Lo 12(s,,) can be controlled by the sum of its initial value and
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the [lu’ - || po 12 £2(s, ) norm of the right hand side. We now estimate each of
the terms on the right hand side of the equation for ¢ < 4. We first control
the linear term in 7 for ¢ < 3:

L 1 o
S 1wV gl s, <Y [ 2V Y || e (s
u ( u,g) |’U,‘2 L RERIEY ( uag)
i<3 i<3
< Sazbi
|ul

using the bootstrap assumption (4.1).
For the highest order derivative, i.e., when ¢ = 4, we have

1
”u4v5n||LiL2(Su&) S ‘ Tl

|’lL| ||U5V577||L3L2(Su&)

L2
1 1

0z2az ~ 1)

Os52 S

=

b

Julz

W=
W=

< a

~ 1
Jul>

We then control the second and third terms together. Here, we use the
estimates derived in Proposition 6.1.

(6.1) >

i<4

Z uivhyiz-ﬁ-lvig(w’g)

i1 +ia+iz=1

Lo L2(Suu)

S D e L )
i1 +i2<4

X Z ||U“+1V23 (Q;Z) ) g) ||Lu°°L°°(Su,ﬁ)

13<2

+ Z |’ui1+i271vi1yi2+1 HLiLw(Su&)
11 412<2

X Z (R v (W, V)L L2(s, )

i3<4

- dazba (a;bi n 5a2b4>

Jul Jul

2

< dab2

2

Jul



Trapped surfaces arising from mild incoming radiation 51

Finally, we control the last term by

62 >

Z ui*lvilﬁ’ig+lvi3¢

i<4 [|li1+is+iz=i—1 L1L2(Su )
S Z [ T s, ) Z [TV || oo o5,
i1+12<3 i3<1
+ Z ||u’i1+i271V751yi2+1”LiLw(quE) Z Hul3+1vlz,¢}‘ Lo L2(Su.0)
11+12<1 i3<3
5 (5&%[)i a%bi + (5a%bi
|ul |ul
< 6ab%'
|ul

We now apply the condition |u| > Sazb. For b sufficiently large and a > b, it
is easy to see that all the terms above are of size

W=
NI

a

N =

<0

<
~ 1 ~
[k

Saz.

@‘Q
N =

0 =

Recalling that initially we have

i~ 1
Z IV*Xoll Lz r2(80.) < @2
i<4
and using the above estimates, we get
o )
D'V Rl s, S a7

i<4 |

We next prove the estimates for try and its derivatives. It will be useful to
show not only that V'try obey the required estimates for V' but also to
obtain a slightly more refined bound as follows:

Proposition 6.3. Under the assumptions of Theorem 3.1 and the bootstrap
assumptions (4.1), (4.2), (4.3) and (4.4), we have

. ) 2
Z MaRAvL (T,’f’x _ >
Jul

1<4

< Ja.

~

L2(Su,u)
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Proof. Using the null structure equation, we have
2 .
Vy | try — m = X + wtry + trytry.

Notice that we have put in the term —% in the equation for V4try. The
V4 derivative of this term is 0. We put in this additional term because the

initial value for try — % on H is 0. Commuting this equation with ¢ angular
derivatives, we have
. 2 o ‘
WAL <trx - H> _ Z vhwlzvmxvuf(
u ¥

11+l +iz+ia=10
+ ) ViR VRg Vi
11412 +ig+ia=1
1 . .
+ Y VIRV,

i14ip+is=i Jul ~ =

We now use Proposition 5.4 to bound |[u*t1V¢(try — |27\)||L,3°L5L2(Su&) by
controlling the right hand side in the [[u™ - || o 11 12, ) nOTM,

We first bound each of the three terms in the case where io = 0. We first
consider the contribution from », ;. . Vilgi2vi3)zvi4>2 where io = 0
(and as a consequence i; = 0). In this term, we will see estimates that are
“borderline”, but we will use the fact that the bound derived for V'y in
Proposition 6.2 is independent of the bootstrap assumption (4.1) and does

not suffer a loss of bi. More precisely, we have the bound

D

1<4

Z Ui+1 vl'g XV'M X

’i3 +Z4 :’L

LLI2(S0)

SO NS R e (80 D 10V R e 1 12500
i3<2 14<4

< da.

~

We now consider the contribution from Zil iy bistig=i V“yﬁvi"*wvi“trx
with 79 = 0.
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>

1<4

Z uiJrl vi3 w V’i4 tI‘X

i3+1i4=1

LLL*(Su,u)
Sé Z [0V || Lo Lo L (5,.0) Z [ I x| poe e 128, )

13<2 14<4
+6 > uB TNV | e poe s, O 1V X L Lo L (5,)
13<4 14<4

1 1
+ dazb1,
Lo L L2 (Su )

. . 2
uz-l—lvz (tI‘X o )
|ul

where we have used the bootstrap assumption (4.2) together with Sobolev

embedding in Proposition 5.9.
The contribution of the third term, i.e., Zi1+z‘2+i3:i quilvilgbvi%ﬁ,
where i9 = 0 can be controlled by

Y NV s, SO N0V Gl Le 11205, S 00201,

i<d i<4

5a%bi
ST 2

i<4

using the bootstrap assumption (4.2).

We now move to the terms where io > 1. It turns out that the 1 fac-
tors provide extra smallness and we can use the bootstrap assumption (4.2)
together with Proposition 6.1 to deal with the first two terms'® to get

D

Z ui+1vi1yi2+lviswvi4w

<4 ||i1+ia+i3+ia=1i—1 L1I2(S,..)
< ] > TRV | e (s, ) D BT VY | e e s
11+12<3 13<2

11<2

X Z [0 4 || e v 2 (5, )
i1<3

1)
+ *HU4V3£||L;CL;L2(SM)||U¢HLgoL;oLoc(Sw) U || Lo Lo Lo (5. )

[ul*
< 52a§bi
|ul

8Notice that we have relabeled i5 to simplify the notation. We have also used
the schematic notation to write x and try as .
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The third term can be handled in a similar way in the case ix > 1 using
Proposition 6.1 and the bootstrap assumption (4.2)

D

Z uivi1%i2+1vi3w

i<4 |li1+is+iz=i—1 L3 L2(Suu)
St 2 vty (s 2 I =
i1+12<3 is<3
11 <2
+ 0 [ |
—||u o Suu
ul . (e
. 52ab%'
~Y
|ul

Recall that the initial data for try — |%| is vanishing. Therefore, by

Proposition 5.4 and using the condition |u| > dazb, we have

. . 2
Z anavi <tTX _ >
Jul

1<4

1
< _
Néa—l-b§ E

Y <4

L LEL?(Su,u)

For b sufficiently large, we can subtract the last term from both sides to get

. . 2
Z ana v <tI“X >
Jul

i<4

We next prove the desired estimates for w and its derivatives. We will
show that it obeys a slightly better estimate than a general component .
Moreover, the bound improves if we take at least one angular derivative.

< da.

~

L L L2(Su,u)

0

Proposition 6.4. Under the assumptions of Theorem 3.1 and the bootstrap
assumptions (4.1), (4.2), (4.3) and (4.4), we have

o 5%@%
2V elixgs, ) S 14

I
i<4 |ul>
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If i # 0, we get the improved bound

N =
N

i d02a
Y ' Villregs,,) S

.
1<i<4 |ul>

Proof. We use the following schematic null structure equation for w:
Viw =K + ¢y + 199 + trxtry.

Commuting it with angular derivative for ¢ times, we have

?

VsViw + 2trxviw
ibiatia<i htia=i ibiatis=i

1 . . . 1 .
+ E —Vhypa Ty 4 —Vitry.
i1 +ia+i3=1—1

We apply Proposition 5.5 with A9 = . In particular, since the initial
data for w vanishes, we can estimate Hui_lvinLaoLﬁoLz(Su’u) by the |[ui~!-
|1 125, ) norm of the right hand side. To estimate each of the terms in
the equation, we note that all terms except for the K term and the %Vitrx
term have been controlled in the proof of Proposition 6.2 and 6.3. More
precisely, by (6.1) and (6.2), we have

- 1
Z ||uz le‘ L2 L L2(Su ) S Z mHUZFH

i<4 i<4

1\

S3a3bi _ Srq:
Ly LLL2(Su) S

ol Juls
where F; is defined to be

E: Z vi1%iz+2+ Z vi1%i2+lvi3w
i1 +i2=1 i1 +la+ig=1
7v7/1 ’Lz-‘rlvlg .
D S

i1 +io+iz=i—1

There are two remaining terms: the term with K and the term %Vitrx. We
first estimate the term containing the Gauss curvature K. We split up the
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term into
K< |K ! + !
~ |u|? ul?

L), if iy = 0, we have

For the term with (K — e

WV K — b
|ul?

< w7 (K _ 12>

= Jul

LYL2(S..)

lu?
ZYAICHN

N =
N

< S2a2bi < 0z2a

~ ~

fuls 3

where in the second inequality, we have used the bootstrap assumption (4.3)
For iy > 1, we get'? the better estimate

Z Z ui—lvilyizﬁ-lvis <K _ 12>
1<4 iy tigtiz=i—1 ]u\ L2 (Su.)
,S Z “uil+i2+1vi1%i2+1||Lu°°L2(Su,£)
11 +12<4
. . 1
% Z u23+2vla <K _ 2) ||U_3”Li
i5<2 Jul L3 L>(Suw)
e LT P
i1 +12<2
1
% Z ylatlyis < 2) ”u,3|’Li
< |ul L212(Sy.u)
5 Z ||ui1+i2+1vilgi2+l||LECL2(SU,H)
i1tia<4
) 1
i3<4 |U‘ LiLz(Su&)
1.1 11
SJ 5a2[z4 5%61%7?/5 52&327
|ul> e

where in the second inequality, we have used the Sobolev embedding in
Proposition 5.9; in the third inequality, we have applied Proposition 6.1

YNotice that we have relabeled iy
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and in the last estimate, we have used the bootstrap assumption (4.3) and
lu| > dazb.

We then move to the contribution arising from ﬁ Notice that for this
term, the only possibility for having is = 0 is when ¢« = 0. In this case, the
term can be controlled by

1

~

LS., el

1
—1
(6:3) H Taf?

For is > 1, we have

D

i<d

. . ) 1
i—1x711 ), 02+1
T

11—‘1-12:7,—1

Lo L2 (S )

rS Z ||ui1+i2+1vi1gi2+l||L30L2(Su&)||u—3| n
i1+12<3
< Sasbi < Sat

where in the second inequality, we have used the bootstrap assumption (4.1).
Combining all the above estimates, we have

(64) Z Z ulflv’blyl2+1vl3 <K o 2)
i<4 |liy+ig+iz=i—1 |ul
i 5%@%

Ly L?(Suu)

S

Notice moreover that the appearance of the term % is only due to the

contribution of (6.3) and is only present when i = 0. We now estimate the
remaining term by:

3
a4 1

ful ~ |uz " lul

W |

. da 1 1)
(6.5) D M AVl pags. ) S PERTR

1<4

)

using the bound for Vitry in Proposition 6.3. Moreover, for i > 1, since
Vitry = Vi (try — l), we have the improved bound

Jul

Yo eV ey s, ) S

1<i<4 |ul
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using Proposition 6.3.
Collecting the above estimates, we have

. . 1 5%@%
ST Vwllras, ) S o+ —5

Multiplying by |ul|, we get

D ' Viwll s, ) ST+ —
i<d

Moreover, if i # 0, the worst terms in (6.4) and (6.5) contributing to the
bound 1 are absent. Therefore, we have

W=
alw

J

a

> Vel e, ) S

—.
1<i<4 |ul 0

We summarize the estimates that we have already proved for ¥ and its
derivatives:

Proposition 6.5. Under the assumptions of Theorem 3.1 and the bootstrap
assumptions (4.1), (4.2), (4.3) and (4.4), we have

1 .
> <V s, ) S 1

i< @?

We now estimate the L?(S, ) norms of the first four derivatives of the
remaining Ricci coefficients, i.e., the Ricci coefficients that we call 1:

Proposition 6.6. Under the assumptions of Theorem 3.1 and the bootstrap
assumptions (4.1), (4.2), (4.3) and (4.4), we have

1 ) ) N
> FHUHIV@HLQ(SM) <1+ 059+ R.

i<q 0@

We also have the more precise bound

1 . . 1
Z FHUZHV@HL?(SM) S+ FHUSV5WHL§L2L2(SH&) + R,

i<d az 2@2
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e., the only dependence on (’55,2 s through the term

1

2@2

F[[uVOwl Lo L2 125, 0)-

Proof. In order to unify the exposition, we will not consider the equation
V3n, but will instead use the equation V4V log 2. Since n = —n + 2V log (2,
the desired estimate for 7 can be recovered from the bounds for 1 and
Vlog Q. ;

For 1 € {n, VlogQ, trx + %,X,g}, we have the schematic transport
equation

v4g=ﬁ+w+f<+vg+wy+w+%¢.

Notice moreover that by the assumption of Minkowskian data on the initial
incoming cone, all of these quantities ¢ are initially 0.
Commuting the above equation with angular derivatives, we get

ViVl =V + VT (wn) + Y ViR VREK
i1+ +iz=1
i1,,4 i [ is
+ > VRTIVE @)+ ) AL

11 +i2+i3=1 i1+ +is=1

By Proposition 5.4 and the triviality of ¢y on H,, in order to estimate the
quantity HuivinLmLz S..)» it suffices to bound the ||u’ - lz:22(s,,) norm
of the right hand side. We now estimate each of the terms in the equation.
We first control the § term

o Saz
(6.6) Z”UZV%H%L%SW)_ ZHuZ“WHW 50 S TR

i<4 i<d [ul

We now turn to the term V:tiw. For i < 3, we apply the estimates in Propo-
sition 6.5, while for ¢ = 4, we use Os 2 to get

(6.7) 2{: Hujx7b+1“4|LiL209w£)
i<a
N|‘§:WfHVHi¢MwU HQ+TTWLV“WBLQHQ
<3

6a
< |u| (1 —|—O5 2)
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For the V"' term, we have

(6.8) Z 1w~ gl L Lo s, )
<4

02
N ‘ ‘2 Z ||uz+2vz+1wHL°°L2(Su w) + ‘ ‘QHU v 77||L2L 2(Su,u)
<3
2 ,zl 9 3,1 9 3,1
- 0“az2ba n 0“as1ba - 0“a1ba
P [l "~ fu?

where we have used the bootstrap assumptions (4.1) and (4.3).
We control the term containing the Gauss curvature K as follows:

(6.9) >

<4

Z u’V“@“V'@K

i1+la+iz=1
Z Z+2v7, <K _ >
s \ [uf? Juf?

<4
o i tin b2, a1

+W > VAT Lo Lo (s, )

11 +12<2

e ()
u

is<d
+W Z HU“HZHV“MZ“HL;LQ(SM)

52
i1+12<4
1
+ 02 [ul
L2 L°(Sy,u)

X (Z u“‘HV” (K— |u|2>

13<2

§2aibi & 3aib:  8%azbi

5 T2 + 3 2
|ul |ul |ul |ul

- S2aibi 6

STRE Tl

LLL?(Su,u)

+6llu?|| p2(s. )
L2L2(Su,u)

L212(Su,u)

where in the second inequality we have used the bootstrap assumptions
1

(4.1) and (4.3), and in the final inequality we have used |u] > dazb and

b < a. Moreover, notice that the contribution for ﬁ comes from only from

the term i = 0. For i > 1, since V'K = V(K T | 5), we have the improved
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bound

(6.10) >

1<i<4

< §2aibi

~fup
LLL(S)

z UZVZIgZQV“K

i1+la+is=1

The fourth term can be bounded as follows:

(6.11) >

i<4
)

juf?

Z uivily’i2+lvi3(w7%)

11 +ip+iz=1

LLL2(Su.)

Z Hui1+l'2+1vi1£’i2+1 ||L;°L2(Su,£)
i1+12<4

XY BB (4, )| (5,
13<2
+iz+2 +1
ar D Ll Al PR
i1 +12<2

X Z ||Ui3via(T/J@)HL;LZ(SH,E)
i3<4
<52abi 53ab2 <52abi7
™~ Julf? [ul3 ™~ Jul?

S

where in the last line we have used Proposition 6.5 to control ¢ and used
Proposition 6.1 to control the product of ¢, as well as using Sobolev em-
bedding in Proposition 5.9. We then control the final term as follows:

(6.12)

Z Z uiflv’ilwizvléw

i<4 |liy+ig+iz=i LLL2(Sy,w)

5 .

< [u] > 1wV Pl Las, )
<4

T W Z ‘|U“+12+1V“E12+1”L;B(Su&) Z HuszrlvzsquLfLoo(Su&)
11+i2<3 1352

tE 2 W s, D VI s,
11+i2<2 i3<4

<@ 52abi
™~ ul lul?



62 X. An and J. Luk

where as before we have used Proposition 6.5 to control ¢/ and used Propo-
sition 6.1 to estimate the product of ¢, as well as using Sobolev embedding
in Proposition 5.9. N

Therefore, applying Proposition 5.4, using the estimates above and using
lu| > Sazb, we get

o Saz -
Z ||uZVZyHL;°L2(Su,E) S m(l + 05,2 + R)
<4

Moreover, notice that the term Os 5 only comes from controlling V°w in (6.7).
Therefore, we have the improved estimate

. 6@% 1
Z IIuZV@IILz(sw) < o <1 4 ST ||U5V5W||L3°L1L2(Su,£) + R) .

22

i<4 [ul =

From the proof of Proposition 6.6, we also get the following additional
bound for V*(try + |—3|) for i > 1:

Proposition 6.7. Under the assumptions of Theorem 3.1 and the bootstrap
assumptions (4.1), (4.2), (4.3) and (4.4), we have

o 2
> v (trx + >
=y

1<i<4
Proof. Notice that try + % satisfies the equation

3 3
dzas
3
2

S
L2(Suw) Ul

V4 (trx—i— é,) =K+ Vn+yy +y + %(trx,w).

This equation can be derived from the usual equation for V4try and not-
ing that V,u = 0. In particular, compared to the equation for a general
component ¢, we do not have the terms 3, Vw and % X-

Commuting the above equation with angular derivatives, we get

V4Vz (trx+ ) — VH_lﬁ-i- Z V“ymva
‘U| i1 +ia+iz=1
+ Z vi1£i2+1vi3 (wjy)
i1+ia+i3=1
1 i1 1o 13
—i—A Z AEV P2V (try, w).
11 +12+i3=1
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We now revisit the proof of Proposition 6.6. Notice that except for the terms
in (6.6), (6.7), (6.9) and (6.12), the error terms in the proof of Proposition 6.6

1 . .
satisfy the better bound 573{’24 . Since there are no V'3 and V*'w terms in

the equation for Vi(trx + %'), the contributions of ‘S“fj (1+ (’}3’2 + R) from
(6.6) and (6.7) are absent. Moreover, since we have ¢ > 1, the term % from
(6.9) is also absent (and we have the bound (6.10) instead). We now revisit
the estimate in (6.12), using the fact that we only have try and w and that

X is absent:

2.

1<i<4

Z ui_lvil¢izvi3 (try, w)

i1+la+iz=1

s o
f,m Z ||Uzvz(trxaw)HL;@LZ(SM)
1<i<4

LLL2(Su,u)

| |2 E ||/U’Z1+Z2+1v“¢22+1”L‘X’Lz(Su w)
u - <@ =

11+i2<4
X Z Huiﬁlvis(tl“%W)”L;CL‘X’(SM)
i3<2

B o ,
+W Z HUZIH?V“HQ”HHL;L&(SM,E)
11 412<2
X Z Juts V' (trx; W)l Lo L2(5,.0)
i5<4d
2 3 2 41
<5a+6a4 5ab4<5

SATERE e

+

3 3 3
2 24

a

9

where in addition to using Proposition 6.1, we have used the improved
bounds for Vitry and V'w derived in Propositions 6.3 and 6.4 respectively.
Combining this with (6.8), (6.10) and (6.11), we obtain the desired conclu-
sion. O

Besides Vi(trx + %), we also need an improved bound for V¢log (2 for 1 <
1 < 4:

Proposition 6.8. Under the assumptions of Theorem 3.1 and the bootstrap
assumptions (4.1), (4.2), (4.3) and (4.4), we have

Wl
NS

a

i— i J
Z Ju'~'V 10g Q| Lo Lo £2(80,0) S

~ 3
1<i<4 |ul 2
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Proof. Recall that

VAV logQ = Viw + Z V“yﬁlv%.
i1+latig=1—1

We would like to control Vilog Q in the norm |ju'~tV? log Q| ee e 12(8, )
By Proposition 5.4, we thus have to estimate the right hand side in the norm
Ju~" || 2 r2(s, ). The first term can be bounded with the estimate for
Viw for 1 < i < 4 in Proposition 6.4. We also need to take advantage of the
improved bound that we achieve for i # 0. More precisely, we have

Stai
Z ||u2 1vz < .
1<i<4 |ul>

The second term can be controlled with the aid of (6.11):

>

1<i<4

-

i<3

Z ui*lvi1%i2+lvi3w

i1+iatig=1—1

L Ly L? (Su,u)
§ uzvzlézrf—lvmw
11 +i2+iz=1

< 52aibi < 1) aS
|ul? |ulz

L LLL?(Su,w)

3
2

W

since |u| > dazb. O

We also note that the V4 equation for K — |2 contains exactly the same
type of terms as the V4 equation for V. Therefore, ViK Mg) obeys the
same estimates as V”lg for ¢ < 3. More precisely, we have

Proposition 6.9. Under the assumptions of Theorem 3.1 and the bootstrap
assumptions (4.1), (4.2), (4.3) and (4.4), we have

Z w2y K—i
|uf?

i<3
In particular,

<daz(1+ 052+ R).
L L L2 (Su.)

sl via e
Juf?

<1
~ 3"
LeeLL?(S,.) D1

>

1<3
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Proof. As mentioned above, by repeating the proof of Proposition 6.6, we
obtain the bound
Z e arAVL (K _ 1>
1 2
<3 daz |ul
Multiplying by ‘1‘17?, we obtain
i+l 1
VTV K - —
|ul?

7. Elliptic estimates for the fifth derivatives of the Ricci
coefficients

<1+ @5,2 +R.
L L L2 (Su,u)

< Sazbi < 1
L L2 L2 (S, ) |ul b 0

2

1<3

= |

We now estimate the fifth angular derivatives of the Ricci coefficients. As in
[7], [11], [6] and [14], this is achieved by a combination of transport estimates
and elliptic estimates. This is because curvature enters as source terms in the
transport equations for the Ricci coefficients. As a result, with the bounds for
four derivatives of the curvature components, we can only obtain estimates
for the four derivatives of the Ricci coefficients. The standard approach is
therefore to control some chosen linear combination of some derivatives of
the Ricci coefficients and curvature components via transport estimates. We
then recover the bounds for the remaining highest derivatives of the Ricci
coefficients by L? elliptic estimates on S, .
We now begin with the estimates for try and x:

Proposition 7.1. Under the assumptions of Theorem 3.1 and the bootstrap
assumptions (4.1), (4.2), (4.3) and (4.4), we have

WO trx | 2 12gs, ) S 07 abs

and

lw* VORI L2 £, ) S 020z (1+R).
Proof. Consider the following equation:

1 .
Vatry + 5(’51‘){)2 = —|X|? — 2wtry
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Commuting with angular derivatives for ¢ times, we get

V4V5tI'X _ Z Vhyiz Vinguw_
i1 +io+i3+ia=5

We will apply Proposition 5.4 to estimate ||u®V>try| Lee L L2(S,.,) DY the

[|lub - | L L112(S,.,) norm of the right hand side. We separately estimate the
terms with 5 derivatives on 1) and the remaining terms.

uﬁ Z vhwiz viSdeMw

i1 +i2+i3+14=5

L LLL2(Su)
1
S 0zl || L Lo (s, ) [u’Voy Ler212(5,.4)

+4 Z [N Y (| e o Lo (50) Z [0 | L L L2(50)

i1<2 ERS
+6 Z [ul =2 Y | s, )
11+12<2 }

XY BB s,y D 0V | e p s, )

13<2 14<4
+6 Y TR s, )
i1 Fia<4 B
X Z [u* AP poe Lo v (5, ) Z IV || e o L (500)
13<2 14<2
1
< dabx,

where we have used Proposition 6.1 to control the product of ¢ and Propo-
sition 6.5 to bound .
Recall that Vtry = 0 initially on H . Therefore, we have
ul VP tex| e (s, ) S Sabs.
Taking L? in u, we get
abi.

(7.1) ”|U’6V5UX||L;L2(SM) S6

Recalling the schematic form of the Codazzi equation

1
div x — §Vtrx+/3 =,
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we can apply the elliptic estimates in Proposition 5.15 to obtain

[WPVo R 25, ) S D u'Vitrxlzags, ) + > 1w VBl ras, )

<5 isd
303 VYR, )
1<4 i1 +ix=1
) VR s,
i<4

Taking L? in w, using the control of ¢ from Proposition 6.5, the bound for
¥ in (4.1), as well as the bound (7.1) for V°try that we have just achieved
above, we obtain
1wV Rl L2 £2(s. )
S Z ||UivitTX||L;L2(Su,l) + Z ||Ui+lvi5||L;L2(sw)

i<5 i<4
N WY VRl s, ) + D U VR 2 125,
1<4 i14+12=1 <4
§2abi L
< ‘a| +63a3 +63a3R
u

since |u| > Sazb. O

We now turn to the estimates for the highest derivative of w. V°w obeys the
same bounds as V°y. However, the proof will proceed in a slightly different
manner as we need to control a transport equation in the V3 direction.

Proposition 7.2. Under the assumptions of Theorem 3.1 and the bootstrap
assumptions (4.1), (4.2), (4.3) and (4.4), we have

HUBVSWHL;?LiLQ(Su,E) So02a2(1+R).
Proof. Define w'! to be the solution to
1.
ngT = 50',
with zero initial data on H; and let

1
k= Vw+* Vwl — LA
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It is easy to see using Proposition 5.5 and the bootstrap assumptions (4.1)
and (4.3) that we have

) ) 5la§
S Vil e r(s) S 1+ o S as.
i<4 B e

The proof of this estimate is similar to that for w in Proposition 6.4. Hence
for wi and its first four derivatives, w’ obeys the same estimates as 1) as
given in Proposition 6.5. Therefore, in the remainder of the proof of this
proposition, we will include w' as one of the 1) terms and use the notation
Y € {try, X, w,wl}.

With this modified notation, x obeys the following transport equation

1 S .
Vsk o gtixs = ) w"VE (x4 o Rw ) VR
9 AT L. & AT &
i1+i2+i3=1
. . 1 1
+ > IR () + |u|w+mﬁ+y(.
i1+i2=1

Commuting with angular derivatives for 4 times, and applying the schematic
Codazzi equation for S3:

B= D ¥V,
i1+i2:1
we have
4 3 4 i, i i 2 . i
VsVl oty Vie = ) VUV (x4 o Rw | VY
2 = o - = ul’=
11 +ia+i3+i4=5
D DR A W ON)
i1 +1a+1i3=5
1 1 o .
+ﬂv4/3+ﬁ > VgV
u u i1 +i2+is=4

+ Y VR VEPVREK
i1 +i2+is+is=4

We estimate V4 using Proposition 5.5. Since we will only need to estimate
V4K after integrated in u, we will directly control it in the

1wV 5| 2 e L2 (51,
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norm. Applying Proposition 5.5 with A\g = %, it suffices to estimate the initial
data and the [|u® - || 2 11 2, ) norm of the right hand side. We now estimate
each of the terms in the equation.

For the term Y-, ;. o -V V5 (try + %‘,X, w) Vi), we estimate
separately the contributions with the highest order derivatives. These in-
clude the case where there are 5 derivatives on (try + \TZLV X;w) and the case
where there are 5 derivatives on ¢ . In the first case, we have

2
VO (trx + = %w ) ¥l raras, )
[l *

1
S 02 |[uth || e poe e (s, )

u”? 2 |u° VP

2
X (trx + m,& w) | L@ L2L2(S,..)
1.1 3 1
55% ul 13 5@411)4 < (52@24’
lul> |ul> Jul

where we have used the estimate in Proposition 6.5 and the bootstrap as-
sumption (4.3).
In the second case, we have

2
u? <trx+ m,z, w> Vo

S P | Lo Lo oo sy el s

X (HU5V5(U"X7%w)”L;cL;L?(sw) + HUE)VS’WTHLfLiL?(Su,E))
1.1 1 1.1

< dazbi -5;@2()4 (1 11 : ||u5V5wT|
|ul 52az

L2 LLL?(Su,u)

Lo LiLQ(Su,u)>

3

S3abz < 1
S 1+ 5[0’V || oo 2 125, > ;
’u‘Q 6— = u u ( Uvﬂ)

22

where we have used the bootstrap assumptions (4.1) and (4.3).
For the lower order term where each factor has at most 4 derivatives, we
have
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(7.2) > VRSPl s, )

i1 412+i3=5
11,13<4

S 5% E Hui1+’i2+2vi1%’i2+1||L§OLZOLOC(S%2)

i1+12<5
11 <2

x Y u vy
13<4
+ 62 Z Huilﬂ'ﬁlvilﬂiﬁlHLS;°L,‘;°L2(Su,ﬂ)

i1 +12<5
1<4

X3 [NV | e o e s, 0Pl
i5<2

L L L2(Su,w) IW LY

< 53 abi

~

Jul?

where we have used Propositions 6.1 and 6.5.
We now move to the term Y, ., .. -V TIVS(n,n). As for the
previous term, we will first control the contribution where one of the Ricci

coefficients has 5 derivatives. More precisely, we have

[u* V()| 22 L2 22(S,)

e 1P )| e 2 225, )

S P |l pee Lo poogs, 04l
_ dasbi-6iaibi _ diaih:
~ fuf

~ ”U;‘3 Y

using the bootstrap assumptions (4.1) and (4.3).

For the lower order term, since V) satisfies all the estimates that Vi)

for i < 4, we can follow the proof of (7.2) to get

3 1

— N d2abs
Z ||U4v“gzz+1v“£||L21L}LL2(Su,£) § 7|u|2 .
t1ti2+i3=5
11,43<4

We now move to the third term, which is the term containing f3:

1w *Bll L2 1 r2(5,0) S Nu 2N Ls VBl Lo L2 12(s,0) S al
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For the fourth term, we have the estimate:

Z HugvilﬁiﬁlviwHL;L},Lz(Su,E)
i1 +i2+is=4

Lk > R s,
11 412<2
S T e v e
is<A
4 (5% Z ‘|ui1+i2+1vi1¢i2+1|
i1+12<4 B
X Z ||Ui3+lvi3¢||L30L;L°°(SM)HU_3||LL

i3<2

L Lo L2(Su,u)

using the bounds in Propositions 6.1 and 6.5.
Finally, for the fifth term, i.e., the term containing K, we have

Z \|U4Vily2+1vi3KHL;L;B(SM)
i1 +i2+is=4

S D) RV e s, )
11 +12<2
. ) 1 _
< St (K i ) sl
13<4

Y R R e s, )
i1+12<4 N

. . 1
X Z |ute T3V (K - ) Leer2Lo(8. )

: Jul?
13§2

< salt <(52a4b4 Lok > < §3at
u

[ul " ful?

1 _
w463 lu L

using Proposition 6.1 and the bootstrap assumption (4.3).
Combining the above estimates and using the bootstrap assumption
(4.3), we have

T ||U5V5WT|
az

||U4V4K\|L;L30L2(sw) S —— LEL2L2(S..):

=
=
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which implies

11 1
[V *6ll 2 Lo r2(s,,) S 0202 (1 + R+ ST HUSVSWT\L;oLgp(su,u)) :

20202

By the following div -curl system:

1
div Vw =div k + idiv 0,
curl Vw = 0,
1
curl Vol = curl s + icurl B,

div Vw! = 0.
and the elliptic estimates from Proposition 5.14, we have

1u”V (w, wh) |l L2(s,..0)

S Z(Hujﬂvj’i||m(sw) + W B s, ) + 16V (w, 00 s, L)
j<a
SNVl s, + D Uw VBl s, ) + 110V (w,0) [ r2(s, )
j<a

This implies, after taking L? in u,

11 1
||’LL5V5((JJ, WT)HL;"LLQ(S,L&) S 52(12 <1 + R + 6l 1.1 ||u5V5wT||L30L3L2(Su’u)) .
- 2a202 -
For b sufficiently large, we can absorb the last term to the left hand side to
get
la*VP (@, D)2 12(5,..) S 5202 (1 +R).

u,u

g

In the following proposition, we prove the highest order derivative estimates
for 1. We need in particular an improved bound for Vi compared to Vitln
for 1 <i<4.

Proposition 7.3. Under the assumptions of Theorem 3.1 and the bootstrap
assumptions (4.1), (4.2), (4.3) and (4.4), we have

||u6v577”L3°L2lL2(Su,H) S62a:(1+R)

and
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Hu5v577HL§°LiL2(Su,£) S02a2(1+R).

For 1 < i < 4, the derivatives of the mass aspect function V'u obey the fol-
lowing improved estimates:

. ; 5.1
> e L s, ) S %@t
1<i<4

Proof. Define u by
p=—dvn+K——.
Juf?

Thus 7 obeys the following elliptic system

1
divn=—-—pu+ K- —5, curl n=2¢
Juf?

and p satisfies the equation

Vap =YV (n,n) +vpp +1pV(trx, x) + tryx K.

Commuting with angular derivatives for ¢ times with 1 <¢ < 4, we get

V4VZ,U/ — wvi-‘rl(n’ ﬂ) + yvi-‘rl(trx, )2) + Z v’hgiz-‘rlvia@b

11,i3<1
+ Y ViR VRt VK,
i1 +i2+i3+ia=1

Notice that V*y vanishes initially on H . By Proposition 5.4, in order to esti-
mate ||u’+2V’uHLioLioLz(Su&), it suffices to estimate the ||u’*? - Lot 2(S0 )
norm of the right hand side. We now estimate each of the terms in the equa-
tion.
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For the term containing highest derivative of 1, we have

D PV )l L ags.)

<4
S %H ULz e
S UYL Lo (S, u
u o L (Su,u)

X | 62 Z HUHQVHI(U,Q)HL;L?(SH,E) + ||U6V5(77aﬂ)||L;L2(sw)
1<3

A
=%
Q
W=
(o)
Wl
Q
N
S
N

Sg
[}
S
o
S
N

N

where we have used the bounds in Proposition 6.5 and the bootstrap as-
sumption (4.3).

For the other term with the highest order derivative, i.e., the term con-
taining the highest derivative of (try, x), we get

> PV e, X)L res)
i<4
53

< il
Jul

L Lo (Suu)

< D TV xRl e zas, ) + 10V (e %) 22 Las, )
i<3
(5% 1 1 1 1 1
5 —dazbi - S2q2ba
Jul
20b2
< 6“ab

~

i

where we have used the bootstrap assumptions (4.1), (4.2) and (4.3).
We now estimate the lower order terms in the Ricci coefficients. Using

Proposition 6.1 together with the bootstrap assumption (4.2), we obtain
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D

ui+2 Z Vilyifrlvi%/)

i<4 i i +ia=it1 L1L2(S0.)
11,i3<1 - o
S o o o
S [ur T2t s, u"* V™| Lo r2(s,
] ¥y 22 L (Su,u) 22 L2(Suu)
11 +12<2 13<4
S o o . ‘
+ ] Z HU“HQHV“%%ZH||L;>L2(su,£) Z \\Uz3+lvz3¢||L;Loo(Sw)
i1 i3 <5 i5<2
11
2 1
s Dgatpt ot g T
|ul |ul

Finally, we control the term containing the Gauss curvature K. For this
term, we need to make use of the fact ¢ > 1 and apply the improved esti-
mate for Vitry from Proposition 6.3. Using Holder’s inequality and Sobolev
embedding in Proposition 5.9, we have

2

ut N VR VE Iy VA K

1<i<4 i1tiatiz+ia=i LL1L2(S, )
53 L o . )
S ’u‘z Z Hull'ﬂz'f‘lvhglz”LELOO(SH&) Z Hu13+1v13trXHL;°L°C(Su,E)
i1+12<2 13<2

>

i4<4

wteyis (5 - L
Jul?
5z

+ T Z HuilﬂﬁlvilyzHL;Loo(Su,E) Z ”Ui‘q'ViStTXHL;m(Su,E)
iFia<2 ia<d

. . 1
ta+3\7%a
X<Z 5 (K- )
53

i1<2
Jul? Z Huilﬂévilﬁm||L;L2(SU,L,)Z HUi3+lvi3tfx|’L;Loo(sw)

L2L2(Su,u)

+ ||U||L%,L°°(Su,u)>
L2 L>°(Su,u) N

_|_

i1 +io <4 13<2
x| D |funttv <K - 2> Hllullzz s, )
14 <2 [ul L3 Lo (Su,u) B
52 1100, 5 3.1 1
< W(\M +5a264)m(52a4b4 + 02 |ul)

§3aibi n 5%a n §4aibs n 83a3bi 52as
~ |ul |ul® w2~ ul
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using Propositions 6.1 and 6.3 and the bootstrap assumption (4.3).
Combining all the estimates above and using |u| > da2b, we have

o §2qibi
(73) Z ||uz+2vzu||LﬁcL2(Su,£) 5 ”U,‘ :
1<i<4
By the div-curl system
divn=—pu+ K — curl n=1¢

[uf?”
and elliptic estimates from Proposition 5.14, we have

[uOVnll L2, )

N Z (HUHQVWHLz(su,u)

i<4

) ) 1 ) )
+ ||V K = g8 + Vg as
|u|? L(Su0) (S,u)
. . - 1 . 11
5 HUGVZLMHLz(Su,H) + E UH_QVZ <K - W,U) + daz> b47
i<4 L2(Suu)

where we have used the bootstrap assumption (4.1). Hence, using (7.3) and
taking L? in u and u respectively, we obtain

N |
=

0z2a 1

+62a2b7 +62a1R < 62a1(1+R)

1«0 L 12 125, ) S

=

b

and

3
daxs

1
2

[V 20| L r2 22(5,0) S llu™lz2 < + 561;51) +02a:R S 02az(1+R),
since |u| > Sazb. This concludes the proof of the proposition. O

We then turn to the estimates for V5Q. Unlike that for V°7, we only achieve
an estimate that is integrated in the u direction but we lose the bound that
is integrated in the u direction.

Proposition 7.4. Under the assumptions of Theorem 3.1 and the bootstrap
assumptions (4.1), (4.2), (4.3) and (4.4), we have

1wV Lo L2225, S 0205 (1+R).
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Proof. Let p be defined by

p=—-dvn+K— —.
K i u?

Thus, we have the Hodge system for 7:

din:—H—FK curlgz—&.

P

Moreover, p obeys the following equation:

) 1
Vap ttrx = 9V (0,1m) + 9% ¥ + LV try) + trxdiv g+ K + o

Commuting with angular derivatives for 4 times, we get

VsV + 3trxVip
1
= QVB(%Q, tr&? X) + MVBn
1 o . 1 o
+ = Z Vhyh—’_lvl?’y N Z vu%szmK
DS A U D S A UL VA (¢
i1 +i2+iz=4 i1 +ia+i3=4

We apply Proposition 5.5 with \g = 3 which shows that for every fixed
u, |u"V4p| pe (s, ) can be estimated by the [[u® - |[11 12, ) norm of the
right hand side. Since we will only need to control V¢ after taking L? norm
in u, we will directly control ||u® - || [2L112(S..,) Of the right hand side. We now
estimate each of the terms in the equation. First, we start with terms with
5 angular derivatives on the Ricci coefficients. We have two contributions
from V°7, one multiplied by ﬁ and one multiplied by ¢. In the former case,
we have, by Proposition 7.3,

||U4V577HL;L;L2(S“,E)

S el e l[w®V o0l Lo 22 2(s, )
62a3

<294 R).

|ul

~

Notice that in this bound, we do not gain an extra smaller factor compared to
the desired estimate. It is therefore important that we have already obtained
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the sharp estimates in Proposition 7.3 and do not have to resort to the
bootstrap assumption (4.3).

The other contribution from V°1 can be estimated together with that
from V5Q. For these terms, we have

[V (1, 0) || 2 e L2500

S ™2 0l L Lo oo (8, ) 10OV (1) L2 22 L2(5, )
S3aibs

< 9

~fuf?

where we have used the bootstrap assumptions (4.1) and (4.3) in the last
inequality.
For the contributions from V°(try, ¥), we have

[u® Vo (trx, %)
1 _ ~
S0z |u QHLi”UQQHLEOL;;CLw(Su,E)||U5V5(tf& X)HL;OLiLQ(Su,E)
Sazbi dazbi - 53ab2

HETEERT

L2 LLL2(Su,u)

N =

S6

where we have used the bootstrap assumptions (4.1) and (4.3).
We then move to the lower order terms. First, we have

5 i1,/ 1o+ 1713
U 7|u] g ViR TivEY

i1 +ia+i3=4

L2LYLL2(Su,u)

SOy D0 TRV s, )

i1 +12<2
X > BTV || e 125, )
13<4
o fu By Y I s,
11+12<4 -
X > B TVEY | e Lo ne (s
i3<2
- Ssab>
~

where we have used Proposition 6.1 and the bootstrap assumption (4.1).
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Then, for the term with K, using Sobolev embedding in Proposition 5.9,
we have

i1+ia+iz3=4 LiL.th(Su u)

1
uSv* (K —~ 2)
[l /llpe r2r2(s..)

1 L ——
—|—(52||u 2”L3 Z ||u“+12+2v“g“+1||L;°L3°L°°(Su&)

i1 +12<2
>

ui3+1vi3 (K _ 1)
= |ul?

+ 62 Z ||ui1+i2+1vilﬂi2+lHL%;OLF;CLQ(S%&)
i1+i2<4 B

1 o
5 11 12 13
u Tl E Vi VB K

Sz

L L2 L2(Su,u)

<l 2lee D 1 PPVEK e pos, ) + a2l
13<2

3 3 1 3 1 1 3 3 3 3
d2a3 5%abz  Szazbi _ Szas Sz2as

|ul ul2 |ul

Jul [ul

where we have used Proposition 6.1.

The remaining two terms are actually better behaved than the two terms
that we have just estimates since ¢ obeys better bounds that ﬁ More
precisely, we have

E u5vl1%’62+2v13%
t1+i2t+i3=4 L2LYL2(S, )

Sorfutiy Do fur TR s
11 +12<2

> Z ”UiS_‘FlvisyHL;OLSZOLZ(SH&)

i3<4

1 L . .
+ 52 ||U 4||L11L Z HUMJFMJFB)VHQMJFQ||L;°LgéL2(Su,E)
i1+12<4

X Z [u* 2V || Lo o Lo (51, )
13<4
_ 03 8%abs - dasbi _ Siasb
~ |ul® ~fuf

u&)
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using Proposition 6.1 and the bootstrap assumption (4.1).
Finally, the last term can be bounded by

U5 Z v’ilyig-‘rlvigK
i1 +i2+i3=4

L2LLL2(Suw)

S(S%”u_2”[€ Z ||ui1+i2+2vilgi2+l||L§°L30L°°(Su,ﬂ)

i1+i2<2
. . 1
% Z ”u13+1v23 (K_ 2) |L°°L2L2(Su )
13<4 |U| S )
+ 42 Z [ult I Y | s, L)
11 +12<4 B
-2 Z3+2 iS 1 -2
(el D |V (K = g el
i5<2 Y L L Lo (Su,u)
L Pabi | Shaibi b

where we have used Proposition 6.1 and the bootstrap assumption (4.3).
Therefore, combining the above estimates, we get

N

3
0z2a

Jul

1wV ull 22 Lo L2(5, ) S (1+R)

using |u| > Sazb and b < a. This implies, after multiplying by u, that
||u6V4H”L,‘,j°LiL2(Su,£) Sozai(l+R).
Therefore, using the div-curl system

1
divn=—-—pu+K—-—, curln=-¢
a Il |2 i
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and applying elliptic estimates from Proposition 5.14, we have
[u0Vnll L2, )

S (Humviullm(smu) +

i<d

u' TV (K — % 6)

Jul

L2(Suu)
+ ||Ui+1vi77\|L2(su,u)>

SNVl rags, )

+y <||“”1Vinllwsu,u> +

1<4

u 2V K- s
|ul?’

1+2v71 1 ~

WV K — —=,06
ul?’

where we have used the bootstrap assumption (4.1) in the last step. This
implies, after taking Li norm, that

L? (Su,U)>

+ 5a%bi,

SNVl es, ) + Z
L2(Su.u)

i<4

W

||u6v5ﬂHL3°LiL2(Su,£) S02ai(1+R).

We now prove the highest order bounds for w:

Proposition 7.5. Under the assumptions of Theorem 3.1 and the bootstrap
assumptions (4.1), (4.2), (4.3) and (4.4), we have

=

oa

[l

||U5V5QHL;°L§L2(S%£) S (1+R).

N =

Proof. Recall that in the proof of Proposition 7.2 we have defined an aux-
iliary function w' in order to apply elliptic estimates to obtain the highest
order estimate for w. Here, we similarly define an auxiliary function w’ by

1
with zero initial data on H;,. We then define k by

1
k= —Vw+*Vw — §§
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Before we proceed, observe that the proof of Proposition 6.6 implies that

(7.4) Z Hui—Hvi@T||L3°L;°L2(S“&)

1<4

1 1
5 a2 <1 + 5l T HUSVSWHL,‘TL;LZ(S“&) —I-R) .

2Q2

(In fact, the stronger bound with Saz on the right hand side holds. We will
not need this refinement.) In view of this bound, we will allow 1 to also
denote w! in the remainder of the proof of this proposition. With this new
convention, it is easy to check that k obeys the equation

o , . 2 .
Var— Y VRRe Y uhe (o e TR

i1+t +i3=1 i1 +ta+iz=1
1 . 1 1 1
+Y (K —773,0 ) + 3¢+ Virx + —v¢9.
- |ul [ul?= " ul Jul =

Commuting with angular derivatives for ¢ times, we get

ViVik = (¥,9)Vo(tryx, X w) + ¥ V2 (n,n) + V2 + L ey

|ul
4 Z Vi1£i2+lvi3(w7£)

i1,i3<4

o . 1
11,/ t2+1 713 ~
+ Z Vigitly (K—u|2,a>
i1 +i2+is=4
1 i1,/ 0241 1 11,/ la+ 15713
+ > —Wv e S S VA VLR AU

11+i2=4 t1ti2+iz=4 |u‘

Using Proposition 5.4 and the fact that V°k = 0 on H, 0, We can estimate
||u5V4§||L2’oL3L2(5) by controlling the ||u® - |22 1 2(s) norm of the right hand
side. We now estimate each of the terms in the equation.

We first estimate the term with highest order derivatives of the Ricci
coefficients, i.e., the terms

(. 9)V (. 1ow), V), VP, V.

Jul
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For the contributions from (¢, 4)V?(try, X,w), we have

Hu5(1/},y)v5(trX,X, )||L2L1L2(Su W)
S 1wV (trx, X w)ll e rz 25, 15 )| 1L L (5..0)
Sazbi da>bi - §2ab>

lulz el Yl

where we have used bootstrap assumptions (4.1), (4.2) and (4.3).

For the contributions from ¢ V°(n,n), we have

[P V2 (n, Mz2rir2(s,.)

S ||U6V5("7> )||L<><>L2L2 Suw) ||U ¢”L2LooLoo(SM flu™ ||Li
§2a3bi _ §3aib:
Sé%a%bi 2a2§ 4 5 4§2’
e |ul>

where we have used the bootstrap assumptions (4.1) and (4.3).
We then control the term U,E@ V44, for which we have

1w VPl 2z 1y £ s, )
< ||u5v5¢”L°°L2L2 Suw)
1 S3a3bi (52ab2
4

fuls ™ Jule

L2L2L>(Sy u)

Here, we have used the bootstrap assumptions (4.1) and (4.3).

83

To estimate the remaining highest order term u4yv5trx, we use the
bound from Proposition 7.1 which is stronger than that in the bootstrap

assumptions. More precisely, we have

a2t 2 11 22(s., )
1
[ul

S NuPVPtex| e 2 125,
= L2120%(S,.)

_ S:abi 82 _ 52abi

~

[ul fulz ™ Jul:

where we have used Proposition 7.1.

After estimating the highest order Ricci coefficient term, we now control
the curvature terms, i.e., the terms with (K — ﬁ, 7). For these terms, we
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have the estimate

o . 1
5 11 22+1 13 K_i ~
ut > Vhgtly ( u|2,0>

i1+iatig=4
< istlyyis (K L
< u Ty
: |ul
i3<4

D I [ v [

i1 +i2<2
) . 1
+ 3 |lu v (K — 5,0
= |ul

x> Nt ER Y Y e e o, a2

L2LLL2(Suu)

L L2 L*(Su.u)

L L2 L>=(Su,u)

i1t <d
9 1 3 1.1
11 160%a2 1 s 3 1020a2b1
552a2b472b4 +52a4b475
|u| |ul

<5%ab% 53aib%<5§ab%

T

™~ ful? |u

where we have used the Sobolev embedding in Proposition 5.9 to control
the curvature terms in L°°(S, ) by the curvature norm R. In the above, we
have also used Proposition 6.1 to bound the product of derivatives of ¢ and
used bootstrap assumption (4.3) to estimate R. B

We then move to the lower order terms, i.e., the terms containing only
Ricci coefficients and such that there are at most 4 angular covariant deriva-
tives on ¢ and 1. These are the terms

1 1
Z vu%lzﬁ‘ V“(z/;,y), Z WVhy’bz"r
11 +12+13=5, i1+1o=4
11,i3<4

and

Z ivilﬁ’ig+lvi3¢.

i1 +i2+i3=4 "U,|
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We estimate these terms according to the order above. First, we have

Z u5vi1%iz+lvi3(w7£>
11 +12+1i3=5,
11,034

SO TR e s, )
11 +12<2

XY BV, ) | e Ly 12(s )

is<d
+ > IR s,
i1+ia<4 B
X ) BTV (@, )| L n L (5,)
13<2
< 52abi

~ 3
Juf2

L2LLT2(S0w)

using Proposition 6.1 and 6.5, the bootstrap assumptions (4.1) and (4.3)
and the condition |u| > dazb. The second term can be controlled as follows:

Z u3v’i1yi2+1

i1+1o=4

L2LLL2(S.)

N Z Huilﬂz_lvilﬁh”LgL;oLoc(Su,ﬂ)Z HU%V%%HL;:OL;B(SM)
i bia<2 ia<d

< 62a3bi

[ul>

using Proposition 6.1 and the bootstrap assumption (4.1). Finally, we bound
the remaining term by

Z u4vi1%i2+1vi3w

il +T,2 Jr’Lg :4

L2LLL2(Su,u)
N Z ||Ui1+izvi1£i2+1HLngoLoo(Sw)z||Uiavi3¢\|LgoL}LL2(su,ﬁ)

11412 <2 i3<4
+ Z [t =2 o, Z [ N5 || poe 11 1 (5,0
i1+in<4 B i3<2 B
< 52abi

~ 3
e
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using Proposition 6.1 and 6.5.
Therefore, combining the above estimates, we get

=

[

oa
(7.5) [V 6 Lo L2 125, ) S

w,u) N 1
e

By the following div-curl system:

div Vw = —div K — %div B,
curl Vw = 0,
curl Vw! = curl k + %curl B,
div Vw' = 0.
and Proposition 5.14, we have
16V (w, w) | L2(s,.)

S (I Vislrags ) + 10V B, ) + 109 @, whl s, )

1<4

S 10V sllpags, ) + D (W VBl pags, ) + 10V (@, @l ags, ) )
<4

This implies, after taking L? norm in u that

[PV (w, w2 225, )

u,u

3 3 1 1
d2a4b1 daz

Saz
<2 S(1+R)
TR T
Sat
<1+ R).
Jul?

after substituting in the bound (7.5) and using bootstrap assumption (4.3)
together with (7.4), and also Propositions 6.6 and 7.2. ]

Finally, we prove the highest order estimates for the remaining Ricci coeffi-
cients, try and X:

Proposition 7.6. Under the assumptions of Theorem 3.1 and the bootstrap
assumptions (4.1), (4.2), (4.3) and (4.4), we have

W |-

da

[ul

[N (b, ) L £222(5,) S (1+R).

N =



Trapped surfaces arising from mild incoming radiation 87

Proof. Consider the following equation for try:
Vstry + %(trx)Q = —2wtry — %>
Commuting the equation with angular derivatives for 5 times, we get
V3V5trx + 3ter5trX

1 S .
:%vf)(trxjx,g) 4 mvf)g_’_ Z Vhylzﬁ‘lvmy

11412 +13=5
11,i3<4
1 e 1 i
+ Z 7v11w12+ Vi) + Z 2vhwlz+ )
|u| el

i1+t +is=4
We apply Proposition 5.5 with A\g = 3. This allows us to estimate the
quantity Hu5V5trXHL3cLZOL2(Su ) by bounding the [l - 21123, ,) norm

pca

of the right hand side of the equation above. We now estimate each of the
terms in the equation. The first term can be controlled by

1w VO (trx, X )| rr 22(5 )
uVO(trx, X w)ll ez L2(s,)

L L2 Lo (Su,u)

S llu™?llzalluy |

< 52ab:

where we have used the bootstrap assumption (4.1) and (4.3). For the second

term, we use Proposition 7.5 to get

=

Saz oa

(1+R)S ] (1+7R).

[u*Vwll e po(s, ) Slu e —
* |ul>
We now turn to the lower order terms in the Ricci coefficients. For the third

term, we have

u5 Z vilyizﬁ-lvig%

L L L2 (Su,u)

t1+i2+i3=5
11,i3<4
SJHU_B”Li Z ||ui1+i2+2vilgi2+l||L3°L§°L°°(Su&)
i +ip <2 -
X Y TV (e e r2(si)
i3<4
52abz
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where we have used Proposition 6.1 and the bootstrap assumption (4.1).
For the fourth term, we have the estimate

u Z ivilgb—klvigg

11 +1o+1i3=4 |U|

L LLL?(Su)
S HufSHL}L Z Hui1+i2+2vi1£iz+1HL?L?LOO(Su D
i1 +12<2 B

X Z ||ui3+lviﬁ||L;cL3°L2(Su,g)

Z3S3
- §%abs
~ ’u‘Q Y

where we have used Proposition 6.1 the bootstrap assumption (4.1).
Finally, the last term can be controlled by

1
5 1,/ %2+1
Y szl CA

t1+i2=4

L Ll L*(Su.u)

SHu—QHL}L Z ||ui1+i2+lvi1yi2+1HLzoLioLz(Su&)
i1 +ia<d -

Saz 1
S/ <1 + T 1 HuSVE’wHLu&LﬁLz(su&) + R)
|u dzaz ®
Saz
S—(1+R),
|ul

using Propositions 6.1, 6.6 and 7.2. Notice that we do not have extra small-

ness in the above estimate and it is important that we applied the sharp

estimates in Propositions 6.6 and 7.2 instead of using the bootstrap as-
sumptions.

Collecting all the above terms, we have

=

da

1w Votrx || Lo Lo 125, ) S ]

(I1+7R),

which implies

1

a2

Jul

(7.6) HU5V5'51XHL§L5L2(SM) <daz(1+R)|u™"

2 S

(1+7R).
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In order to obtain the estimates for the fifth angular derivatives of x, we
use the Codazzi equation

1 1 1
divx =8+ §Vtrx - 5(77 -n)- (5(— 2trx>

and Proposition 5.15 to derive elliptic estimates for Vo5

[PRNIAE

'u u

D Y Xl rags, )+ 10 VBl s, L)
i<4

)Y WY VR e, ) + D IV R 2s, )

i<4 iy +in=i i<4
S Z [ T eyl r2s, o + 10T VBl r2gs, ) + 10V K r2s, )
i<4
T T |z Y VG s, > [0V (s, )
1,<2 <4
< S (Ve s, ) + 10T VB s, )
i<4
1 1
52ab2
TR T

where we have used the bootstrap assumption (4.1) together with Proposi-

tions 6.1, 6.6 and 7.2 in the last step. Taking L? norm in v and using (7.6)
we obtain

||u5V5X”LfLiL2(Su&)

, , Sa>  6%ab>
S Z ||Uz+1vz+1t1@||L;LﬁLZ(SM)+||UZ+1VZQ||L;L2L (S. u))+
i<4

U fulz o Julz
Sa
< (1+R)
|ul2

using (7.6) and the definition for the R norm

We conclude this section by the following proposition, summarizing all
the estimates for the Os 2 norm derived in this section
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Proposition 7.7. Under the assumptions of Theorem 3.1 and the bootstrap
assumptions (4.1), (4.2), (4.3) and (4.4), we have

052 S1+R.

8. Estimates for curvature

In this section, we derive and prove the energy estimates for the renormalized
curvature components and their first four angular derivatives. We will show
that R < 1. Together with the estimates in the previous sections, we will
therefore improve all of the bootstrap assumptions (4.1), (4.2), (4.3) and
(4.4) and obtain Theorem 3.1.

To derive the energy estimates, we will need the following integration by
parts formula, which can be proved by direct computations:

Proposition 8.1. Suppose ¢1 and ¢o are r tensorfields, then

/ $1V a2 +/ $2Vadr
Duw Du

— B . |
/H (1,u) o102 /I'Io(l,u)¢1¢2+/D (2w — trx)p162

=u e

Here, we have used the convention that H,(1,u) = {(u/,u,0,6%) : u <u' <

1.

Proposition 8.2. Suppose we have an r tensorfield M and anr —1 ten-
sorfield 2 g.

/ Wpdrdedrg y @y g, +/ VAW ayn, Pt
Dy Dy oy

- —/ (n+m)Me®g.
Dy

To derive the energy estimates from the V3 equations, we also need the
following analogue of Proposition 8.1 in the V3 direction. Moreover, we need
to obtain an analogue which incorporates the weights in u. More precisely,
we have
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Proposition 8.3. Suppose ¢ is an r tensorfield and let Ay = 2(N\g — %)
Then

2/ u|?M ¢(V5 + Aotry)¢
Dy

~ [ PR [ ek [
H,(0,u) Ho(0,u) D

where f obeys the estimate

[u flo],

u

1.1

dazba
<

Similar to Proposition 8.1, we have used the convention that H,(0,u) =
{(u,o/,0%,6%) : 0 </ < u}.

Proof. Slightly modifying (5.6), we have

d 21 2
@ ( / ol )

- / Q? (2]u\2)‘1 < ¢, V39 + dotrxe >)
S -
2
+/ Q2<|u|2’\1 < Ai(egu) + (1 — 2Xg)try — 2w> |¢’2)-
S

|ul

The proposition follows after integrating with respect to du du, applying the
fundamental theorem of calculus in u and noting that

2\ Sasbi
21 (e3u) + (1= 2X0)try — 2w < %7
Jul = |ul
using Propositions 5.1 and the bootstrap assumption 4.1. O

We now derive energy estimates for V(K — 5, 5) in L2L?*(S,,) and

) |ul w o2k
for VB in L2L?(S,,y). Notice that by the definition of our norms, we also
need to obtain bounds for K — ﬁ in the case ¢+ = 0. We will leave this case
to later (see Proposition 8.6). We now prove estimates for V(K — ﬁ,é)

in L2L*(Sy,) and for V'3 in L7 L*(S,,) in the case i > 1.
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Proposition 8.4. Under the assumptions of Theorem 3.1 and the bootstrap
assumptions (4.1), (4.2), (4.3) and (4.4), we have

D A K- 5
|ul?’

1<i<4
+ Hui—i_QviﬁHLfLiLQ(Su,u)) <da

L L2 L (Su,u)

= w

Proof. We begin with the following schematic Bianchi equations for ¢, K —
ﬁ and f3:

s 3. . i i
V3o +div "8 + ?WXU: Z gﬁlV?y,

i1+’i2:1
and
1 3 1
(8.1) Vg( ™ |2> +div 8+ trX (K_u|2>
1 2 1
= > YRV 4 e <tr><+ ) (@7 - 1),
2 Tl P’
and

o 2 .
Vif - VK —*Vo=p(K,6)+ Y ¢hve (trx+wf<,w> Visy)

i1 +iz+iz=1

+ Z P Vitry.
11 +ia= 1

Notice that in the above, we have used a special cancellation to obtain (8.1).
More precisely, we start with

1 .
VK +div § + tryK + Strydiv g = > TV,
i1+i2=1

Now, note?® that

1 201
K- — | =VsK -,
V3< |u12> Vsl = Lp

29Tn the three displayed equations below, since we need to capture the cancella-
tion, we will not use the schematic notation but track the exact coefficients in each
of the terms.
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On the other hand, we have

1 ) 1 1 1
§trxd1v n= 5”& <K — u|2> — §trxu.

Therefore,

1
V3K + trx K + itrxdiv n

1 3 1 1
% try (K — — | — =t
3< fu |2>+2 ”‘( |u|2) g XA
+t L0
rx
Xu2 * Tup

1 3 1 1
= K — try (K — — | — =t
v - ) (- ) — oo
1 201-97h
+ mx+|’ s

Jul? [ul?

from which (8.1) follows. Commuting the equations with V for i times, we
have

(8.2) VsVis + div *Vig + ;tWV“fPL,

where F1 ; is given by

F; = Z vilyifrlvig;% + % Z Vilyi2+1vigé_

i1+i2+i3:i+1 | ’i1+i2+i3:i—1
and the equation

) 1 ] . 1
(83) VsV | K — —div V* /B + S ZtrXV’ K—-—— | =F,
[ul? 2 = Juf? ’
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where Fj; is defined as

o . 1 .
Fyi= Z VitV + mvm
i1 +i2+ig=1i+1
1 o .
+ m Z V’LlyZQﬁ*lv’Lgy
i1+ +iz=1
1 i1,/ 12 13 2
+— Y VRRVE (x4 S
|’LL‘ i1 +i2+i3=1 |u|
1 S
TP > ViEgEVE(1-07h)
i1 +i2+i3=1
o . 1
vll 12+1vZ3 K o
2 v fuf?
t1+i2+i3=1

1 . . 1
7v11 Zg—‘rlvlg K o
o2 v ( \u|2>

i1+l +iz=1—1

and also the equation

, . 1 .
(84) V4V’Lé —div V’ <K — ‘u|2> —* VVZOV' = Fg}i,
with F3; given by
i1, ) i i 2 . i
F3; = > Vi 2y (trx+|u,x,w>v4d}

11 +io+i3+ia=1+1
il 5

+ > ViRtIVE(K,6)
i1+t tiz=1

1 o
+ ﬂ Z Vhwlz Vlstl"x.
u hd

t1+i2+iz=i+1

Using the equations (8.2), (8.3) and (8.4), we can derive the energy
estimates. More precisely, using Proposition 8.1 and the equation (8.4), we
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. 2
(8.5) 5 / < R >
2 H,(lu o
. 2 , , . ,
/ ( Hagig ) N < WV WY,V >y
2 JH, (1) - )
_/ <w . tI'X) (uz+2vz6)
Dyu
_ 1/ <Uz+2vi5> +/ < ui+2vi57ui+2F3,z’ >n
2 H,(1u) N Du,u N
‘ A ) ) 1 i
v f, (urvis (99 (1= g )+ 9V
D a !

Here, we have abused notation to drop the term

_/ <w _ 1trx> (ui+2vi6)2
Du 2 -

since it has the same schematic form as one of the terms represented by
/ < ui+2vi6, Ui+2F37Z’ >’7 )
Dy o

Now, applying Proposition 8.3 and equation (8.2), we obtain

1 , ‘
86) = / (1 2vis)?
2 JH,(0.)
1 ) .
= / (’LLZ+2VZ6’)2
2 JH, 00
A o 34 A
+/ <uz+2vlé,uz+2 (Vg + ;—Ztrx> Vz6>
Dy v
1 . 1\ 2
— 2/ f(UH—QVZOV')
Dy
1 . S\ 2 A o
— / (uH_QVZ&) +/ < ’LLZ+2V15',’LLZ+2F1J' >n
2 JH, (0) Du

. o , 1 . o\ 2
_/ < UH—QVZOV',UH—Q(CHV *vzﬁ) > _/ f(uz-l-QVzOv_) )
Du o 2 D“v&
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Similarly, using Proposition 8.3 and the equation (8.3), we get

. . 1 2
/ <u7,+2v’b <K _ 2))
H,(0,) |ul

/ (ui+2vi(K _ 1))2

Hl(O,y)

+/ <ui+2vi (K _ 12> ,ui+2F2,Z->
D, |ul ~

+ / <u"+2vi (K - 12> ,u 2 (div viﬁ)>
D, |ul T/

1 i i 1 ?
S f e () )

Now, we can integrate by parts on the spheres S, , using Proposition 8.2
to show that the sum of the terms with highest order angular derivatives
in (8.5), (8.6) and (8.7) cancel up to a lower order error term:

. . A A 1 .
(8.8) / <ul+2vlﬁ,u’+2 (VV’ (K — 2) + *VVZ&>>
Dy w o |ul y

— /D < uVie, w2 (div *V'B) >,

+ / <u"+2vi <K — 12> w2 (div vi5)>
Dy |ul /oy

u21+4vz (K o |u|276—) yvzg

(8.7)

<

~

w2V (K b &)

LLLLLY(Suw)

3 1 1

d2a2b1
<

[ul

[V Bl 2 r2(5, L)
L L2 L2(Su.u) B

Juf?’

where in the last line we have used the bootstrap assumption (4.1). There-
fore, adding the identities (8.5), (8.6), (8.7), using (8.8) and the bound for
f in Proposition 8.3, we obtain
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(8.9)

2

ul?’
A 1 2
<) (5 )
|ul L2L2(So.)

+ u2i+4vi K — i F2i
ul*) =~

+ U2i+4viéF37i‘

VB 72 ras, )
L2L2(Su.u) ‘ -

H [PV FLl 1 s,

LLLLLY(Suw)

Ly Lo LM (Suw)

. Sazbi .
+ u2z+4 |u’2 v’b <K—

1 - 1
T30 V'K — T30
|u| |ul LA L LB )
02azbi 2y <K 1 )
3 U — 17 90
|ul2 |ul? LeL2L2(S..)
% HuerQVzé‘

L L2 L2(Su.u)

For the second, third and fourth terms, we can apply Cauchy-Schwarz in
either the H or the H hypersurface so that the terms

W2V (K- s
Jul?

L2L2(Su,u)

that

and [[u"2V'B| 12 12(s, ) can be absorbed to the left and we only need to
bound the weighted norms of Fy ;, F»; and F3;. For the fifth term, noticing

1.1
barbrfl o 1
Jul? [, ~ o3

we see that it can be controlled by Gronwall’s inequality. For the final term,
since
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the term can be absorbed to the left hand side after using Schwarz’s inequal-
ity. Therefore, (8.9) implies that

uf

; 1 . i+2
Vi(Kk-—¢ + 1w Frillpyrz re(s., )
|ul L2L2(So..) B

+ ||Ui+2F2,iHL;LiL2(SM) + Z HUi+2F3,z’||L;LgL2(Sw)-
i<d

+ 1wV Bl 2 1250 )

L2L2(Su,u)

<

~

Summing over 1 <4 < 4 and using the fact that

Hvi(K _ b )

Juf?’

A
(«%)
0=
IS
oI

L212(S0..)

we obtain

u' v (K b 5)

+ |]ui+2vi5”LiL2(5u,u)>

1<i<4 [ul?’ L3 L2 (Su )
11 ; ;
< d2a2 + Z (|[u2Fy LLI2L2(S,..) T w2 Fy LAL2L2(S.))
1<i<4
+ |’ui+2F3,iHL;LiB(Su,E)'
1<i<4

We will estimate the right hand side of (8.10) term by term.?! We first
estimate the term F} ;. For the first term in F7;, we can assume without
loss of generality that i; < i3. We bound separately the contributions where
there are at most 4 derivatives falling on any of the Ricci coefficients, where
5 derivatives fall on (try, x,w) and where 5 derivatives fall on (n,7n). More

2I'We now remark on a convention that we will use in this proof. While it is
important that we only have 1 <7 <4 in the sum in some of the error terms to
take advantage of the improved estimates, we will simply write ¢ < 4 in the terms
where this restriction is not necessary.
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precisely, we have

(8.11)

>

1<4

< >

L1I212(S..)
t1+i2+2v71 G241
Ut TV YT | e o 1o (5, )
i1 +12<5

uz+2

2.

v’il ¢i2+1vi3f¢}
i1+ig+iz=i+1

i1<2

1 ; ;. _
X <52 Z ||UZ3+1V“£HL;&L;B(SM)||U ?|s
is<4

1 ~ —
+ 902 ||u5v5(trX7 X5 Q)HL;OL%LLZ(SWH) HU lHLﬁ

+ ”UGVS(TLQN LﬁOLﬁLZ(Su,u)HUQHL}L>
L1 [§3a2bi G2al
< abbi ( a

n d2qa4 < d2qa1b1
|ul |ul

where we have used the bootstrap assumptions (4.1) and (4.3).

For the remaining contributions in F} ;, we will prove the slightly more
general bound where we allow (K — ﬁ,é) in place of . Using Sobolev
embedding in Proposition 5.9, we have

. o 4 1
(812) Z ul+2 Z Vhylrf‘lvw <K _ W’ é—)
<4 i1+ia+i3=1 u LiL3L2(Su,£)
SO eI R s,
i1ia<d . N
)
4 . 1
X Z u s (K - 275> w2,
<4 Jul L L2 L2 (Su,u)
1 5 5 1
< dazbidzaibi—

where we have used Proposition 6.1 and the bootstrap assumption (4.3).

99
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The final term in F} ; can be controlled in a similar fashion as (8.12):

. . . . 1
i+1 i1,/ 92+ 1v713 ~
813) Y |u > Viyttly <K—|u‘2,o>

1<4 i1 +io+ig=1—1

S Z e VA [P

i1+12<3
1<2

>

13<3

LLL2L2(S, )

lu™?l s
L LL L2 (S u)

uia-‘eris K — i g
Jul?’

5 5 1
: 1 02a1bz
§5a%bi5%azbi—§ ot

ul

We now move to the estimates for F»;. Notice that the first, sixth and
seventh terms are already estimated above in (8.11), (8.12) and (8.13). For
the second term, we need to use the improved estimates for V¢yu derived in
Proposition 7.3. In particular, we need to use the fact that ¢ > 1.

> W Vil raras..)

1<i<4
<6 > Y e s, u 2
1<i<4
_ otafnt

~

Jul

For the third term in F5;, we have

Dottt Y VRV s, )

1<4 11+l +i3=1
L S [P
11 412<4 a
i1<2
X Z ||Ui3+1vi3%HL&;OL;L?(SM)”U_Q”Li
i3<4
- 53 ab2
~Y
|ul

where we have used Proposition 6.1 and the bootstrap assumption (4.1).
For the fourth term in F» ;, we need to use ¢ > 1 and apply the improve-
ment in the bounds for V*(try + ‘—3') from Proposition 6.7. More precisely,
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we have

i i1, davi 2

ol > ViR VE [y +

1<i<4 i1+ia+i3=1 "U,| LLL2L2(Sy.u)

1 . . 2

$ot ¥ i (o ) =i
1<i<4 [l

L Ly L2(Su.u)
1 C . .
+ 53 Z ||u“+“+2v“g22+1”L;?L;CLOC’(SU&)

4i2<2
X Z [u* IV || e e 25,0 1w e
is<4
52ai  Ssab:

~ Julz Jul

where in addition to using Proposition 6.1, we have used Proposition 6.7 for
the first term and the bootstrap assumptions (4.1) for the second term.
For the fifth term in F5 ;, we also need to use ¢ > 1 and apply the improve-

ment in the bounds for V(1 — Q~!) from Proposition 6.8. More precisely,
we have

il Z Vnygvig(l_ﬂ—l)
11 +i2+i3=1

<02 ) [ut:Vilog Q)
1<i<4

+ 03 D e A P
i Hia<2 - -

% Z Hui3+1vi3y‘

13<3

+07 3 fur VR s,
i1 tia<d B
X lu(t = Q)| e g (s, iy lu 2l
< §2ai  Ssabz

~

2.

1<i<4

LLL212(S,..)

_3
L Ly L2(S..) U2 |

1
L‘IL

L L L2(Su.) lu™? 11

lu| |ul

Here, we have used Propositions 5.1, 6.1 and 6.8.
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We now estimate the contributions from F3 ;. For the first term, we have

D

. o 2 )
T D A v <trx Tk w) Vi

<4 i1 +ia+ig+ia=i+1 L1L2L2(S, )
SO TRV s, )
i +ia<5 a N -
D)
X Z Hui3vi3¢||LuooL;éL2(Su,g w2
is<d
1 _
+52”U2ML30L;LOO(SW) USV%’HL;@L;L%SU,H) e
+0 Y (T L s, )
i1+12<5 a
<1
XY B FIVE Y| e oo (s, o lu 2
i5<2
5w5 2 .
+ 6 [|lu’V trxy + —, x,w [|uv) | L L L (S0 4)
|ul L2 L2L2(Sy ) - B
- 52abi
~Y 1 )
ul2

where we have used Proposition 6.1, the bootstrap assumption (4.3), as well

as the bound for V) derived in Proposition 6.5.
For the second term, we use Sobolev embedding (Theorem 5.9) to get

D

ui+2 Z vilgifrlvis (K’ 5’)

i<4 i1+iotiz=i LLL2L2(S,. )
S0 Y IR s, )
i1 +12<4 B
A . 1
» Z uist2yis (K _ 2’5> Hu—2||L§
= |u| L L2L2(Su)
iy Z ”uu+i2+1vz‘1yg+1‘ LioLzoL?(SM)Hu’l] L2
i1+12<4 B
S 63(1%3[)% 52(1%11)%’
|ul2 Jul

where we have used Proposition 6.1 and the bootstrap assumption (4.3).
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For the third term of F;3, we need to use the improved bounds for
V'try for ¢ > 1 given by Propositions 6.3 and 7.1. More precisely, we have
the estimate

>

1<4

t1+izFiz=i+1

LLL2L2(Syu)

1 . . _
S 52||U6V5UX||L“°CL;L2(SM) +5Z ||UZ+1V“5TX||Lch;oL2(Su,£) | u 1HLi

i<4
b8 Y g
i1+i2<5 -
11<2
< 3 soollu™
7,3§4
0D I TER R s, )
i1+i2<5 -
11<4
x> NIV | e o oo (s, 0 Iz
13<2
< 52abi
|ul2

where we have used Propositions 6.3, 6.5 and 7.1, as well as applied Propo-
sition 6.1 to control the product of .

Returning to (8.10), collecting ‘all the above estimates and using the
condition |u| > da2b, we get

> jw v K-
Jul?’

i<4
We now turn to the remaining energy estimates i.e., we derive the bounds
. 1 . 1 o .
for [[u't1V! (Su..) and [lu V(K — W’ N rerar(s, ) for i < 4:

»Mw

+ ‘|ui+2vi6‘|LﬁL2(Su,u)> S d2a
L2L2(S..)

]

Proposition 8.5. Under the assumptions of Theorem 3.1 and the bootstrap
assumptions (4.1), (4.2), (4.3) and (4.4), we have

, . - 1
Z [l u TV K — T3 0
|ul

1<4

1
2 .

M\»—l

(Suw) T

< dza
L L2L%(S,..)
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Proof. As in the proof of Proposition 8.4, we derive the energy estimates
from the Bianchi equations. We consider the three schematic Bianchi equa-
tions below. First, the equation for Vsf:

(8.14) V38—V <K - ’:‘2> —* V& + tryf3

A A 1 1
— Y5+ S IR 4 V(i §) + FRARERALEY
i1+i2=1
We also have the equation for V4o
i1tia=1
and the equation for V4 (K — ﬁ)
1 ) 1
(8.16) ViylK—-—)+divB=¢ (K- —.,5|+¢Vn
|ul? u? U
i1+1x7ia L
D DR A v+

i1+iz=1
We commute the above equations with V. From (8.14), we obtain

+1

. , 1 . 2 .
(8.17) V3V —VV' (K — ||2> —*VV's + trx V'8 = G
u X
where (G ; is given by
5 L o5 5(¢
G1,i =y V°yY + mv trx + 1 V7 (X, try)
o . 1 o ,
+ Y VigRtlys <K - W,&) + Y VhgRTIvEy
i1+la+iz=1 11+t +ig=1+1
i1,i5<i
1 o . 1 o
o 2 VRV o BT gL

Using (8.15), we get

(8.18) VaVis +div *V'B = Gay,
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where
GZ,’i _ yvf)q/} + wvf)ﬂ_’_ Z vhylgvhwvué
i1+ +is+ia=1
+ Z vh%inrlvizw.

t1t+i2tiz=i+1
11,031

Also, by (8.16), we have

(8.19) VAV (K ! ) +div V'8 = G3,

uP

where

o , 1
Gai=oV+ ) VWRVEYVH (K- .5
= e |ul?
t1+tatiz+ia=1
+ Z vllwzrl—lvlgw_i_ Z vzlwlg-‘rl
7,1+12+’Lg:7,+1 ZlJr’Lz_l

11,i3<1

As in the proof of Proposition 88, we use equations (8.17), (8.18),(8.19)
and apply Propositions 8.1, 8.2 and 8.3 to obtain

i i i i 1
(8.20) Z <HU MY 5”%@2(3%) + [lu Y <K - |u2> Hiz(E)

i<d
+ ”Uiﬂvi&H%gL?(sM))
S NIV BZs 125, )
i<4 N

+ 3 (I Gl ags, + ™!
i<4

5.))

+ > 1w Gl iz e, -

1<4

Notice that the weight w1 is dictated by term 2FtryVig3 in (8.17). The
proof of (8.20) is otherwise analogous to that of (8.10) in Proposition 88
and is omitted.

We now estimate each of the terms on the right hand side (8.20). We
begin with the term Gi;. Among the terms in Gi;, we first bound the
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contributions where 5 derivatives fall on one of the Ricci coefficients. More
precisely, these are the terms

1 .
(8.21) QV%J, mv5trx, 1/1V5(X, try).

For the first term in (8.21), we have the estimate

[ V2|1 L2 125..0)

S ||U5V5¢HLgoL;L?(Su,E)||Q||L;L;Loo(sw)

where we have used bootstrap assumptions (4.1) and (4.3). The second term
of (8.21) can be controlled by

[u*Vtex |l L2 12 22, .0)

1
S HUGVE)UXHLSLOLiL?(Su,QHWHLi
< S2abi ‘
|ul

Here, we have used the bound for V°try in Proposition 7.1. Notice that
it is important that Proposition 7.1 gives a better bound for Vtry than
other V¢ components. Then, turning to the third term in (8.21), we use

Proposition 6.5 and the bootstrap assumption (4.3) to obtain the following
estimate:

[’ VO (%, trx) lziz2r2(5..)
< VP (K, try)|

Le L2 L2(Su,u) ”1/) | L2 L2 L% (Su,u)

uu

1 11

< daz bi52a2 < S2abi
~ 1 1 ~
Wi JulE T

After bounding all the highest derivative Ricci coefficient terms, we now

1

move to the term containing (K — W,&). Using Sobolev embedding in



<

~
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Proposition 5.9 together with Proposition 6.1 and the bootstrap assump-
tion (4.3), we have

i1 +i2+i3=1

Z Z ui+1vi1yi2+1vi3 <K o
<4
S

LLL2L?(Su )
11 412<2

) ) 1
X z uletlvis <K — 2,&)
+ Z Hui1+z’2—1vilwiz+1|

i1+12<4

>

13<2

1
[ul2"?
Z [ 2= e pa s, )

L L2L2(S,..)

ui3+2vi3 K — i 5
|ul?’

LfLﬁL"O(Su’E)
1
111002
g d2azba

LEL3L2(Suw)

We then control the Ricci coefficient terms where there are at most 4 deriva-
tives. For each ¢ < 4, there are three terms to be bounded, namely

Z vh%ig—klvigw’
(8.22)

11,13<1

1. . ) 1 L
Z mvllylgﬁ-lvzgqﬁ’ Z 7vl1y12+1‘
11 +i2+iz=1

L ul?
11+12=1

The first terms in (8.22) can be estimated as follows

E § ul—‘rlvllwlg—‘rlvlsw
i<4 || iy +ia+is=i+1 LyL2L?(Suu)
11,03<1 - N
<
~Y

> [ =2V Y=Y | L e e s, ) D Vi
i1 +12<2

L L2 L2(Su.u)
13<4

+ Z T 2 s, ) Z [P | oo 2 (s, )
i1 +ia<4 B B
atbt \ o

13<2
1
101 55(1132
———d2a2 S
|ul
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where we have used Propositions 6.1 and 6.5 and the bootstrap assump-
tion (4.1).
The second term in (8.22) can be controlled in a very similar fashion:

>

1<4

Z uivilginrlvisw

11412 +1i3=1

LLL2L%(S,..)

D e e PSS

UV | L L2 12(5,.0)

i1 +12<2 13<4
+ Z T I e, ) Z [T | poe 2 e (5,
i1 tia<d B 13<2 B
1.1 3 1
55a2b46%a%552ab4’
|ul |ul

where we have again used Proposition 6.1 and 6.5 and the bootstrap as-
sumption (4.1).

We now turn to the last term of (8.22), for which we have the following
bound:

D

1<4

i1+1i2=1

LLL2L2(Su )

S D TR e pe s, D 0Vl 12 s, )
i hia<2 B i3<4 B
<5%a%bi

~ Y

Jul

after using Proposition 6.1 and bootstrap assumption (4.1).

This concludes the estimates for 1 ; We now move to the estimates for
Go; and G3;. It is easy to observe that all the terms of Go; are in fact
contained in the expression for G ;. Hence, it suffices to control the terms
in G3;. As in the estimates for G'1 ;, we first bound the contributions where
there are 5 derivatives on one of the Ricci coefficients. There are two terms
of this type, namely,

YV, YV
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For the first term, we have

[uPth Ve lrir2r2(s,.)
< (Suu) 2]
i55a5b4 < 52ab2

ul 2 ™ Juls

L2L2L>=(Sy u)

uu

where we have used the bootstrap assumptions (4.1) and (4.3). The sec-
ond term can be controlled after using Proposition 6.5 and the bootstrap
assumption (4.3):

[Vl L1 r2 225, )
1
Y
> ‘|u|

101 5 1
b2a> 52 ZbZ

u,u

L2L2L>(S, )

< §2aibi

We now move to the curvature term containing (K — ﬁ 7). We have

2

i<d

Z ui-i—lvilyizvingu ( ‘ ’2’0_)

i1 +io+iz+ia=1
S8 O TETIVIY R ey Y IV

11+12<2 13<2
4 . 1
X Z yhtiyi <K — 2,0)
= |ul
+4 Z ||Ui1+i2_1vi1$i2”LgoL;oLoo(Sw) Z HvingLEL;"L%Su,Q
i1 +i2<2 13<4
) . 1
X Z UZ4+2VZ4 (K — ||2,6'>
4<2 w

+6 Y UtV | e pags, ) D IVET e e 125,

LLL2L?(Su,u)

OO(SU&)

L L2L2(S,.,)

L L2L>°(Su,u)

11+12<4 13<2
. ) 1
X § 2y (K — 5.0
14<2 Jul L L2 L>(Su,u)
3 1
5 1 1 1.1 550,()2
< —a2-62a2b1 S ,
ful |u|
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where we have used Sobolev embedding in Proposition 5.9 and also Proposi-
tions 6.1 and 6.5 and the bootstrap assumptions (4.1) and (4.3). We finally
turn to the remaining two terms, i.e., the Ricci coefficient terms with at
most 4 derivatives. These are the terms

Z vilwifrlvisw Z 7V“1ﬁ12 Vz’sw
sl ) 2
i1+i'2'fi3?i+1 11+12+’63 ) ’ |

i1,03<1

for ¢ < 4. For the first term, we have

>

Z i+1vi1yi2+1vi3w

<4 || i1+is+is=i+1 LLL212(S, )
11,031 -
S Z [u = = | Ly o oo s, ) Z ”Uigvi3¢\|L;LgoL2(sw)
i bia<2 iacd
+ > R e e, ) Y (Sua)
11412<4 13<2
3 1.1 9 ;1
< Pebisry < Ot
|u|2 |u|2

where we have used Propositions 6.1 and 6.5 and the bootstrap assump-

tion (4.1). Finally, using again Propositions 6.1 and 6.5 and the bootstrap
assumption (4.1), we obtain

D

i<4

Z Ui_lvilybvi?’w

i1+la+ig=1

Ly L3 L2(Suu)
SO RN e peegs, ) D B VEY || e e L2(s, )

11 +12<2 13<4
+ > TR e rags, ) D 10TV EY | e s, )
i tia<d B i5<2 B
53a3bi . 1 _ 62abi
S s—02a> S 3
|ul 2 |ul>

We have thus estimated all of the error terms. Notice that since |u| > dazb,
all the error terms can be controlled by
1 1

< 63qas.

Returning to (8.20), we therefore conclude the proof of the proposition. [J
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With Propositions 8.4 and 8.5, the only remaining energy estimate is
that for K — # in the case i = 0. To obtain the desired bounds, we will
simply integrate the estimates we obtained in Proposition 6.9 to get the
following proposition:

Proposition 8.6. Under the assumptions of Theorem 3.1 and the bootstrap
assumptions (4.1), (4.2), (4.3) and (4.4), we have

1

2

K- —
" < !uP)

Proof. This follows immediately from Proposition 6.9:

1

2

K — —
! ( |ur2>

and the bootstrap assumption (4.3). O

wlw
L

Sozan.

L L2L2(S)

<63 -6az(1+ 055+ R)
L;iOLiLLQ(S)

Combining Propositions 8.4, 8.5 and 8.6, we have thus obtained
(8.23) RS
Substituting the bound (8.23) into Proposition 7.7, we have
(8.24) Os9 < 1.

(8.23) and (8.24) together improve over the bootstrap assumption (4.3) for b
sufficiently large. Now, using (8.23) and (8.24) together with Propositions 6.5
and 6.6 and the Sobolev embedding in Proposition 5.9, we obtain

Z FHU IV Y| r2(s,.) + Z &T%HU VY || (s, ) S 1

i<4 002 i<2

and
1 o 1 . .
> VP llrags, ) + > TV | pes, ) S L

i<a @ i<z 42
which improve over (4.1) and (4.2) respectively, after choosing b to be suffi-
ciently large. Finally, recall from Proposition 6.9 that we have

Z R ve K—i
Jul?

<3

1

)

3
LeeLL?(Su,) 1



112 X. An and J. Luk

which improves over (4.4) for b sufficiently large. We have thus recovered all
the bootstrap assumptions and showed that the bound

Oa @5,27R S 1

holds.
This concludes the proof of Theorem 3.1.

9. Formation of trapped surfaces

In the section, we will prove Theorem 3.2, thus concluding the proof of
Theorem 1.3. The proof will make use of the bounds in Theorem 3.1 and
follows from an ODE argument as in [6]. We first need to obtain some refined
estimates compared to that in the proof Theorem 3.1.

First, using the bound for w proved in Proposition 6.4 instead of applying
the bootstrap assumption, we can revisit the proof of Proposition 5.1 to
obtain the following improved estimate for :

Proposition 9.1. Under the assumptions of Theorem 8.1, we have

1
daz

) ul”

127" =1l 1~(s

Proof. Using (5.1), we have

_ “ Saz
197 = U5 S [ Mollims, ! S o

where in the last step we have used the estimate for w derived in Theo-
rem 3.1. Il

We then also need the following improved estimate for try. More precisely,
we show that while the bound in Proposition 6.3 is in general sharp, the
main contribution comes from the [x|? term. This will allow us to obtain
an upper bound for [try(u,u, 0, 6%)| depending on the integral of \)2],% along
the characteristic in the (6',6?) direction. This improvement in the bound
for try will in turn enable us to prove a lower bound for the integral of | >2|2Y
in the proof of Theorem 3.2.
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Proposition 9.2. Under the assumptions of Theorem 3.1, we have

[trx (u, u, 64, 6%)] / \x! u, v, 01, 6%)du/
for every (6%,62).
Proof. Fix (0',6?). Recall that
Vatry + [R]* = itry.

Integrating this equation and recalling that initially try = %, we obtain

1

1
[trx (u, u, 91,02)\ < | | + 6— sup |trx(u u (91 92)|

o] £
+ / |>z|%(u,y',91,02)dy'
0

1
Since 5|“| < %, we can choose b to be sufficiently large to obtain

|try (u, u, 0%, 6%)] / lx| (u,u, 0, 6%)du.

With these estimates, we are now ready to prove Theorem 3.2.

Proof of Theorem 3.2. In order to show that S 5atb.s is a trapped surface, we

need to prove that try < 0 and try <0 everywhere on S atbs The fact that
try < 0 follows directly from the estimates we have proved More precisely,

recall from Theorem 3.1 that we have the following bound for try in the
region dazb < lu| < 1:

< Saz

2
trxy + — S
L=(S.,) Ul

|ul

In particular,
(9.1) try <0

everywhere on the sphere Sbaa%, 5
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It now remains to show that try < 0 pointwise on S Fix a point p =

béas 5"
(61,6%) € S10. We will show that try(u = Sazb,u =d,0',62) < 0. To achieve

this, we make the following bootstrap assumption for every u € [(5a§b, 1]:

4 d
9.2) / u2|>z|3(u,u,91,92)dugz/ R (1w, 6, 6%)du.
0 0

Our strategy is as follows. The bootstrap assumption (9.2) will allow us to
have an upper bound for |try|. This will in turn give us both upper and
lower bounds for the integral f06 u?| >2|2Y(u, o', 0%, 0%)du’. In particular, we can
close the bootstrap assumption (9.2). We will then use the lower bound
for \X!%(u = dazb,u,0,62) to get an upper bound for try(u = dazb,u =
§,60%,62), which in particular guarantees that try(u = (5a%b,g =4,0%,0%) <
0.

We now turn to the details. First, as an immediate consequence of the
bootstrap assumption (9.2) and Proposition 9.2, we have

1 1/
(93) |tI'X(U,Q,01,92)‘ S T 2/ |X"2y(1ag/791792)dgl'
ul  Ju? Jo
Now consider the null structure equation
N S ~ .1 —~
Vsx + §trXX =Van + 2wy — §tr)@ + n&n.
Contracting this equation with x, we have
1 ~12 1 ~192 ~192 ~ ~ 1 “ ~
5 ValXly + StexX(5 — 2w[xl; = X { Ve — Stoxx +nen )

In the coordinate system introduced in Section 2.2, we have

1 8 A 8 ~12 1 ~12 ]_ 2 12 2
T Al ~ d —_— _— — |t _ 2
20 <8u * 89A> XI5 Qlul X5+ 5 { trx + ] XI5 — 2w[X[5

. ~ 1 N ~
=X <V®n — itr)@ + 77®n> .
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Using w = —3V3(log(2), we can rewrite this as

0 ) 2
9.4 -2 9 20721912y = L (02|52 12
(94) w au(“ X15) 8u( Ixl5) + SE XI5
1 .
=207y (V@n — 5trxX + n®77)

0
-1 - A_Y 22

We now obtain pointwise bounds for the terms on the right hand side. After
bounding Q7! in L using Proposition 5.1, the first term can be re-written
schematically as

ST VR + gty

i1+i2:1

Using the bounds in Theorem 3.1 together with (9.3), we have

(9.5) > gy vy + [l trxll (s, .)
11 +1i2=1 x( )
oa
— I 1 1 2
< uft + / 5% \ ', 0", 0%)du

For the second term on the right hand side of (9.4), note that

2

2 2
trx + = trx + — + =@t =1
Qulll (s, ulll s,y Il 1(Su)
< 5a§7
™ Jul?

where we have used the bounds proved in Theorem 3.1 together with Propo-
sition 9.1. Therefore, for every u € [0,da2b], u € [0, d], we have

2 12 1 g2y <
(9.6) 'Q <trx+ S ‘)‘xlyl(u,uﬂ 07) S
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For the third term on the right hand side of (9.4), we have

(9.7) ‘

PN

Lo (Su,u)
Sl e 5. VX Lo (50 ) 1 1 2o (50 ) H Al oo (5, ) 10 | Lo (5 0)
a
N WWHL&(SM)-

To obtain the estimate for d, we use the fact that

A
[L7L] — ai 9

ou 96A
which implies

S = A

Integrating this in the u direction and applying the bounds in Theorem 3.1
thus give

=

5%a
Al o (50.0) S

) ~ uf2”
Combining this with (9.7), we thus have

(9.8) 42

8914( _2|X|2)

M

2
< 1) a5 .
Le(s..) LUl

Multiplying (9.4) by u*, integrating in u and using the bounds (9.5), (9.6)
and (9.8), we thus have

‘u2]>2]2 (u,u, ', 6%)

- y>g|2 1,u,0! 92)|
Caz

‘ng‘/u (1,4, 0%, 02)du

+caa% [ R 0
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for some universal constant C'. Integrating in u from 0 to J, we obtain

‘/ 2\)(] (u, v, 0%, 6%)d / |X| (1,,6",6%)du/

L 2
SC’éa Céa / \X\ (1,01, 0%)du
|uf?
+C’(5a2/ / ])Z|2(u',y’,91,02)du'dg'
< OO e

0
—I—C'5a (/ | /2du> (Su/p/o (u/)2‘)2‘,2y(ul,u,91,02)du’>

Cda> 908t [
< Loa +b/ R12(L, 4/, 0%, 6)du’ + a /bg|§(1,u’,91,02)du’
0 0

b
Céaz  3C [° o, 1 o,
S b +b/0 ‘X"y(l?ﬂae 79 )d@,

where we have used the bootstrap assumption (9.2). After choosing b suffi-
ciently large so that C < 15, this yields the upper bound

0 4 1
6 2Céaz
[ Bt oo < ¢ [ RBaa ot e + 25
0 0

and the lower bound

5 5 L
4 200az2
R O TT - RN TY RS
0 0

Recalling that the assumption (3.1) implies
/ %02 (1, 4/, 6", 6%)du’ > 4bdaz,
we can thus choose b to be sufficiently large to guarantee that
2 e 1 p2 3 (% 1 p2
~ / / N / !
(9.9) /0 u?| X5 (u, o, 07, 0%)du’ < 2/0 X[5(L,u', 0%, 0%)du
and

4 4
(9.10) /u2|>g|3(u,u’,91,92)du'>i/ X12(1,4,6",6%)du’ > 3bdaz.
0 0
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In particular, (9.9) improves over the bootstrap assumption (9.2). Therefore,
(9.10) holds. We now use (9.10) to obtain the desired upper bound for try.
To this end, we combine the transport equation for try

1 .
Vatrx + 5 (trx)* = =¥ — 2wtrx

and w = —3V4(log Q) to get
TN U RY SN TR
V(@ trx) = ———(trx)” — Q%"

Using the fact eq = 9_1%, we integrate this equation to obtain

(9.11) Q try(bdaz,5,60",6%)
)
< @00t 0.61,6%) [ [{[7(bdal 6", 6%)du
0
2 3
<

~ bbaz B baz
< 0.

Here, we have used the lower bound (9.10) for the integral of |)Z|%
Therefore, by (9.1) and (9.11), S, . is a trapped surface. O

a% ,0
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