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ON THE GEOMETRY OF NULL CONES TO INFINITY UNDER
CURVATURE FLUX BOUNDS

SPYROS ALEXAKIS, ARICK SHAO

ABSTRACT. The main objective of this paper is to control the geometry of
a future outgoing truncated null cone extending smoothly toward infinity in
an Einstein-vacuum spacetime. In particular, we wish to do this under mini-
mal regularity assumptions, namely, at the (weighted) L2-curvature level. We
show that if the curvature flux and the data on an initial sphere of the cone
are sufficiently close to the corresponding values in a standard Minkowski or
Schwarzschild null cone, then we can obtain quantitative bounds on the geom-
etry of the entire infinite cone. The same bounds also imply the existence of
limits at infinity of the natural geometric quantities. Furthermore, we make
no global assumptions on the spacetime, as all assumptions are applied only to
this single truncated cone. In [I], we will apply these results in order to control
the Bondi energy and the angular momentum associated with this cone.

1. INTRODUCTION

Let (M,g) be a 4-dimensional Einstein-vacuum spacetime, and let N denote
a future-directed smooth truncated null cone in M, emanating from a 2-sphere
S. We assume N extends “toward infinity”, meaning that the future-directed null
generators of N extend indefinitely with respect to an affine parameter. The main
problem we address is to quantitatively control the intrinsic and extrinsic geometry
of N by a weighted curvature flux of A, and to establish the existence of limits “at
infinity” of certain geometric quantities on N. In this paper, we accomplish this
task in the case of near-Minkowski and near-Schwarzschild null cones.

In the companion paper [I], we will apply these estimates to control the Bondi
energy and angular momentum associated with . In particular, we will accomplish
this while avoiding global asymptotic assumptions on (M, g).

1.1. Motivations. The term curvature flux generally refers to L?-norms of certain
components of the spacetime curvature on a null hypersurface. It is a fundamental
quantity in mathematical relativity for dealing with local energy estimates involving
the curvature. Algebraically, this is a direct analogue of flux quantities for an
electromagnetic field satisfying Maxwell’s equations.

The interpretation of such quantities as fluxes can be motivated using the Bel-
Robinson tensor, i.e., the tensor field on (M, g) given, in index notation, by

Qaﬁ'yzi = gl“jggT (Rap/ychBwiT + *Rap/ycr*RBwiT)-

Here, R is the Riemann curvature tensor for (M, g), and * denotes the spacetime
Hodge dual. In particular, @) serves the same purpose for R as the stress-energy
tensor for Maxwell’s equations does for the electromagnetic field. As @ is symmetric
and divergence-free, one can define currents from ) by contracting it with three
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future-directed causal vector fields. One can then hope to systematically generate
energy identites and estimates for R by integrating the divergence of such a current
over a spacetime region D and applying the divergence theorem.

Remark. For non-vacuum spacetimes, R is replaced by the Weyl curvature tensor.

In particular, consider the case in which the boundary of D contains a smooth
null hypersurface N. Then, one term generated by the aforementioned process is
an L2-norm over N of some, but not all, components R. Such a quantity can be
intrepreted as a flux of curvature through N. Therefore, in practice, it is sensible
to refer to this quantity as the curvature fluz of N.

A number of results in mathematical general relativity have relied heavily on the
curvature flux or its variations. [| Well-known examples include the following:

Stability of Minkowski spacetimes ([2, [4] [7]).

Breakdown criteria for the Einstein equations ([12] 15l [I7) I8, 27]).
Formation of trapped surfaces ([3] [IT]).

e L?-curvature conjecture (|13, 20, 21, 22| 23]).

In certain cases, the curvature flux of a null hypersurface N can in fact be used to
control the geometry of N itself. For the breakdown criteria, a major component
of the proofs of these results is precisely that of controlling the geometry of null
cones by the curvature flux. For the L2-curvature conjecture, an important part of
the argument is to establish similar control for the geometry of null hyperplanes.

The analytical techniques for controlling the geometry of null hypersurfaces by
the curvature flux were first developed in [8], which dealt with the specific case of
geodesically foliated truncated null cones beginning from a 2-sphere in a vacuum
spacetime. Because one assumed only curvature flux bounds, this required a signif-
icant amount of technical developments, detailed in [9] [I0]. These techniques were
extended to null cones beginning from a point in [24] [25]. Other variations include
[15, 07, 27), which dealt with time-foliated null cones. In particular, [I7] extended
the result to Einstein-scalar and Einstein-Maxwell spacetimes.

Here, we wish to apply similar techniques to a different but related setting—that
of an infinite outgoing truncated null cone N. Here, N could be thought of as ter-
minating at future null infinity, though we make no global asymptotic assumptions
on our spacetime regarding the existence of such an infinity. Analogous to previ-
ous works (e.g., [8, [25]), we derive quantitative estimates for various connection
coefficients on A by both the curvature flux of A" and by certain data on the ini-
tial 2-sphere S. We also simplify and, in some cases, generalize many of the more
technically intense methods developed in [8] [9] 10} [24].

For brevity, from here on, we will refer to these truncated null cones simply as
null cones. Now, one can consider the null cone A/ as a one-parameter family of
spheres. Such a viewpoint can be constructed in many different ways. In this paper,
like in [8, 25], we define these spheres using a geodesic foliation, that is, we define
these spheres to be the level sets of affine parameters of a family of null geodesics
that generate A/. This is in a sense a minimalistic approach, as it requires no
additional structures on our spacetime (M, g). A In particular, both the spacetime

1One common variation is to take L2-norms for derivatives of the spacetime curvature.
2For instance, in order to foliate A using a time function, one would also need to impose some
global measure of time on (M, g) that satisfies additional assumptions.
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curvature decomposition, which is present in the curvature flux, and the connection
coefficients of A will be defined with respect to this foliation.

We assume that this null cone N is sufficiently close to a standard Schwarzschild
null cone at the curvature flux level. § More specifically, we assume:

e A weighted curvature flux on N (with respect to a geodesic foliation) is
sufficiently close to the expected values in a Schwarzschild spacetime.

e The connection coefficients for N (also with respect to this geodesic folia-
tion) are likewise sufficiently close, in certain norms, to the expected values
in the same Schwarzschild spacetime on the initial sphere S.

The objective will be to prove the following results:

e The connection coefficients can be controlled on all of A/ in the appropriate
norms by the weighted curvature flux and initial data.

e The connection coeflicients, with the correct weights, have limits at infinity
(in the appropriate spaces), which can also be controlled.

In near-Minkowski settings, the above weighted curvature flux arises naturally
from the Bel-Robinson tensor. More specifically, this flux can be obtained by con-
tracting @) with the vector fields T, T', and K, where T and K are suitable adapta-
tions of the time translation vector field and the Morawetz vector field, respectively,
in Minkowski spacetime. These weighted fluxes were used extensively in [2] 4] [7].

In this process, we control in particular the Hawking masses of these spheres
that foliate /. We can once again relate this to the settings of [4, [7]. For instance,
in [4, Ch. 17], for spacetimes that were sufficiently near-Minkowski, and for certain
(time-foliated) null cones extending to infinity, it was shown that:

e The Hawking masses of the level spheres of such a null cone converge to
some finite nonnegative limit at null infinity.
e Moreover, this limit is the Bondi mass associated with this cone.

In the minimal setting of this paper, we can also show that the corresponding
Hawking masses of A/ are bounded and have a controlled limit at infinity.

In our case, it is not clear a priori that this limit of the Hawking masses corre-
sponds to any notion of Bondi energy or mass. As discussed in [16], for instance,
this connection between Hawking and Bondi masses depends closely on the spheres
foliating V' becoming asymptotically round at infinity. In the companion paper [I],
however, we will construct, under the same assumptions, such an asymptotically
round family of spheres in A, in order to control the Bondi energy.

1.2. The Main Results. For our analysis, we will think of the geodesically foliated
null cone N as a smoothly parametrized foliation, N' ~ [sg,00) x S2. The first
parameter in this product refers to the chosen affine parameter for the null geodesic
generators of A/, while the copies of S? are the level sets of the affine parameter. As
each level sphere of N is spacelike, we can consider the Riemannian metric 4 on the
spheres induced from the spacetime metric g. Furthermore, we choose our affine
parameter so that the initial sphere S, corresponding to s = sp, has area 47s?.
The next step is to describe the objects of our analysis:

e (Connection coefficients: These are, as usual, quantities that correspond to
one derivative of the metric. More accurately, these are spacetime covariant
derivatives of certain adapted null frames on N.

3Note this includes standard Minkowski null cones as a special case.
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o Curvature components: These refer to the spacetime curvature of (M, g),
decomposed in terms of the same null frames on N as above.

The main idea is, as in [3, 4] 8], to reinterpret the aforementioned connection and
curvature quantities as “horizontal” tensorial quantities, i.e., tensor fields on N
which are everywhere tangent to the level spheres of N. Consequently, we can treat
each of these connection and curvature quantities as a smoothly varying family of
tensor fields on S?, parametrized by the affine parameter s.

One main feature of this system is that the geometries of the of level spheres
of N also evolve. In other words, the horizontal tensor field 4 on N constructed
from the metrics induced from g also evolves as a function of s. A consequence of
this is that the norms, the elliptic operators, and the evolutionary operators that
we will consider will also evolve depending on the affine parameter. Throughout
this paper, we will analyze such horizontal tensorial quantities on this evolving
geometric setting using the formalisms developed by the second author in [19].

1.2.1. Connection and Curvature Decompositions. We now discuss in further detail
the horizontal decompositions for the connection and curvature quantities. We
begin with the connection coefficients, defined with respect to our geodesic foliation.

The most important connection quantity is the intrinsic null second fundamental
form, x, which is defined as the second fundamental form of the level spheres of
N, in the future null direction tangent to N. Intuitively, x determines how 7, and
hence the geometry of N, evolves as one moves along A in this future null direction.
x can be further decomposed into its trace and traceless parts, i.e., the expansion
# x and the shear x. In particular, tr y describes how the area element of the level
spheres of A/ evolve, and is related to the formation of null conjugate points.

Similarly, the extrinsic null second fundamental form, x, represents the second
fundamental forms of the level spheres of A in the transverse future null direction
orthogonal to these level spheres. Like for y, one can also decompose y into its
trace and traceless parts. As our analysis is concerned only with A itself, x lacks
the same intrinsic significance as y in our setting. However, y will be shown to
decay less than the other connection coefficients. In fact, that the level spheres of
N fail to be asymptotically round as one approaches infinity is due to this lack of
decay for tf x. This will play a central role in [I].

The final connection coefficient in the geodesic foliation is the torsion, ¢. In
the geodesic foliation, this quantity can be roughly interpreted as the failure of the
transverse null direction orthogonal to the level spheres of N to evolve in a parallel
fashion along the null direction that is tangent to .

Next are the curvature quantities, which represent the various components of the
spacetime curvature R on /. To define these, one first takes two future null vector
fields, L and L, with the former representing the future tangent null direction in
N, and with the latter representing the future transverse null direction normal to
the level spheres of A/. The curvature components are then defined by contracting
R with one or more instances of L and L, and by requiring that the remaining
components are horizontal, i.e., tangent to the level spheres. In keeping with nota-
tional traditions, we denote the resulting components by «, 8, p, o, 8, and «. Since
Einstein-vacuum spacetimes are by definition Ricci-flat, these curvature quantities
comprise all the independent components of R.

Finally, in our analysis, we will also require an additional scalar quantity p on A,
called the mass aspect function. p is defined directly from the connection coeffients
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and the curvature component p. In particular, this quantity is closely related to
the Hawking masses of the level spheres; see [4, [§].
For precise definitions of all the above quantities, see Section

1.2.2. A Rough Theorem Statement. Recall the main result of this paper roughly
states that if the weighted curvature flux of A" and initial data on S are sufficiently
close to their corresponding values in a Schwarzschild spacetime, then the connec-
tion coefficients on A remain close to their Schwarzschild values. Below, we further
clarify the meanings of “weighted curvature flux” and “initial data”.

With respect to the geodesic foliation, the weighted curvature flux of AV is

_3 _3 _1
F =502 |s%all 2wy + 5o 2 I15°Bll 2oy + 5o 2 llspll 2w
_ 1 1
+ 80 2lIsollzz oy + 56 1Bl L2 s

Note this formula includes all the spacetime curvature quantities except for a. In
particular, the excluded component « is the only component of R which does not
contain any L-components. In [4] [7], for example, such quantities were intimately
tied to energy estimates involving the spacetime curvature.

Remark. The main heuristic for the weights within F is that the affine parameter
s will remain comparable to the radii of the level spheres of N'. In contrast with
similar developments in [2, [ [7], we use s here rather than the actual radius, as it
is an easier quantity to manipulate algebraically.

In our setting, however, we are interested not in the curvature flux itself, but
rather in its deviation from the Schwarzschild values, i.e., the quantity

—3)1.2 s —31.2 s -1 s
OF =80 2 |ls*(a = o)l L2y + 50 21I57(8 = B7) L2y + 80 2 lIs(p — 07) L2
_1 1
+ 50 2 |Is(o = o)l L2y + sg 118 = Bl L2y

where o, 3%, p°, 0%, and ﬂs denote the values of the curvature components in
a Schwarzschild spacetime, with mass 0 < m < s9/2 (the latter bound ensures S
represents a sphere in the outer region). Standard computations show that the only
nonvanishing Schwarzschild component here is p°; see Section for details.
Finally, the initial data for S reflects the deviation of x, x, (, and u from their
Schwarzschild values (see Section [4.3)), in the appropriate norms. More specifically,

1 1
0T = sollth x — (£ x)° [l = (s) + 55 X = X* Ines) + 53 1€ = llnes)
s s
+1Ix = X" lls(s) + sollV ik x) — Wk x)]sllscs) + sollw — 1”[les)-
In the above, H is a (geometric tensorial) H 1/2_type norm on S, while B is a similar
zero-derivative Besov-type norm. An unfortunate by-product of working at the
curvature flux level is that such Besov norms are required in the analysis.
We now give a very rough statement of the main theorem.
Theorem 1.1. Assume that
0F +0Z <T.

Suppose I is sufficiently small with respect to the geometry of S, that is, the weighted
curvature and initial data of N' remain close to their Schwarzschild values. Then,
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the geometry of N remains close to that of the corresponding Schwarzschild null
cone. To be more specific, the connection deviations

x—-x°, x-x°, (=¢,  pu—uf

will also be bounded by I, in the appropriate norms. Furthermore, up to a rescaling,
the geometries of the level spheres of N' remain close to that of S.

For the precise version of the theorem, see Theorem [£.3] in Section (.3} Next,
one can use the above estimates to generate asymptotic limits at infinity, of both
the geometries of the level spheres of N' and the connection coefficients. A rough
statement of this result is stated in the subsequent theorem.

Theorem 1.2. Assume the hypotheses, and hence the conclusions, of Theorem
[L1 Then, as s /' 0o, the geometries of the level spheres of N' converge, after an
appropriate rescaling, to a rough limiting geometry on S?. Furthermore, certain
appropriate rescalings of x — x°, x — x°, ¢ — ¢, and p — p° will have limits as
s 2 oo, with respect to the appropriate normed spaces. In particular, the Hawking
masses of the level spheres of N have a limit as s /* oo.

For the precise statements, see Corollary [5.2] in Section 5.1l

1.2.3. The Renormalization Procedure. We now give a brief outline of how the proof
of Theorem [Tl proceeds. Primarily, we wish to convert our setting to one which can
be treated by methods analogous to [8, 9] 10]. Moreover, we want the general results
developed in [19] to be applicable to our new setting. Both of these objectives are
accomplished by adopting certain renormalizations to our system.

This first step is to convert A/ from an infinite cone into a finite cylinder. To do
this, we rescale the metrics 7 on the level spheres of NV, so that they have almost
constant area. In practice, this allows us to analyze all the level spheres of A in a
uniform manner. Next, we adopt a change of the evolutionary variable to convert
the infinite interval [sg, 00) to a finite interval [0,1). We also make corresponding
renormalizations for both the curvature and the connection coefficients on A/. For
details behind the specific rescalings and transformations, see Section (4.4

Remark. Note we have the freedom to choose weights for each curvature and con-
nection quantity. Though the chosen weights correspond to [7], some do not reflect
those one would obtain from the usual conformal compactification of spacetime.

Another key component of this process is the construction of a covariant system
(in the sense of [19]) with respect to our finite null cylinder. For this, we introduce
connections on A/, compatible with the rescaled metrics and adapted to the finite
evolutionary variable ¢ € [0,1). This defines a notion of covariant differentiation on
N that is adapted to our renormalized system.

Combining all these steps results in a new equivalent system in terms of the
renormalized geometry, connection coefficients, and curvature components. More-
over, this new system is formally similar to the original physical system for a finite
null cone. Thus, the analysis we perform can in large part reduce to the ideas
developed in [§], along with some modifications and simplifications from [19].

As in [8], we establish our desired estimates through an elaborate bootstrap ar-
gument. We take as bootstrap assumptions some of the estimates on the connection
coefficients that we wish to prove. This is an important step, as these assumptions
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are required in order to validate many of the tools of analysis that are used. i
From these assumptions, we can eventually derive all the desired estimates on the
connection coefficients. To close the bootstrap argument, we also obtain strictly
improved versions of the bootstrap assumptions. This implies that the estimates
we have obtained in fact hold without our bootstrap assumptions.

Remark. For further discussions on the intricacies of the bootstrap argument itself,
the reader is referred to the introductions of [8l, 24].

From this analysis, we obtain unweighted estimates for the renormalized connec-
tion coefficients on A, in terms of the renormalized geometry. The precise results
of this procedure is stated as Theorem [B.1] i.e., the “renormalized main theorem”.
By inverting our renormalization procedure, we can restate these results in terms
of the physical geometry and connection coefficients. This results precisely in the
desired weighted estimates, thereby proving Theorems [[.1] and 5.3l

We also remark that the limits obtained at infinity are most easily stated in
terms of the renormalized system, since the geometries of the renormalized level
spheres remain close to that of the initial sphere. In particular, Corollary (the
precise version of Theorem [[L2)) is expressed entirely in the renormalized picture.
Furthermore, in the sequel [I], in which we control the Bondi energy, much of the
analysis is once again performed in this renormalized setting.

Aside from the immediate problem, we propose that this renormalization process
also provides a template for analyzing other geometric situations. In general, this
process transforms a foliation so that the evolutionary parameter has finite length
and the geometries of the leaves of the foliation change very little. In this paper,
the upshot is that the renormalized system satisfies abstract assumptions which
validate a wide range of estimates established in [I9]. Similar renormalizations in
other settings could result in similar analytical consequences.

Finally, while the analysis here applies to only a single null cone, it is hoped
that adaptations of this renormalization argument could also be used for studying
regions of spacetimes (for example, the double-null foliations used in [3] [7]). In
particular, because of these considerations, this procedure perhaps may also be
applied toward analyzing existence theorems, again possibly at the L?-curvature
level, for the Einstein equations extending up to (a part of) null infinity.

1.3. Technical Improvements. Although we use the same template in our argu-
ment as in previous works ([8] [15] 17 24} 25| [26]), we also improve upon many of
the techniques used in the aforementioned works. Below, we shall briefly discuss
the technical innovations employed in this paper.

1.3.1. Bilinear Product Estimates. In [I0], various bilinear product estimates, es-
sential for the main argument in [§], were established. Due to the lack of geometric
regularity, the proofs required the construction and application of a geometric ten-
sorial Littlewood-Paley theory based on the heat flow; see [9] for this development.
This made the proofs in [I0] both lengthy and highly technical. Furthermore, the
proofs of these estimates relied heavily upon the specific setting (geodesic foliation,

4These assumptions imply that the geometries of the renormalized level spheres of A/ change
very little. As a result of this, various Sobolev, product, and elliptic estimates from [19] can be
applied in a uniform manner to all the level spheres of N. In particular, the aforementioned
uniformity implies that s remains comparable to the radii of the unrenormalized level spheres.
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finite null cones, vacuum spacetimes, etc.). As a result, although these techniques
can be adapted to other related settings, one must in principle redo these arguments
for each separate setting. For example, this was the case in [24] 25], which dealt
instead with null cones beginning from a point.

In [I9], a simpler and more systematic method for deriving these bilinear product
and sharp trace estimates was presented. In constrast to [I0], which resorted to the
geometric Littlewood-Paley theory of [9], these estimates were obtained in [19] by
reducing them to their (much simpler) Euclidean analogues. That this reduction is
possible is a consequence of two new observations:

e From the Codazzi equations, applied to the level spheres of A, the curl of
x has slightly better properties than other derivatives of .

e This improved regularity for the curl of x yields strictly better regularity
for certain parallel-transported frames.

That these special frames are more regular than the usual coordinate frames allows
us to reduce these geometric and tensorial product estimates to their Euclidean and
scalar counterparts, which can be proved using classical Littlewood-Paley theory.

Furthermore, in [19], the estimates are stated in terms of abstract foliations
satisfying certain regularity assumptions. The main advantage of this presentation
is that these assumptions apply not only to the setting of this paper, but also to
the settings of [8 15} 17, 24, 25, 26]. Consequently, for any reasonable variation
of the “null cone with bounded curvature flux” problem, one can very quickly and
easily validate a whole family of tensorial product estimates using [19].

1.3.2. Elliptic Estimates. In [8] [15] 17, 24 25] 26], a major difficulty arose from the
fact that the Gauss curvatures of the level spheres of A were highly irregular. In-
deed, one derived only an H~'/2-type bound on these Gauss curvatures; moreover,
this was achieved only after a highly nontrivial argument containing, in particular,
a technical commutator estimate involving heat flows. Thus, many elliptic esti-
mates that were straightforward in more regular settings became both technical
and lengthy. The most difficult examples were Besov-type elliptic estimates for the
symmetric Hodge operators, which now required a much more delicate analysis.
Moreover, [24] showed these estimates yielded even more error terms, which added
considerable length and complexity to the overall argument.

In [19], it was shown that these additional error terms were in fact unnecessary.
Furthermore, these estimates, without the error terms, could be proved using a far
shorter argument than before. The main new observation in the null cone setting is
that the only part of the Gauss curvature that is not L?-controlled can be expressed
as a divergence of (. This allowed for a conformal transformation into a different
metric for which the Gauss curvature is entirely L2-controlled. In effect, one absorbs
the low-regularity term into the chosen conformal factor. §

The advantage gained from this transformation is that all the desired Besov-
elliptic estimates can be derived far more easily with respect to this regularized
metric. Furthermore, the Hodge operators under consideration are conformally
invariant, and a brief but careful analysis shows that these estimates can in fact be
transferred back to the original metric. Moreover, similar to the bilinear product
estimates, the elliptic estimates in [19] were stated in an abstract setting that applies
not only to this paper, but also to the settings of previous works.

5This technique will also be used in [1].
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1.3.3. Infinite Decompositions. In previous arguments, an elaborate infinite decom-
position of tensor fields was required within the main bootstrap argument in order
to apply the necessary bilinear and sharp trace estimates. In this process, such ten-
sor fields (e.g., the gradients of ¥ and () were decomposed into “good” and “bad”
parts. While the “good” parts can be properly controlled, the “bad” parts must
again be decomposed into “good” and “bad” parts. This led to infinite iterations,
which converged in suitable norms to the final desired decompositions.

In this paper, we demonstrate that this cumbersome process can be avoided.
This simplification revolves around the following basic ideas:

e The exact (infinite) decompositions of these tensor fields were in fact ir-
relevant to the main argument. The only important point was that some
decomposition with the necessary estimates exists.

e One can construct norms to quantify the existence of the necessary decom-
positions, without needing to explicitly specify the decompositions.

The natural norm to capture such decompositions is the so-called sum norm, de-
scribed in Section [3.3] which is a general construction for arbitrary normed spaces.
By using these sums norms in the main bootstrap assumptions and argument, one
can avoid this process of obtaining explicit infinite decompositions.

To be more specific, for this part of the argument, we must decompose various
tensor fields into two parts for our estimates:

e The first part contains terms which can be controlled in an L?-norm along
all of A/, with the additional caveat that one can trade a null derivative
for a spherical derivative. A quantitative version of this property can be
captured using a special norm (the Ng;—norm in Section B3).

e The remaining terms will lack this derivative trading property. These terms
will be controlled by an infinitesimally stronger Besov-type norm on N.

The main idea is to impose an additional bootstrap assumption in the main argu-
ment (via the sum norm) stating that such a decomposition exists, with sufficient
bounds by the above two norms. From explicit decompositions, one obtains as
before the “good” terms, which can be controlled in these norms. However, one no
longer needs to decompose again the remaining “bad” terms, as these can now be
handled using the bootstrap assumptions. From this process, we can immediately
recover a strictly improved version of this new bootstrap assumption.

1.4. Notations. Here, we list basic notational conventions we will use, many of

them borrowed from [I9]. First, given nonnegative real numbers X, Y, ¢y, ..., cpm:
o X <¢.. .cn Y means that X < cY for some constant ¢ > 0 depending on

C1,--.,Cm. If no ¢;’s are given, then the constant ¢ is universal.
e Similarly, we write X ~., . Y to mean that both of the following state-
ments hold: X < L YandY S; 0 XL

~ICT 5e-+,C
To shorten notations, we will generally omit the dependence of constants (i.e., the
¢i’s in the above) in inequalities within proofs of statements.

Next, we will use the following symbols to denote various constants. These
constants will be used throughout the paper to represent ranks of tensor fields as
well as parameters in various regularity conditions.

e Let r,r1, 72 and [, [1,l2 denote non-negative integers.
e Let C' > 1 and B > 0 denote real constants.
e Let N > 0 denote an integer constant.
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Finally, for a general manifold M:

e Let C*°M denote the space of all smooth real-valued functions on M.

e For a vector bundle V over M and z € M, we let V, denote the fiber of V
at z. Moreover, we let C*°V be the space of all smooth sections of V.

e Let T M denote the tensor bundle over M of rank (r,1), for which the fiber
(I7 M), at any z € M is the space of tensors of rank (r,1) at z. 0 Thus,
C*°T]M is the space of smooth tensor fields of rank (r,{) on M.

We will often use standard index notation to describe tensor and tensor fields on
M. Indices, denoted using lowercase Latin letters, will be with respect to fixed
frames and coframes. In accordance with Einstein summation notation, repeated
indices indicate summations over all allowable index values.

Acknowledgments. The first author was supported by NSERC grants 488916
and 489103, as well as a Sloan Fellowship. The authors also wish to thank Sergiu
Klainerman for interesting and helpful conversations that contributed to this report.

2. GEOMETRIC PRELIMINARIES

In this section, we review some background involving the analysis of tensor fields
on a 2-dimensional Riemannian manifold. The contents here briefly summarize
many of the basic developments detailed in [19]. Throughout, we let S be a surface
diffeomorphic to S?, with h a Riemannian metric on S.

2.1. Riemannian Structures. By the conventions in Section [[.4] we can think
of h as an element of C*TYS. Let h=! € C®TZS denote the metric dual of h.
As usual, within index notation, h~! is written as simply h, but with superscript
indices. Since S is compact, we can fix an orientation for S. As a result, h and this
orientation induce a volume form w € C*T9S on S.

Recall h and h~! define pointwise tensorial inner products and norms on S.
More specifically, for any F,G € C*1]'S, we define

(F,G) = hayp, - - - ha,p, h4 . pediparar - Gbibe, 0 € OFS,
i.e., the bundle metric on 7;'S induced by h. We also define the pointwise norm: A
|F| = (F,F)?.

We can now use h and w to define standard integral norms:
1F1%; = [1FPdo. [Flz =swp Fll, g€ [Lo)
S z€S

Following standard conventions, we let V and A denote the Levi-Civita con-
nection and the Bochner Laplacian with respect to h, respectively. Higher-order
differentials are defined iteratively: V**! = V'V for any positive integer k. Fur-
thermore, we let IC € C*°S denote the Gauss curvature of (S, h).

Next, we recall the symmetric Hodge operators on spherical surfaces, as defined
in [4 [§]. We begin by defining the vector bundles on which these operators act.
The rank-0 and rank-1 bundles are defined as

HyS =C*S ®C, H,S = C™T)S.
6Hero, r is the contravariant rank, and [ is the covariant rank.

"In the scalar case r = = 0, the inner product (-,-) is simply multiplication of functions, and
the norm | - | is the absolute value. In particular, these are independent of h.
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Note the sections of HyS are precisely the complex-valued smooth scalar functions
on §. In addition, we define H2S to be the vector bundle over § of all covariant
symmetric h-traceless horizontal 2-tensors on S. §

Remark. Note that HyoS and H1S are independent of h, while Ha2S is not.

The symmetric Hodge operators are defined as follows:

Dy : C*°H,S — C*H,S, D1 X = h®V, X, —i - w®V, Xy,

Dy : C*° HyS — C*H, S, (DaX)a = Vi Xue,

D} : C*°HyS — C*H, S, (DiX)a = —Va(Re X) — w,"V(Im X),
D3 :C®HS — C*HaS,  —2(D3X)ap = VaXp + Vi Xo — haph®V . X,.

Direct computations show that the D} ’s are the L?-adjoints of the D;’s (with respect
to h). In addition, we can compute the following identities:

(2.1) DD} = —A, DDy = A+ K,
i 1 1 . 1
D2D2 :—EA—ilc, DQDQ :—§A+’C

Finally, we review some basic formulas for rescaling h. Fix A € R, and consider
the Riemannian metric h = e**h € C*T9S. We will use the following notational
conventions: geometric objects and norms defined with respect to h will be denoted
with a “bar” over the symbol. For example, w = e w denotes the volume form
associated with h (with the same orientation). In terms of index notations,

Bab _ 62>\haba Dap = 62’\wab7 Bab _ 6_2)\hab, (Dab _ 6—2)\wab'
Moreover, such rescalings leave the Levi-Civita connection unchanged,
VF=VF, FeC>IS,

while it rescales the curvature by a constant factor,

K =e K.
The Hodge operators for h and h also obey similar formulas:
Dy =e Dy, Dy=e Dy, D =D;.
2.2. Geometric Littlewood-Paley Theory. We next review the geometric in-

variant Littlewood-Paley (abbreviated L-P) theory, based on spectral decomposi-
tions of the (Bochner) Laplacian. For additional discussions, see [19].

Remark. An alternative approach is to use the geometric L-P theory of [9], based
on the heat flow. This was done in previous works involving null cones with bounded
curvature fluz, cf. [8, 05, 07, 24, 25]. However, the spectral version, whenever
applicable, is much easier to rigorously construct and utilize.

For technical purposes, we consider the Hilbert space LQT[S , defined as the com-
pletion of C*°T}'S with respect to the L2-norm on (S, k). Consider —A as a positive
self-adjoint unbounded operator on L?T}'S, which has a spectral decomposition

—A:/ A-dEy.
0

As in [19], the spectral L-P operators can be constructed as follows:

8Tn index notation, A € COOTQOS is in C®° HaS iff Apy = Agp and hP A, = 0.



12 SPYROS ALEXAKIS, ARICK SHAO

e Fix a function ¢ € C*°R, supported in the region 1/2 < |¢| < 2, satisfying
ds@ =1, ¢eR\{0}.
keZ

e For each k € Z, we define the L-P operators on L*T]'S by

Py =¢(=27%"A),  P-=x(-A).

In particular, P_ is precisely the L?-projection onto the kernel of A.
e Given any k € Z, we can define (in the strong operator topology)

Pep =P +) P
1<k
In addition, letting I denote the identity operator on L*T;'S, we have
I =P+ Z Py.
k>0

These L-P operators are fully invariant and tensorial, and they satisfy many of the
same properties as the classical L-P operators on Euclidean spaces (as least with
respect to the L?-norm). For details, see [19, Sect. 2.2].

In this paper, we will not need to deal directly with these L-P operators. Instead,
we need them in order to define geometric, tensorial Besov norms. Given a € [1, 00)
and s € R, we define for each F' € C°°T}'S the norms

[E | es = > 2%H|PuF |2 + | P<oF |2,
k>0

Il = (sup2 PPl | PeoF Lz )

: k>0
These are the direct analogues of the standard B3 ,-norms in Euclidean space. As
we are mainly interested in the case a = 1, we define the shorthand

1E 5y = [1F] -
Next, given s € R, we can define the standard fractional Sobolev norms

[Flley = [[A°Fllz,  FeC¥TS,
where A® = (I — A)2. We can relate these to the aforementioned Besov norms.
Proposition 2.1. If s € R and F € C*°T/ N, then
(2.2 1Pl =5 1.

Proof. This follows from the spectral properties of A®. O

2.3. Regularity Conditions. We now discuss the regularity conditions that we
will impose on (S, h). The point is that all such (S, h) satisfying these properties
can be controlled in a uniform way. One example is Sobolev-type estimates, which
can be applied with a common Sobolev constant for all such (S, h).

We will use the same conditions that were defined in [I9] Sect. 2.4].

Definition 2.2. (S, h) satisfies (r0)c v, with data {U;, i, mi} N, iff:
o The area |S| of (S, h) satisfies
cl<is|<c.
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o The (Ui, pi)’s, where 1 < i < N, are local coordinate systems on S that
cover S. Moreover, each ¢;(U;) is a bounded neighborhood in R?.
e The n;’s form a partition of unity of S, subordinate to the U;’s, such that

0<m <1, |oml<C, abe{1,2},

for each 1 <i < N, where 8%,04 denote the @;-coordinate vector fields.
e For each 1 <1 < N, we have on U; the uniform positivity property

2
CTHEP < ) hapt™® < CIE?,  EeR?,
a,b=1
where we have indexed with respect to the p;-coordinate system on Uj.

Definition 2.3. (S, h) satisfies (r1)c,n, with data {U;, @i, mi, 7, € 3N, iff:

o (S,h) satisfies (r0)c, N, with data {U;, i, ni Y.
e For any 1 <i < N, we have that ¢ = (e},e}) € C®T4S x C®T34S forms
an orthonormal frame on U; and satisfies the estimates

IVeillea <C, ae{1,2}.

o For any 1 < ¢ < N, we have that 1; € C>®S 1is supported within U;, is
identically 1 on the support of n;, and satisfies the estimates

0<# <1, |9 <C, ae{l,2}.

e For each 1 <1 < N, the area density

¥; = \/ hi1hos — h%Q S COOU“

where we have indexed with respect to the p;-coordinates, satisfies
[VYil|L: < C.

Definition 2.4. (S, h) satisfies (r2)c N, with data {U;, pi,mi, 7, € 3N, iff:

o (S,h) satisfies (r1)c N, with data {U;, i, i, Tyt JY .
e For each 1 <i < N, the p;-coordinate vector fields 0%, 0% satisfy

IVOillLe <C,  ae{l,2}.
e For each 1 <i < N, the second coordinate derivatives of n; satisfy
L0l <C,  a,be {1,2}.

The conditions in the (r0), (rl), and (r2) assumptions were required explicitly
in [19)] for various estimates that we will need here. On the other hand, here we will
not encounter most of these conditions directly. We include their precise statements
in order to provide a similarly precise statement of the main results of this paper.

Remark. Since S is compact, (S, h) trivially satisfies (r2)c,n for some C, N.

We now list some estimates resulting from these conditions. The first batch
involves tensorial Sobolev-type estimates, which were proved in [I9, Sect. 2.5]. &

Proposition 2.5. Suppose (S, h) satisfies (r0)c,n, and let F € C*T]'S.

9See also [9, Cor. 2.4], on which the proofs in [I9] were based.
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o If g€ (2,00), then

1—2 2

(2:3) 1l Ls S IVEI L "IN +11F] Lz,
2 1—2

(2.4) [Fllee Sena IVEI L 1F g " + 1 F g

e Moreover, the following estimate holds:
1 1
(2.5) IFlle S IV2FIZIEZ + 1 Fe.

With the (r1) condition, we can also establish certain sharp Sobolev embeddings
involving fractional derivatives. For details, see [19, Sect. 3.5].

Proposition 2.6. Assume (S,h) satisfies (r1)c, n. If F € C®T]'S, then
(2.6) 1Fllzs S 1Fll gz

2.4. Curvature Regularity. Besides (r0), (rl), and (r2), we require one more
regularity assumption, introduced in [I9, Sect. 6.1], related to the curvature of S.

Definition 2.7. (S, h) satisfies (k)c,p, with data (f, W, V), iff:
o [ € C™S satisfies, for any x € S, the bounds

Cl'<fl.<C.
o Ve C®TYS and W € C®S satisfy

e /C can be decomposed in the form
K—f=h"V,V,+W.
Moreover, we will only consider the case in which D is very small.

Remark. In other words, K is comparable to 1, except for a “good” error term W
that is L?-bounded, and a “bad” error term, which is not L?*-bounded but can be
expressed as a divergence of an H'/?-controlled 1-form V.

Although the (k) condition places only very weak restrictions on the curvature,
it is sufficient to establish several elliptic estimates.

Proposition 2.8. Assume (S, h) satisfies (r1)c,n and (k)co,p, with D < 1 suffi-
ciently small. Then, for any F € C*T] S, 1

(2.7) IVEllzz Sen 1h°VaFy|lrz + | VaFyl Lz + |1 F 22,
Proof. See [19] Sect. 6.1]. O
Next, we derive similar elliptic estimates for the symmetric Hodge operators.

Proposition 2.9. Assume (S, h) satisfies (r1)c,n and (K)o, p, with D < 1 suffi-
ciently small. Then, the following Hodge-elliptic estimates hold:

o [f X € C*H;S, then
(2.8) IVX|lrz + 1 X2z S D1X |2z

1OHore7 habV,Fy, € C°T]'S refers to the metric contraction of VF in the derivative component

and a fixed covariant component of F. The expression w®V,F} is defined similarly.
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o [f X € C*®°H>5S, then
(2.9) VXL + I X[z Son 1D2X ]|z -
o [f X € C*H\S, then
(2.10) VX2 ~ DI X ]|z
o [f X € C*H\S, then
(2.11) VX2 Sew (ID: X ez + [ X2
Proof. See [19] Sect. 6.2]. O

Assuming for the moment the setting of Proposition 29 then (2.8)) and (2.9)
imply that D; and D, are one-to-one, and that both operators have L?-bounded
inverses. Furthermore, we can extend these inverses to L?-bounded operators

D' :C®H; 1S = C*H;S, ic{l,2},

by defining D, 1X to be the (actual) inverse of D; acting on the L2-orthogonal
projection of X onto the (closed) range of D;. If we let P; denote this L2-projection
onto the range of D;, then by the above definitions,

D;'D; =1, D;D;'=7P.

One can also use the above to partially invert the Dj’s. Since D; is injective,
then Dj is surjective, and its inverse image of any element of C*°H;S is a coset of
the nullspace of D . Since the nullspace of D} is the orthogonal complement
of the range of D;, then we can define D} “1X to be the unique element of the
corresponding inverse image that is in the range of D;. In summary, we have

D;7'D; =P, DDy =1

For further details on the inverse Hodge operators, see [I9, Sect. 6.2]. For our
purposes, we will need the following estimates, which follow from Proposition

Proposition 2.10. Assume (S, h) satisfies (r1)c,n and (k)c,p, with D < 1 suf-
ficiently small. If D denotes any one of the operators Dy, Do, Df, D5, and if X is
a smooth section of the appropriate Hodge bundle on S, then

(2.12) IVD™ X[z + D' X2 Sow I1X ]2z
Proof. See [19] Sect. 6.2]. O

3. SPHERICAL FOLIATIONS

In Section 2] our discussions were restricted to a single manifold S that was
diffeomorphic to S?. Here, we will discuss one-parameter foliations of such 2-
spheres. More specifically, our background setting will be the product

N =][0,0] xS, 4> 0.
Let ¢ be the natural projection onto the first component:
t: N —[0,4], t(r,z) =T.
Throughout this section, we will let 7 denote an arbitrary element of [0, §]. Given

such a 7, we let S; denote the level set S; = {7} x S of ¢

15 be fully rigorous, we must invoke some functional analytic technicalities and consider the
D;’s and D;’s as densely defined unbounded operators on the appropriate L2-spaces.
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Although we will work only on the 3-manifold with boundary N, we will al-
ways implicitly assume that all our objects can be smoothly extended beyond the
boundaries Sy and Ss. Thus, our full setting, on which all our objects of analysis
are defined, is the extended foliation N/ = (—¢,d + ¢) x S, for some € > 0.

Remark. We consider only intervals of the form [0,0] here in order to make some
estimates easier to state. However, the formalisms throughout this section can be
easily adapted if [0,0] is replaced by any other closed, open, or half-open interval.
We will consider such adaptations throughout Section [4)

We note that most of the upcoming formalisms of this section will be special
cases of those discussed in [19]. For further details on this formalism, see the more
detailed development of the material in [19].

3.1. Horizontal Structures. Given our foliation N, the first task is to construct
objects on N which represent smoothly varying aggregations of objects on the S, ’s.
For this, we begin by defining the diffeomorphisms

28 & S, = (rx) =,
which identify S; with §. From =, we can construct natural identifications

L CTTS, < CT)S.

=%
=
We will use these identifications repeatedly in our basic constructions.

As in [19], we let 7N denote the horizontal tensor bundle of rank (r,1), i.e., the

vector bundle over A for which the fiber at each (r,z) € N is
(I{N)(T,LE) = (T‘lTST)(T,m)'

Note in particular that TN can be identified with C*°A. A section A € C®TIN
is called a horizontal tensor field. Given 7, we will let

Alr] = ZX(A]S,) € ¢TSS

denote the tensor field on S corresponding to the restriction of A to S-.

We impose on N a horizontal metric v € C*THN, such that each ~[r] defines
a Riemannian metric on S. We also define v~ € C®T2N so that each v~ ![7] is
the dual (y[7])~! to y[r]. A fixed orientation on S induces an orientation on each
S.. From this, we can generate a horizontal volume form e € C*THN', defined such
that each €[] represents the volume form on S associated with v[7].

Families of objects and operators on S parametrized by 7 can be aggregated into
corresponding horizontal objects on A. Relevant examples include the following:

e The fields v, v~', and € above are the most basic examples.
e Tensor products can be similarly aggregated into an analogous product of
horizontal fields. Given ¥; € COOZZ?N, where i € {1,2}, we define

Uy @ Wy € CPTPEN, (U1 @ Uy)[r] = Uy[7] @ Ualr].

e The pointwise tensor norms | - | with respect to the ~[r]’s lift to a corre-
sponding pointwise norm for horizontal tensors with respect to ~:

|- [:C¥TIN = C=N,  |V][7] = |¥[7]|.

The pointwise inner products also lift analogously.
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e The Levi-Civita connections V with respect to the «[r]’s can be similarly
aggregated into a single horizontal covariant differential operator

V:C®TIN — CT N
The operators V¥, k > 1, are defined similarly, as is the Laplacian:
A C®TIN — C>T]
e The horizontal Gauss curvature is the function X € C*°N such that each
KC[7] is precisely the Gauss curvature associated with [7].
e We can also aggregate the geometric L-P operators P, P-g, P—, so that
they act on C>°T] N, with respect to v[7] on each S-.

Relations involving horizontal tensors are sometimes more easily described using
index notation. We will use the same indexing conventions as one would use for
tensors on S or the S;’s. We will use lowercase Latin indices to denote components
of a horizontal tensor field, with repeated indices indicating summations.

Finally, the Hodge bundles defined in Section [Z1] can be lifted to horizontal
objects on N. Let H N, where i € {0,1,2}, denote the natural vector bundle over
N, for which the fiber at each (7,2) € N is (H;N)(r,2) = (H;S:)z. Furthermore,
for j € {1,2}, we define the aggregated Hodge operators

D] .COOEJN%COOﬂjilN, Dj 'COOﬂjilN%COOﬂJN,
to behave like the corresponding Hodge operators on each (S, v[7]).
3.2. Evolution. Given A € C*T| N, we define its vertical Lie derivative as
Alr']— A
LA € COOI{N, EtA[T] = lim M
T/ =T T =T

In particular, we define the second fundamental form
1
k=58 € Co®TON,

which describes the evolution of the geometries of the S;’s. Of particular impor-
tance is the mean curvature, or expansion, of k:

trk = y%kqy, € C°N.

Remark. £; can alternately be defined as the (standard) Lie derivative with respect
to the lift of the vector field d/dt on [0,8] to N.

Using £; and k, we define a corresponding 7-covariant derivative along the ¢-
direction. Given ¥ € C*T]N, we define V¥ € C*T]N by

(31) Vt\I/vl 'ur _ St\IJUI 'ur Z,y Ulc o d " " Z,ycvjk d\vald 'Ur

The notation u cziul means uq ... u;, but with u; replaced by d; similar conventions
apply for vid;v,. Note V; and £; coincide for scalar fields, and V.7, Vvl and
Ve vanish identically. In addition, we define the following curl of k:

CeC®TIN,  Cape = Vikae — Vekap,

Next, for ¥ € C®TjN, we define its covariant integral [L¥ from
unique element of C*T7 N satisfying both V,[LW¥ = ¥ and (/L¥)[7]

to be the
0. In the

=

12Note that the operator £¢ is independent of v and e.
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scalar case r = [ = 0, this is simply the standard integral with respect to ¢ from
t = 7. These operators [ f. can also be defined more explicitly using frames and
coframes which are “t-parallel”; see [19] for details.

Remark. The above is a slight generalization of concepts found in [19, Sect. 4.2], in
which only the case T = 0 was considered. In this paper, we require the cases T =0
and T = 6. The case of general T reduces to the case T = 0 by a transformation of
the t-variable (translation and a possible reflection). Thus, properties that hold in
the case T = 0 generally still hold for other T.

Later, we will need the following construction. Consider smooth functions

0 0<7<8
1 10,6] = [0,1 - = 3 =1—n,.
Nsn—:10,6] = [0,1],  ny(7) {1 % <<y, n yn

In particular, we can define 1, 7n_ as rescalings of the case § = 1, so that

7GR N A (O TIPS

Now, given ¥ € C*T] N, we define the integral operator

(32) [ =[50+ 9) = [5(n-9).

Note that we have the identities

(3.3) VLU =0, [V =T — [0 ) + [5(r0).

This above construction defines a particular covariant ¢-antiderivative of ¥ which
we will need much later, in the proof of our main result. More specifically, these
integral operators cut off the end-times 7 = 0 and 7 = § without introducing a
factor that blows up as one approaches either end-time.

Finally, given F' € C®T]'S, we define the t-parallel transport pF € C°T]N of
F (from 0) to be the unique element of C*°T} N satisfying

V:(pF) =0, pF[0]=F.
Note in particular that [pF||(; ) = [F|; for any = € S.
Of particular importance are the following commutation formulas.
Proposition 3.1. If ¥ € C*T/N and F € C*T]'S, then
1
(34)  [L, Vo] Wit = — Zl YV akuse + Vaskae = Vekan, )7

T

+ Z 'chj (vakdc + deac - Vckad)\llzlld}:i?;

Jj=1

Uy l Ul diul

l
[vt, va]\llzi:...vr — _VCdkacvd\IJZIII,',',ZT _ Z’YCanuic\I]vlmvT
=1

r
) d.
+ E ’YCUJQadc\IJZII,,J,Z?7
j=1

!
16, Val Ot = 4% [ (kaeVal GWL 50 )+ 7 [6(Caue /U 5)

u1d;u;
=1



NULL CONES TO INFINITY 19

_ Z,ch] .[0 adc,[o‘llvld vT)

Jj=1
Proof. See [19, Sect. 4.1-4.2]. O

Finally, we define the Jacobian (of € with respect to €[0]) as
J =exp [h(trk) € C°N.
Note J acts as a change of measure quantity, as it satisfies (see [19, Sect. 4.2])
(3.5) e[r] = T|7] - €[0], VT =trk-J.

3.3. Integral Norms. Given ¥ € C®T] N, we assume any norm over W[r] to be
with respect to v[7]. Define now the following iterated integral norms:

o If pe[l,00) and ¢ € [1,00], then we define

||\If||Lg,g=</ e, dT> Wl = sup [
' ' 0<7<6

e We can also reverse the order of integration. Given p,q € [1,00), we define

: [

1
[ paee = /( sup |¥|J <
: | Js \o<r<s

Furthermore, when ¢ = 0o, we define

1
q 1

P q
dr | de[0].|
()
q 7
) de[O]ml .
()
1

o P
@] Loo;» = sup </ 1P| (7 dT) o ¥][peee =sup sup |7 a0
’ €S 0 ’ €S 0<T<S

V| o

e Given any a € [1,00), s € R, and p € [1, o0], we define [
¥ = 2PV + Pl
>0

1l 5gzns = max <i§‘8 2% | P p.z, ||P<0‘P||Lf;§> :

We also define for convenience the shorthands
Wlsgs = 19l grres [Wlaze = W g2r.e.
Note that all the above norms were used in [19].

Next, we consider first-order Sobolev norms on N containing both horizontal
and t-derivatives. We define the following, the first of which was used in [19]:

Illnz, = IVeWllpz2 + VO]l L22 4 [[9]] 22,
19 e = W]y + 20|22
13In this notation, the parameters a, p, s refer to the summability of the L-P components, the

integrability of the t-component, and the differentiability of the spatial components, respectively.
The order “¢,t,xz” refers to the relative order of integration and summation.
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In addition, we define the norm

19 g = inf{[@l]

V:® ="},
This measures the smallest Nt{fn—norm of any t-antiderivative of ¥. More specifically,
we take a t-antiderivative and then a spatial derivative of ¥; note we have an
additional degree of freedom, in that we can choose the optimal t-antiderivative. In
other words, we are essentially trading a t-derivative for a spatial derivative. This
norm is, in particular, well suited for taking advantage of the underlying structure
behind the null Bianchi identities; see Propositions [4.]] and

Finally, we review some methods for combining existing norms to produce new
useful norms. First, let X and Y denote vector spaces, with norms ||| x and || - ||y

e A natural norm on X NY is the following:
[vllxay = llvllx +[lvlly-
e Suppose X and Y are subspaces of a larger vector space Z. Then, one
defines a natural norm on X + Y by the formula
[vllx+y = mnf{llox|x + [loy[ly [v=vx + vy, vx € X, vy €Y}
In other words, this norm indicates the smallest way one can decompose v
as a sum of two vectors, one in X and one in Y.

For example, for a norm controlling both the Ntlfm— and LZ?f—norms, we take
Il i o = 1 v, + 1] e,
As for sum norms, we will often refer to the quantities

||‘I’HN§{*I+BE;S :

This norm will serve an important purpose in the proof of our main results. Like
in [8 [15, 17, 24} 25], the proof revolves around an elaborate bootstrap argument.
However, we can take advantage of this specific sum norm in order to simplify some
technical portions of the argument, as this norm is well-adapted to the decompo-
sitions required for various Besov estimates. In particular, by inserting additional
bootstrap assumptions in terms of this norm, we can avoid the infinite decomposi-
tion process that was required in [8] [15] 17 [24] 25]; see Section

3.4. Conformal Transformations. We turn briefly to the topic of conformal
transformations of 7. Consider another horizontal metric ¥ € cngj\/ , defined

7 = ey, u€C®N.

We can view this as a family of conformal transformations for the v[7]’s, such that
the conformal factors e?“[7] also vary smoothly with respect to 7. If we let € denote
the volume form associated with 7, then we have

= 2u — 2u —ab —2u,. ,ab —ab —2u _ab
Yab = € Yab, €ab = € €qb, =€ A € =ec €.

As before, we denote objects with respect to 4 with a “bar” over the symbol.

Remark. In this paper, we are interested only in the special case in which u is con-
stant on each S;. Thus, on every (S,~[r]), we are simply performing the rescaling
described in Section[21], except that the scale depends on the t-variable.
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Since v and 4 are horizontal metrics, each has its own associated second funda-
mental form. A direct computation yields the following relation between them:

(3.6) k=e*k+Viu-7, trk = trk 4 2V u.

Remark. On the other hand, the traceless part of the second fundamental form is
conformally invariant. More specifically, the following formula holds:
-1 - 1
k— Z(trk)y = e* |k — = (tr k)| .
2 2
The following proposition compares the t-covariant derivatives with respect to =y
and 7, as well as the corresponding t-covariant integrals.

Proposition 3.2. If ¥ € C®T|N, then the following relations hold:
1) VT =, et =

Proof. We have from definition and (B8] that

l
ViUh il = Vil = Y (7 ke = 1 hea) Vo

cibicy
=1

kA
+ D (ke = k) WL
j=1
= VUGG 4 =) Vi W
The first identity in (1) now follows immediately from the above.
For the second equality, we begin by applying the first equality to [ B\I/:

Vile!™ U bw) = ey, fLw = e—muy,
Applying ]to to this yields the identity, since e(l’r)“]tokll[O] vanishes. O

3.5. Evolutionary Assumptions. In Section 2.3 we defined various regularity
conditions on a single Riemannian surface in order to derive estimates. The main
point is not the estimates themselves, as much as the fact that we uniformly con-
trolled the constants of these estimates by various parameters. Here, we define
conditions on the evolution of « so that such regularity properties on Sy can be
propagated to all the S;’s. As a result of these, the estimates of Section [2 hold
on each (8,~[7]), with the same constants. This will play an important role in the
bootstrap argument that forms the foundation of the proof of our main theorem.

Our evolutionary assumptions will be given as integral bounds on &k and its
derivative. The specific bounds we will reference are the following:

(3:8) ¥l < B
(3.9) [V(trk) ;20 < B,
(3.10) IVE[ 21 < B,
(3.11) nf{||@[| 1 | @ € C*TZN, V,® =€} < B.

These are mostly the same bounds that were used in [19]. Recall that €, in (3I1)),
is the curl of k, which was defined in Section and in [19].
We begin with some simple consequences of ([B.8]).
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Proposition 3.3. Assume B8). If ¢,p1,p2 € [1,00] and q1,q2 € [q, 0] satisfy
a'+at=at pilHpt =1,
then the following integral estimates hold for any ¥, ® € C¥T|N.
(3.12) 175%lzee <o 9] a0,
176(¥ @ @)llpose <p 19 Lo [ pozpe
Proof. See [19] Sect. 4.3]. O

Asin [19] Sect. 4.5], we introduce evolutionary regularity assumptions for (N, ),
which combine the (r0), (rl), and (r2) conditions in Section 23] with ([B.8))-BII).

Definition 3.4. For convenience, we define the following conditions:
e (NV,7) satisfies (FO)c v, with data {U;, @i, ni}N 1, iff (S,7[0]) satisfies
(r0)c N, with the same data, and B8) holds.
o (N,n) satisfies (F1)co.n.B, with data {U;, pi,mi, 0, € 3, iff (S,7[0]) sat-
isfies (r1)c,n with the same data, and B8), B9), and BII) hold.
o (N,n) satisfies (F2)c.n.B, with data {U;, pi,mi, 0, € 3N, iff (S,7[0]) sat-
isfies (r2)c,n with the same data, and B.8), BI0), and BII) hold.

In this paper, we will not need to further mention the data (U;, 7, etc.) asso-
ciated with these regularity conditions. The precise data was required in [I9] for
various technical constructions. The important parameters for this paper are the
constants C, N, B, associated with some existing data. We list the full definitions
here in order to maintain consistency with the development in [19].

Remark. In the proof of our main theorem, the above conditions will be derived
as consequences of the bootstrap assumptions.

The above conditions imply that the (r0), (rl), and (r2) conditions can be
propagated from (S,~[0]) to all the (S,7[r])’s. To be more specific, we state an
abridged version of the result proved in [19, Sect. 4.5].

Proposition 3.5. The following statements hold:

o If (N,v) satisfies (FO)c, N, B, then every (S,~[7]), where T € [0,0], satisfies
(r0)¢cr N, for some constant C' depending on C, N, and B.

o If (N,v) satisfies (F1)c N g, then every (S,~[1]), where T € [0, 6], satisfies
(r1)cr N, for some constant C' depending on C, N, and B.

o If (N,v) satisfies (F2)c N, B, then every (S,~[7]), where T € [0,0], satisfies
(r2)¢r N, for some constant C' depending on C, N, and B.

Proof. See [19] Sect. 4.5]. O

That the regularity properties of Section can be propagated to all the S,’s
implies that various integral norms on the S;’s are in fact comparable to each other.
Here, we state these results in a form that we will use later.

Proposition 3.6. Let ¥ € C*T[N be t-parallel, i.e., that V¥ = 0.
o If B8) holds, then for any q € [1, 0],

(3.13) Wl rzse Sp [1%[0]]| g -
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o If (N,~) satisfies (F1)c N B, then for any a € [1,00] and s € (—1,1),
(3.14) 1]l ggpee Seon.Bos,ra [2[0]] e

0t

Proof. |fBI‘H) is immediate, since |¥| is independent of ¢ and J ~ 1 on N due to
B3). ['1 The proof of [BI4) can be found in [I9, Sect. 5.1]. O

We now consider Sobolev-type estimates involving all of A/.

Proposition 3.7. Assume (N,7) satisfies (FO)c,n 5. If ¥ € C°T|N, then

1 1
(3.15) Il 2 Sp 12[0]l1 2z + Ve Pl 2012

2
2,25
Ly

1
1902 Sens [0)1zs + Vo]

2
2,2
Ly

1
(V22 + W] L22)2
Proof. See [19] Sect. 4.6]. O
Proposition 3.8. Assume (N,v) satisfies (F1)c.n p. If ¥ € C°T|N, then

1
(3:16) [ ]| yoo1r2 SN, Bt [19[0][] oz + [V 0|

2
2,2
Ly

1
(V¥ 22 + W] 22)2
Proof. See [19] Sect. 5.1]. O

3.6. Bilinear Product Estimates. The following bilinear product estimates, all
proved in [19], will be essential to the proof of our main results.

Theorem 3.9. Assume that (N,v) satisfies (F1)¢ n.g. Furthermore, fiz horizon-
tal tensor fields ¥ € Coozlrll./\/ and ® € COOZEN'.

o Ifae[l,x, s € (—1,1), and ¥ is t-parallel (i.e., V,¥ =0), then
(BT 00U oo Sementirais (V020 + 8] ) 1005
o Ifae[l,o0] and s € (—1,1), then
(318) 50 ©W)lp Semmariras (V020 + 18] =) ¥] o

(3.19) [®® fB‘I’HBgf’; SO Bsrrats (VO[22 + 12 o) [ ]| goe
e The following estimates hold:
(3.20) [®® \I/Hijaz,o SCN Bl Tl H‘I’HN;; ‘I’HN;Q
(3.21) 1[6(Vi® © Ul g0 Son,Brtrate 1Pl 1]z, -
Proof. See [19, Sect. 5.2-5.3]. O

By aggregating norms, we can combine some of the above estimates:

Corollary 3.10. Assume that (N,v) satisfies (F1)c N 5. Furthermore, fix hori-
zontal tensor fields ¥ € COOIEN' and ® € Coozlr;./\/.

(322)  /6(2® )l pz0 SoN.Birradns [@llyos 201 Wl pe iy

1
(323) ”(I) ® f)(s)\I]HBf’;) SC7N7B,T17T2,l1712 (1 +42 )H(I)HNtlfzﬂL:ff H\Ij||N2;+B?’£

10 the last point, see [19] Sect. 4.3].
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Proof. We begin with [3:22)). Given a decomposition ® = &1 + Po,

176(2 ® ©) oo S 16(@1® )| g0 + [1[5(@2 © )| g0

SI6(@r @ D)l g0 + 1920l g2 W i Lo

where we applied (3I8). If &, € COOI;";N satisfies V; @y = @1, then by [B.21)),

17581 © W) g0 = 175(Ve00 & ) o S Dol 9]
Varying over all possible ®(’s, the above implies

176(21 ® Ol poe.o S NP1l gy, 1l ype 2,
175(® @ W)l g S (91l + (@l p20) 1] s

Varying over all decompositions ® = ®; + @, yields (3:22).
For ([3:23)), we begin by assuming a similar decomposition ¥ = ¥ + Uy, so

1@ [5¥[lp20 S 12 ® [6P1llg2o + @ ® [Pl g0
SI®@ [0l 20 + 0%l pezl|Wall 2o,
where we also applied ([3.19). For any ¢-parallel © € C*T; N, we can bound
12 @ [5¥1]lp20 S 12 @ ([5¥1 +O)] g2o + |2 ® O] g20.
Applying BI7) and (320) to the terms on the right-hand side yields
18 @ 150|520 S 18]l xpe ez (02501 + O+ [000]]1 )
Moreover, since ©[0] = (f5¥ + ©)[0], then
1000]l50 S 1010l 2 S 1501 + O]l

Note any (covariant) t-antiderivative of U1 can be written as [{¥; + © for some

t-parallel © € C*°T]N. Thus, combining the above developments, we have
1
18 @ 501l zo S (04 5) [l gy el Tl g
1
12 @ [0 < (14 )@ a2 [Py o
which completes the proof of ([B.23]).

The following sharp trace estimate is also established in [I9] (and is a variation

and simplification of similar estimates found in [8] [24]).

Theorem 3.11. Assume that (N,~) satisfies (F2)c n p. Let W € C°T/N, and

suppose W1, Wy € CT7 N are such that the decomposition
VU =V, ¥, + ¥y

holds. Then, we have the following estimate:
(3:24) ¥l Sonmrt (L4 Rz ) (Wl + 1Wllvgs, + [P g20)-
Proof. See [19] Sect. 5.4].

Combining Theorem BIT] with our aggregated norms yields the following.
Corollary 3.12. If (N,~) satisfies (F2)c.n.B, and if ¥ € C*T]N, then
(325) Wil Sewmes (L Il ) (g + 9] e o).



NULL CONES TO INFINITY 25

3.7. Besov-Elliptic Estimates. In Section2.4] we cited L2-elliptic estimates on a
surface (S, h), given a weak regularity condition for the associated Gauss curvature.
Here, we state analogous estimates in geometric Besov spaces.

First, we port the (k) condition in Section [Z4] to the foliation setting,.

Definition 3.13. (N, ~) satisfies (K)c,p, with data (f,W,V), iff:
o f € C™N satisfies the uniform estimate
C'<flgwy £C, (T,z)EN.
o Ve COOZ?N and W € C®N satisfy
Vilyme <D [Wlyme < D,

e /C can be decomposed in the form
K—f=~"V,V, +W.

Note that (K)¢,p implies that every (S, v[7]) satisfies (k)c,p-, for some constant
D’ depending on C and D. Moreover, if D is very small, then so is D’.

Given the (K) condition, we can prove integrated Besov-elliptic estimates in-
volving operators of the form VD!, where D is any of the Hodge operators.

Theorem 3.14. Assume (N,7v) satisfies (F1)c n and (K)c,p, with D < 1 suffi-
ciently small. In addition, suppose p € [1,00].

o If W e C®TyN, then
(3.26) 1|2y Senrt IV gpo + W] p2-

e Ifa € [l,00], if D is any one of the operators D1, Ds, Di, and if £ is a
smooth section of the appropriate Hodge bundle on N, then

(3.27) IVD= | gep0 S 1€l ggpo-
Proof. See [19] Sect. 6.5]. O
Finally, the (K) condition implies weak control for the Gauss curvatures.

Proposition 3.15. Assume (N,7) satisfies (R1)o,n and (K)c,p, the latter with
data (f,W, V), and with D < 1 sufficiently small. Then,

(3.28) 1K = fll oo =172 S D-
Proof. See [19] Sect. 6.5]. O

4. NuLL CONES TO INFINITY

In this section, we describe in detail the setting that we will consider: a geodesi-
cally foliated smooth null cone extending “toward infinity”. In particular, we define
the associated connection and curvature quantities, and we list the null structure
equations which relate these quantities. Finally, we apply a renormalization in order
to transform our physical system into another which is more sensible to analyze.

Throughout, we will let (M, g) denote a four-dimensional orientable Lorentzian
manifold which satisfies the Einstein-vacuum equations,

Ricy = 0.



26 SPYROS ALEXAKIS, ARICK SHAO

4.1. Geodesically Foliated Null Cones. Although one can foliate a (truncated)
null cone in many different ways—for example, foliations using a time or an optical
function have been used in some applications, cf. [3, [, [7, 12, 15, [I7]—the geo-
desic foliation is the simplest algebraically. Indeed, the geodesically foliated setting
contains the least number of connection coefficients to work with, and it does not
depend on quantities external to the geometry of the spacetime (M, g).

First, let S be a compact 2-dimensional spacelike (i.e., Riemannian) submanifold
of M that is diffeomorphic to S2. This will serve as the initial sphere, or base, of
our null cone. To construct our cone, we define the following:

e Let so € (0,00), and suppose S has area 47s3.
e For each point p € S, we let £, denote a future-directed null tangent vector
at p that is orthogonal to §. Furthermore, we choose these vectors such
that these £,’s vary smoothly with respect to p.
e For each p € S, we let A\, denote the future-directed null geodesic
Ap : [$0,00) = M, Ap(80) = p, A (50) = L.
Suppose every A,, p € S, is well-defined on the entire half-line [sg,c0). Then,
we can define the future null cone A beginning from S as the set
{AP(’U) |p S Sa (S [80700)}
traced out by the \,’s. In addition, we assume the following for N:

e No two distinct A,’s intersect.
e This family {), | p € S} of null geodesics has no null conjugate points.

Under these assumptions, A/ forms a smooth null hypersurface of M; see [5]. In
other words, NV is a regular outgoing future null cone extending to infinity.
Let s : N'— R denote the affine parameter, satisfying
S()\P(v)) =, pE 87 v E [505 OO)
In particular, s is a smooth function, and its level sets
Sy ={q €N |s(q) =0}
are diffeomorphic to S. As a result, we can reformulate N as
(4.1) N = U Sy =~ [50,00) x 8 ~ [s0,00) x S,
so<v<oo

known as a geodesic foliation of N'. We will consider A/ both as a smooth null

hypersurface of M and as a spherical foliation, depending on context. In the latter

characterization, we retrieve a special case of the abstract setting of Section [3l
We also define the following vector fields on N:

e We define the tangent null vector field L on N as
L|)\p(v) = )‘;Io(v)v peS, vE[sy,00).

By definition, L is geodesic, and Ls = 1 everywhere. In particular, L is
transverse to the S,’s, so the S,’s are Riemannian submanifolds of N.

e Let L denote the conjugate null vector field on N, which is orthogonal to
every S, and satisfies g(L,L) = —2. Note that L is transverse to N—for
any g € N, the vector L|, is a tangent vector for M, but not N.

15Tn other words, so is the “radius” of the initial sphere S.
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By combining the null vector fields L and L with local (g-)orthonormal frames
tangent to the S,’s, one obtains the usual local null frames on N.

Considering N now as the foliation ([@I)), we can define the horizontal metric
# € C®TIN to correspond to the metrics on the S,’s induced by g. Furthermore,
by fixing an orientation for S, we define a natural orientation for each S,. These
orientations define the volume form ¢ € C®THN associated with 7.

From now on, objects defined with respect to 4 and ¢ will be denoted with a
“slash”. For example, the covariant derivative with respect to % is denoted V.

Remark. In this setting, the evolutionary derivative operator is Vs, with respect
to 4 and the s-foliation of N'. From definition, one can show that ¥, as defined
in Section [3.3, coincides with the operator Yy, defined as the projection of the
spacetime covariant derivative Dy, to the S,’s. This derivative YV, is the operator
that was utilized in previous works, e.g., [8, 10 15 17, 24] 25].

4.2. Connection and Curvature. Next, we define the Ricci coefficients on N.
These are connection quantities, expressed as horizontal tensor fields, that describe
the derivatives of L and L in directions tangent to N'. Throughout, we let D denote
the restriction of the spacetime (g-)Levi-Civita connection to N.

In the geodesic foliation, the Ricci coeflicients are the following:

e Define the null second fundamental forms x, x € CWISN by
X(X,Y)=g(DxL,Y), x(X,Y)=g(DxLY), X, Y €C®T\N.

Since L and L are orthogonal to the S,’s, both x and y are symmetric. In
particular, the trace and traceless parts of x (with respect to %),

=1 X =x— 50b0F

are often called the expansion and shear of N, respectively. The same
trace-traceless decomposition can also be done for x.

e Define the torsion ¢ € C*TIN by
1
((X) = 59(DXL,L)7 X € C*IGN.

Furthermore, one can explicitly compute the associated #-second fundamental form:

F=x

For details, see, e.g., the proof of [8, Lemma 2.26].
Now, let R denote the spacetime Riemann curvature tensor associated with g.
We can then define the following null curvature components,

a,gecng./\/', a(X,Y)=R(L,X,L)Y), a(X,Y)=R(L,X,L,Y),

1 1
BaﬁecngNa B(X):iR(LaXa-[UL% E(X)ZQR(L7X7L7L)7
p.0 €CN, p=R(L,L L L) o= {"R(L,L L L)

where *R denotes the left (spacetime) Hodge dual of R (with respect to a fixed
orientation of M). In the Einstein-vacuum setting, these curvature components
comprise all the independent components of R.
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Finally, we define the mass aspect function on N by

1 o
pECTN,  p=—1"Vals = pt+ 514" Rt X

This quantity plays a essential role in the proof of our main theorem. On the
physical side, it is also related to the Hawking masses of the S,’s; see [4].

The Ricci and curvature coefficients are related to each other via a family of
geometric differential equations, known as the null structure equations. We now
state these identites in terms of the induced metrics 7 and volume forms ¢. For
details and derivations, see, for example, [4, [§].

Proposition 4.1. Assume that all geometric quantities are defined with respect to
#, ¢, and s. Then, the following structure equations hold on N.

e Fvolution equations:
(42) WsXab - _WCanchd — Qgph,
WsCa = _27?ch1117<0 - ﬁun
1 Ci
stab = _(WaCb +y7b<a) - 5” d(Xachd + Xbcxad) + 2<a<b + pﬁab-

e Elliptic equations:
(13) Paka = —Ba + 5Vl X) + 50520 — 7" Ko,
PiC=—(p+i0) — o+ 51 + it W R,
o Gauss-Codazzi equations:
(4.4) YoXac = VeXab = —fbefa’Ba + XabCe = Xaclo,
= —p+ 5~ A Dy
e Derivative evolution equations:
(15)  VFalkx) = ATl ) ~ 20" XV,
Von = —%(vf Xt = 24 CaB + 21V a (i X)G
+ 201 RacVoCa — 201 RacCoCa
A )G — 716 X0 Ko
e Null Bianchi equations:
(4.6) YsBa =Paca — 20k X)Ba + 4" Cotac
Voo +i0) =Puf — S0 X)(p+i0) — (1 — i¢™) Cub + 57, 000),
VB, =Pi(p—io) = 4k X)B, + 3Cap — 3¢a"Coo + 24"°%,,, Be-

4.3. Minkowski and Schwarzschild Null Cones. Recall that the Minkowski
spacetime can be represented as (M,g) = (R'*3.n), where n is the Minkowski
metric, which in polar coordinates can be written as

n = —dt® + dr* + r2dQ,
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where df2 is the standard Euclidean metric on S?. The standard future outgoing
(truncated) null cones in Minkowski spacetime are given by

N={t—r=c, r>r}, ceR, 7r9>0.

An affine parameter for A/ that is compatible with the general setting of Section
[dlis s = r, i.e., the radial function. The associated null vector fields L and L are

L =0+ 0, L=0,—0,.
On N, the induced horizontal metric is given by #[v] = v?d€). The values of the
Ricci coefficients for this foliation of N are well-known:
X = Tﬁlﬁa K = _T71W7 C = 0.
Moreover, since Minkowski spacetime has zero curvature, all the curvature compo-
nents a, 8, p, o, a (with respect to this foliation) vanish.
These constructions can be generalized to Schwarzschild spacetimes. We sum-
marize the relevant computations for this case below; for further details, see [6].

Fix a mass value m > 0 (the case m = 0 reduces to the above Minkowski setting).
The outer region, in which our null cone will lie, can be expressed as

M =R x (2m, 00) x S%
with the Schwarzschild metric g, given in standard coordinates by

2m\ 2m\ "' 5 9
g=—|1-——|dt"°+ (1 - — dr* + r=dQ.

r T

To describe the canonical null cones, we first recall the “tortoise” coordinate
r
r* :T+2m10g(— —1).
2m
Then, the standard null cones can be expressed as
N={t—r"=c¢, r>ro}, ceR, ry>2m.

Like in the Minkowski setting, one can take the radial function s = r (not 7*) as an
affine parameter for A/, which is compatible with the development in Section [l
Moreover, the associated null vector fields are

om\ ! 2m
L: 1—7 8t—|—8r, L:(?t— 1—7 87«.

The induced metric is once again 7#[v] = v?dQ?. Next, one can compute the Ricci
and curvature coefficients corresponding to the above affine foliation of . For the
Ricci coefficients, one obtains the following values:

2m
P=""3"
Combining the above with the definition of u, we see that
2m
K= 3

In the remainder of this section, we will focus exclusively on near-Minkowski
and near-Schwarzschild null cones. More specifically, we will consider geodesically
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foliated null cones whose associated Ricci and curvature coefficients deviate very
little, in some sense, from the above known Minkowski and Schwarzschild values.
The main theorems will state, roughly, that if the curvature components of an
infinite truncated null cone A are close to their Schwarzschild values (for some
fixed mass m > 0), and if the Ricci coefficients are also initially close to their
Schwarzschild values (with the same m), then the Ricci coefficients will remain
close to the corresponding Schwarzschild values on all of \V.

4.4. The Renormalized System. We return now to the abstract setting of Sec-
tions 1] and To develop our main results, we must accomplish the following:
e Quantify the deviation of A/ from a Schwarzschild null cone.
e Perform analysis on these deviations, which are expected to be small.
For this purpose, we wish to renormalize our system on N into an equivalent system.
In particular, we would like for our renormalized system to satisfy the following:
e The level spheres of the foliation have nearly identical area.
e The interval of the foliation is finite rather than infinite.
Throughout, we fix a mass value m > 0, and we suppose that sqg > 2m.
We will accomplish this renormalization in two steps. For the first step, we define

v =52 €CTLLN,
i.e., the rescaled horizontal metric. In particular, this leads to the identities
Yab = 5 b, b = g24ab, €ab = 5 2, €W = g24ab.
Remark. Note that the above is a special case of an s-dependent rescaling of 4.

Thus, other geometric quantities, such as V, A, KC, Vs, etc., transform according
to the general formulas presented in Sections [21] and[37).

In the second step, we apply a change of variables to s by defining
t: N =R, t=1-22
s

Note the level set s = sy corresponds to ¢t = 0, while the limit s  co corresponds
tot /1. We can now consider N as a foliation in terms of ¢:
N ~10,1) x S~[0,1) x S
In particular, this reduces the problem of infinite null cones to a finite cylinder.
Note that s and t are related to each other as follows:
) dt  so (1—1)2 ds 8o _82
1=t ds 82 sy dt— (1—t)2 s
To simplify matters, we let S, denote the corresponding level set of ¢:

Sr={zeN|tz)=7}=S.

Note that this change from s to ¢ leaves v, ¢, V, and K (with respect to =)
unchanged. On the other hand, the vertical Lie and covariant derivatives with
respect to t differ from those with respect to s:

ds 52 ds 52
Li=—Ls=—Lg, V= —Vy=—V,.
K dt So ! dt S0

Here, the covariant operators V; and Vg are with respect to ~.

S

16This closeness will, of course, be at the level of curvature flux.
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Finally, we renormalize the remaining givens and unknowns of our system. In
other words, we make corresponding renormalizations for the Ricci and curvature
coefficients by defining the following quantities:

e Renormalized Ricci coefficients:

2
Hesi'ms ) 2ot desTyrs (1222

e Renormalized curvature coefficients:
A =525, B = 552538, R = s5'[s%(p +io) + 2m], B = sp.
e Renormalized mass aspect function:
M =551 (s — 2m).
Note these quantities measure the deviation from Schwarzschildean values.
From the above definitions, we can compute how norms change when we switch

from the physical (#, s)-system to the renormalized (v, t)-system. In particular,
given p,q € [1,00] and ¥ € C*Tj N, we have

2_2

1 1
pllol—r— Pllol—r—=2—2
(47) ||\I/HL£,;1 = 857 ||$ T4 qu|‘ﬂ€]g7 H\IJ”ngg = SS’ ||S g P\I/Hﬂgli

Other norm relations can be similarly computed.
We can also compute the second fundamental form k associated with our folia-

tion, with respect to the metric v and with respect to ¢. This yields
1 2 1

4.8 k=-Ly=-—L,(s2) =—(x—s %) =H.

(48) 387 = 527 ) = —(x =)

4.5. The Renormalized Structure Equations. We can now reformulate the
structure equations in terms of ~, ¢, and our renormalized quantities.

Proposition 4.2. Assume all geometric quantities are defined with respect to 7, €,
and t. Then, the following structure equations hold on N .

e Fvolution equations:
(4.9) ViHap = =" HocHpa — Aab,
ViZa=~2v"HapZe — Ba,

1
Vil = —(VaZy + Vi Z,) — 5WI(HMEW + HpeH )

+ (1 - 2%) Hap +2(1 — ) Z4Zp + (Re R)Yap-
o FElliptic equations:
(4.10) DoH, = —(1 —t)By + Z, + %Va(tr H)+ %(1 —t)(tr H) Zq
— (1=t Hu Ze,
DiZ=-R—M + %(w + i€V H W H .
o Gauss-Codazzi equations:

(411) VbHac - vcHab = —ebcead[(l - t)Bd - Zd] + (1 - t)(HabZC — Hach),

S

/C—l:—(l—t)(ReR)—!—% (1—2—m>trH—%trﬂ
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+ %(Wac,ybd _ WGbVCd)Habﬂcw
e Derivative evolution equations:
(4.12) Vi Valtr H) = =" H,, V. (tr H) — 27*y%HyqV o He,
VM = —g(tr H) (M + i—?) —2(1 = t)y*Z,By

+ 27y, NV Zg — 2(1 — )y H Yy 20y 7y

3
+ 2y Z, Y, (tr H) + 57“”[(1 —t)tr H + 2] Z 2,
1 2 .
- [trﬂ —2 (1 - —mﬂ Hoo .
S

e Null Bianchi equations:
(4.13) ViB, = (1 —1t) "Dy A, — 2(tr H) B, + 7" Zp Age,

3 2
ViR ="D,B — >(tr H) (R - —m>
2 S0

1
— (7% — i) [(1 —t)ZaBy + QWCdEacAbd] ’

V:B, = DR — (tr H)B, + 3(1 — t)Z, (ReR - 2—’")
S0

—3(1 - t)e"Zy(Im R) 4 2(1 — t)y**H , B..

Proof. We show the first equation in (£9); the remaining equations are derived
similarly. Letting J = x — s~ 14, the first equation in ([@2) implies

Vsdab = =3 NacXod — Qab + 5 2F = =4 “TacToa — 25 Jap — Qap.
The above can be rewritten as
Yo(5°T)ab = —*H " Jacoa — °ap = =7 “JacTpa — 5> ab.
From the relation [B.7) between ¥, and Vg, we obtain
Vedab =5 V(> D)ab = 52U Jacba — Qab.
Since H = s5'J and V,; = s, sV, we obtain, as desired,

ViHu, = 852’70dJachd - 8523204(117 = ’YCdHachd — Aagp. O

Remark. Note in particular that the quantities

which are constant on any S;, always lie between 0 and 1.

Remark. We also remark that the trace and traceless parts of H and H are always
taken with respect to the renormalized metric ~.
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5. THE MAIN RESULTS

With the definitions and relations in place, we can now state the main results of
this paper. First, we state the main theorem in terms of the remormalized setting.
In fact, this renormalized result is the one we will directly deal with in the final
section of this paper. Finally, we reverse the renormalization procedure in order
to order the precise “physical” version of the main theorem of this paper, i.e., in
terms of the spacetime metric and geometry.

Again, we assume the definitions and constructions of Section[dl We also assume
m > 0, and we suppose the initial radius so of S satisfies so > 2m.

5.1. The Renormalized Main Theorem. The first main theorem we state is in
the renormalized setting, where all the analysis will take place.

Theorem 5.1. Assume the constructions of Sections[{.1}, [{-2, and[{.F], and assume
all quantities are defined with respect to v and t. Assume also the following:

e m >0, and sg > 2m.
o S =159, along with the Riemannian metric v[0], satisfies (r2)c, .
e The following curvature flux bounds hold on N :

(5.1) ||A||Lf§ + ||B||Lf§ + ||R||ij + ||§HL§§ <T,
o The following initial value bounds hold on Sy:
(5.2) [[(tr H)[O]]| oo + I H[O] 22 + 1 Z[0))| yar2 < T,
IE[0][| o + [V (tr H)[O]|| o + [[M[0][| gy <T'.

If ' <« 1 is sufficiently small, with respect to C' and N, then we have the following
bounds for the connection coefficients on N :

(5-3) [tr H| o= ST,

N

HH"N,}JmL;f’meff’m’l” + ”ZHN}me;‘y’meff’m’lm
VeV (ox Bl oy + VM2 ST

~ Y

)

[V (tr H)HLi*’i"mej’f + ||M||L§*’§°mej’z*° + Hﬂ”Li:f"th"f’z‘” ST
HVHHN?Y;JrijQ + ”vz”NR*erBf;Q + ||Vtﬂ”1vm+Bf;Q
15 = e -

ST,
<T.
Moreover, N, with respect to the t-foliation and the renormalized metric vy, satisfies
the conditions (F2)c,np and (K)1,p, where D ~T < 1. Furthermore, for each
0 <7 <1, we have the refined curvature estimate

(5.4) IKIT] = Ul gyorre ST tr H 7]l 2 + (1 —7)T.

Remark. In particular, the conclusions of Theorem [51] imply that each t-level set
(S2,~[7]) satisfies the (v2) and (k) conditions uniformly.

Roughly speaking, Theorem [5.1] controls the geometry of A, in the renormalized
setting, all the way up to infinity, i.e., 0 < ¢t < 1. Furthermore, we can use the
results of Theorem [B.] in order to obtain similar control at infinity, that is, at
t = 1. This is a fairly standard but technical process that involves generating the
appropriate limits of our renormalized quantities, though the argument here is a
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bit further inconvenienced by the fact that the geometries of the S;’s, and hence
the spaces and norms under consideration, vary with respect to 7.

Corollary 5.2. Assume the same hypotheses as in Theorem [51l

o Ast /1, the metrics y[r] on S converge uniformly to a continuous metric
~[1] on S. Furthermore, the Jacobians J[7], and hence the volume forms
€[], also converge as T /1 to continuous limits J[1] and €[1].

o Let V7 denote the Levi-Cwita connection associated with y[7]. Given any
F € C>*T/'S, the differential V™F has an L*-limit as 7 /1. In other
words, the convergence of y[r] to ¥[1] as 7 /1 is “in H'”.

In addition, we have the following limits for scalar quantities:

o tr H[T] has a continuous uniform limit, tr H[1], as T /1.
e H,Z, H,V(trH), and M have L*-limits as 7 /' 1.

The proof is given in Section Below, we list a few related remarks:

e With more careful arguments, one can show more regularity for the limits in
Corollary 5.2l In general, the limit of a quantity at ¢ = 1 can have the same
regularity as its initial value. For example, as one assumes B°-control for
HJ0], then H[1] should also be a B%-type limit for the H[r]’s. [!§ Similarly,
one expects H'/2-type limits for H[r] and Z[r] as 7 7 1.

e It is also possible to show that (S,~[1]) satisfies (r2). This is the natural
continuation of the fact that the (S,~[7])’s satisfy (r2) uniformly.

e From the second equation in (AIT]), one sees that the Gauss curvatures
K[7] converge, as 7 7 1, weakly to 1 — (tr H)/2; see also ([5.4]).

Some of the limits from Corollary [(.2] in principle, have physical significance.
For instance, for certain asymptotically spherical foliations, the limits for M and
Z can be connected to the Bondi mass and the angular momentum associated with
N. This will be discussed in further detail in [I].

5.2. Proof of Corollary Fix X,Y € C™T4S. For convenience, we also
denote by X and Y their equivariant transports, i.e., the fields

X, Y eC®TN, X[ =X.
In addition, fix 0 <7 < 7/ < 1 and z € S. First, we estimate the difference

’
T

|FY[TI](X7Y)_7[T](X7Y)||ES/ |(€7)[w] (X, V)| |z dw

T
’

.
< [ 1HwllX)Y o,
T
where the | - |’s in the integrand on the right-hand side is with respect to ~[w].
Moreover, by the (r0) condition uniformly satisfied by the (S, ~[w])’s,
[ X1 g + Y L~ S 1,
independently of w. Thus,
1
VI Y) =X Y)e S (7 = 7)2 [ H e 2,
17As all the J[7]’s, where 0 < 7 < 1, are comparable (see [19, Sect. 4.3]), then this convergence

is in fact independent of the volume form ¢[7] chosen for the L2-norm.
18This can shown rigorously using the coordinate-based Besov-type norms from [19].
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and it follows that v[7](X,Y) converges uniformly as 7 1 to a continuous limit.
Since this limit clearly depends C*°S-linearly on both X and Y, it follows that this
limit defines a continuous (Riemannian) metric y[1] on S.

Next, since £,7 = tr H - J by (33)), and since €[r] = J[7]€[0], by an argument
similar to the above, we also obtain analogous continuous limits for 7 and e.

For the limiting connection, we again use F' to also denote the equivariant trans-
port of F as in the hypothesis. Applying the first identity in (3.4]), we obtain

(& VE| S IVEF] + [VEIF| S [VE|F].

As a result, for any G € C°T!*1S, we can estimate

IV F(©) = VF@)lez £ | [ 189 Flu]iGldu

2
Lm
’

| il

<

I 2o |G 2=
L
S )7 VH| 2.

Note that since the J[w]’s are all mutually comparable, the specific choice of y[w]
with which to define the above L?-norms does not matter. From the estimate, it
follows that V™F(G) has an L2-limit as 7 1. As before, it is clear that this
limit is C*°S-linear with respect to G, hence we obtain an L?-tensor field V' F,
which represents the (L2-)limit of V7 F as 7 1. Furthermore, from distributional
considerations, one can show that this operator V! corresponds to the (weak) Levi-
Civita connection associated with ~[1]; see, for instance, [I4].

It remains only to derive limits for the renormalized Ricci coefficients. The
arguments for all the quantities are rather similar. For example,

M) = Mirllzz S| [ VeMlwldu|| S 192

LZ

()

where the norm on the right-hand is over the segment of N corresponding to the
region 7 < t < 7'. By the estimate for V.M in (&3], the right-hand side becomes
arbitrarily small as 7/ — 7 — 0. It follows that M|[r] has an L2-limit as 7 7 1.

The remaining L2-estimates for H, Z, H, and V(tr H) are obtained similarly.
The only complication is the tensorial nature of the limits, which can be handled
in a similar manner as in the arguments for v[1] and V!. Finally, to see that tr H
has a continuous limit, one needs only note that by (£.9),

I9ur )l gt < 1H2 o < o0

5.3. The Physical Main Theorem. The final task, besides the proof of Theorem
BT is to translate the contents of Theorem [B.1] back into the physical setting. In
other words, we want to state its hypotheses and conclusions in terms of %, s, the
Ricei coefficients (, x, ¢), and the curvature components (a, 3, p, o, B).

Since the level sph_eres Sy, with respect to 74, do not generally have near-unit
area, we must, for technical reasons, define our Sobolev and Besov norms in the
physical setting slightly differently. To be more specific, we wish for our norms here
to be natural rescalings of the corresponding norms defined in Sections
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First, given b € R, ¥ € C®T| N, and v > s¢, we define the Sobolev norm

_ b

(5.5) 12 [lllpe = (0721 = £)= T[] |gz,

Similarly, we define the Besov norm

(5.6) 1Wfelllgy = 0" 2" (1P l]llgz + v "l Pco¥le]llgz,
k>0

where the P;’s and P-g are the L-P operators, with respect to the renormalized
metric 7. One can compute directly the following scaling relations:

(5.7) 1)l = o' O], 1[0l gy = o' W]l
The left hand sides in (57 are stated with respect to v and s.
We can now state fully the physical version of our main theorem.
Theorem 5.3. Assume the constructions of Sections[].1}, [{-2 and[{.4], and assume
all quantities are defined with respect to 4 and s. Assume also the following:

e m >0, and sg > 2m.
e S, with the normalized metric sy >f[so], satisfies (r2)c N -
e The following curvature flux bounds hold:

_3 _3
(5.8) S0 ° ||5204||¢§;§ +50° ||525

2m _1
s(o+20)| 40 lsolyz: <
S Ez,z 4

s,z

1
g2z + 5618l < T,

1
2
S0

o The following initial value bounds hold on S = Ss, :

69 s (-2 ) e oI s sl <
siclsalbyye + o+ 557 (122 ) | o <0
sol ¥ )l + o0 | (1= 25 ) oo <0

If T is sufficiently small, with respect to C and N, then

2
# (1x-2)
5/ g

1 _ _1

s 2 1sO¢ = s ) llgee2 + 50 " lIsCllp2 ST,

— 3 _ _ 3
so 5% (x = s ) llpae + 55t IsZCllpae ST,

_3 _ _1 1 _

so 2 IWs[s*(Ox = s Mllpz2 + 5o sV xllpzz + 59 X — s llp2z ST

_3 1 1
5o 2 Vs (5*Ollgz2 + 50 % 18V Cllpz.2 + 59 % [I€llpz2 ST

— — 2m
50 1T ) g2 + 55" < - _>‘

o (- 2)s

OMore specifically, we consider the spectral decomposition of A, not A.

(5.10) 55"

/s
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Thanks to [@71) and (1), Theorem [53] follows immediately from Theorem [B11
Indeed, all the assumptions from Theorem [5.1] are the same as those in Theorem
(.3 after applying the aforementioned renormalizations and changes of variables.
Moreover, the conclusions from Theorem [5.1] include those in Theorem

Remark. One can also define variants of the f- and [B-norms, involving integrals
over both s and the spheres. Then, the Sobolev and Besov estimates in ([B.3]) will
also translate directly to corresponding Sobolev and Besov estimates in (510).

5.4. Some Extensions and Consequences. Recall that throughout this section,
we have assumed that N remains a smooth null hypersurface of (M,g) extending
to infinity. With a carefully constructed setup, however, one can actually assume a
bit less. To demonstrate, we suppose only that the null geodesics A,, p € S, which
generate A never intersect each other. In particular, we leave open the possibility
of null conjugate points forming along some \,,.

From local considerations, we know that A is smooth on some sufficiently small
interval, say, 0 < ¢t < ¢, where § € (0,1]. Suppose in addition the initial value
assumptions (5.9) hold, and suppose the curvature flux assumptions (5.8 hold on
the null cone segment N5 ~ [0,d) x S2. ! In this case, one can still apply the same
analytical process as in the proof of Theorem [5] (see Section [A]) in order to obtain
the bounds (5.3]), and hence (.10), on N.

In particular, this restricted version of (5I0) implies t x is uniformly bounded
on Ns. That th x does not blow up implies no null conjugate points can form on N,
nor at its upper boundary t = §; see [5]. As a result, A/ remains smooth on some
strictly larger interval 0 < ¢t < ¢’, with § < ¢’ < 1. Now, if the (weighted) curvature
flux remains small on Ny = [0,8’) x S, we can repeat the above argument. Thus,
(EI0) holds on N/, and no null conjugate points can form when 0 < ¢ < §'.

If this curvature flux (.8)) can be shown to remain sufficiently small on any N,
independently of 0 < ¢ < 1, one can show that no null conjugate points form on
all of N. Moreover, the estimates (53] and (5.I0) hold on A/, and hence we have
recovered entirely the conclusions of Theorems 5.1l and 5.3l This type of argument
has been used, e.g., in [I2], [T7] for finite null cones beginning from a point.

Throughout this section, we have used the affine parameter s as a substitute for
the radii r of the level spheres of s, where r is defined here as the function

rilso,00) > R, r(v) = <$/Svd¢)%.

In other words, 47[r(v)]? is precisely the area of S,, with respect to 4. Although
s is simpler to handle, r is often more relevant for physical considerations (e.g., in
the definition of the Hawking mass below). Consequently, it is important to justify
this heuristic that s and r are nearly the same.

To see this, we express r/s in terms of v and ¢:

0 (1 (L s
o 47T/Slmde _(M [ 0= s ]de[O]) .

v

201, fact, since we have not eliminated the possibility of conjugate points beyond N, the Ricci
and curvature coefficients need not be well-defined beyond Nj.
21Recall that s and r coincide for the Schwarzschild null cones in Section 3
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Recall J is the Jacobian factor from ([B.5). Since J is uniformly close to 1 on N
(see [I9] Prop. 4.5] or the proof of Corollary (.2), it follows that r/s also remains
uniformly near 1. Furthermore, since 7 has a continuous limit at ¢ * 1 by Corollary
B2 it follows that r/s has a limit, which is itself close to 1, as s 7 co.

Finally, recall that the Hawking mass of the level sphere S, is

m) = S (10 g5z [ vbceteaceag) = 52 [y

where 7 is as before; see [4]. Since M has an L2-limit as ¢t ,* 1 by Corollary [5.2] it
follows that the Hawking masses m(v) also have a limit as v ' co.

In the case that the S,’s become asymptotically round, in the sense that the
renormalized Gauss curvatures KC converge to 1 as v * 0o, the limit of the Hawking
masses should correspond to the Bondi energy associated with A. 24 In our setting,
however, there is no reason to expect that these S,’s in general actually satisfy this
asymptotic roundness property. In the sequel [I] to this paper, we undertake the
challenge of constructing such an asymptotically round family along N, given the
same assumptions as in Theorem [5.3] Furthermore, we control the resulting Bondi
energy by the weighted flux of curvature and the initial data of N.

6. PROOF OF THEOREM [G.1]

This section is dedicated solely to the proof of Theorem 5.1l (and hence Theorem
B3). From now on, we assume the hypotheses of Theorem [l Unless otherwise
stated, all geometric objects are defined with respect to v and t.

In addition, given any § € (0,1), we define N5 to be the initial subsegment
[0,8] x S? of NV, i.e., the segment of A" with 0 < ¢ < 6.

6.1. Outline. As in previous works (e.g., [8, 24]), the foundation of the proof is
a grand bootstrap, or continuity, argument. In this process, we impose a set of
bootstrap assumptions, stated as estimates, on our system. We then use these
assumptions in order to prove strictly better versions of these estimates. Below, we
give a precise description of this bootstrap argument.

We say that (BA)s a holds iff the following estimate holds on Nj:

”H”N},mﬂLff + ||Z|‘Nt11sz;‘jf + ||VHHN3*I+B7S2:£ + |‘VZHN3;+B§;’ <A.

In the above inequality, all the norms are evaluated only over the sub-cone Ns. The
proof of Theorem [5.1] can now be outlined as follows:

(1) First, note that (BA)s a holds trivially when ¢ \, 0.

(2) Fix an arbitrary § € (0,1), and assume (BA)s a holds, with I' < A < 1.

(3) Using the structure equations, i.e., Proposition 2] we show that the quan-
tities on the left-hand side of the (BA); A condition can in fact be bounded
by a constant (depending on C' and N) times I + AZ.

(4) With sufficiently small I and A, the above implies that (BA); A /2 holds.

(5) The implication (BA)sa = (BA)sa 2 established above for arbitrary
d € (0,1), combined with a standard continuity argument, implies that
(BA)s,a /2 holds unconditionally for every ¢ € (0,1).

221 the case that a viable future null infinity Z1 is defined, the Bondi energy represents the
energy remaining in the ambient spacetime at the cut where N intersects Z+.
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The above will suffice to complete the proof of Theorem [G.11

The points (1), (4), (5) are standard features of continuity arguments. Thus,
in the remainder of this section, we will focus entirely on the main steps (2) and
(3) of the bootstrap argument: establishing improved estimates from the bootstrap
assumptions. We fix throughout § € (0,1), and we work entirely on the segment
Ns—in particular, all integral norms over both t and x are assumed to be over Ns.
Moreover, we assume that (BA)sa holds on Ns. The objective, then, is to show
that (BA)&A/ holds, with A’ ,SC,N I+ A2,

Next, we present a brief outline of the process behind establishing (2) and (3).
The first task is to establish the regularity conditions (F2) and (K), as defined
in Sections and 371 This step is essential, as it validates all the technical
tools described throughout Sections[2and [Bl These regularity conditions are conse-
quences of the bootstrap assumptions, and are a main reason why these bootstrap
assumptions are fundamental to the overall argument.

The (F0) condition follows immediately from the (BA) assumption. For the full
(F2) condition, we have to work a bit harder; in particular, we need control for the
curl € of the second fundamental form k& = H. Fortunately, € has special structure,
given by the Codazzi equations in (4I1l), which, along with (BA), grants it the
required control. Finally, for the (K) condition, we combine the Gauss equation in
(£11) along with the second equation in ([@I0). This, along with (BA), suffices to
decompose the Gauss curvature K as in the (K) condition. In particular, the only
term in the equation for K which is not L?-controlled is the divergence of Z.

With the regularity conditions established, we next focus on obtaining the re-
quired improved estimates. Many of the quantities, e.g., tr H, H, M, can be con-
trolled by exploiting the evolution equations that they satisfy; see ([L9]) and (£I2).
For H and Z, however, one also requires the elliptic estimates of ([@I0). These
estimates are handled in essentially the same manner as in [8] [24].

To control VH and VZ in the sum norm (see the (BA) condition), we resort
again to the elliptic equations (@I0). The main idea is similar to that in [8] [24],
except that we no longer require an infinite decomposition. Roughly, looking at
the right-hand sides in ([@I0), the curvature quantities B and R must be controlled
in the N%-norm using (@I3), while M and V(tr H) must be controlled in Besov
norms using [@I2). Our use of a sum norm in the (BA) assumption allows us to
take only one iteration of this decomposition and then simply reapply the (BA)
assumption. This significantly simplifies the decomposition process.

In the above, we have obtained improved estimates for

e IVH g pzoe 1Zlne,. V2l ygn oo

The remaining improved estimates for H and Z in the sharp trace norm can now
be obtained from Corollary This completes the proof of steps (2) and (3),
and hence concludes the bootstrap argument. Moreover, all the desired estimates
in (53) will have been established within this bootstrap argument.

In the remainder of this section, we accomplish steps (2) and (3) in full detail.

6.2. Regularity Conditions. As mentioned before, the first goal is the (F2)
condition (see Section BH]). We begin by establishing some trivial properties.

Lemma 6.1. Suppose (BA)sa holds. Then:

231n contrast, in [8] [I7], [24], one must iterate this decomposition infinitely many times.
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o (Ns,7) satisfies (FO)o.n.A-
o The following estimates hold:

(6.1) 1o + 12l o Sov A.
Proof. Since k = H, then (BA)s o combined with the fact that (S?,v[0]) satisfies

(r0)¢, v implies the (FO)c v a condition on (Nj,~). Using this (FO) condition,
along with B.I5) and (BA)s A, we obtain the bounds

|l S IHONzs + A, 120 S 12008 + A
This implies (6.1]), since by (2.4]),
IHOl s S 1H[O]ll gae ST, 1200002 S NZ[0]]| 22 ST O

The next goal is the full (F2) condition. For this, though, we require first some
commutator estimates between V and the integral [ 6.

Lemma 6.2. Suppose (BA)s a holds.
e There exists © € Coozg./\/ such that

(6.2) Vi =¢e, HQHNS,mLE‘ffﬂLi’,T Sen A.
o If U € C>®T[N, then the following commutator estimates hold:
(6.3) IVIo¥ll 22 Sonrt 6V 22 + AT 22,
/oYl 22 Sonr VW] 22 + AT 22,
o (Ns,v) satisfies (F2)on.A-
Proof. Recalling that k = H, the Codazzi equations in (@I1]) imply
Cave = —€vcea[(1 = )Ba — Za] + (1 = t)(Hap Ze — Hae Zo).
Combining this with the evolution equation for Z in (£9) yields
Cave = Vi[(1 — t)eveea®Za) + (1 — t)(Hap Ze — Hae Zp + 2€pca "y Hae Zy)
+ 2€pe€a?Zy
=V + I».
If we define ® = I; + ff)[g, then V;© = €, as desired. Moreover, by (BA)s.a,
(6.4) VDl 22 = [|€]l 22 S [[VH]| 22 S A
Similarly, for the L;‘jﬁ-bound for ®, we first control
||Il||L;’;‘jt*2 S ||Z||L;‘jf S A
Next, each term in I3, except for the last term (~ Z), can be written as a product
Jy - J2, where by 312) and (BA);s a, the factors can be bounded
Il oz + Rl e S A 60T T)ll gz S N1l g2l T2l S A2,

It follows that
”fBIQHL;f’f /S HIBZ”L:Of + A? 5 A.

As a result, recalling also the (F0)¢c,n,a condition, we obtain
(6.5) 9022 S 1902 S Wl s + /bRl e S A
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To control VD, though, we must first prove the commutator estimate (G.3).
Recalling the commutation identity ([B.4]) along with ([B.12]), we obtain

V5% = 5V U] 22 S 116k @ VIAW) 22 + F5(€ @ [59)] 2
< ||H||L;f;2||vf6‘1/||Lf;§ + ||f8(vt© ® fB‘I/)Hij
Applying (F0)c v A, integrating by parts, and recalling (8:12), then
VoY = [oV 22 S AIVIGE 22 + 1D ® [o¥] 22 + [ [6(D @ W)l 22
< ANV 22+ 9] W] 22
< AIVIHW] 22 + A 2.

The estimates in ([G3]) follow immediately from this and the assumption A < 1.
We can now control V. First of all, from (BA)s a,

IVLlz2 SIVZ] 22 S A
For VI, note that J; and J3, defined as before, satisfy
||J1||L;‘jmej’§° + ||VJ1||L§*§ + ||J2||L;‘jmej’§° + ||VJ2||L§*§ <A,

where we used (BA)s A and (6.1). Thus, applying ([6.3]) and B12]), we obtain
IV75Ch - 222 S IS - Tl + 11 el

S IVl 22l 2l oz + 11l Loe2 VT2l 22 + 11]] poo2 | 2l 200

< A2 | | | | | |
Therefore, applying (6.3) again,

||Vf612||Lf;§ S ||VZ||L33§ + ||Z||Lf§ +A? S A
Combining the above, we obtain
(6.6) VD22 S A

From the above estimates (6.4)-(G.8]), along with (313, we obtain ([G2)). The
(F2)¢,n,a condition now follows from (62) and (BA)s a. O

6.3. The Curvature Condition. For the necessary elliptic estimates, we will also
need the (K) condition. The first step is a number of transport equation estimates.

Lemma 6.3. If (BA)sa holds, then the following estimates hold:
(6.7) 0 Hll poee S T+ A2,
VBl s+ 120 iz S A
”VtﬂHLf;i + ||ﬂ||[,i‘§° §C,N A,
909 H) 21 + [V (00 H) 2 S T+ A2,
IVeM]l 21 + | M| 20 Sev T+ A2
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Proof. First, taking the trace of the first equation in ([£9) yields
Vi(tr H) = —~y*y“H, Hy,.
Applying [ to the above and recalling (313) and (BA)s A, we obtain
e il Il HIOlog + [ H|22 ST+ A

This proves the first estimate in ([G.7). Moreover, from the (F2)¢ n a condition
(see Lemma [6.2]) and (BI6]), we obtain the second estimate in ([G.71):

[ o172 + 1121 oo 12 S HON arz + 1 Z[0]]| oz + A S A

Applying (510, (BA)s,a, and (G) to the last equation in (£3) yields
IVeH 22 S 1Rl 22 + (V20 2 + 1 ez (U4 IH ) + 112l ot 2] e
S AL H] 2.
Moreover, recalling (313) and the fact that § < 1, we have
| 2w S IEDO22 + Vel 22 ST+ [ Ve .
Combining the above and recalling that A <« 1 yields the third estimate in (6.1).
Next, we take an Li’j—norm of the first equation in (@I2):
VeV (tr H)HLii SIH® VH”Livj < ||H||L;‘ff||VH||Lf;§ S A%,
In particular, we applied (BA)s a. Keeping in mind (313, then
IVt ) 2e IV Cx B0z + [L£6 VeV (b B2
S IV (e H)[0][ L2 + [VeV (tr H)|| 2.0
ST+ A2

This proves the fourth part of (6.7]).
The remaining estimates for M are analogous. From the second equation in
#12), we see that V.M can be decomposed as Iy + I1 + I2, where:

o [y = —3msgl(tr H) satisfies, due to (6.7),
Mollpz= S Il trHll g ST+ A2
e [; can be expressed as sums of terms of the form J; - Jo, where
I illp=e S A, a2z S A,
e [5 can be written as sums of terms of the form K - K5 - K3, with
IEillme S A 1Kallpsp SA, Kl 2w S A
As a result, recalling 313), (52)), and (BA)a s, we obtain
IVeM || 2.0 S [Holl g + 11l e 2l 2]l 2.2 + 1K pos 2 [S2l] ooy [ B ] 200
ST+ A2
1] 2 < IM[0]]2 + VM ]
<T+ A%
This proves the final estimate in (67)). O

With these transport equation estimates, we can now prove the (K) condition.
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Lemma 6.4. Suppose (BA)sa holds. Then:
o (Ns,7) satisfies (K)1,p for some D < A, with D < 1.
o The following estimates hold for K:

(6.8) 1K~ 122 SA, K =1l S A

~

Proof. Combining the equations for K and D;Z in Proposition 4.2, we see that

1 1 P 1
K—l=-ZuwH+(1-1) wbvazb—MjL5 <1——m)trH—ZtrHtrﬂ .
S

In terms of the definition of the (K) condition from Section B.7 we take f = 1,

V =(1-1t)Z, and W the remaining terms of the above equation. By (61),
<A,

~

Wiz S Nt Hlp2s + 1Mz + (0 + | o0 Hl| e | 00 H] 2o S A

IVl 72 S 12y v

This yields (K)1,p, with D < A. For (6.8), we use the second equation in (£11])
(along with (510), (BA)s.a, and ([@7)) and then ([B.25)). O

6.4. Sobolev Estimates. The next step is to obtain N'-estimates for H and Z.
This is the first part of the improved versions of the bootstrap assumptions.

Lemma 6.5. If (BA)sa holds, then
(6.9) |Hlny + 120, Son T+ A2
Proof. From the first equation in (£9), (5.1), (BA)s a, and (6.1]), we have
||VtH||Lf;§ S ||H||L§‘jf||H||Lj’§° +I ST+ A2,
A similar process using the second equation in ([£9) yields
||VtZ||L?,§ ST+ A%
Next, applying (K)1,p and ([2.8)) to the second equation in (£I0), we obtain
IVZ 22 + 121l 22 SRl L2z + M| 22 + [[H| oo 2| ] 2.0
By (BA)s a, (51), and (671), we can bound
(6.10) IVZ) 22 + 1| Z] 22 ST + A%
Similarly, using (29) on the first equation in (@I0) yields
IVH 22 + [ Hll 22 S [VH| 22 + | H] p22 + |V (tr H) || p2ce + | tr Hl o,
ST+ A%+ ||B||Lf§ + ||Z||Lf§ + ||H||L;f’£2||Z||L§1§°7
where we also applied (67). Applying (BA)s A, (B1), (61)), and (GI0) yields
||VH||Lf;§ + ||H||Lf§ ST+ A%
By the definition of the Ntl)m—norm, the proof is complete. O

Next, we obtain some additional estimates for the curvature coefficients. Recall
the special covariant integral operator [%, which was defined in (3.2).
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Lemma 6.6. If (BA)sa holds, then
(6.11) 1Al e + /4Bl e Son A,
15 Bllygs + 17 Rll g, Sov T+ A2,
1Bll . + [ Bllno, Son T+ A2
Proof. Tt suffices to prove the first two estimates in (@1I) with [ replaced by

Jb(n. ), since the remaining estimate for [4(n_¥) can be obtained analogously.
First, using the first equation in (£9), we can write

1500 Al e S 10500 VB e+ T D 2 = Xo 4+ X1,
Using Holder’s inequality, we have

X, < ||H||i;ot,2 < A2,

Moreover, integrating by parts and recalling that 74 vanishes at ¢ = 0 yields
Xo £ Ins Hl =2 + 1100 ) 2 S 1 H o2 + 67 15 H o S A

Combining the above steps with a completely analogous computation using the
second equation in ([L9), we obtain the estimate

/6 o2 + 1o (4 B)l g2 S A

From the preceding remarks, the first estimate of ([G.IT]) follows.
We now consider the second part of (G11)). By (51I), we immediately obtain

94004 Bl 22 + 1050 Bl 22 S 1Bll 22 ST
Next, applying (Z.8), (51, and (63, we obtain
VI B)l 22 S ID1Io(ne Bl p22 S Ifo(neD1B) | 22 + A%
From the second equation in ([@LI3]),
17 DB 22 S 1 VR e + 1o | H D 22 + 1 e IR 2
+ 160 2Bl 22 + 1 [o (04 L © A)|l 2.2
— I+ D+ L+ T+ L. |
By (6.3), we obtain I; ST + A2. Also, I and I3 can be controlled using (B.12)):
B S |Hl Rl S 8% LS |20, Bl 2 < A%
For I, we first integrate by parts:
I = | [o(nH @ Ve[S A)| 22
SIE® LAl 22 + 167 PRI AN 22 + 10V LAD 22
Applying (BI2), Holder’s inequality, (6.7)), and the first part of (6I]), we obtain
L SIHl g2 13 All g2 + Ve 22 [ LAl 22 S A2

24Gince V; annihilates both ~ and ¢, then f6 commutes with any of the symmetric Hodge
operators in the same way as it does with V. As a result, (6.3)) applies here.
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Finally, for Iy, we integrate by parts and apply (312)) and (GI)):
Io SRl g2z + 107 [oRll 22 ST
It follows from the above that
I\ Bl ST+ A2
Finally, for the initial value bound, we apply (B.I0]) to obtain
1B 172 S W5 =B) 0 v S (1S5 (-B) O]l vz + 15(n-B)llwy -

The first term on the right-hand side vanishes by definition, while the second term
can be bounded as in the preceding argument. As a result, we have

IUEB)OI e S 1S5 (- B)llwg, ST+ A2

The above completes the Sobolev estimate for £ B in (@.11). The corresponding
estimate for [YR can be established using completely analogous methods. This
proves the second estimate in (6I1). The remaining estimate in (I follows
immediately from the second estimate, since [L¥ is a V;-antiderivative of ¥. [

6.5. Transport-Besov Estimates. The next task is to obtain some basic Besov
and decomposition estimates from evolution relations.

Lemma 6.7. If (BA)sa holds, then
(6.12) (62 H) | oo + 1M oo S T+ A2,
1H ® Hlp20 Scv A%
||vtﬂ||N£’;+Bf’£ + ||ﬂ||ij>z,o Se,n A.
Proof. From the first equation in ([@I2]), along with (B.14)) and [B.22]), we obtain
IV (tr H) || g0 < 1V (6 H)[O][| 5o + | [6(H © VH) | goe.o
ST+ IH | npi ap2< IV yo. 4 g2
<T'+ A?

where we also applied (52) and (BA)sa. The corresponding estimate for M is
similar, but requires first the remaining estimates for H.
Applying the fundamental theorem of calculus to H, we can write

1H @ Hl|gzo < |H @ p(H[0]) 2o + [|1H @ [GVeH]| 2o = I + I,

where p denotes the parallel transport operator defined in Section The term
I can be controlled using (B3I7), while I is bounded using (B23)):

(6-13) ||H ®ﬂ||Bf’*£ S ||H||Nt1’;mL;‘jf(||ﬂ[O]||B2 + ||Vtﬂ||]vg’;+3t2;£)
S AT+ A||Vtﬂ||1\/t0* +B}Y-

In the last step, we applied (BA); a.
Next, we use the last equation in (£9):

||Vtﬂ||Nt0’;+Bf;§ < ||VZ||NQ’;+B§;’ + ||H||Bf;§ + ||H®ﬂ||Bf;;’
+1Z8 Zlgoo + |1 Rllnp:
L+ L4 L+ L+ I
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Using (320), (52), and ([©.9), we can bound
LSA, I SA?
while (GI1) and (BA)s A yield
Is <T+A? L, <A

As a result, we obtain

(6.14) IVl g o p2o S A+ I|H @ Hl oo
Combining (613) and (6I4)) yields
||H®ﬂ||332 N A2a ||Vtﬂ||Ntf{*m+Bf:£ S A

Moreover, applying (3:21I)) and (5.2)), we have
|El o S IEO) 0 + F59eH] o ST+ Vel g 4 o0 S A.

~

This proves the second and third inequalities of (612)).
It remains to prove the Besov bound for M. As in the proof of ([6.7]), we decom-
pose V.M as Iy + I + I>; again, by the second equation in ([EI2):

o Iy = —3ms; ' (tr H) satisfies

||IO||B;’°*° < ||V(trH)||Lf°*2 + |l trHHLf"*2 ST+ Aza

where we applied (67) along with (22).
e [; can be expressed as sums of terms of the form J; - Jo, where

”Jl”Ntl’iImLz‘ff ,S Av ||J2||N?’;+Bt2’£ 5 Aa
e |5 can be written as sums of terms of the form K; - K5 - K3, with
HKlHN,{;ﬂL;f’f 5 A, ||K2 : K3||NR’;+B§;£ S A.
More specifically, in most cases, we can bound, using [20) and (BA);s a,

K2 - Kyl g20 S [152]lvpe,

K| S A%

The exception is when K- K3 ~ H - H, for which we apply the second part
of ([6.12]), which was established in the preceding paragraph.

As a result, applying (314]) and (3:22]) yields
1M1l g0 S 1MV 0 + 1ol s + 1 lge racep | Tl s
I s ng 2 152 - Kallwg, 4 520
ST+ A%

This completes the proof of the first inequality of (G.1). O

25In particular, for the term of the form Z - B, we can take J3 to be B by applying ([G.1T).
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6.6. Advanced Curvature Estimates. Using Lemma [67] we can now prove
additional estimates for the renormalized curvature components. We begin with
the following preliminary trace-type estimates.

Lemma 6.8. If (BA)sa holds, then
(6.15) 11 = D5 "Bl =z + 1Dy Rl 2 Sow A.
Proof. We apply the first equation in (£I0) to write
(0= D5 Bl S 1z + 105" 2l 2o + D5 90 H)
HIDE H - 2z

The first term on the right-hand side is bounded by A using (BA)sa. The re-
maining terms can be controlled using (328 and B21):

11 =)D ' Bll =2 S A+ [ Z] g2 + [Vt H)|[ 2o + | H ® Z] 20.

The second term on the right-hand side is trivially bounded, while the third and
fourth terms are bounded using ([6.12) and (B:20), respectively. This yields

[(1=t)Dy "' Bl =2 S A+T + A% S A,
as desired. By a similar argument using the second equation in (@I0]), we obtain
D7 Rl 120,22+ DT Ml e + I (- ED) 2
S A+ (M| gzo + [[H @ Hl 2o

Using ([6.12) on the above completes the proof of (G.15). O

Our goal is the subsequent estimate, for which Lemma[6.8]is one part of its proof.
Lemma 6.9. If (BA);a holds, then
(616) 71— VD5 Bl + 1AL Ry, Sow T+ A2

|1 = VD7 Bllyg, + VD7 Rllyp, Son T+ A2

Proof. Again, we need only prove the first part of (6.I6) with [ replaced by

f 6(17+ U), as the corresponding estimates for [%(n_¥) are completely analogous. As
in the proof of Lemma [6.6] we can apply (ZI2) and (&) in order to obtain

IVelol(1 = e VD3 ' Blll 22 + 1/5[(1 = )14 VD3 ' Bl 22 < VD3 ' B 22 ST
An analogous estimate also yields
IVefo(ne VDT R)|[ 22 + [6(n VDL R) || 22 S VDY 'Rl 22 ST
For the spatial gradient, we let
Ip = ||V[o[(1 = ) VD Bl 22, Ir = |V/o(n+ VD R)| 2.
Applying (Z7) and commuting V and [} using (6.3) yields
Ip S W**Valol(X = ) VD3 Bll| 22 + | Va 5[(1 = )14 Vo Dy Bl|| 22
15~ e VD5 Bl
< I811 — e AD3 Bl 22 + 175~ )[KIID5 Bl 22 + VD3 ' B 2
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< 1510 = 9m AD Bl 22 + 1510~ DI — 1[D5 B 2
10501~ D7 Bl 22 + VD5 B 2.
Recalling the identities (2.I) and applying (2.12)), (5.1I)), and (6.8]), then
I S 1510 = Om D3 Bl 22 + 1K = 1] 221 = D5 Bll oz + T
S0~ Ve ine D3 Bl 22 + A1 — D7 Bl s + T
S IS5 D3 B 22 + Al = D5 Bl s + T
An analogous argument also produces the estimate
I 1T (ne iR 22 + AT Rl s +T.
Commuting once again using ([63]) and recalling (51) and (615) yields
Ip < ||Vfto(77+B)||Lf;j +T+A2%
In S Vo0 R)ll 22 +T + A%

The first terms on the right-hand sides can be bounded in the same manner as in
the proof of (611). Consequently, we obtain, as desired,

1L = 9 D5 By + I[.9D; Ry, ST+ A%
For the initial value bounds, we apply ([B.10) like in the proof of (G.11),
171 = VD B0 a2 S IS5 = 8)n-VD3 Bllln;, ST + A%,
112V RO)| /2 S I5(0-VDT ' R)|[na, ST+ A%

where in the last steps, we applied the [ g—analogue of the preceding argument.
Combining all the above estimates completes the proof of the first estimate in ([G.10).
The second estimate follows immediately from the first, since V, [{ ¥ = ©. O

6.7. Completion of the Proof. We can now complete the proof of Theorem [B5.1]
by proving the strictly improved version of the bootstrap assumptions, (BA)s a /2.
A part of this has already been done in (G9]). Here, we will prove the remaining
improved estimates associated with the (BA)s a /2 condition.

Lemma 6.10. If (BA)s.a holds, then
(6.17) ”vHHN?*erBf’Q + ||VZ||N§?;+B§’£ Soen T+ A?,
|l + 120 Son T+ A2

Proof. First of all, since 2H = 2H + (tr H)y, we can bound
IVH | yo- 1 20 S IV H yo- 4 2o + IV (tr H)|[ g2.0
f 2
N ||VH||N3>;+B§’Q + I+ A%,
where in the last step, we applied (67). For the term with H , we recall the identity
Dy 'Dy = I and apply the first equation in ([@I0) along with (B:27):
HVHHNR*w.ka:g 5 HVD2_1D2H”N§;+B§*£
S = )VDy Bllnoy + 1 2] gzo + |V (tr H)|| g0
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+ 10— )(H © 2)]] 0.

The third, second, and first term on the right-hand side are bounded using (61),
©3), and (EI4), respectively. From this, we have

||Vﬁ||Nt0* +B2? ST+A%+ [H & ZHB;’O’O-

For the last term, we apply (B:20) and (©9):
IH ® Z|| geo S I H I nps 121l wps, S A

Combining above yields the desired bound for VH in ([6.I7).
By a similar argument using the second equation in ([@I0), we obtain

IVZllnos 20 S VDT Rllnoy + [ Ml p2o + | H @ Hl|g2o ST + A2,

where in the last step, we applied ([€.1), ([612]), and (@I8). The above considerations
complete the proof of the first estimate in ([G.17]).
For the second estimate, we apply (825 and recall that k = H:

1 S (4 B 2 (1B, + [V H g 4 g20)
12l S (14 IH 2 ) 120z, + IV 2] g 4 5o0):

Recalling (313), ([G9), and the first part of ([6I7), then, as desired,
IH | oo + 121l 2 S (1+T+ AT+ A%) ST+ A% O

Applying (69) and (6I7) and taking I" (and hence A) sufficiently small yields the
strictly improved condition (BA); /2. Thus, the bootstrap argument implies that
(BA)s.a holds even without the bootstrap assumption. To obtain the estimates
(E3), we simply recall the estimates (6.1), (68), (69), (612), and @IT), and we
recall that A is simply I' times some (possibly large) constant. Furthermore, that
the (F2) and (K) conditions hold for (NV,~) follows from Lemmas [6.2] and

It remains only to prove the refined curvature estimate (54)). For this, we recall
the proof of Lemma [6.4] in particular, the identity

1 1 2 1
K—l=—JuwH+1-1)|y"VaZy — M+ 3 <1— —m) trH — St HiH| .
s
Given 0 < 7 < 1, we can restrict our attention to a small segment 7 < ¢t < 7+ ¢
of the null cone N. Again, in terms of the definition of the (K) condition from
Section B, we take f =1, V = (1 —¢)Z, and W the remaining terms of the above
equation. From main the estimates (5.3), we see that (K)1, ps holds, with
DS sup [t H[7]||gz + (1 —7)T
T<T'<T+e€

The estimate ([5.4]) now follows from ([B328) and by taking € \, 0.

This concludes the proof of Theorem [5.11
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