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Abstract. We consider smooth null cones in a vacuum spacetime that extend to future null infinity.
For such cones that are perturbations of shear-free outgoing null cones in Schwarzschild spacetimes,
we prove bounds for the Bondi energy, momentum, and rate of energy loss. The bounds depend on
the closeness between the given cone and a corresponding cone in a Schwarzschild spacetime,
measured purely in terms of the differences between certain weighted L%-norms of the spacetime
curvature on the cones, and of the geometries of the spheres from which they emanate. This paper
relies on the results in [1], which uniformly control the geometry of the given null cone up to
infinity, as well as those of [18], which establish machinery for dealing with low regularities. A key
step in this paper is the construction of a family of asymptotically round cuts of our cone, relative
to which the Bondi energy is measured.
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1. Introduction

This paper deals with smooth null hypersurfaces extending to null infinity in a four-
dimensional vacuum spacetime, (M, g). Our primary aim is to control the Bondi mass
associated with such a hypersurface A/ by the L?-norms of certain suitably weighted
spacetime curvature components over A. Furthermore, we control the rate of energy loss
through V, as well as the linear momentum associated with A/. Our result applies when
N is sufficiently close, at the above L2-curvature level, to a standard shear-free outgoing
null cone in a Schwarzschild exterior.

Our result has two essential features. The first is the low regularity of our setting:
we operate purely at the level of the (weighted) spacetime curvature lying in L? over
that is, at the same regularity as in [10, 11]. Thus, we inherit some of the same difficulties
present in those works. The other feature is that our result depends only on the geometries
of the null cone N and the sphere from which A emanates. In other words, we make no
assumptions on the global structure of the ambient spacetime (M, g), besides that it is
vacuum. In particular, we impose no conditions on the existence or the structure of a null
infinity on the spacetime.

This paper relies heavily on [1], which proved, in the aforementioned setting, that the
intrinsic and extrinsic geometry of A is controlled uniformly up to infinity. Moreover,
several techniques and estimates in this paper depend on [18], which developed many of
the tools needed for working with " at the L>-curvature level.

The main new ingredient that we introduce here is the construction of an appropriate
1-parameter family of spherical cuts of A" which become asymptotically round near infin-
ity. We show that the Bondi energy, momenta, and rate of energy loss, defined relative to
these spherical cuts, can be controlled by this weighted curvature flux through A/. More
specifically, to control the Bondi energy associated with N\, we show that the Hawking
masses of these spherical cuts converge to a limit at infinity that remains close to the
corresponding Schwarzschild mass.
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1.1. Main quantities

For the reader’s convenience, we first briefly present the definitions and the physical sig-
nificance of the quantities under consideration.

1.1.1. Curvature flux. Recall the Bel-Robinson tensor, a symmetric divergence-free
4-tensor which is quadratic in the Weyl curvature W of (M, g):!

Qubed = Waebchedf + *Waebf*chdf~

Note since (M, g) is vacuum, W coincides with the Riemann curvature tensor. A well-
known application of the Bel-Robinson tensor is toward energy estimates: by contracting
Qubea against three future-directed causal vector fields A, B, C, one obtains a current,
Jua = Qubca A*BPC*, to which one can apply the divergence theorem on any bounded
domain 2 C M with a partially smooth boundary. If 92 contains a portion of a null hy-
persurface N whose affine tangent null vector field is L, then the corresponding boundary
term, i.e., the curvature flux through N, is

F= f JaLd d Vg,
N

where d Vs is the canonical volume form on V associated to L. One can then see that, for
any choice of A, B, and C, the curvature flux F will be comparable to the L%-norm on \/
of some, but not all, of the independent components of W.?

Here, we wish to consider not the curvature flux of N itself, but rather a measure
of how much N deviates from a standard shear-free null cone, Ns, in a Schwarzschild
spacetime (Ms, gs) of mass mg > 0. Therefore, the relevant curvature flux deviation
will be a weighted L2-norm on N of the difference between the flux components of W
and the corresponding components for Ns.> In fact, our main assumption will be that
this curvature flux deviation is sufficiently small. Under such assumptions, we will show
that the Bondi energy of A is close to mg, with the closeness being controlled by this
curvature flux deviation.

We also mention that in the case ms = O (that is, when A is close to the standard
affine-parametrized null cones in Minkowski spacetime), our weighted curvature flux de-
viation arises naturally in asymptotically Minkowskian spacetimes, in the case A = K,
B = K, and C = T. Here, K and T are suitable adaptations of the Morawetz and the
time-translation (9;) vector fields in the Minkowski spacetime (Mg, go). These weighted
curvature fluxes appear in [2, 5, 7]. Moreover, this is the main motivation for our choice
of weights in [1] and in this paper.

! n fact one can form the Bel-Robinson tensor out of any Weyl field.

2 In particular, these components include all those listed in (1.10), except for «.

3 In terms of the curvature decomposition of (1.10), all these components for the shear-free
Schwarzschild null cone A5 vanish, except for pg, which is precisely —2mgr—3. Here, r is the
usual radial coordinate in (Mg, gs); note that r is also an affine parameter for Ng.
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1.1.2. Bondi mass and energy. The Bondi mass measures the amount of gravitational
mass remaining in an isolated system as measured at null infinity, at a given retarded
time. To be more specific, in the context of a spacetime (M, g) with a smooth enough
and complete future null infinity Z*, with the topology of R x S?, we consider an infinite
outgoing null cone A which intersects Z* along a spherical cut, Soo C ZT. The Bondi
mass mg = mp(MN) then measures the amount of mass remaining in the system after
radiation emitted through ZT up to this cut Sec.

This quantity was originally defined in [3] by stipulating the existence of a system of
Bondi coordinates near Sy,. An alternative definition of the Bondi momentum 4-vector,
using a conformal compactification of spacetime, can be found in [15]; the reader may
also refer to [17], where the notation adopted here is presented.

The Bondi momentum 4-vector (Egm, Pg""), where y, refers to the round metric
induced on Su, by the above conformal compactification, is conformally covariant. (See
the discussion below around equation (1.3) for a more precise description of yoo.) This
reflects the action of the conformal group on y,. Moreover, the 3-vector PI;/ * corresponds
to the linear momentum at S, (relative to y,), while the number E’é‘” corresponds to the
Bondi energy. Nonetheless, the Minkowski norm of this 4-vector is invariantly defined
and corresponds to the Bondi mass of Seo:*

my® =/ (EF*)% — |P{ 2. (1.1)

In fact, the choice of round metric y, corresponds to a choice of a family of asymp-
totically round 2-spheres for which the area-normalized induced metrics converge to Y.
This can be thought of as a frame of reference relative to which the Bondi energy E I’;°°
and the Bondi linear momentum ﬁ}f" are measured.

Thus, to properly extract the Bondi energy, we consider a family XY, y € [1, 00), of
spherical cuts in V. Let $5y denote the metric on XY induced by the spacetime metric g,
and let ryy denote the area radius of (X7, ysy),

rev i=+/Area(XY, yxv)/(4m).
Suppose the corresponding Gauss curvatures (X7, yxvy) satisfy

lim K(Z, rafpsy) = lim r&, (27, psy) = 1, 1.2)
y /o0 y /o0

so that the area-normalized metrics ygf;//zy converge to a round metric Y. Then, accord-
ing to [15, 17], the Bondi energy E};“’ associated with (S, Yeo) corresponds to the limit
of the Hawking masses of the X7’s,

E} = yli/rgomH(Ey), (1.3)
where the Hawking mass of 37 is defined as
) ryy 1

SN =—"14+— thy -tk -dVy,., ). 14

mu(Z”) > ( palyom o X -t x y;) (1.4)

4 In other words, it is invariant under the action of the conformal group.
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The functions t x , t x are the expansions of X relative to two future-directed orthogonal
null vector fields over XY—see (1.8) below.

Remark. In view of (1.3), a bound on the limit of the Hawking masses for a family of
spherical cuts satisfying (1.2) would yield a bound on the Bondi mass (which is invariantly
defined) and Bondi linear momentum (defined relative to the foliation).

1.1.3. Angular momentum. At present, there exists no universally accepted notion of
angular momentum for sections of null infinity; examples of proposed definitions include
the works of Rizzi [16] and Moreschi [14].

In the context of our setting, it seems that to control any such reasonable notion of
angular momentum on (Seo, ¥s0), @ quantity that must be controlled is the torsion ¢ of
the X,’s; see (1.9) for the precise definition. One consequence of our main result is that
we can obtain bounds for the quantities

A= (X) = / Z,X%-dV,, (1.5)
Seo

where Z corresponds to the renormalization

Z = lim rgy - £(XY) (1.6)
y /100
of ¢ on S, and where X is a rotational Killing vector field on (Seo, Voo)-

1.1.4. Rate of energy loss. In the specific settings discussed thus far, in particular that
of [5], the Bondi energy is in fact a non-increasing function along Z*. More specifically,
consider a foliation of Z* by a 1-parameter family of 2-spheres, (Soo,us Yoo.u), With u
increasing in the future direction. These correspond to a local foliation of M near Z" by a
family of outgoing null cones N,,. Then the Bondi energies of the sections (Seo.y» Yoo.u)
evolve according to the energy loss formula:

: d 1 .
Yoo . Vo _ A 2
Eg* = 7 Eg™u) = S /SOM 115 V- (1.7)

—

E is the (Yoo.u-)traceless part of the symmetric 2-tensor E over (Seo,u, Yoo.u), and
E is defined, for a family of asymptotically round spherical cuts X;, of N, by’

E = lim rs! - x(Z)).
fy X (Za)
Here, X denotes the second fundamental forms of the Z,f ’s in the incoming null direc-

tion.® In our main theorem, we will control on a null cone A the right-hand side of (1.7),
which describes the rate of energy loss across N.

5 Again, the limit refers to components of x with respect to transported systems of coordinates;
see Section 2.1.3 and Definition 2.6.

6 X is defined more precisely in (1.8) and in [1].
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1.2. The results

The next task is to describe more precisely the results that we wish to prove. Throughout
this discussion, we assume that (M, g) is an arbitrary Einstein-vacuum spacetime, and
N C M an infinite smooth null hypersurface beginning from a Riemannian 2-sphere
SCM.

1.2.1. Geodesic foliations. While there are many natural foliations of null cones of N by
2-spheres, in this paper, we will only be considering geodesic foliations. These correspond
to arc-length parametrizations of the null geodesics that rule V.

Consider any null vector field L which is both tangent to A and parallel (i.e.,
Dy L = 0, where D is the spacetime Levi-Civita connection).” We let s be the arc-length
parameter along the the null geodesics that are the integral curves of L, normalized so
that s = 1 on S. Our foliation is then by the level sets Sy of s. Furthermore, we let L
denote the null vector field on A that is conjugate to L, that is, satisfying the conditions
L1 Sgandg(L,L)=—-2.

Remark. Note that different choices of L (and hence s) yield different affine parame-
ters and hence different foliations. We will be making use of this freedom in choosing
geodesic foliations extensively in later sections.

Next, we recall the quantities that define the intrinsic and extrinsic geometry of A/, in
terms of the above foliation S;, s > 1:

Let ¢, be the induced metric on S, i.e., the restriction of g to S;.
Let Y be the Levi-Civita connection for y.
The null second fundamental forms x and x are defined by

x(X,Y)=g(DxL,Y), x(X,Y)=g(DxL,Y), (1.8)

where X and Y are arbitrary vector fields tangent to the S’s.
e The torsion ¢ is defined, for X as before, by

£(X) = 3g(DxL,L). (1.9)

We will be decomposing the 2-tensors y and yx into their trace (tt x, t x) and traceless
(X, %) parts. Here, t refers to the trace operator with respect to the metrics ;. Thus, t x
reprgsents the expansions of the S;’s, and x their shears.

We also recall the independent components of the Riemann—Weyl curvature. Letting
R denote the Riemann curvature tensor associated with g, we recall that R is fully deter-
mined by the following components:

a(X,Y)=R(L,X,L,Y), aX,Y)=R(L,X,L,Y),
B(X)=3R(L,X,L,L), B(X)=3R(L,X,L,L), (1.10)
p=%R(L,LLL). o=3"R(L,L, L, L),

where X and Y are as before, and where *R denotes the left Hodge dual of R.

7 Note that L on A is uniquely determined by its values on the initial sphere S.
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Finally, we recall the mass aspect function, ., on the S;’s (cf. [5]). This is a scalar-
valued function on the S;’s defined by

1= =p"Yath — p+ 39V RabX (1.11)

This quantity is closely related to the Hawking masses of the S;’s via the formula

8
w-dVy = — -my(S;).
S, ryy

1.2.2. Analysis of infinite null cones. To properly state our main result, we must quan-
titatively capture the deviation of our null cone A from a corresponding Schwarzschild
cone, Ns. The first measure of this deviation translates to a weighted L?-norm over A of
suitably weighted differences between the components in (1.10) (excluding o) and their
corresponding Schwarzschild values. With this intuition in mind, we define the weighted
curvature flux deviation of N' from N by

f=/ [Is%al}, +1s°BL5, + Is(o +2m/sH, + Isolj +1B31dVe,  (1.12)
LI, ‘ : , +1Bly,

where | ... |y, denotes the pointwise tensor norm with respect to the metrics ys.

The other meausre of the deviation between A and Ns involves the geometries of
their initial spheres, S and Ss; this is captured in the differences between the connection
coefficients (1.8), (1.9) on S and their corresponding Schwarzschild values. Assuming for
convenience that S has unit area radius, the above translates to measuring the following
quantities on S = Sy:8

X _yls ;a l—i_(l _zms)y/lv M_zmS

Moreover, the norms with respect to which we measure these quantities must be com-
patible with the L2-curvature regularity level. The specific norms we use are listed in
Theorem 1.1 below and justified in detail in [1, 8].

The main result of this paper states that if the deviation between A and N, as de-
scribed above, is sufficiently small, then the Bondi energy of NV, expressed via (1.3) with
respect to a family of spherical cuts X7 satisfying (1.2), will be comparably close to the
Schwarzschild mass mg associated with Ns. Similar estimates hold for the rate of energy
loss; see Theorem 1.1 below.

To obtain these conclusions, we rely crucially on the main results of our previous
article [1], which can roughly be summarized as follows. Assume that the deviations be-
tween N, with a given geodesic foliation, and Ns are small, in the sense that:

e The curvature flux deviation F defined in (1.12) is sufficiently small.

e The deviation quantities x — 1, ¢, x + (1 — 2mg)y1, and u — 2mg, corresponding to
the connection coefficients and the mass aspect function, are sufficiently small on the
initial sphere S of NV in the appropriate norms.’

8 See [1, Sect. 4.3]; in particular, we assume rg = rSg = 1.
9 See (1.15) below for the precise norms that are required to be small.
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Then the geometry of N remains uniformly close to that of Ns:

o The deviations of the connection coefficients x, x, and ¢ from their values on Ng
remain uniformly small (in suitable weighted norms) on all of N.

e Similarly, the deviation of the mass aspect function u from its value 2mss > on N
also remains uniformly small on all of V.

The above comprises the contents of [1, Thms. 1.1, 5.3]. A precise statement of these
results is given later in Theorem 2.4.

For our present paper, the most important conclusion from [1] is that the uniform
estimates for x, x, ¢, and p imply that suitable renormalizations of these quantities have
limits at infinity. "To be more precise, in [1, Thm. 1.2, Cor. 5.2] we derived:

e The renormalized metrics s 2§, converge to a limiting metric ys as s 7 0o.
e There exist limits for x, x, ¢, and u, in the appropriate spaces and with the appropriate
weights, as s 7 oo. In particular, the limits as s /' oo of

/S;L-dVys, /s_lg(X)in%, f@@s.dvf:, (1.13)
S, S, S,

where X is a rotational Killing field on S?, exist and are uniformly small.

The specific limits of (1.13) are directly related to the limits (1.3), (1.6), and (1.7) for the
physical quantities of interest.

These results in particular imply that under the above assumptions, the limit of the
Hawking masses my(Sy) as s 7 oo exists and is close to ms. However, this limit does
not yield a bound on the Bondi energy of A (nor on the other quantities of interest),
since the spheres (Ss, ¥5) need not become asymptotically round, in the sense of (1.2).
The main novel challenge of this paper, then, is to extract the Bondi energy and the other
physical quantities in such a manner that they can be controlled using the results of [1]
described above.

To accomplish this, we note an additional degree of freedom in our setup: the results
from [1] outlined above hold for any geodesic foliation of N for which the deviation from
N5 is sufficiently small. In particular, any other geodesic foliation of A that is “suffi-
ciently close” to the current one would satisfy the small deviation condition. The idea,
then, is to find a new geodesic foliation that is “close” to the original one and moreover
fulfils the asymptotic roundness property (1.2). We will then be able to apply the main
result of [1] to this new geodesic foliation to control the physical quantities of interest.!”

1.2.3. The main theorem. The main theorem of this paper is the following:

Theorem 1.1. Let O < mg < 1/2, and let N' C M be an infinite smooth null hypersur-
face emanating from S, with Area(S) = 4r.!' Also, fix a geodesic foliation of N, with
associated affine parameter s. Assume that the following hold on N :

10 1 practice, we obtain the asymptotically round family of spheres using not a single change of
foliation, but rather a 1-parameter family of new foliations; see the discussion in Section 1.3.

L particular, if M is the Schwarzschild spacetime with mass mg, and if V" is a canonical shear-
free null cone in M, then the initial sphere S would lie in the outer region.
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o Curvature flux deviation bound on N :
/ [Is?alf, +1s2BI5, + Is(o +2ms /s, + Isolf + B 1dVy <2 (1.14)
N £

e Initial value bounds on S:12

8% =2z +l1x =Nl 182, =T (1.15)
I+ (L =2m)P1l gy + IV @O go(s.p0) + 11 = 2ms ]l gy, < T

Then, if T is sufficiently small, there is a family of spherical cuts 7, y € [1, 00), of N
going to infinity, with corresponding induced metrics yxy and areas

Area(TY, ysy) = 4nr%y,
such that:

o The (X7, rg)zy;’/gy)’s, that is, the X7 ’s with the area-normalized induced metrics, be-
come round in a weak sense. More specifically,

i 2 y ) — —
lim g K Ye0) = Uiz gy = O (1.16)

e The Bondi energy, defined in (1.3) in terms of the X7 ’s, exists, and
lim |my(ZY) —mg| ST 1.17)
y /100

o The rate of energy loss, defined in (1.7) in terms of the ¥°’s, exists, and
|EX°| <T. (1.18)

Remark. We note that the requirement of Theorem 1.1 with mg = 0 will hold for trun-
cated null cones in the perturbations of the Minkowski spacetime in [5]. This follows
from the decay of the curvature components stated in [5, last chapter]. For mg > 0, The-
orem 1.1 is designed to apply to truncated null surfaces in perturbations of Schwarzschild
spacetimes. In all settings, these perturbations are required to be small at the L2-curvature
level.

Remark. Although Theorem 1.1 deals only with the specific case ms < 1/2 and Area(S)
= 4, it can be extended to general cases of arbitrary mass and initial area due to the
dilation invariance of the Einstein-vacuum equations. To see how the assumptions and
norms transform under such rescalings, see [1, Thm. 5.1].

Remark. That the convergence of the Gauss curvatures in (1.16) to 1 is in weak
H~'/2_norms is a consequence of the low regularity of our setting. One cannot expect
a stronger norm of convergence without additional assumptions, in view of the Sobolev
trace theorem. If one were to assume extra regularity for A/ (for example, analogous
control for derivatives of R), then the convergence for the Gauss curvatures would be in
correspondingly smooth norms.

12 The 149-, B?-, and B®-norms refer to Lebesgue, Sobolev, and Besov norms on (S, ¢1). For
more precise definitions of these norms, see Section 2.3, as well as [1, 18].
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Remark. In Theorem 1.1 and in [1], we chose to work with shear-free null hypersurfaces
in Schwarzschild spacetimes primarily because the values of the connection and curvature
quantities on these hypersurfaces are explicitly given and well-known. It is possible that
analogous results can be proved for null cones near Kerr spacetimes, or for some other
null hypersurfaces near Schwarzschild spacetimes.

On the other hand, Theorem 1.1 includes null hypersurfaces in Kerr spacetimes with
small angular momentum, which admit a smooth conformal compactification up to Z+
and (in this compactified setting) can be continuously deformed to Schwarzschild solu-
tions in the C2-norm. Since the weights in Theorem 1.1 are weaker than required by the
Sachs peeling (which holds for the Kerr solutions), it follows that Theorem 1.1 applies to
these slowly rotating Kerr spacetimes as well as to their perturbations (in the weak norms
of Theorem 1.1).

Remark. In view of recent work by Luk and Rodnianski [12, 13] on gravitational waves,
one may ask whether a version of Theorem 1.1 can be established without assumptions
on the curvature component « in (1.14). To our knowledge, this condition on « seems
to be necessary, since the lack of regularity in our setting forces us to utilize all of the
structure equations available for V.

Remark. The proof of Theorem 1.1 also yields bounds for the torsion ¢ at infinity. More
specifically, we can obtain a bound for the quantity (1.5) of the form

A7 (X)| ST. (1.19)

1.3. Ideas of the proof

We conclude the introduction with a brief and informal discussion of the main ideas of
the proof of Theorem 1.1.

1.3.1. The renormalized setting. The following intuitions regarding N arise from the
assumed closeness of A to the Schwarzschild null cone Ns:

e The chosen affine parameter s, from the assumptions of Theorem 1.1, should approxi-
mate the area radii r (s) of the level spheres S;.
e The rescaled metrics s ~2y; should be close to the round metric.

These heuristics suggest it may be more natural to work with the metrics s 2y, rather
than y; itself. This was an essential idea in the analysis throughout [1] and will play
the same fundamental role in this paper. Furthermore, these intuitions were rigorously
justified within the main results of [1].

For even more convenience, we make an additional change of parameter: from the
affine parameter s € [1, co) to a finite parameter t = 1 — s~ e o, 1). Combined, the
above two transformations result in the so-called renormalized system, on which all of
our serious analysis will take place. Because of the near-uniform geometries of the level
spheres in this setting, it is much easier to consider limits in terms of the renormalized
picture. In particular, we will generate the limiting metric y at infinity as limits of these
rescaled metrics s 2.
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1.3.2. Changes of foliations. As noted before, different choices of the affine vector
field L lead to different affine parameters and geodesic foliations. Given our original
geodesic foliation, we can rescale our null tangent vector field L by

L' =¢L,

where v is a smooth function on A that is constant on the null geodesics that gener-
ate V. Notice in particular that L’ is once again parallel. Thus, we can consider an affine
parameter s’ associated with L’ (again with the normalization s’ = 1 on S). One can pro-
ceed from here to compute how the metrics, Ricci coefficients, and curvature components
transform under this change of geodesic foliation. The results are discussed in detail in
Section 2.2 and Appendix A.

Since our goal is to construct asymptotically round spherical cuts of N, our greatest
interest is in how the limiting metric

= lim s~ 2
Yoo S}rgo 5" Ys

transforms. Without delving into details (these are presented in Section 2.2), we can guess
the result via a heuristic argument. From the results in [1], we know A is asymptotic at
infinity to the cone Ny, > [1, 00) X S? with the degenerate metric

€0 =0- ds® + szyoo.
Furthermore, we observe that for a spherical cut of N, given by
weS > M), w),

the metric induced by g. on this cut is precisely A% yoo.

This suggests that a change of geodesic foliation results in a corresponding conformal
transformation of the limiting metric at infinity.'> Consequently, the problem of generat-
ing asymptotically round spherical cuts should be closely related to the uniformization
problem for the limiting sphere S, at infinity. The rigorous implementation of this idea
will be presented in Section 4.

In practice, the asymptotically round cuts will be obtained by constructing a special
1-parameter family of changes of foliations, characterized by the functions v”, y € [0, 1).
The v”»’s will be uniformly small, in particular so that the new foliations will also be
controlled via the results of [1]. Moreover, the v¥’s can be chosen to converge in the
appropriate norms to a limiting function v! that satisfies a uniformization-type equation
at infinity. Finally, we construct the cuts £¥ := {s¥ = (I — y)~!} c A from these
vY-foliations and prove that they are asymptotically round. The construction of the cuts
%Y is the crux of this paper.

We remark that certain extra layers of complexity required by our proof are due to
the low regularity of our setting. If one assumed a priori that the limiting function v!
was smooth, then one could bypass entirely the approximating v”’s. Indeed, in this case,

13 In fact, this equivalence between conformal transformations and cuts of conical pseudo-
Riemannian metrics has been used in many contexts (see, for instance, [6]).
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the v!-foliation of A" would be the desired asymptotically round spheres. However, since
v! is only in H? in our setting and the convergence of the Gauss curvatures is in H~!/2,

this approach would lead to undesirable technical difficulties.

1.3.3. Limits at infinity. With the family X7 in hand, it remains to show that the limits
from (1.17)—(1.18) exist and are sufficiently controlled. While the results of [1] suggest
that this is indeed the case, they unfortunately do not directly apply here, since we are
now working with an infinite family of foliations of A/. Thus, in order to generate the
desired limits, we have the additional task of comparing quantities on different foliations
with each other.

While this adds its share of technical baggage to the process (for example, it is a pri-
ori unclear how to compare tensor fields living in different foliations), the issues are not
fundamental. The problem of comparing objects in separate foliations can be resolved by
a natural identification of frames in these foliations (see Section 2.2). Once this conven-
tion is clear, the ensuing analysis resembles that found in [1] (although the estimates are
messier due to the changes of foliations). The bulk of this argument will be carried out in
Section 3.

Remark. We note that this family £ is not the unique one with the asymptotic round-
ness property. Indeed, any other construction obtained from functions v” solving the ap-
propriate uniformization problem at infinity would also suffice and would yield another
bound on the Bondi mass. While it is not clear which refoliation results in the best bound,
we do note that, up to the universal constant implied by the “<”, the bound (1.17) is in
fact optimal in terms of the powers of I', in view of nearly Schwarzschild solutions with
mass m # ms.

2. Preliminaries

We discuss various preliminary notions needed to prove Theorem 1.1:

e A brief discussion of our basic setting of analysis.

e Changes of (geodesic) foliations of null cones.

e The main theorem of [1], which uniformly controls the geometry of an infinite null
cone by its curvature flux (with respect to a geodesic foliation).

As before, we assume that (M, g) is a vacuum spacetime and N' C M 1is an infinite null
cone emanating from a Riemannian 2-sphere S C M.

2.1. Spherical foliations

We briefly summarize the basic formalism, developed in [1, 18], that we will use in this
paper; see [1, Sect. 3] and [18] for more detailed discussions. The abstract setting is a
1-parameter spherical foliation of AV,

N= J = =8

T_<t<T4
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with X;_ = S. The basic objects of analysis are horizontal tensor fields, i.e., tensor fields
on N which are everywhere tangent to the X ’s.

On each sphere X, we impose a Riemannian metric 1, so that the 1, ’s vary smoothly
with respect to t. Let n denote the resulting horizontal metric on N, representing the
aggregation of all the 7,’s on A/.'# Similarly, the volume forms v, associated with the
n¢’s can be combined into the horizontal volume form v for n. Combined, these objects
form what we refer to as a horizontal covariant system,

Nom= |J &

T_<T<T4

In addition, let V denote the usual Levi-Civita connections for the 1;’s, which repre-
sent covariant derivatives of horizontal tensor fields in directions tangent to the X.’s. We
can also define an analogous covariant derivative operator V; in the remaining 7-direc-
tion. First, given a horizontal tensor field field W, we let £, W denote the Lie derivative
of W in the direction d/dt, along the null generators of A/.!> Of particular interest is the
second fundamental form,

k=38,

which indicates how the geometries of the X;’s evolve. We then define

" vdv,
VWPl = gl erdkulc VA +Zn6v1kcd\pl oy
i=1

where the notation ulc?iul means u1 ...u;, but with u; replaced by d.

In particular, one can show that both V and V. annihilate the metric 7, its dual 7!,
and the associated volume form v. Moreover, we note the following commutation for-
mula, which played a crucial role in many of the estimates in [18]:

[Ve, VWit = =5k Va Wy Zn“dm,kac Vekau ) W21
i=1

S Vakae — Vekay WL
Jj=1

2.1

2.1.1. The physical setting. We now formulate the geometry of V, as a null hypersurface
of (M, g), in terms of the above general framework. Assume a geodesic foliation of N,
via an affine parameter s : N — R, that is, s acts as an affine parameter of every
null geodesic generator of V. In addition, we normalize s so that the initial sphere S is
precisely the level set s = 1. Using the symbol S to denote the level sphere s = ¢, we
can describe our geodesic foliation as A = _J =1 Ss.

On each Sy, we have the (Riemannian) metric ¥s induced by the spacetime metric g, as
well as the Levi-Civita connection Y associated with . The aggregation ¢ of all the ¢;’s

14 In particular, 7 is a horizontal tensor field.
15 See [18, Sect. 4.1] for a more detailed characterization of £ W
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defines the horizontal metric for this system. To maintain consistency with [1], we will
use the symbol ¢ to denote the horizontal volume form associated with y. We will refer
to the resulting horizontal covariant system,

W) = S 1),

s>1

as the physical system. For further details regarding this setting, see [1, Sect. 4].

As in the introduction, we let L be the tangent null vector field on A satisfying
Ls = 1, that is, L is the normalized tangent field for the s-parametrized null genera-
tors of AV. One can show that the associated s-covariant derivative on horizontal fields,
Y, is precisely the projection of the spacetime covariant derivative Dy to the S;’s. In
fact, this was the definition used for null covariant derivatives in [8].

The objects of analysis in the physical setting—the connection coefficients y, ¢, x
and the curvature components «, 8, p, o, p defined in the introduction—can now be
treated as horizontal tensor fields in the physical system. Moreover, these quantities are
related to each other via the null structure equations, which, in this foliation, can be found
in [1, Prop. 4.1]. Finally, we note that in the physical setting, the second fundamental form
¥ is precisely .

2.1.2. The renormalized setting. Both in this paper and in [1], it is easier to work with a
different horizontal covariant system in which:

e The metrics on the level spheres S; are nearly identical.
e The null parameter ranges over a finite, rather than infinite, interval.

Therefore, we transform our physical system into one which achieves the above.

First, one rescales the ¥,’s by defining y|S; = s~2¥. Since heuristically, s corre-
sponds roughly to the area radii of the S’s, this has the effect of transforming the infinite
near-cone (N, ¢) to an infinite near-cylinder. Next, we apply the change of parameter
t = 1—s—!, which transforms the infinite interval s € [1, 00) to a finite interval ¢ € [0, 1).
In particular, the initial sphere s = 1 corresponds now to ¢ = 0, while the limit s * oo at
infinity corresponds tot 7 1.

We will use the symbol S; to denote the level set r = 7.!° Moreover, we let y; denote
the rescaled metric y on Sy, and we let €; denote the volume form associated with y;. We
will refer to the resulting horizontal covariant system,

Ny = Gw.

0<t<l1

as the renormalized system. For analytical purposes, this renormalized setting is often the
more natural structure to work with. For example, the general estimates developed in [18]
apply to the renormalized, but not the physical, system.!” For a more detailed construction
of this renormalized setting, see [1, Sect. 4.4].

16 Note in particular that S; = Si—p)-1-

17 However, estimates in the renormalized system (in particular, the main renormalized estimates
in [1]) can be directly translated to corresponding estimates in the physical system.
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Keeping the conventions from [1], we define the following:

e Renormalized Ricci coefficients:

H=x—-sY, Z=st, H=s'x+s21-2m/s)y. 2.2)

e Renormalized curvature components:

A=s’a, B=sB, R=s(p+ioc)+2ms, B=sp. (2.3)

e Renormalized mass aspect function:
M =53 —2mg = —yV,Zy — R+ Ly*“y" Hyp A . (2.4)

Here, H and £I represent the (y-)traceless parts of H and H.

These quantities will be treated as horizontal fields in the renormalized system.

Let V, A, and K denote the Levi-Civita connections, the (Bochner) Laplacians, and
the Gauss curvatures, respectively, for the (S;, y;)’s. Following earlier conventions, we
let V; denote the corresponding -covariant derivative. Note that since £, = s2£; by our
defined relation between s and ¢, a direct computation shows that the second fundamental
form k for the renormalized system is given by

k=1gy=H
As a result, we can write

djv,
Vil = Sl Zy udw+2y”chd\IJ“1 ut
i=1 Jj=1

Remark. In contrast to the physical system, V; is not characterized as a projection of a
spacetime covariant derivative to the S;’s. But, in both [1] and this paper, V; is a more
natural evolution operator to consider than the projection Y.

By a series of rather tedious computations, one can convert the null structure equations in
the physical setting to corresponding equations in the renormalized settings (in terms of
H, A, y,V, V,, etc.). For the full list of renormalized structure equations, the reader is
referred to [1, Prop. 4.2].

Finally, as we will be working exclusively with renormalized settings in our analysis,
we make the following assumptions regarding notation:

e From now on, objects will be stated in terms of the renormalized rather than the physi-
cal setting. The lone exception is that we may sometimes refer to the affine parameter s
when convenient.

e By “tr”, we mean the trace with respect to y, e.g., tr H = y“?H,.

e For a horizontal tensor field ¥ on A, we will generally use the symbol ¥, to refer to
the restriction of W to the level set S;.

2.1.3. Spherical cuts. In addition to the above foliations of A, we will occasionally deal
with more general spherical hypersurfaces of N. Here, we introduce the relevant termi-
nology that will prove to be useful throughout the paper.
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First, we will use the term spherical cut of N to refer to any codimension-1 submani-
fold ¥ of A that intersects each null generator of N exactly once; note that any such T is
necessarily spacelike. Basic examples of cuts include the level sets of t and s. Moreover,
for each spherical cut X, we define the transport map @y : ¥ — Sp, which sends each
P € X to the corresponding point on Sp = S along the same null generator as P. Since
®y is a diffeomorphism, it also induces a push-forward &%, which identifies tensor fields
on X with tensor fields on Sp.

A basic construction that will be useful on occasion is transported coordinates. Given
a coordinate system x!, x% on the initial sphere Sp, we define corresponding coordinates
on a spherical cut ¥ of NV by transport along the null generators of A/ In other words, we
define these transported coordinates on ¥ by x o ®x. In particular, this construction can
be done with X being any level sphere S;.

Finally, as we will deal with “limits at infinity” in future sections, it will be convenient
to treat this more concretely. For this purpose, we formally introduce a limiting sphere S
“at infinity”, that is, we attach an upper spherical boundary S; to A/, which we can think
of as the level set + = 1. Just as for finite cuts, we can once again define a transport map
®g, 1 S1 — So. At a heuristic level, S represents the spherical cut of future null infinity
created by .

2.2. Changes of foliation

In order to obtain the relevant physical limits for Theorem 1.1, we will need to consider
transformations from our system in Section 2.1 to other geodesic foliations of N. Such
a change of foliation is generally described by a constant rescaling of the tangent vector
field of each null generator of A/ (though different null generators may be scaled by
different factors). These rescalings can be represented by a distortion functionv : S — R,
with eV as the rescaling factor for the null generators. The function v is then extended to
all of AV so that it is constant on each null generator of A/ (i.e., V;v = 0). In particular,
whenever v is small, one obtains a new foliation that is very close to the original.

Here, we will adopt the following convention: objects defined with respect to the new
geodesic foliation will be denoted with a 7; objects without / are presumed to be with
respect to the original foliation. By definition, the tangent vector field L’ for the new
foliation is related to the original vector field L via the relation

L' =¢"L. (2.5)

Furthermore, because of our normalization, Si (i.e., the set s’ = 1) should coincide with
the initial sphere S = &) of N. Consequently,

s —1=e"s—1). (2.6)

2.2.1. Identification of horizontal fields. If X and Y are vector fields on A tangent to the
S;’s (i.e., horizontal in the s-foliation), then we define

X' =X+ (6-DY¥yxv-L, Q2.7)
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and analogously for Y" and Y. If ¢’ denotes the induced metrics on the level sets S, of s’,
then X’ and Y’ are everywhere tangent to the S,’s, and

YX,Y)=yX,Y), gX,L)=0. (2.8)

To be more precise, given any P € N, the vectors X'|p and Y’|p are the (metric-
preserving) natural projections of X|p and Y|p, which are tangent to the level set of s
through P, to the corresponding level set of s’ through P.

The correspondence (2.7) provides a natural method for identifying and comparing
horizontal tensors from different foliations of /. Suppose W’ is an s’-horizontal covariant
tensor field, i.e., ¥ is tangent to the S; ;, ’s. Then ¥’ naturally induces an s-horizontal field
U in the following manner: given ¢-horizontal vector fields X1, ..., Xk, with k the rank
of W', we define

WXy, X)) = V(XL X)),

In other words, at each P € A/, one projects via (2.7) from the s-tangent space at P to
the corresponding s’-tangent space at P. To reduce notational baggage, when the context
is clear, the induced 7-horizontal field W' will also be denoted by W'

Remark. The above also allows us to make sense of the difference of two horizontal
fields living in different foliations. This point will become important in Section 3.

It will be convenient to adjust our index notation to reflect the above correspondence.
Henceforth, given an equation with quantities in both foliations, identical indices for
primed and unprimed quantities will always refer to frame elements related via (2.7).
With this convention, the first identity in (2.8) can be restated

7//1;}; — yab’ 7Vab — yab-
More generally, with W’ as before, the induced ¢-horizontal field W is defined
o=

uy...uj Lupt

Remark. This indexing convention is also compatible with the transported coordinate
systems described in Section 2.1. Consider a coordinate system on Sy, which yields trans-
ported coordinates on both the S;’s and the S; ,’s. In this case, the associated coordinate
vector fields on the S;’s and S)’s are related to each other via (2.7). Thus, we can equiv-
alently define W by requiring that W' and W’ act the same way on corresponding trans-
ported coordinate vector fields.

2.2.2. Changes of physical systems. We now have two physical systems,

N =JS 0 = [JSL. 7).

s>1 s'>1

in the sense of Section 2.1. In the transformed s’-foliation, we again have the usual Ricci
coefficients x’, ¢’, x’ and the curvature components o', 8/, p’, o/, B/ on N. Moreover,
we can derive change of foliation formulas relating these quantities to the corresponding
quantities x, «, etc., in the original s-foliation.
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These transformation laws are listed in the following proposition. Throughout, we
always use the indexing conventions described above.

Proposition 2.1. Consider the geodesic s- and s'-foliations of N related via the distor-
tion function v as described above. Then:

o The following relations hold for the Ricci coefficients:
X,;h = eUXaba (2.9)
Sa = Ca+ (s = DPPYpv - xae = Vav, (2.10)
Xy =%, 20 = DeT Vapv — 2 — De ™" (Vav - &+ Vov - &)
+ (s = DY (Yav - Xab —2Vav - xoa —2Y5V - Xad)
+2(s — De 'Y, uYpv. (2.11)

e The following relations hold for the curvature coefficients:'®

al, = e*ag, (2.12)
By =e"Ba+ (s — D" Ypv - aue, (2.13)
P =p+2(s — DPYav- B+ (s — DY PV avVpv - oca, (2.14)
o' =0 =2 — D¢*Vav- By — (s — DYV 0V - aca. (2.15)

é; = e_”éd +3( —De 'VYv-p+(s—1e "*Yov-0o

+ (s = D2 Voo Vav - fe = PP Vev - fa + 24" Vv - o)

+ (s = DY PPy VY v @Y ov - ade — Yev - ). (2.16)
e Suppose V' is a horizontal tensor field in the s'-foliation. Then

W;\I}Iftl...ul = Vallll/u...ul + (S - l)vav : WS\IJI/M...MI

1
— (s = DYDY (Vuv Xda — Yav - Xau) ¥} ;.- 2.17)
i=1

where on the right-hand side, V' refers to the induced s-horizontal field.
Proof. See Appendix A.1. O

2.2.3. Changes of renormalized systems. Next, we apply the renormalization from Sec-
tion 2.1 to both physical systems to produce two renormalized systems,

N=JG.mw= U v,
0<t<l 0<r'<1

with respect to the finite parameters t = 1 —s~land ¢t/ = 1 — s/~

18 The symbol * in (2.16) refers to the Hodge dual, i.e., *Vqv = ¢ac? P ¥ pv.
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For convenience, we define, for any integer k, the coefficients!?
Bi=[1+4+s"" =D, C=sB—1), (2.18)
which will be present in several upcoming computations. For example, by (2.6),
s =e B .55, Bi=1+s"1C. (2.19)
Recalling the definitions of 7 and ¢/, we also have the identity
=1—s5s""" —1)—s2"C_,. (2.20)
Moreover, since y' = 5’2y’ and y = 5729, (2.19) implies
Y =By, yap = e Bayy, (221

where we use the same indexing conventions mentioned earlier.
Next, the quantities H, Z, H, A, B, R, B, M also have counterparts in the ¢'-foliation.
Using Proposition 2.1, we can derive identities comparing them.

Proposition 2.2. Consider the renormalized t- and t'-foliations of N, related via the
distortion function v as described above. Then:

o The following relations hold for the renormalized Ricci coefficients:

H,, = €' (Hab — C—1Yab), (2.22)

p
Z! = eV By(Zy + ty*Vpv - Hye — Vyv), (2.23)
Hiy = B_i[Hy +2tVapv + (€ — 1+ 57'e*'C_1)yap]
+2mss ™ B[ — 1) — s Coi(1 4+ B-)lyay
+ B[22y UV, uVv - yap — 2t (1 — 35~ H V0 V0]
+ B_1s~ 2y 0(Vav - Hap — 2Va0 - Hpg — 2Vp0 - Hag)
—2B_1s (Vv - Zp 4+ Vv - Zy). (2.24)

o The following relations hold for the renormalized curvature coefficients:

Al = ByAap, (2.25)
B! = e B3(B, + 1y Vv - Age), (2.26)
R =e¢'B3R + 2me V(e — 1 —s71Cy)

+ e By (y®? — ieP)Vu 2By + 1YV, - Apy), (2.27)
B, =e¢ BB, + e Bis 1[3V,v - (Re R — 2m) 4+ *V,v - Im R]

+ e 2Bis 22 Vpuly P (4V,v - B — Ve - By) + 2€P*V,v - B
+ e Bis 23y V0V 02V, - Age — Vou - Agag). (2.28)

19" Intuitively, the By’s will remain uniformly close to 1, while the C’s will remain uniformly
small; for specifics, see the remark after Proposition 2.8.
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Suppose V' is a t'-horizontal tensor field. Then

Vo e =VaV sV Vi, V-,
!
- Silt)/c‘l Z(V“iv “Hgq — Vgv - Hau,-)“l",;lgl.u]
i=1
1
1 Z(V“iv ’ \Il;l&”” - yCdvdv " Yau, \Ij;léiul)’ (2.29)
i=1

where V' on the right-hand side refers to the induced t-horizontal field.

Proof. See Appendix A.2. O

In particular, we examine these formulas on the initial sphere Sy = S|).

Corollary 2.3. Consider the renormalized t- and t'-foliations of N, related via the dis-
tortion function v, as described above. Then, on Sy = S(/).'

wp =€ Hap + (¢” — DYap, (2.30)

Z; =Zs+ Vv, (2.31)

Hyy = e "Hy + (1= 2ms)(1 = e~")yap, (2.32)

V(' H') = "V, (tr H) + e"Vav - tr H + 2¢"V,v, (2.33)

M' =M — Av. (2.34)

Proof. See Appendix A.2. O

2.3. Norms

We now describe the norms we will use throughout the paper. Fix first a spherical cut
¥ C N and a Riemannian metric # on . Given a tensor field F on X, we define the
following geometric norms for (X, h):

Given any 1 < ¢ < oo, we let ”F”L)q(():,h) denote the usual Lebesgue L?-norm of F
over X, with respect to /.

In a few instances, we will need to refer to the geometric (fractional) Sobolev and
Besov norms used in [1, 18]. In particular, we let

2 2, 2 2
1 Wz = 20 2 NP I 5 gy + 1P<0F 725 1
k>0

IF By = Y 2 IPFll2imm + 1 P<0F ll 25 1y
k>0

where the Py’s and P_g are geometric Littlewood—Paley operators on S;, based on
spectral decompositions of the Laplacian. For precise definitions and discussion of
these operators, see [1, Sect. 2.2] or [18, Sect. 2.3].20

20 Alternatively, one could also utilize the geometric Littlewood—Paley operators of [9], based
instead on the geometric tensorial heat flow.
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Remark. For various technical reasons, the above geometric Sobolev and Besov norms
were essential to the results of [1, 18]. Here, though, we will only require, in a few in-
stances, some isolated facts regarding these norms. These primarily include certain prod-
uct and elliptic estimates found in [18].

Remark. For ¥ = §;, unless otherwise stated, the norms will by default be with re-
spect to the renormalized metric y, that is, || F|| L4(s,) = I F|| LSy Similarly, given a

change of foliations as in Section 2.2, ¥ = §,, our conventions dictate that || F | Lis,) =
X t/

a1,

Next, we consider analogous iterated norms over all of N:

o Given a horizontal tensor field ¥ on NV, along with 1 < p, ¢ < oo, we let
Il pa = 1WlLpag,),  IWILer = 1Vl

be the iterated Lebesgue norms over V. In general, the subscript “x” indicates integrals
with respect to the spheres (S;, 1), while “t” refers to integration over the parameter ¢,
relative to the measure dt. In an Lﬁ ’Xq-norm, one takes first the LZ-norms on the S;’s
and then the L”-norm in ¢. For an LZ:{’ -norm, one integrates first in # and then over the
spheres.?!

o In a few instances, we will need to consider iterated integrals over only a part of A/

Given spherical cuts ¥ and ¥’ of NV, we let
[l - ||Lf;(‘1(2,2/) =|- ||Lf;1(2,2/,y)7 Il - ||L3:l1’(2’2/) =1 ||L)‘{:Il’(2,2/,y)

denote the aforementioned L; - and LY/ -norms, but only over the region of A that
lies between X and X'. Similarly, we define

I llzracs sy =1 Mepas sy 1 lere sy =1 Ierss )

representing norms over the region of N that lies above X.
e We will also require the iterated Besov norms

10 gpo = Wil o, = ; 1PVl p2 + IP<0W o,

where 1 < p < oo, and where the P;’s and P are the Littlewood—Paley operators on
the S;’s. In particular, for any ¢ we have

v < W] poo.0-
Wligocs,) = |l ||BM_,0

Again, this norm was used more extensively in [1, 18].

21 For more explicit formulas, see [1, Sect. 3.3], as well as [18].
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Remark. Given a change of foliations as in Section 2.2, by our conventions, the iterated
Lebesgue norms with respect to the new foliation are denoted

Wl = 1Wlzpa e, IWILen =1L,

Finally, we recall that given two norms on vector spaces X and Y, we can define a corre-
sponding “intersection” norm on X N Y by

[Allxny = [Allx + 1 Ally.
For example, we will consider norms of the form L;f’f N Li”fo in this paper.
2.4. Control of the null geometry

It is useful to recall at this point the parts of the main theorem in [1] which are relevant to
this work. For this purpose, we state the following abridged version of [1, Thm. 5.1]:

Theorem 2.4. Fix 0 < mg < 1/2, and assume the following on N' = Uo<r<1 St

o The area of (So, yo) is 4.
o The following curvature flux bounds hold on N :

ANl 22 + 1Bl 22 + IRl 22 + Bl 22 < T, (2.35)
o The following initial value bounds hold on Sy:

lltr H | Loo(sp) + ||H”H3/2(So) i

1 H 1 gocsyy + IV (tr H) Ml gocsy) + 1M1 gosy) < T-

T2l g2 =

(2.36)

Then, for sufficiently small ' < 1, depending on the geometry of (So, o),

e H oo+ IH N o2npsoe + 120 w2 00 ST
IViH | 22 + [IVH 22 + Vi Z]| 22 + IVZ] 22 ST,
1x Ix 1x 1x (237)
IV:V(tr )|l 21 + IViM || 20 + IViHIl 22 ST
X1 Xt 1,x

”V(tr H)”Li’,?cmeo,i’o + ”M”Li’_?cﬁB;oj’o + ”ﬂ||L§’?OﬂB$0 S F’
where the constants of the inequalities depend on the geometry of (So, yo).>> Also,

1K = U, S e Hll2gs,) + (1= 0T (2.38)

22 See [1, Thm. 5.1] for the precise dependence on the geometry of (Sy, ¥)-
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One important consequence of Theorem 2.4 is that, under these assumptions, certain reg-
ularity properties of the geometry of the initial sphere (Sp, yp) are propagated to all the
(Ss, yt)’s.23 Here, we briefly describe some of these properties, and we summarize their
most important consequences.

Fix a coordinate system on Sy, and consider the induced transported coordinates on
the S;’s. In these coordinates, we can make the following observations:

e For a component y,;, of y in these coordinates, its rate of change with respect to ¢ is
precisely 0;Yap = 2Hgp (see Section 2.1 or [1, Sect. 4.4]). Since H remains small by
(2.37), the metrics y; vary little with respect to ¢, and hence the y,;’s are uniformly
bounded.

e Similarly, letting 9.y, denote a coordinate derivative of y,p, one can show that 9,9, y,»
is controlled by V H, along with less dangerous lower-order terms. Since VH is con-
trolled in L?f , it follows that the Christoffel symbols associated with transported co-
ordinates are uniformly controlled in L)zc.

e A similar analysis (see, e.g., [18, Proposition 4.5]) yields analogous control for the
volume forms ¢; associated with the y;’s.

By standard methods, we can use the above estimates to derive the following:

Corollary 2.5. Let &g, : S; — So be the transport map defined in Section 2.1. Under the
assumptions of Theorem 2.4, if F is a tensor field on S;, then

IF a5, = 195 (Pl a5, 1 <4 <oe. (2.39)
In particular, if |S;| is the area of (S, y;), then
|S;| ~ 4m. (2.40)

In other words, for Lebesgue norms, the choice of metric with respect to which we take
these norms is unimportant. For additional details, see [1, 8, 18].

2.4.1. Limits at infinity. In addition to uniform control of the connection coefficients
on N, one can also show via Theorem 2.4 that limits of these same quantities exist at
infinity. First, we must make precise what such limits mean, as we are comparing tensor
fields on different spheres with different geometries. We say that a family of smooth
spherical cuts ¥ € N, y € [0, 1), is going to infinity if

lim inf t(w) =1.

y/' 1 wexy
Definition 2.6. Consider a family A”, y € [0, 1), of tensor fields over a corresponding
family of spherical cuts ¥ going to infinity, as well as a tensor field A' over S;. We say
that the A’s converge in L% to A if?*

. % YN ¥ 1 p —
}hfml D5y (A7) 51 (AN L9 (50,700 = O-

2 In [1, 18], this phenomenon was made precise via the (r0), (rl), and (r2) conditions.

24 The choice of the initial metric o 1S extraneous, as one obtains an equivalent definition if yy is
replaced by another Riemannian metric on Sy.
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We can now adapt the discussion following Theorem 2.4 to show that y; has a limit
ast /' 1. Due to the L;’f’f-bound for H and the observation that H captures the variation
of y; in the z-direction, it follows that the y;’s are Cauchy in LY as ¢ /' 1. By a similar
argument with VH, we can see that the first (coordinate) derivatives of y are Cauchy
in LJZC ast / 1. As aresult, we conclude that the y;’s converge to a limiting metric y1,
both “in L and in H!”.

By similar arguments, one obtains limits for H, Z, H, and M. These follow from the
integral bounds for V; H, V,Z, V, H, and V; M in (2.37).

Corollary 2.7. Under the assumptions of Theorem 2.4, tr H; converges in LS° to a func-
tion on Sy. Furthermore, the quantities H;, Z;, H,, V(tr H;) and M; converge in L% to
tensor fields on S|.

For further details and proofs regarding limits at infinity, see [1, Cor. 5.2].

2.5. Small changes of foliations

‘We now connect Theorem 2.4 to the notions introduced in Section 2.2. Assume that we
have, as usual, two (renormalized) foliations of A/,

N=JG.mw= U v,

0<r<l 0<t'<1

where the latter foliation is obtained from the former via the distortion function v. Sup-
pose we are in the setting of Theorem 2.4, so that the geometry of A/ in the ¢-foliation
is uniformly controlled. If v is similarly small, then the geometry in the new #’-foliation
should be similarly controlled. The goal here is to make this statement precise through a
number of estimates.

For instance, the following proposition states that for small enough v, Theorem 2.4
also applies directly to the #'-foliation of \V.

Proposition 2.8. In the setting of Theorem 2.4, consider a change of foliation corre-
sponding to the distortion function v. Assume moreover that

1920l e 200 + 1Vl 50 + 0l ST (2.41)

If T is sufficiently small, then all the conclusions of Theorem 2.4 also hold with respect
to the t'-foliation, that is, in the y’'-t'-covariant system. In particular,
I B oo U oty 12 sty ST

x.t!
”Vt/’H/”LZ’Z + ||V/H/||L2,2 + ||V;,Z/||Lz,2 + ||V/Z/||L2,2 <T,
t x ' x t x t x
' ' ' ' (2.42)
v, V' (1’ H/)”Li:/ + ||V;/M/||L§,;/ + ||V,//H/||L[2;i ST

~
t/x

/ / / / /
<
19/ )l 2ox e + 1M 2o+ Nl 200 e ST

Furthermore, if K' denotes the Gauss curvatures of the (S,,, y,)’s, then

I =Wy, S0 H s,y + (1= 1T (2.43)
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Proof. See Appendix B.2. O

Remark. Let k be an integer satisfying |k| < 3, and suppose |v| is sufficiently small
everywhere on A. Then we have the trivial bounds

K1 =1 <l (2.44)
In particular, this implies bounds for the coefficients By and Ci defined in (2.18):
Br~1, |Ck| S vl (2.45)
We will use these observations repeatedly in various upcoming estimates.

Next, recall that any #’-horizontal field ¥’ induces a corresponding ¢-horizontal field,
also denoted W', via the projection (2.7). Thus, we can make sense of measuring ¥’
with respect to the 7-foliation by taking a y-f-norm of the 7-horizontal induced field. In
particular, we can consider y-t-norms of H', Z', B', V'Z', etc.

Assuming (2.41) for the moment, we observe the following:

e By the identity (2.21), along with (2.44) and (2.45), we see that corresponding hori-
zontal frames in the ¢- and #'-foliations are comparable.?

e Asaresult, the L}~ and Lf,:z-norms (i.e., with respect to the ¢- and #'-foliations) of
the corresponding horizontal fields are comparable. The same observation holds for the
Lzz,p- and Lzzf,-norms.

These observations link Proposition 2.8 to the subsequent proposition, which estimates

the usual ¢’-horizontal quantities (H’, A’, etc.) in terms of the z-foliation. Such estimates

will be especially useful throughout Section 3.

Proposition 2.9. Assume that the hypotheses of Theorem 2.4 hold, and consider a change
of foliation corresponding to the distortion function v. Assume in addition that (2.41)
holds with T sufficiently small. If we consider H', Z', A’, B', V'H', VZ’,Z/ as t-horizontal
fields, then we have the following bounds:

o’ H'll oo+ 1H Wl ez paee + 1271 on e+ IH N 20 ST
IV 22+ IV H 22 4 1V 2 22 + 192 22 + IV H 22 ST 246)
!/ / / /
1A 22+ 1Bl 22 + IRl 22 + 1Bl 22 S T
Proof. See Appendix B.2. O
Propositions 2.8 and 2.9 will be proved simultaneously in Appendix B.2.

2.6. Strategy of the proof

We close this section with an outline of the proof of the main result of this paper, The-
orem 1.1. In particular, we relate parts of Theorem 1.1 to the renormalized settings dis-
cussed in this section.

25 More specifically, a y’-orthonormal frame corresponds to a y -orthogonal frame that is “almost”
orthonormal. The same observation also holds in the reverse direction.
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The first observation is that the hypotheses of Theorem 1.1 are equivalent to those
of Theorem 2.4. This is a consequence of the transformation from the physical to the
renormalized setting (see Section 2.1), as well as its inverse. Thus, one can replace the
assumptions of Theorem 1.1 with those of Theorem 2.4. For more details on relating
physical and renormalized versions of estimates, see [1, Sect. 5].

From here, the proof of Theorem 1.1 consists of two main components.

2.6.1. Construction of asymptotically flat spheres. The first component is to construct
a family of spheres ©¥ C N, y € [0, 1), going to infinity as y 1, for which the
area-normalized induced metrics become asymptotically round. (Later, we will control
on these X”’s the physically relevant quantities, i.e., those related to the Bondi energy
and the rate of energy loss.) The X”’s are defined as level spheres of a corresponding
family of geodesic foliations of A/, as described in Section 2.2. In addition, we establish
estimates for the distortion functions v” associated with these refoliations, which will be
essential later to demonstrate the convergence of various physically relevant quantities.

As we will be dealing with objects in the v”-foliation of N for various y € [0, 1), in
the remainder of the paper we will adopt the following convention. Objects defined in the
vY-foliation of V, either in the physical or the renormalized setting, will be denoted with
a superscript y. Objects without superscript y will be understood to be with respect to the
original foliation of AV. For example, the finite parameter corresponding to the change of
foliation given by v¥ is denoted 7.2

The results of this first component of the proof of Theorem 1.1 are summarized in the
subsequent lemma, which will be proved in Section 4.

Lemma 2.10. Assume that the hypotheses of Theorem 2.4 hold with T sufficiently small.
There is a 1-parameter family of (smooth) distortion functions v>, y € [0, 1), such that
if s is the new affine parameter defined via (2.6), then considering the renormalized
t?-foliation relative to s”, the following conclusions hold:

e Foreachy € [0, 1), let ¥¥ = Syy, i.e., the level sphere t¥ =y, and let h¥ = )/yy denote
the restriction of y” to X7. Then the spheres (X7, h”) become asymptotically round,
in the sense that

25y gy = 0, (2.47)

lim Area(Z”, hY) = 4m, lim |KY — 1]
v/l v/l H
where KY denotes the Gauss curvature of (37, h”).
e In the original 7-foliation, the v ’s satisfy the following uniform bounds:

IV V20| 22 + [V VO | w2 ST,
1,x x,t

- , , - (2.48)

V207 | oo 20 + 1V w0 + 07l o ST

26 1n general, superscripts in the notation will refer to a specific choice of a refoliation of N (e.g.,
H?” is a renormalized Ricci coefficient in the vY-foliation), while subscripts will refer to restriction
to a level sphere (e.g. H; is the restriction of HY to ¥ = 7).
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e Fix arbitrary exponents 1 < p <2 and?2 < g < oo. Then, in the original z-foliation,
the v¥’s have the following convergence properties:

lim_ [IV, V202 = 0", p2 + [V, V(@02 = 0|, 421 =0,
.2 /1 Lyt Lyy

2,y ' , (2.49)
lim [IVZ(@? —v")[lpoe + V(@72 =0l oo +[[072 =07 [ o] = 0.
1 ’)’2/1 X, x,t t,x
e [In addition, the following convergence property holds:
; 200Y2 i —
y]’lgn/’1 V(v v )||L§1‘,’°(E«"1,SI) =0. (2.50)

Returning to the condition (1.16) in Theorem 1.1, we must consider the physical metric
on X7, i.e., the level set s¥ = (1 — y)~!. Letting ¢y be the induced metric on X, and
ryy its area radius, the first part of (2.47) implies that

Area(X”, ysv) B rsy

lim =4x, lim — =1. (2.51)
y/1 (s7)2 y/1 sy

Moreover, since
ret-ysy = D45 h, rky K, pen) = k(07 K(EY, R,
it follows from (2.47) and (2.51) that

li Z(EY, psy) — 1], - 1.
yl/mlllrz.( ysy) IIHxl/z

(Zy,rg%-?zy) -

This proves the asymptotic roundness property of (1.16).

2.6.2. Convergence of physical quantities. It remains to show that the physically relevant
quantities—namely, M”, Z¥, and HY on ¥Y—converge at infinity; this is the second
main component of the proof of Theorem 1.1. The basic ideas are simple, as they are
analogous to establishing limits at infinity in a single foliation of A/ as a consequence of
Theorem 2.4 (see Section 2.4 and [1, Cor. 5.2] for details). In practice, though, the process
is complicated by the fact that we are now comparing objects from different foliations
of N.?7

The results of this part of the proof of Theorem 1.1 are summarized in the subsequent
lemma, which will be proved in Section 3.

Lemma 2.11. Let the v¥’s and £7’s, y € [0, 1), be from Lemma 2.10.%8 As before, con-
sider the s” - and ¥ -foliations of N with respect to the v>’s. Then:

o The renormalized mass aspect functions M?, restricted to (X°, h”), converge in L )1( to
alimit MY as y 7 1, in the sense of Definition 2.6. Moreover,%®

||¢§1 (MI)HL}C(SO) ST (2.52)

27 Again, much of the technical difficulty arises from the need to work with a 1-parameter family
of changes of foliations. See the discussion in Section 1.3 for details.

28 TIn fact, we only require a family of vY’s satisfying (2.48)—(2.50); the asymptotic roundness
property (2.47) plays no role in the proof of Lemma 2.11.

29 Recall that & s;» defined in Section 2.4, is the transport map along the null generators of N
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e The renormalized torsions Z° and conjugate null second fundamental forms H”, re-
stricted to (XY, hY), converge in L% to limits Z! andﬁl, respectively, as'y /' 1, in the
sense of Definition 2.6. Furthermore,

195, (ZDl2esy ST, 195, (Hllz2sy ST (2.53)

The conclusions (2.52) and (2.53) can be connected to (1.17)—(1.18) by inverting the
renormalization process. First of all, by letting ¢xy and @” denote the volume forms
associated with yxy and h”, respectively, we obtain

ryy
(=) = ms| < [ — | dt
sv| 8w 4rrs,y
"2
ryy , ryy (S))
=/ M’ ms — 5—ms do’.
sy | 8msY 4 sy Arrs,

Recall that by (2.39) and Proposition 2.8, integrals with respect to #¥ and yy differ very
little. Thus, combining the above with (2.51) and (2.52) results in (1.17).

Finally, the second limit in (2.51) implies that the limits of the Z”’s and H”’s along
the X7’s coincide with the quantities Z and E at S| from (1.5) and (1.7). Thus, (1.18) and
(1.19) follow immediately from (2.53).

This completes the proof of Theorem 1.1.

3. Convergence estimates

This section is dedicated to the proof of Lemma 2.11, the second main component in
the proof of Theorem 1.1. We show that given a family v”, y € [0, 1), of distortion
functions, corresponding to changes of foliations, satisfying the properties (2.48)—(2.50),
the physically relevant quantities—M?Y and H"”, restricted to XY = S)y, —converge in the
appropriate norms as y ' 1. As mentioned before, these limits are related to the Bondi
energy and the rate of mass loss.

3.1. Difference estimates

Assume now that the hypotheses of Lemma 2.11 hold. The main analytical tools we will
need in proving Lemma 2.11 are the following:

e Estimates for connection and curvature quantities in the #”-foliations, uniform in y and
in terms of the original foliation.

e Cauchy estimates for the differences between corresponding connection and curvature
quantities in two different refoliations of \V.

Note that the first class of estimates are consequences of Proposition 2.9. The upcom-
ing development hence focuses on the remaining difference estimates. The techniques
involved are analogous to those in the proof of Proposition 2.9, the main difference being
that we must compare two refoliations of A simultaneously.
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Before stating and proving the main estimates, let us first clarify the meaning of the
aforementioned differences. Fix y{, y» € [0, 1), and consider tensor fields W>! and W2,
horizontal with respect to the - and r”2-foliations, respectively. From the develop-
ment in Section 2.2, we can, using (2.7), consider both W' and W2 as t-horizontal
tensor fields. With this identification, we can make sense of the difference W>2 — WY1 as
a t-horizontal field. One important example will be the difference H”? — H”! between
corresponding H’s in two refoliations.

With the above conventions in mind, we state our main Cauchy estimates:

Lemma 3.1. The following Cauchy properties hold:>°

fim 172 = (1] o0 = 0,

yi.y2,/'1
hm Y2 N 00,00 €y2_6}’1 00,00 :O,
yl,yzfl[“y Yo lipeece + I [l (3.1
im [l = ()l oo + 1712 — (6711|000 ] = 0.
yi.y2,/'1 b o

In the above, (y~1)? and (¢=1)? refer to the contravariant metric duals of y* and €?,
respectively. Furthermore, givenany 1 < p <2 and?2 < q < 0o, we have

; 2 _ gy 2 _ 7 _

i L = O g e 127 = 2 3020 = O
lim Y — V| pos =0,

yi,3./1 xt (3.2)

li A2 — AN BY2 — BN RY2 — RN =0, ’
Jim Iz +1 2 +1 2]
lim [”V}’ZH}’Z —_ VI HN ”L”’2 + ”V,szyz —_ynzn ”L”’2] =0.
Y2/ Xt X
Also, recalling that ¥° = S; we have the refined limit
; Y2 _ g _
y|,1;12n/'1 |2 H ||L)2(:?o(2y1 S 0. (3.3)

Remark. All the estimates in Lemma 3.1 are in terms of the ¢-foliation.

Remark. Note that if y; and y; are sufficiently close to 1, so that [v¥2 — v?1] is small,
then for any integer k with |k| < 3, we have

|V — KV < Y2 — ), (3.4)
Moreover, if B and C] denote the coefficients in (2.18), with v replaced by v, then
IBZ =B S 2=, 162 =G S o2 =o)L (3.5

We will use these observations repeatedly throughout the proof of Lemma 3.1.

30 Recall that ety represents the volume form associated with yty .
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For convenience, we will also adopt in the proof of Lemma 3.1 the abbreviations
W =Y Pl VW = V22 — It
For example, by these conventions,

OH = H? —HY', Vov=Vu? -V, 0oVZ=V"222_Vviz",

3.1.1. Proof of Lemma 3.1. Throughout, we can assume that both y; and y, are suffi-
ciently close to 1. The key is to use the change of foliation formulas of Appendix A.2,
along with (2.37) and the limits (2.48)—(2.50).

Recalling (2.20) and applying (2.48), (2.49), (3.4), and (3.5), we estimate

lim |0f]|;000 < lim  ||Ov] ;0000 = 0.
1,521 Lix ~ oy 1 Lix

Similarly, for the metric, we can use (2.21) to write
Db — Db = f1 Vabe  @PDP = = [y,

where fi and f_ are scalar functions on A satisfying | fi| < [ov] and | f—1| < [ov]. As
a result, the limits for 9y and 9y ~! follow. As the estimates for the volume forms are
analogous, this completes the proof of (3.1).

The proof for (3.2) is similar. First, we expand Z>! and Z>?’s using (2.23), and we
note that the only difference between these expansions is the presence of v’! and v”2.
Thus, each term in the expansion of 9Z must be a product of the following:

o A difference of v: either dv or Vov.
e A quantity in the original foliation, i.e., either Z or H.
e Instances of v and v”2, not appearing as a difference.

These isolated instances of v¥’s can be controlled using (2.48). To be more specific, a
more careful look at (2.23), along with Holder’s inequality, yields

<
IOZ1 42200 S 100l IZ1 3 e + (V00N g+ 00N 25e0)

(VO g e+ 100l o) N 2t

where 2 < g’ < oo is sufficiently large. Recalling (2.37) and (2.49) results in the limit
for 9Z in (3.2). The limit for 0 H is proved similarly using (2.22), but is easier.
For 0H, we apply (2.24) and (2.48) to obtain, with ¢’ as before,

IH | roe S I0vll o |H 1 200 + (19200 e + VO], g+ 00 50)

s s X, X, Xt X
UVl g 1005 ) N2 e+ 1H ] 3o0).

The curvature coefficients can be bounded similarly. For example, by (2.26),

< ’
Bl p2 S 0Vl Bl 22 + (IIVDUIILz’t,oo + vl Al 22
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Analogous bounds can be derived for A and R. Applying (2.37) and (2.49) in the same
manner as before, we obtain the desired limits for H, A, B, and R.

It remains to establish the limits for 9V H and 0V Z; we prove the latter here, as the
former is similar but easier. By (2.29), for sufficiently large 2 < ¢’ < oo,

19VZl,p2 £ IVOZI gz + IV 5o IVZI 2 + V00N g IV 221 22
V1 50.00
+ IV (1 + I1H ) RZ 1 220
Yy
FIVOUl g (4 I o) 122 e

From (2.37), (2.46), and (2.48), we see that the last two terms on the right-hand side tend
to zero as y1, y2 /' 1. As aresult, we need only prove that

lim [||VDZ||Lp,z + ||V,DZ||L,,,2] =0, ||V,Zy2||Lz,z <T. 3.6)
yi,n2./'1 x,t X1 I

For this, we again expand 0Z using (2.23), and we apply V and V; to the result.
Applying Holder’s inequality and (2.48) to eliminate isolated vYi’s, we have

IVOZIlp2 S IR0l IV Z1 22 + (190N g0 + RV )1 Z1] 2
+ (VU] oo + IOV ) IVH 22
+ (IV200ll 2 + VU] oo + RV 5 ) | H 22
HIVZ00l o + VOV g + RV 22,

IVRZIlp2 S 100l Vi Z 22+ (V0] oo + VI e IV H 22
+ (VYU v + IOVl ) [ H

FIViVo[l g2 + [[0v] poee.
X, i

Applying (2.37) and (2.49) to the above proves the limit in (3.6). The remaining bound for
V,Z? follows from a similar estimate to the above for V;0Z. This completes the proof
of (3.6), and hence (3.2).

Finally, for (3.3), we proceed as in the estimate for 9 H in (3.2):

2
IOHN 2 5o 5y % N0z (1 IH N 20) + (VP00 200 gy, + 1900 )

+ (Vo] g0 + 1OV o) ANZI 400 + H I 2.00).
X, o X, X,

The only difference is that we restricted the norms to the region above ¥”!. Although the
second term on the right-hand side can no longer be controlled using (2.49), because of
the restriction to the shrinking region, this term will still go to zero as y1, y» /' 1 due
to (2.50). Thus, we have established (3.3), and hence Lemma 3.1.
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3.2. The Bondi energy

We are now ready to establish the limit (2.52) involving the Hawking masses. This is the
most difficult limit, since we lack a tidy formula for how M transforms under changes of
foliations.3! To work around this, we observe that a tidy transformation formula for M
does exist at Sy: see (2.34).

As usual, let M; denote the restriction of M” to ¥ = Sj. Recalling Definition 2.6,
to show that the M3 s converge in L., it suffices to prove

lim Ly =0, LM=/ |d>§y2(Myy§)— *Eyl(M)’f,‘)ldeo. 3.7
yy2,/1 So

To convert (3.7) into estimates that we have, we resort to the following lemma:
Lemma 3.2. The following estimate holds:

Y2 y y2
Ly S, ”Vt)'z M — Vt)'ll M ”Lzlrl + ”v,)'z M?*? ”Ll&; (Z91,292)
5 72 x

+ IM2 — M 2t (s0)- (3.8)
Proof. See Appendix B.3. O

Since the ¥”’s go to infinity, by Proposition 2.8 we have
: Y2 Aqyv2
lim ||V, M ”Lrl)é.x( 0.

» ¥ Ry —
IRV 222

Moreover, in view of (2.34) and (2.49),

lim || M2 — M|, — lim Ay — vl —0.
/1 LS = 5 v2 = Uy IILL(S))

Suppose in addition that

lim [V, M”? — V) M

oy 11 =0. (3.9)
yi.y2/'1

[ L
From this, we obtain (3.7), hence the M;Y ’s have a limit in L}C as y / 1. Since Theo-
rem 2.4 applies to every vY-foliation of A/ thanks to Proposition 2.8, the estimate (2.52)
follows.3? As a result, it remains to establish (3.9).

3.2.1. Proofof (3.9). The strategy is to work with the evolution equation below for M,
given in [1, Proposition 4.2] and valid for any ¢”-foliation:

31 Although such a formula can be derived, it is easier to proceed without it.

32 Recall that norms with respect to different (renormalized) metrics and different foliations of N/
remain comparable due to the discussions in Sections 2.4 and 2.5.
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VMY = =3t H))(M” +2ms) — 2(1 — ) (y")** 2, B},
+ 20 ) Hae V) 2y = 2(1 = ) ) () Hae 2, 2
+20)*ZIV, () HY) + 31 — ) HY +2123Z))
— 1PN HY =201 = 2ms /)1 Hac Hy,. (3.10)
Recalling the definition (2.4) and suppressing constant factors and all instances of y”, 57,
and ¥, we can rewrite (3.10) schematically as
VtyyMy =HY . R"+27Y.BY+HY . VYZY+27Y . VYHY + HY . 7Y .Z
+HY-H-H +27°.Z°+H  -H +H. (3.11)

For convenience, as in Section 3.1, we adopt the abbreviation33
' N
OViM = VM — VI M

As before, similar conventions will hold for other quantities, e.g., 0H and 0V Z. We ex-
pand 0V, M as the difference between the right-hand sides of (3.11) with y = y, and
y = y1. Each term of this expansion will contain a factor that is a difference, e.g., 0, 0H,
0V Z. These differences can be controlled using Lemma 3.1. The remaining factors can
be controlled using Proposition 2.9.

For brevity, we adopt the following additional schematic notations:

e The symbol ¥’ will refer to any one of W1 or W>2. For example, we will apply this
with W being Z, B, VH, etc.

e We use the symbol A to denote any one of H or Z.

e We use the symbol R to denote any one of B and R.

With this in mind, the expansion of 9V; M using (3.11) yields

19 Ml 11 S IA @R 11+ IQAR 11 + A QYA

I Lh!

+IQAVAY 11 + QA 11+ | QAH A1

+ 1OAHA A, 11 + ||(0./4).A/||L1,1 + ||D.A/||L1,1 + L, (3.12)

1,x 1,x tx

I,
I,

where £ arises from terms involving either 9¢ or 9 ~! (and hence no differences involving
the Ricci or the curvature coefficients). More specifically,

L= (el g0 + 0y~ o) - £
L= ||A/R/||L],I + ”A/(VA)/”LI,I + IILI/.A/A/IILH
1,x t,x t,x
+ ||A/./4/.A/||L|,1 + ||A/A/||L1‘1 + “‘A/”Ll‘l‘
t,x t,x 1,x
Using Holder’s inequality, Proposition 2.9, and (3.1), we obtain

lim £=0.
yi.y2 /1

33 Recall the conventions from Section 2.2 for identifying fields from different foliations of V.
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As the estimates for these terms are straightforward and are easier than the remaining
terms, we leave the details to the reader.

The other terms in (3.12) are controlled similarly, using Proposition 2.9 and Lem-
ma 3.1. For instance, for the first two terms on the right-hand side of (3.12),

11m/ ||A/(DR)||L11 < 11m/ A oc2||0R|| 4/32]=0,

Y1,)2
lim QAR 11 S lim [[PA], 2[R
Y2 /1 Xy 1 Xt

o

||L[2,<3] =0.

~

The third and fourth terms are bounded analogously. For the next two terms we have

hm ||(DH)A’A/ 11< 11m LioH| 4/3oo||A/||2w2]—0

Iy

Yoyt
hm ||(D.A)H A 1 5 llm (RAN 200 1 H |l 2.oo||A/|| ocz] =0.
Y12 Lix ~yimm L Les Ly

The remaining three terms are easier and can be controlled in a similar manner. This
completes the proof of (3.9).

3.3. Rate of mass loss

Here, we complete the proof of Lemma 2.11 by establishing (2.53). As usual, let Zzl’
and H i; refer to the restrictions of Z and HY, respectively, to ¥ . By Definition 2.6,
we must show

lim Lz = lm |95, (233) — @50 (Z3)17 deg = 0,
’ (3.13)
,dm Ly = lim | |c1>m (HY) — % (H3DI deg = 0.

This is similar to the process in Section 3.2, though it is easier due to (2.23) and (2.24).
Because of these formulas, we can simplify the work by comparing Z”! and Z”2 on "
rather than on Sp. A similar argument holds for the H”’s as well.

For this, we use the following analogue of Lemma 3.2:

Lemma 3.3. The following estimates hold:

< |\|\zZY2 _ 712 y2
LZ ~ ”Z Z ”LZ,;C(E” s + ”V Z ” 21 (2” 2‘2)
22 22
+ || H”?|| L2 (201, ):Vz)”Z Il 21 (501 50y
< | I 2 (3.14)
Ly < IH r ||L§fo@,, s>+”V H W21 5 o)
y HY
FIH s gy ) 2020 s gy

Proof. See Appendix B.3. O
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By (3.2) and (3.3),

lim [22 — Z| 2,

Jim + | H” — H”
1,)2

ZOO(E)’I’SI) ”L,%:?O(Eyl,sl)] = 0

Furthermore, since the X7’s are going to infinity, the remaining terms on the right-hand
side of (3.14) will also converge to zero as yi,y2» 1, by Proposition 2.8. Com-
bining these observations results in (3.13). Finally, since Theorem 2.4 applies to every
v -foliation of NV by Proposition 2.8, the estimates (2.53) follow.

4. Construction of the distortion functions

In this section, we prove Lemma 2.10, that is, we construct the family of distortion func-
tions v” used to generate the family of asymptotically round spheres. This is the first main
component of the proof of Theorem 1.1.

4.1. Main ideas

The construction of these v”’s is a delicate exercise due to the low regularity of the met-
rics y;. While it is not too difficult to obtain solutions v” satisfying (2.47) (we shall see
this amounts essentially to solving the uniformization equation, albeit with a rough back-
ground metric), it is far more delicate to solve it in a way that guarantees the properties
(2.48)—(2.50). These estimates are indispensable in guaranteeing that the curvature fluxes
on N with respect to the new s -foliations are still bounded and small, and that the rele-
vant physical quantities on the resulting asymptotically round spheres (X7, h”) converge
asy /1.

Heuristically, the requirement associated with (2.47) is an elliptic equation over the
limiting sphere (S1, y1). To see this, suppose we are given a distortion function v, and with
it the corresponding #'-foliation of A/. The key observation is one of the (renormalized)
structure equations found in [1, Prop. 4.2]. More specifically, the renormalized Gauss
equation, applied to the ¢’-foliation, gives

K'—1=-1t'H +5 1"V, z, —s7'M + 157" (1 - 2ms/s" o' H'
— W H ' H 4.1)
By collecting the terms that are asymptotically vanishing, we can write (4.1) as
K'=1-3uH +(1-1)¢,

where the “error terms” £’ are uniformly small in the appropriate norms due to Theo-
rem 2.4. In particular, in the (weak) limit 7 7 1, on S| we have

/ 1.7 g/
’C 1= 1-— b tr ﬂ 1
Note that the obstacle preventing K’ from converging to 1 at infinity is the presence

of tr' H'; if this can be eliminated, then the St/,’s will become asymptotically round. We
will see that, using (2.24), we can write

' H =t H +2Av+ 2™ — 1)+ (1 — )&,
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where &, is uniformly small in appropriate norms. Since we wish for the left-hand side to
vanish, in the limit ¢ ' 1 the equation we must solve is

Ayv+e? =1-LwH,, 4.2)
where A, is the Laplacian with respect to the limiting metric y; (in the z-foliation).

Remark. Note that (4.2) is analogous to the differential equation arising in the uni-
formization theorem, where one seeks a conformal transformation y; > e?Vy; to obtain
a round metric on the limiting sphere S;. That the change of foliation induces a conformal
transformation of the (renormalized) metric at infinity can be seen directly from (2.21);
see also the discussion in the introduction.

Nonetheless, the metric y; at infinity is not regular enough to attack (4.2) directly. Also,
one may prefer families of smooth spheres converging to infinity. For these reasons, we
instead obtain this v in (4.2) indirectly as a limit of smooth distortion functions v”, for
y € [0, 1), by solving approximations of (4.2) on N.

4.1.1. Proof outline. 1Itis important to emphasize that for each v, the distortion function
v is constructed by solving an approximating elliptic equation on the sphere (Sy, yy), in
the t-foliation. The precise result is stated below:

Lemma 4.1. There is a family of distortion functions v¥, y € [0, 1), such that:

o For a fixed y, this v” satisfies on (Sy, yy) the equation
AV +eMe? =1 - LuH+1-0E, 4.3)
where u and E are smooth functions on N satisfying>*

lullizeeesy S (1 =0T, [[Ell g0 ST (4.4)

o The vY’s satisfy the properties (2.48)—(2.50).
Proof. See Section 4.2. o

We now show that the conclusions of Lemma 4.1 imply the conclusions of Lemma 2.10.
For each v”, we consider the change of geodesic foliation associated with v”, in partic-
ular the renormalized ¢ -foliation of . If we let (X7, h”) be the level sphere (Syy , yyy ),
Proposition 2.8 and the bounds (2.48) for v imply

W = o2 oy SN0 H gy + (1= 3T

Thus, to prove the second limit in (2.47), we need only show that

lim |t HY v pyy = 0. 4.5
lim te” H {2 sy pyy (4.5)

34 The role of u here is to absorb the low regularity of the metrics y; see Section 4.2.
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Now, we look at the transformation law (2.24) for H” and H, and we separate all
the terms on the right-hand side which vanish as ¢+ 7 1. Since B_; = 1 + s~1C_; and
t=1—s"1(2.24) can be expressed in the form

HY\ = Hy, +2Vapv” + (e* = Dyap + Vv’ Vav” - yap
— 2V, 0 Vv + 57 €.
Moreover, from (2.37) and (2.48), we can estimate ||6_'||Lz,oo <T.
X,
Taking a trace of the above identity and recalling (2.21) yields
' H = e ?Bytr H = A+s7 '€, (4.6)
where 2( and & satisfy

~

A=tr H+2A0° +2(* = 1), [|€] 20 ST
x,t
As a result,

Y Yy i -1
”tr ﬂ ”L%():y,hy) S ”Q[”Li,oo(z),h)) + PlEnEf;-VS (P) : F

Since the X”’s go to infinity, the last term on the right-hand side vanishes as y ' 1.
Consequently, to prove (4.5), it remains to show

lim |2l 2,5y pvy = O. 4.7
0 L2(ZY,hY)

The key observation behind proving (4.7) is the equation (4.3) satisfied by v on §,.
To take advantage of this, we first move our estimate to Sy:35

IR0y S 1 L2 s,y + Ve (e EDIL 2.

2y
1(8,.5) + ||V, V7v? ||L§11

1(Sy, 2N’
By (2.37) and (2.48), the last two terms vanish as y ' 1. Furthermore, by (4.3),
A =2(1—1)E + 2 (1 — ™)

on Sy. Since u converges uniformly to O as ¢ /' 1 by (4.4),

||91||L§(Sy) Sad- y)||E||L§(Sy) + 11— 32u||Loo(Sy) =0

as y /' 1. Thus, we have established (4.5), and the second limit in (2.47) follows.
Finally, letting ” denote the volume form associated with 2”, we have

Area(S”, 1Y) =/ Kde — [ (0 = de® =47 — | (K = 1)do’.
Xy >y oy

The second limit in (2.47) implies that the last term on the right-hand side vanishes as
y /' 1. This yields the first limit in (2.47) and proves Lemma 2.10.

35 Here, we implicitly use the fact that integral norms in the ¢- and ¢”-foliations are comparable.
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4.2. Proof of Lemma 4.1

The proof of Lemma 4.1, i.e., the formal construction of the v”’s, can be divided into a
three-step process. The first two steps essentially amount to preliminary smoothings of the
metrics y;, while the last step involves carefully chosen uniformizations of the smoothed
metrics.

The goal of the first two steps is to reduce matters to solving (4.3) over a metric with
L -bounds on its Gauss curvature. This is accomplished by two conformal transforma-
tions which absorb the lower regularity terms in (4.1). The first conformal transforma-
tion, which comes from [18], smooths the Gauss curvature from H /2 to B%.3¢ The
second step adapts an idea from [2] to further smooth the curvature to L°. Finally, at the
third step, we proceed with a uniformization, adapting an argument of Christodoulou and
Klainerman [5].

In the end, the v?’s are obtained via a composition of only the last two steps. In
particular, the impact of the first (and also least regular) smoothing vanishes at infinity
and can be discarded.?” The remainder of the proof of Lemma 4.1 is dedicated to deriving
estimates and convergence properties for the v”’s. In particular, we obtain L°°-bounds for
the Vuv?’s, which are essential for the main result.

4.2.1. Step 1: the initial smoothing. The first technical issue that one faces is the irreg-
ularity of the y;’s; in particular, the Gauss curvatures of the ¥,’s lie only in H~1/238
Thus, in this first step, we apply a conformal smoothing of the y;’s in order to obtain a
new family y;, whose Gauss curvatures K, are uniformly bounded in L?. This was the
same process that was employed in [18, Sect. 6] in order to derive elliptic estimates for
various symmetric Hodge operators in Besov norms. That this is possible rests on the ob-
servation that the least smooth term on the right-hand side of (4.1) is an exact divergence:
(1 —1)yv,7,.
As in [18, Sect. 6.4], we define the function u# on N satisfying, for every T € [0, 1),

Auy = 571y, (Zo)h, /S uy de, = 0, 438)

where €; denotes the volume form associated with y;. In other words, u, is the unique
mean-free function solving the above Poisson equation on (S, y;). Define next a new
family of metrics y; = ezufyr on the S;’s. Then, from standard formulas, the Gauss
curvatures l@r of the (S;, yr)’s are given by

e MK —Au)y=e [l -t H+1-0E]

K
1 1 4.9)
E=-M+1i[1-2ms( —0)]uH - luHuH.

36 Having BY instead of L2 is important, as it ultimately results in LZ°°-bounds for Vv?.
37 This is due to the factor s~! in front of div Z in 4.1).
38 This causes a substantial number of issues, e.g., for elliptic estimates (see [8, 18, 19, 20]).
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To control u, we apply elliptic estimates on the Poisson equation (4.8), along with
existing bounds for Z.3° Using a variant of [18, Prop. 6.10], we obtain*"

lullzgecsy + I Vullas,) S (=0T (4.10)
Moreover, [18, Prop. 6.10] implies
I = lzaes,) < IK = e N2, + lle™ = 12,y ST
We also note that by (2.37) and the definition of E in (4.9),4
IIEIIBg;.o + IIEllLi,_?o <ST. 4.1D
In particular, the above choices of u and E satisfy (4.4).

Remark. We note that the conformal factors u; do not have the smoothness required
of the desired v?’s and hence will not be built into the v¥’s. Their purpose is to absorb
the term of least regularity in /C, thus producing a more regular metric, from which we
can construct the desired v”’s. Note in particular that as r 7 1, the K,’s converge to
Ki=Ki=1-3uwH at$ in L2

4.2.2. Step 2: further smoothing. In the next step, we generate the first part of the v”’s.
To accomplish this task, we apply yet another conformal transformation, directly inspired
by Bieri, [2]. Its purpose is to reduce matters to solving an analogue of (4.3), but with the
right-hand side lying in L{° rather than in L)%. Throughout, we let V and A be the Levi-
Civita connection and Laplacian relative to y, and we let |Sy| be the area of Sy, relative
to the metric y,. Moreover, given a smooth function f on S, we let A, (f) denote its
yy-average:
ah =187 [ e
)

Next, we solve (uniquely) on (Sy, yy) the Poisson equation

Av] = e* Ky — Ay (e?K,y), / vy dey = 0. (4.12)
Sy

y

Recalling the value of C, we can expand the equation as

v 1
Av] = =2l Hy = Ay(r H)1+ (1= IEy = Ay(Ey)].

39 While such estimates are immediate for regular background metrics, they are very delicate for
the rough metrics under consideration here. In particular, we resort to estimates in [18].

40 More specifically, we apply the proof of [18, Eq. (6.18)] individually to each S; and take ad-
vantage of the factor s~! = 1 — ¢ in front of the divergence of Z.

41 To control the term tr H - tr H in Besov norms, we use [18, Thm. 3.6], along with (2.37).
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Applying (2.37) and (4.11) yields
1AV 1 gocs,) < llte Hllgogs,) + (1= MIEl gos,) ST (4.13)

Note in particular that the second derivative of vf is bounded in the Besov norm. This is
a crucial point, as it will allow us to control Vvy in LS°.

The above argument defined vf only on Sy. Next, we extend each vf to all of
by requiring it to be constant along every null generator of N; in other words, we require
\/ v'lV = 0. In order to derive the full complement of estimates for the vlv’s from (4.13), we
resort to standard elliptic, Sobolev embedding, and transport estimates. The only caveat
here is the low regularity of our setting, which forces us to apply the tools developed
in [18]. To avoid distracting from our main construction, we defer the details of these
estimates to the appendices.

Lemma 4.2. Forany y € [0, 1), the following estimates hold:

2.y 2
19920} 1122 + 1V, Vol S T2,
)y y"x v o (4.14)
1920 ll on 20 + V07 ll g5 + 0] 100 S T

Moreover, for any g € (2,00) and p =2q/(q +2) € (1, 2),

lim [V, V@)% = o]l p2 + IV V(@)? = 0]l 42] = O,
yi,.y2,/'1 1 1 Ly 1 1 Ly,

lim (V202 = o]l re + V@ =01l e + 072 = 0] o] =0, (4.15)
y1,y2/'1 x,t Xt X

i VR =0l ) =0
Proof. See Appendix B.5. O
Finally, defining the metric
Py = e Vy
on Sy, we find that its curvature IC} satisfies
Ky =e (K, — Av)) = e e 2 A, (€2 Ky). (4.16)

Iﬁy is uniformly bounded, independently of y, since by (4.10) and (4.14),

. Yn
1Ky = Hlzeoes,) S e W) — 1l peocs,) + 1Ay (tr ) | oos,) + Ay (Bl eo(s,)
<T. (4.17)

4.2.3. Step 3: uniformization of the smoothed metrics. Now that the metrics have been
smoothed so as to have L%°-curvature, we can proceed to the third and final step of the
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proof of Lemma 4.1: we construct functions v; solving
Agv) 4 €2 = 72010 4 (2R = K, (4.18)

on Sy, where A, denotes the Laplacian with respect to the metric 7, on Sy. In other
words, we solve the uniformization problem on (Sy, V).

While the uniformization problem itself is classical, in our current situation we must
also ensure that these v;’s are uniformly small (that is, controlled by I') and converge
appropriately as y ' 1. The difficulties behind these additional constraints arise from the
lack of uniqueness of solutions of (4.18) due to the conformal group on the sphere. For
this task, we resort to the subsequent abstract lemma:

Lemma 4.3. Let h be a Riemannian metric on S* whose Gauss curvature satisfies
1Ch = Tlgeen) S T (4.19)
If T is sufficiently small, then there exists a smooth function v : S* — R with

ol ooy ST (4.20)

such that h = €*h is the round metric with Gauss curvature identically equal to 1.
Furthermore, v can be chosen to depend continuously on the pair (h, Kp).

Proof. See Appendix C. O

Applying Lemma 4.3 to each (S}, 7y), ¥ € [0, 1), we obtain functions v% on Sy, satisfying
(4.18) as well as the following estimate:

I llzeees,y ST, vy €0, D). 421

Just as for the vy’s, we extend the v,’s to N via the condition V,v; =0.

Since the y,’s converge as t ' 1 (see Section 2.4), since the vly’s convergeas 'y ' 1
by (4.15), and since u converges to zero at infinity by (4.10), it follows that yy, restricted
to Sy, also converges (uniformly) as y 1. Furthermore, from (4.16), along with Corol-
lary 2.7, (4.10), and (4.15), we see that Iéy, again restricted to Sy, converges uniformly as
y /' 1. Consequently, by the continuous dependence statement in Lemma 4.3, the v;’s
must also converge as y 1. In other words, as functions defined on all of NV, the Vs
have the Cauchy property

lim  [[v? — v)'||; =0 = 0. (4.22)
Y1,¥2,/700 I 2 ”L’“”
Finally, rewriting (4.18) as
Avg _ 62(u+vly)Av%' _ 82(u+vf')(;€ _ 8205)’ (4.23)

and applying (4.21), (4.22), and the usual elliptic, embedding, and transport estimates (at
low regularities, via [18]), we derive the full set of bounds for the v;’s. The proof, given
in Appendix B.6, is analogous to that for the v'f’s.
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Lemma 4.4. Forany y € [0, 1), the following estimates hold:

NAREH 22 + 1V V0l 2 S re,
5y 4.24)
IV203 | oo 200 + V3l e + 103l o0 S T
Moreover, for any g € (2,00) and p =2q/(q +2) € (1, 2),
2 Y1 —
ylljvgn/ IV V2 (03" = vy )Ilez + ViV — vy )”LZf] =0,
i [IV2@3 = 03Dl e+ IV 32 = 0300 + 1032 = 03l ] = 0, (4.25)
yy2,/1 by
2 Vi , -
ol V20" =Dl e gy ) = O
Proof. See Appendix B.6. O

4.2.4. The distortion functions v”. Finally, we complete the proof of Lemma 4.1 by
combining the three steps described above. Defining our desired distortion functions by
v’ = vy 4 v3, we see on (Sy, yy) that

AvY + ¥ = Avly + et (Av; + 62v§')
_ ,@y _ e72uv4y(82ul€y) +620{[672(U{+M)Ay(62u16y)]
= 3_2”(1 — %trﬂ +s_1E),
where we have also noted that A = e~ A. Consequently,
AV + ™ =M (A + ) =1 - LuH+ (1 -0E,

which proves (4.3). Furthermore, combining Lemmas 4.2 and 4.4 immediately yields
(2.48), (2.49), and (2.50), completing the proof of Lemma 4.1.

Appendix A. Changes of foliations

In this appendix, we prove the change of foliations formulas from Section 2.2.

A.1. Proof of Proposition 2.1

First of all, we observe that the conjugate null vector fields L’ and L, for the s’- and
s-foliations, respectively, satisfy

L' =e¢ 'L+ (s—D*%e YoV L+2(s — e gradv, (A.1)

where grad v is the y-gradient of v, i.e., grad® v = y??¥,v. To see this, one can directly
compute that the right-hand side L’ of (A.1) satisfies

g(L/’ L/) = 07 g(éla L/) = _2’ g(é/v X/) = 0
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Furthermore, for convenience, we define the coefficients
Lo=(s—DYVv, M=(s—1)p"YVpv,
which show up in the formulas (2.7) and (A.1). Also, we let e, and ¢/, denote the frame

elements in the s- and s’-foliations corresponding to the index a.

A.1.1. Ricci coefficients. For (2.9), we have, by the definitions of x and x/,
Xop = 8&(Der L', €,) = g(Deyyr,1.(e"L), ep + LyL) = g(De,(e"L), ep) = € xap.

where we have used the fact that L is normal to . For (2.10), we do similar computa-
tions:

L= %g(DeﬂJrEaL(e”L), e 'L+e "ML +2(s — e " gradv)
= 38(De,L, L) + %%v gL, L)+ (s—1)-g(D,L, gradv)
=Ca+ (s = DY"Vov+ Xae — Yav.
The process for x’ " and X 1s similar, but longer:
X, = 8(Deyrr,n(e”"L), e+ LyL) + g(Deyy (e " ML), e + Ly L)

+28(Deytr,Ll(s — e grad v], e + Ly L)
=hL+Db+ 1.

The simplest term to handle is /I:
I = g(De,(e7"ML), ep) = e (s = D*PVuVqv - xab.
Next, for 11, we expand
Iy =g(D.,(e""L),ep) + Ly -g(DL(e" L), ep) + Ly - g(D,,(e""L), L)
+LiLy-g(Dp(e”"L), L)
= e_”le —2e Ly by +2e7 Ly Vv —2e Lty
= e_”le +2(s — De VY Vpv —2(s — De P(Vav - &p + Ypv - &o).
Finally, for I3,
I=2(s—1)-g(De,(e " gradv), ep) +2e "Ly - g(DL[(s — 1) grad v], ep)
+2(s — 1)Lp - g(De,(e7" gradv), L) + 2(s — )¢ "Ly Ly - (D grad v, L)
=-2(s — e "YuYpv +2(s — De " - g(D,, grad v, ep) + 2 "L,V pv
+2(s—De "Ly - g(Dp grad v, ep) + 2(s — De "Ly - g(De, grad v, L)
=-2(5 = De 'YV, u¥pv+2(s — De " Ypv +2e L, Vpv
+2(s — De Ly - Vi Vpv —2(s — e "Ly Y v - Xaas
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where we have used the fact that ¥, and Y are the projections of the corresponding
spacetime covariant derivatives onto the S;’s. Since v is s-independent, (2.1) yields

YiVov =7 xpcVav,
and it follows that
I=2(s = De " Vapv — 2(s — e PV ev(Vav - xod + VbV * Xad)-
Combining Iy, I, and I3 yields (2.11).
A.1.2. Curvature coefficients. Next, we establish (2.12)—(2.16), which involve the curva-
ture components. For (2.12), we have
oy, = e?' - R(L,eq+ LyL, Lep + LpL) = e* - R(L, eq, L, ep) = e agp.
Similarly, for 8" and 8, we compute
B, =3e" R(L,L+ ML +2(s—1)gadv, L, e, + L4L)
=3¢’ R(L,L,L,es)+ (s — e’ - R(L, gtad v, L, e,),

from which (2.13) follows. Moreover, (2.14) is a consequence of the identities
p' = 3IR(L,L+2(s—1)gmdv, L, L+2(s — 1) grad v)

= L—I‘R(L, L .L.L)+(s—1)-R(L,L,L,gadv)+ (s —1)>- R(L, grad v, L, grad v).

Next, let {e1, ez} be a positively oriented orthonormal frame on the S;’s. Then

o =3R(L,L L L)=—5R(1. e L, L),

by the definition of the Hodge dual; an analogous identity holds for ¢’. Therefore,
o' =—1R(ey+LiL,es + LoL, L, L+ ML +2(s — 1) grad v)

=—3R(e1,e2, L, L) — SR(L, L1es — Lre1, L, L) — (s — 1) - R(ey, e2, L, grad v)

—(—1)-R(L,Lies — Lrey, L, grtad v)
=Lh+L+5L+ 14

First, I; is simply o. Recalling the definition of £,, we have
L=—(— D¢ Yav By, Is=—(s = D¢"P'VoVpv - aca.
For I3, we expand and use Ric = 0:
Ii=(s—1)Yv-R(es e, L,e;) — (s —1)Yov- R(er,e2, L, e2)
=3(s—DYv-R(es, L,L,L) — 3(s = )Vov - R(e1, L, L, L)
= —(s = D¢ Yav - By

Combining all the above results in (2.15).
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Finally, for é’ and B, we expand once again:

B, = Te™" R(L,L,L+ ML +2(s — 1) gradv, e,)
+31e™Ly-R(L,L, L+ ML +2(s — 1) gradv, L)
+ (s —1De V- R(gr,ad v,L,L+ ML +2(s — 1) grad v, ea)
+ (s —1De "L, - R(gr,ad v, L, L+ ML +2(s — 1) grad v, L)
=N+ DL+ 3+ .
We can then expand J; as
Ji=3¢" R(L,L, L e))+3e "M R(L,L,L,e,)
+ (s —1e V- R(L, L, gradv, e;)
= 67“& — (s = D2 YV uYev - Bo+2(s — De *Vav - 0.

Similar computations yield

Ja=2(s — e Yav - p+2(s — 1)2e "V 0¥ pv - Be,
Jos =2(s — )2 VPPV 0V pv - Be + 2(s — 13U pPpceY uVpuYev - age.

Finally, for the remaining term J3, we decompose
Ji=(—1e " - R(gtadv, L, L,e,) + (s — 1)e "M - R(gtadv, L, L, e,)
+2(s — D27V R(gtad v, L, grad v, e,)
= J31 + Jx + J33.
The simplest term is J32:

Jo = —(s — D2 VPPV oV oV v - au.

Let e, denote the frame element which is not ¢, (i.e., e, = e if e, = e;, and vice
versa). With this notation, we can expand J31 and J33 as
J31=—(s—1De "VYav-R(L, 4, L, eq) — (s — e "Yauv - R(L, €as, L, €4)
=—3(6 = De™"Vqv- R(L, L, L. L) = 5(s = e ™"V auv - R(L, L, €ax, €a)
=6 —De 'Yv-p—(s—De "*V,v-o0,
J33=2(s = )’¢ "V ¥av - R(ea, L, €ax, €q)
+2(s = D27V 00V uuv - R(€as, L, €ax, €a)
=2(s = D’ Va0 Vav - Buw — 20s = D’ Vart Vauv - a
=2(s = D’ """ Vu¥pv - Be.

Finally, combining all the above, we obtain (2.16).
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A.1.3. Covariant derivatives. It remains to prove the formula (2.17) for changes of co-
variant derivatives. For this, we work in coordinates transported from the initial sphere
S = 8§, as described in Sections 2.1 and 2.2.

Let J'¢, and [/ denote the Christoffel symbols for y and y’, with respect to these
coordinates. Since the coordinate vector fields are related via (2.7), we have

Ty = 5@, + O baa — 0uvis)
=7+ 56 = Dy (Yav - Lyap + Yov - L¥ia — Yav - Lap)
=TS+ (s — DP(Vav - xap + Yov - Xda — Yav - Xab)s

since £, = 2. As a result,
I
! .
Y7a‘"p1/4]...ul = aé\plfll...ul - ZF;Lui an/ué,-ul
i=1
1
= aaqu/tl-‘-ul + (= DYVav- ’gs‘p;u-w B erlu;w;léiu/
i=1

— (s = DYV av - Xduy + Y,V - Xda — Vav - Xau;)®.

uiCiup’

where the notation u1¢;u; is defined as in (2.1). Recalling the definitions of ¥ and Y
yields (2.17), as desired.

A.2. Proofs of Proposition 2.2 and Corollary 2.3
First of all, since
H=y-s"y. H =y -5,
(2.22) follows from (2.8), (2.9), and (2.19). Similarly, for (2.23), we use (2.10):42
7, =5'¢) = e VsBils T Zy 4+ (s — 1)s 2 y" Vv - Hye — s71V,0].
This immediately implies (2.23). Next, since
H=s"y+s2U=s""ms)y, H =5y +520~5""ms)p',

(2.24) follows from (2.8), (2.11), and (2.19).
Continuing with the curvature components, by (2.12) and (2.19), we have

A, = s’za;b = e s’ Bre* agp,
from which (2.25) follows. Similarly, by (2.13) and (2.19),
B, = s Bs[e" Bu + s (s — Dy " Vv - gl

and (2.26) follows. Finally, the identities (2.27) and (2.28) are consequences of analogous
computations using (2.14)—(2.16).

42 Note that Y and V act identically on scalar functions.
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For (2.29), we again consider Christoffel symbols with respect to corresponding trans-
ported coordinates. Let I';, and '/, denote these Christoffel symbols, with respect to y
and y’, respectively. Since y is a rescaling of y by a constant factor on each S;, I'¢, is
equal to the corresponding Christoffel symbol J'C, with respect to y. By similar reasoning,
I’ =T, as well, hence

T/ =TC +s (s — Dy (Vov - Hap + Vv - Hag — Vav - Hap)
+ 57 s = 1)(Vav - 85 + Vv - 8 — yIV0 - yap),

where we have used the relation between J, and 'S, within the proof of (2.17). Thus,

Up...uj up...uj au; *uyéiug

l
Vo, =00 =y T
i=1
1
=W,y + 5 s = DVav- LW, = > TG, W
i=1

l
- 5_2(5 - l)VCd Z(Vav : Hdu,- + Vu,'v - Hyq — Vgv - Hau;)\p/

uyCiug
i=1

!
+s s =1 Z(Vuiv : \p;léfw —y“Vav- Yau; \I/I;léiul)
i=1

+Is (s = DV,v - W/

up...up’

where we have also applied (2.7). Recalling the definitions of V and V; yields (2.29).

A.2.1. Initial values. Finally, to prove Corollary 2.3, we assume now that ¢ = 0. Then the
identities (2.30)—(2.32) follow immediately from (2.22)—(2.24). Moreover, (2.33) follows
from (2.30), since o = ¥}, and hence V' and V behave identically on Sy = S|). Since
Proposition 2.2 also implies that when r = 0,

R'=R, H,=¢Hy H,=cVH, y“V 2z =y"V,2Z,+ Av,

combining this with the definition (2.4) yields (2.34).

Appendix B. Some proofs of estimates

In this appendix, we prove some estimates needed in the proof of Theorem 1.1 which are
more technical, in the sense that they require more machinery from [1, 18].

B.1. Additional definitions and results

For a few estimates, we will require one more addition to the general formalism described
in Section 2.1; for simplicity, we deal exclusively with the renormalized setting. As in
[1, 18], for a fixed 79 € [0, 1), we define f;O\IJ to be the definite covariant (t-)integral
from S, i.e., the (unique) horizontal tensor field W which vanishes on §;, and satisfies
VS io\ll =WV,
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We will also require some additional norms, used throughout [1]. All definitions will
be with respect to a renormalized system (N, ).

e Define the Nt{;-norm on horizontal tensor fields to be the first-order Sobolev norm
on N, along with a measure of “initial data™:

N e = Vel 22 + IV 22+ W22 + 12 ) -

e The N%-norm is defined

190, = inf(I Py | Vi = W),

and measures the smallest N,/ -norm of any covariant r-antiderivative of W.
e Finally, the “sum” norm, Nto} + Bz ’)9, measures the “smallest” way in which a horizon-

tal tensor field can be decomposed into a sum of N, tO} and BZ ’XO:
P inf{l[Willyo, + W2l 20 [ W1 + W = W}

For detailed discussions behind these norms, see [1, Sect. 3.3].

These decomposition norms enter our analysis via the main theorem of [1]. Indeed,
there are some additional estimates in [1, Thm. 5.1] featuring these decomposition norms,
which were omitted from Theorem 2.4:

Proposition B.1. Assume that the hypotheses of Theorem 2.4 hold. Then, in addition to
(2.37) and (2.38), we have the following estimates:

IV H g 4 520 + IV Zl e 20 + 1VeH | yor 20 ST (B.1)
Proof. See [1, Thm. 5.1]. ]

The inequality (B.1), in particular that for V H, will be useful in the context of the fol-
lowing integrated product estimate from [1, Cor. 3.10] (see [18] for details).

Proposition B.2. Assume that the hypotheses of Theorem 2.4 hold. Then

17(® & Wl oo S 1Pl yon , 20l Wl g1 2 (B.2)

B.2. Proof of Propositions 2.8 and 2.9

We begin with the last inequality in (2.46). Considering A’, B/, R’, B’ as t-horizontal
tensor fields (see Section 2.2), we must bound the right-hand sides of (2.25)—(2.28) in
the Ltzf -norm. This is a direct application of (2.37), (2.41), and Holder’s inequality. For
example,

IIB’IILtz‘X2 SIBl 22 + 1Al 22 ST

where we have applied (2.26). Note that we have used (2.41) and the smallness of " in
order to uniformly bound various instances of v and Vv within (2.26). The remaining
coefficients A’, R’, B’ can be controlled similarly.
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Recalling (2.41) and taking into account the discussions in Section 2.5 following
Proposition 2.8, we see that iterated Lebesgue norms with respect to the ¢- and ¢'-foli-
ations of N (applied to corresponding horizontal fields) are comparable. Thus, from the
t-foliation estimates on A’, B’, R’, and B’, we conclude

IIA/IILf;i(y,) + IIB/IILtz;i(y,) + IIR/IILf;i(y,) + ”E”L%(V’) ST
In other words, (2.35) also holds in the ¢’-foliation.

Next, we show that (2.36) also remains true in the ¢’-foliation. The keys are to note that
¥, and yp are identical, and to use the formulas in Proposition 2.3 to express H', Z', H',
and M' on S = Sy in terms of the ¢-foliation. First, by (2.30), along with (2.36) and
(2.41), we can estimate

It H/”/L};O(s(),y(;) St Hlzge(so.00) + 1€ = Lo so) ST
Furthermore, by (2.41), along with the product estimates of [18, Cor. 3.7],

L 1 y S lleHly, + lle” — 1]l

2 1/2 1/2
(80.% (S0, 70) HY*(So,v0)

v
S W 51172 5,y 1€ = Ml s -

Since the H )} -norm, defined in Section 2.3, is equivalent to the standard norm,*3

IE N se) = IV Elz2¢s0) + I1E N 22(55)

(2.36) and (2.41) imply that

H' r.
IE1l 12

/ / <
(Spr) ™

By similar estimates using (2.31)—(2.34), we derive

”Z/”H.ﬁ/z(%) S IZI i, T I1Vlgisy ST
||ﬂ/||3)9(36) S ||€_UH||BQ(SO) +lle7" — Waisy ST
IV (" H) | gocsyy S IV (tr HDllgocsy) + 1t Hll gocsyy + IVl a5y ST
||M/||ng(s(’)) S M gocsy) + 1AV g5y S T

where we have used (2.36), (2.41), [18, Cor. 3.7], and the observation that the B)?—norm is
bounded by the HXl -norm (see [18, Prop. 2.2]). The preceding estimates imply that (2.36)
indeed holds true with respect to the ¢'-foliation.

Thus, with " sufficiently small, we see that the hypotheses, and hence the conclu-
sions, of Theorem 2.4 hold with respect to the ¢'-foliation. This completes the proof of
Proposition 2.8. Appealing once again to the comparability of Lebesgue norms in the
t- and t'-foliations yields (2.46), which proves Proposition 2.9.

43 See [18, Sect. 2.3].
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B.3. Proof of Lemmas 3.2 and 3.3

We proceed as in [1, Sect. 5.2]. While the basic ideas are simple, some extra care must
be taken to state them correctly. Fix an arbitrary bounded vector field X on Sy, and define
the following:

e Extend X to a t-horizontal vector field X on N by equivariant transport, that is, via
the condition £,X = 0.4

e Similarly, for each y € [0, 1), we extend X as a ¢ -horizontal vector field XY on N’ by
means of the analogous condition £,y XY = 0.

Observe in addition that, for the same reasons as for corresponding transported coordinate
vector fields, X” and X are related via (2.7).

B.3.1. Proof of (3.14). For the first inequality in (3.14), it suffices to show
7= [ 193 (Z33) = D5 (ZIDIX) P deg
So
= | 195n[Z3 (0] = P [Z3 CGDII deo

So
is controlled by the right-hand side of this inequality (with constant also depending on X).
As we are comparing the ZY’s on different spheres X7’s, the first step is to pull Z>2
from 72 to £Y1. Consider points P; € £ which lie on a common null generator of .
Since £y, X2 = 0, it follows that*

Z2(X) | p, = Z2(X) |y — [y (£ Z2) (X )] p,.

Moreover, since the X”’s and X are related via (2.7), it follows that
22X = 22 (XM ps

where on the right-hand side, we treat Z”2 as a #*1-horizontal field.
Thus, combining the above and keeping in mind the comparability of all the renor-
malized metrics involved (see the discussion in Section 2.5), we obtain

) S /S (@5 [ = ZDOGDIP deo + 18027 21 gy gy =1 +
0 x,t

where Z gzyl denotes the restriction of Z72 to X1, treated as a ¢! -horizontal vector field.

Again, due to the comparability of all the renormalized metrics,

L <1z —zn2 . <|z¥_zn? .
N [P o isns,

4 In particular, note that <I>’§I (X;) = X for any 7.

45 Although the integral on the right-hand side is, technically, a covariant integral as defined in
Appendix B.1, since we are dealing with scalar quantities, this coincides with the usual integral.
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Furthermore, from the definition of V,», and by Holder’s inequality, we can estimate

2 7y22 y212 V112
I 5 ||V,,sz ||L2.1 +I1H ||Loct,§2(zy1’2y2)||z ||L2,1V2(2y1,2y2)-
) )

Xt

1y (EV1,572)

x,t

This proves the first inequality in (3.14). The remaining bound in (3.14) is similarly
proved by contracting the H”’s with two equivariantly transported vector fields.

B.3.2. Proof of (3.8). In this case, one has an additional convenience: since the M”’s are
scalar, we need not involve contractions with other vector fields. First, by an analogous
argument to that for Lz, we obtain

LM 5 [S |©;y1 (Mgz\l - M))llll)| dGO + ||£ty2My2”Lt1)vé (2V1,%72) = Jl + J2'
0 X

Since V,» and £,y act identically on scalar fields,

Jo = ||V M| Lh)
13

2%(2” D2y

To handle J;, we pull M2 — M7t from X1 to So. If Py € Sp and P; € X! lie on the

same null generator of NV, then as before,

Y1 y
M |p, = M py — [y V3, M py,

) Y2 ) Y
M5, = Mg, — (5> VM1,

Therefore, we can bound
N < / |M* — My deo + (V)55 MY — V2 M| L
So o

Combining the above completes the proof of (3.8).

B.4. Transport estimates

In Section 4.2, a common step is to solve for a function, say v, on a level sphere (Sy, yy)
and then to extend v to N by means of the condition V,v = 0. If v is bounded on Sy,
then v is trivially bounded on all of . However, this becomes less trivial for covariant
derivatives of v, since the connections V now depend on the metrics y;. Here, we prove
some properties stating that, in appropriate norms, this change of metric will not affect
the estimates.

Lemma B.3. Assume that the hypotheses of Theorem 2.4 hold. Let v be a smooth function
on N satisfying Vv = 0, i.e., v is constant on the null generators of N. In addition, fix
g€ 2,0, p=2q/(g+2) e (1,2],andy € [0, 1), and assume that

”VZU”Lf(Sy) + ||Vv||Lz(Sy) + ||U||Lf.°(Sy) S D (B.3)
for some constant D. Then the following estimates hold on all of N :
IV V20l p2 + IV VO 42 STD,
x,t x,t

5 (B.4)
IV20llpoo + V0l g + ol e S D.
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Proof. The L7°°-bound for v is trivial, while the LI'}°-bound for Vv follows immedi-
ately from [18, Prop. 4.12], since v is scalar. Furthermore, since

V; Vv = —y"dHaCVdv

by (2.1), we have
IVeVoll .2 S 1] o2 VO o0 STD.

The estimates for VZv are derived analogously, although we must perform the steps
manually rather than rely on [18]. First, applying (2.1) twice yields*0

ViVapv, = _VCdVa(Hbcvdvr) - VCdHacvdbvr - VCd(VhHac — VeHup)Vau,
= _yc‘d(HaCdevr + HpeVaavr) — VCd(VaHbc + VpHye — VeHyup)Vau,.
As aresult, foreacht € [0, 1) and x € S?, we can bound

V0] [(z) S 1V |(pon) + S H @ V20 () + 1S5 (VH & VU) |2,

T
§|V2v||<y,x>+f |H| V0] |70y dT'| +
]

T
f IVH| Vo] ) dT'|.
y

Taking a supremum over t and then an L?-norm over x (and applying (2.37)) yields
IV20llpee S IVZVlLpes,) + 1H st V20l poe + IV HI 20 V0 o0
S D+T[ V2] pee +TD.
Since I is small, we obtain the desired estimate for V2v. Finally, we can bound
2 2
1V: V20l 2 S NHI 2 IVl oo + IVHI 22 Vol g0 S TD.
This completes the proof of (B.4). O

Remark. One also can prove variants of Lemma B.3, applying over only a portion of \.
In particular, given any spherical cut ¥ of A/, by following through most of the proof of
Lemma B.3, one obtains the estimate

2 2 2
V=0l pees, sz S IVVILees,) + IHI o (5 5y V7Vl cs, 5y

+ ”VH”L%}(S“E)”VUHLZ’IOO(S‘,E) (BS)
Note that one can also take ¥ = Sy in (B.5).

We also require the following variant of Lemma B.3.

46 Recall that the second fundamental form k in the renormalized setting is precisely H.
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Lemma B.4. Assume that the hypotheses of Theorem 2.4 hold. Let v be a smooth function
on N satisfying Vv = 0. Fix y € [0, 1), and assume that

IIVZUIIBQ(S),) + IVullLees,) + lvlizecs,) < D (B.6)
for some constant D. Then the following estimates hold on all of N :
1920l s 20 + IVl 00 + [0l 5 S D. (B.7)

Proof. By Lemma B.3, the only estimate left to prove is the B,‘f’c’o—bound for V2v. The
first step is to obtain a Besov estimate for VZv at Sp:*

V20l g0cse) < 1V20lB0cs,) + 116V V20l goco
S D+ ISoH ® V20) | goo + I/o(VH & V)| pooo.
Applying the integrated product estimate from [1, Thm. 5.2] with (2.37) yields*?
176 (H ® V20)ll gooo S (IVH 22 + 1H I e2) V0] 20 S TIVZ0] oo
Next, applying (B.1) and (B.2), we obtain
1fo(VH ® Vol goeo S IV HIlyor , 20l V0l y1i 002
STV Vol 22 + IIVZUIILth T IVUll 22+ 1Vl iz g0
Applying Lemma B.3 yields
IS(VH ® V)l oo S DAV, Vol 2 + V70l 200 + [Vl ) S TD.
Combining the above, we find that
IV20llgo(sp) S D+ LIVl oo
We can now go from Sy to any S;. By a similar process,
V20l g0 S IV20lgocsy) + 16 (H ® V20l goeo + /5 (VH ® V)l pooo

< D+ TV g0 + T'D.
1,x

Recalling that I' is very small completes the proof of (B.7). O

47 One hidden step in the estimate below is the equivalence of the Bg-norms on the various S;’s.
This can be shown using special ¢-parallel frames; see [18, Prop. 5.2 and Sect. 3.5].
43 Alternatively, one can use (B.2) to arrive at the same result.
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B.5. Proof of Lemma 4.2

To control the full second derivative of v{ , we appeal to the Hodge estimates of [18].
More specifically, consider the Hodge operator

Di§ = y*V, &, — i€V, &,

defined on horizontal 1-forms.*’ In particular, since D;Vv; = Av7, applying the Hodge
estimates of [18, Sect. 6.2] results in the bound

V201 225,y + 1V07 22¢s,) S 1807 iags,) ST
Furthermore, by Poincaré’s inequality,°
||U1y||L§(5y) S ”va”L}r(Sy) ST
Similar elliptic estimates hold for Besov norms; by [18, Thm. 6.11], we have>!
V207 pocs,y S 1AV s,y ST

Combining this with the L°°-embeddings in [18, Prop. 2.7, Thm. 6.11] yields

IVzvivIIBg(sy) + IVV] llLsecs,) + 10y llzecs,) ST (B.8)

To extend (B.8) to all of N, we must deal with the changing geometries of the y,’s.
For this, we take advantage of the transport equation V,vly = 0 and apply Lemmas B.3
and B.4 to v]. This yields the estimates in (4.14).

B.5.1. Proof of (4.15). For any x € S?, we have

t
A(Uly2 - U%l)|(}‘1,X) = AU%2|(}‘2,X) - AU]yl l(y1.x) _/ V,Av%z dt
Vi (y2,%)
= _%[trﬂkyz,x) —trH|y, 0]+ %[Ayz (trH) — Ayl (tr H)]

+ (1 = »2)El(3,6) — Ay (E)]

— (1= yEl ) — Ay, (E)] f

V1

y

2
VtAvi2|(f,x)d‘L'
=+ L+ L+ 14+ 5y,

where we recalled (4.12). The next step is to take the L% -norm over x (while recalling
that all such norms over the (S;, y;)’s are equivalent).

49 See [1, Sect. 2.1] or [18, Sect. 2.1] for details; see also [5, 8].

50 This is, in fact, a special case of the Hodge estimates in [18, Prop. 6.5], with operator DT. See
the remark following [18, Prop. 6.5] for further details.

Sl By the usual manipulations described in [18] (i.e., considering a foliation with an equivariantly
transported horizontal metric), [18, Thm. 6.11] is also applicable to single spheres.
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For I, since tr H has an Li-limit at Sy, it follows that
lim 111> = 0.
Yy /1 Js?

The same holds for I, for similar reasons, along with the fact that the areas of the S;’s
converge to a limit as # /' 1. The terms /3 and 14 are easier, since by (4.11),

lim / (B2 + L% < lim [1—min(y, y)PIEN? 0 = 0.
yi.2,/'1 Js2 yi,y2,/'1 Ly
Finally, for I5, we apply (4.14):
lim 157 < lim |V, V20?2, =0
yi,y2 /1 Js2 yi,y2,/'1 Lx.t(S)'l’S.Vz)

As a result, we have shown that

lim [[A@? =) =0.
Mmll (v; 12,

Furthermore, by elliptic estimates (see [18, Sect. 6.2]),

dim V207 = o)l + 1V 0 = o), )1 = 0.

Since v)" and v?? are mean-free on (S, , yy,) and (Sy,, ¥y, ), respectively, it follows that
1 1 yi» Yn y2r Vy2 p y
W= A Ay 0

has zero mean on (Sy,, ¥y, ). Thus, by the Poincaré inequality (see the remark immediately
after [18, Prop. 6.5]),

lim (v — v 2 < lim V@2 = i)l 2.

Ry R A DR TRy e
: Y. Y.

+ lim_[lA,, (v]*) — Ay, D) 2.

Y.y /1 *

The last term on the right-hand side vanishes, since the areas of the S;’s converge as
t /' 1. By standard Sobolev estimates (see [18, Prop. 2.7]), we obtain

Jim, l[nvz(vi'z = v)lc2s,) T IV = v)la s, ) + 11077 = v llgees, )] = 0.
V1,Y2 - J )

Applying (B.4) with p = 2q /(g + 2) < 2 yields the first two limits in (4.15).
For the final limit, we first expand:

20,52 V1 ! < 20,52 V1 '
v (v1 V1 )”L?C?O(S}‘ll’sl) ~ v (Ul v )”Li:too(syl,ss‘,ll)

20,2 V1
+ ”V (vl vl )||L)2(:,°°(Sy1’sl)

=Ji+ Jr.
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Applying (B.5) with ¢ = oo yields

2002 N 20,02 b
RS IV = o) llaes,,) + IH s, s V2@ = 01D 20 )
+HIVHI 215 ) (V07 gz + V07 ] )
=hi1+ D2+ 23

By (2.37), J2,» can be absorbed into the left-hand side, while the preceding arguments
show that J, ;1 — 0 as y1, y» /' 1. For J2 3, we apply (2.37) and (4.14):

lim 3 < lim (1—y)'?|VH| 22T =0.
yi,y2./'1 yi,.y2 /1 1,x

The remaining term J; is controlled analogously, completing the proof of (4.15).

B.6. Proof of Lemma 4.4

Applying the L2-estimates for the Hodge operators from [18, Prop. 6.4] to (4.23) and
recalling (4.10) and (4.14), we obtain

120 N2,y + 1V 22cs,) S MK = Tlpags,) + €22 = Ulgags,) ST
Next, applying [18, Cor. 3.7], (4.10), (4.14), and the above to (4.23) yields

) . 2 y
1AV 1 gocs,) = IV @+ D Lacs,) + e+ vy gy K — €2l g,
. 20
SIK = gocs,) + 1€ = Tipocs,)-

Recalling the explicit formula (4.16) for K., we obtain

1AV pocs,) S 1K = Higcs,) + 1€ = U,
SUV@+ viv)lle(s),) + 1K = 1l zgecs,)] + (||Vv§||L;(Sy) + 1103 [l 3 (sy))
<T.

Thus, by [18, Thm. 6.11],
”V2U%}”BS(Sy) + Vo llzzecs,) S 1AV llgogs,) ST
Combining this with (4.21) yields the full set of estimates for v} on (Sy, yy):
IV203 L gocs,) + IVV3 llzsecs,) + vy lzsecs,) ST (B.9)

Applying Lemmas B.3 and B.4 to (B.9) yields (4.24).
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B.6.1. Proof of (4.25). This is similar to the proof of (4.15). First, for x € S?,

t
A(v2 - v2l)|(Y1 x) = Av?'(yzyx) - Av;l I — / VfAv%Z dt
i (2,%)

V2. . V1Y e 4 !
= [T (10 — TR (y,0)] _f ViAvy’ dt
i

(>2,%)

Y2, .2
_ [62(1)1 +U2 )|(V

2071 403!
y2.x) — € S )|()’1»X)]

2, yi Vi
_ (eZM _ 1)62(1’1 +v, )|(y2,x) + (62” _ 1)62(1). +v; )|(y1,x)

=1+ DL+ I+ 14+ 5y,

where we have applied the equation (4.23). For I, we apply (4.24),

lim LIPS lim [V, V22, =0,
yi,v2./'1 Js2 y1,y2./1 Ly (Sy;»S8y,)

while for /3, we apply (4.15) and (4.22),

lim 1517 < lim (o2 — ]! w000 + [|v3> — 03" pee) = 0.
Y, /1 Js2 i,y /1 1L 2 2 My

14 and I5 can be controlled using (4.10), (4.14), and (4.24):

lim (|14| +1I51) < lim [lullzoecs,,) + llullzoecs, 1 = 0.
1,321 yi,y2./'1 :

For 11, we expand the definitions of K and K using (4.9) and (4.16):
Il = Ay, (e2K) — Ay, (€*K)
= 1A, H) — Ay, (tr H)] + (1 = y2) Ay, (E) — (1 = y1) Ay, (E).

As discussed within Appendix B.5, each term on the right-hand side converges to 0 as
y1, y2 /' 1. Therefore, combining the above, we obtain

lim [[A@? — )25 y =0.
yi,y2,/100 2 2 LSy

Combining (4.22), L?>-Hodge estimates (see [18, Prop. 6.4]), and Sobolev embedding
estimates (see [18, Prop. 2.7]), for any 2 < g < oo we have

Jim 09203 =03 05, + V@3 = 03D sgs, ) + I3 =03 lngecs, )] = 0.
1,2

Using (B.4), we derive the first two limits in (4.25). The final estimate in (4.25) is proved
in precisely the same manner as the analogous estimate for the vy ’s
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Appendix C. Proof of Lemma 4.3

Here, we sketch one proof for the uniformization result in Lemma 4.3. For this, we adopt a
modification of the argument found in [5, Sect. 2.4]; in particular, we break the conformal
invariance for the 2-sphere by explicitly constructing our conformal factor v.5% As in [5],
the key will be to first transform 4 into the flat metric via a conformal factor that is close
to that for the stereographic projection.

Normal coordinates. Since K, is uniformly near 1 by (4.19), standard estimates (see [4])
imply the diameter D and injectivity radius R of (S, i) satisfy

m—e<D<m+e, mw—e¢<R=<m+e ¢e=T.

Thus, given a point P € S?, we can consider normal polar coordinates (Ap, @p) in an
open geodesic ball Bp of radius w — ¢ about P, so that & takes the form

h =d\% 4+ R*(Ap, op) - dg’.
Remark. In the case that / is the round metric, with IC;, = 1:

e If P corresponds to the north pole of the sphere, then (Ap, ¢p) corresponds precisely
to the spherical coordinates (6, ¢).
e If P is the south pole of the sphere, then (Ap, ¢p) corresponds to (7 — 0, ¢).

The mean curvatures of the level circles of A p are given by
Hp=Rp' - %,Rp.
Recall (see e.g. [5, Sect. 2.4]) that H p satisfies the Riccati equations

hpHp = —Hp — Kn, A1}31{10(7{10 —aph =0. (C.1)

In particular, if £Cj, is a positive constant k > 0, then
Hp = Hp i = vk - cot(rp/Vk).

Moreover, since 1 — &’ < K < 1 + &' for some ¢’ < T, standard comparison arguments
using (C.1) result in the bounds

Hpire <Hp <Hp1-e.

From this, it follows that
Ap M —Hpal ST (C2)

In addition, we define the functions

Wp,, = —2logsin(Ap/2), Wp 3= —2logcos(Ap/2).

52 In [5, Sect. 2.4], the authors constructed uniformizing factors that were shown to be bounded.
However, a more refined construction is better suited for observing smallness.
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Note that whenever 4 is the round metric, if P is the north [south] pole on S?, then Wp.n
[Wp 5] is precisely the conformal factor

@, ¢) — —2logsin(6/2)

associated with the stereographic projection from S? onto R?.53 Moreover, if we let Ay,
denote the Laplacian associated with %, then Wp , and Wp ; satisfy

ApWpy=1—cot(Ap/2)-(Hp —Hp1), AnWps=1+tan(Ap/2) - (Hp —Hp 1),
and hence by (4.17) and (C.2) we can estimate
KCn — ApWp | ST, IKn — ApWp | ST, Ap <2m/3. (C.3)

Construction of the uniformizing factor. We are now prepared to construct the desired
factor v. First fix a pair of points N, § € S? such that

T —&<d(N,S) <m+es.

The idea is to treat N and S as the eventual north and south poles, and to approximate
the conformal factor for the stereographic projection using the functions Wy , and Wy ;.
Fixing a smooth cutoff function

1 on the geodesic ball By /3(N),

:S? - [0, 1], =
¢ 0. 1] ¢ 0 on the geodesic ball By /3(S),

we make the following initial guess for the approximate stereographic factor:>*
wo=¢ - Wnn+(1—9¢) Wss.
Note that when 4 is round, wy is precisely the stereographic conformal factor.
The actual conformal factor to transform # to the flat metric will differ from wq by an
error term. To determine this error, we consider the function
[ =Kn—Apwo= fo+ fi+ /2,
fo=¢ - (Kn—ApWnp) + (0 —=¢) - (K — ApWss),
J1 =0y -cot(An/2) + 053¢ - tan(rs/2),
fr=2Ap¢ - [logsin(ry/2) —logcos(rs/2)].
In particular, f is bounded on all of s2. Furthermore, the Gauss—Bonnet theorem and a

divergence theorem argument as in [5, Sect. 2.4] imply that f is mean-free. As a result,
we can solve the Poisson equation

Apwg = f, / wg = 0.
S2

53 More precisely, the specific stereographic projection we use here is that from the unit sphere
about the origin in RR3 onto the plane z = —11in R3.

3 In particular, we require two normal coordinate systems in our construction, since normal co-
ordinates degenerate as one approaches the injectivity radius.
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Defining now w = wg + wop, which satisfies on S? \ {N} the equation Ajyw = Kj, we
see that /1 := e2h defines a flat metric on S? \ {N}.

Now that we are on the plane, we can return to the round sphere by inverting the (stan-
dard) stereographic projection. If we let ds denote the h-distance from S, the conformal
factor associated with this inverse stereographic projection is

W = —log(1 + d3/4),
where we treat S as the origin in R2. Therefore, if we define
v=w+w,

then the metric /1 = ¢2*h will be round, i.e., its curvature satisfies IC;; = 1. In particular,
v satisfies the following nonlinear equations on S? \ {N}:

Apv =K — ezu, —Ajv = eZU/Ch —1. (C4)

Bounds on the uniformization factors. Finally, we briefly sketch the proof of the bounds
for v. Note first that (C.3) immediately implies

I follpees2y ST (C.5)
For f] and f>, we require the following observations:

e Both fj and f, are supported away from both N and 5.7

e Since N and S almost achieve the diameter of (SZ, h), it follows that Ag will be (uni-
formly) close to m — Ay in the supports of f1 and f>.

e Moreover, when radial geodesics from N and S intersect in this region, they will point
in almost opposite directions.>®

Combined, these observations imply that f; and f, are uniformly small. A more careful
quantitative analysis of this yields the estimates

I fillpees2) + 1 f2llLoos2y S T

This controls f by I', and standard elliptic estimates now imply

lwell ey ST

An analogue of the argument found in [5, Sect. 2.4] immediately shows that wg + w
is uniformly bounded. To prove smallness, however, we observe that wy, as constructed,
approximates the conformal factor for the stereographic projection, while w is the (exact)
conformal factor for the inverse stereographic projection. A more careful accounting,

5 In particular, sin(Ay/2), cos(Ap/2), and the corresponding quantities for Ag are uniformly
bounded from above and below in the supports of f1 and f>.

56 This can be observed, e.g., using Toponogov’s comparison theorem (see [4]).
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using arguments similar to [5, Sect. 2.4] comparing /- and fi—geodesics, yields the more
precise estimate

Collecting all the preceding estimates results in (4.20); in particular, v extends to a
bounded function on S2. Furthermore, using the nonlinear equation (C.4) and the smooth-
ness of K, we can improve the regularity of v and derive smoothness.

To show that v depends continuously on % and Kj, we return to each step of its con-
struction, and we observe that each of the components wg and wy + w depends continu-
ously on & and K. To better sketch the main points of this argument, we let 4’ be another
metric on S? such that 4’ and its curvature ;s are uniformly very close to A and IC, re-
spectively. Moreover, let w%, w6, w’, and v’ denote the various components obtained in
the above process, but in terms of >

The first point is that since A’ is close to &, the normal coordinates A, and A; with
respect to i’ are similarly close to those for /, up to first derivatives.’® From this, we can
conclude that wy+w’, f{, and f; lie uniformly close to wo+1w, f1,and f2, respectively. To
similarly compare fj and fo, we also require the closeness of curvatures. Note that since
K and Ky, are close, the Riccati equation (C.1) and its counterpart for 4’ imply that both
Hn — H)y and Hg — H'g remain small. Thus, by definition, f; must lie uniformly close

to fo.
Finally, to compare w', with wg, we consider the linear elliptic equation

Ah(w% —wEg) = Ah/w% — Apwg + (Ap — Ah/)w/E

=(fo—fo)+ (1 = )+ (fs— )+ (An — Ap)wp.

The first three terms on the right-hand side will be small by the preceding discussion;
since (h', KCp) is close to (h, Kp), the difference of the Laplacians will also be small.
Consequently, standard elliptic estimates imply that w’; lies close to wg. Combining all
the above, we conclude that v/ — v is uniformly small.
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