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Abstract. We extend the monumental result of Christodoulou-Klainerman
on the global nonlinear stability of the Minkowski spacetime to the global
nonlinear stability of a class of large dispersive spacetimes. More precisely,
we show that any regular future causally geodesically complete, asymp-
totically flat solution to the Einstein-scalar field system which approaches
the Minkowski spacetime sufficiently fast for large times is future globally
nonlinearly stable. Combining our main theorem with results of Luk-Oh,
Luk—Oh—Yang and Kilgore, we prove that a class of large data spheri-
cally symmetric dispersive solutions to the Einstein-scalar field system
are globally nonlinearly stable with respect to small non-spherically sym-
metric perturbations. This, in particular, gives the first construction of an
open set of large asymptotically flat initial data for which the solutions to
the Einstein-scalar field system are future causally geodesically complete.

Contents

Introduction
1.1. Global Existence and Stability of Solutions for Quasilinear
Wave Equations
1.2.  Strategy of the Proof
1.2.1. The Classical Null Condition and the Weak Null
Condition
1.2.2. Decay Conditions for the Background Solution
1.2.3.  Toy Model Problem (1.4)
1.2.4.  Weak Null Condition for the Einstein-Scalar Field
System
1.2.5. Localization to the Wave Zone, Projection to Vector
Fields Adapted to Minkowskian Null
Cone and a Generalized Wave Coordinate
Condition

2392

2396
2397

2398
2399
2400

2403

2404

® Birkhduser


http://crossmark.crossref.org/dialog/?doi=10.1007/s00023-021-01148-8&domain=pdf
http://orcid.org/0000-0001-6562-6088

2392 J. Luk, S.-J. Oh Ann. Henri Poincaré

1.2.6. Localized Energy Estimates 2406
1.2.7. Commutators and Higher-Order Estimates 2407
1.2.8. Hierarchy of Estimates 2408
1.3.  Outline of the Paper 2409
2. Notations 2410
3. Assumptions on the Background Solution and Second Version of
Main Theorem 2413
4. Basic Setup and Gauge Condition 2418
5. Third Version of Main Theorem 2424
6. Main Bootstrap Assumptions 2426
7. Preliminary Bounds 2428
8. Generalized Wave Coordinate Condition 2432
9. Equations for h 2442
10. Equation for the Scalar Field 2463
11. Linear Estimates 2466
11.1. Energy Estimates 2466
11.2. Hardy Inequality 2474
11.3. Klainerman—Sobolev Inequality 2476
11.4. Decay Estimates 2476
12.  Definition of the Spacetime Regions 2478
13. Cauchy Stability Up to Large Time 2479
14. Estimates for the Error Terms Arising from the Energy Estimates 2482
15. Region Near Spacelike Infinity 2491
16. Region Near Null Infinity 2494
17. Region Near Timelike Infinity 2503
18. Recovering the Bootstrap Assumptions 2506
Acknowledgements 2517
References 2517

1. Introduction

The Minkowski spacetime (R3*1 m) with metric

3
m = —dt* + Z(dxi)2 (1.1)
i=1
is a special solution to the Einstein equations

1
Ricyy — ig,“,R = 2T,

in vacuum, i.e., when T,, = 0. A monumental result in general relativity
is the nonlinear stability of Minkowski spacetime, proved by Christodoulou—
Klainerman in 1993:

Theorem 1.1 (Christodoulou-Klainerman [13]). Minkowski spacetime is glob-
ally nonlinearly stable for the Einstein vacuum equations Ric,, = 0.
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In slightly more precise terms, given asymptotically flat initial data satis-
fying the constraint equations which are sufficiently close to the Minkowskian
initial data, the maximal globally hyperbolic development to the Einstein vac-
uum equations is causally geodesically complete, remains close to the
Minkowski spacetime and “approaches the Minkowski spacetime at large
times.”

A more restricted result, for which the initial data are posed on a hyper-
boloid,! was previously proven by Friedrichs [21]. Variations, simplifications
and generalizations of the Christodoulou—Klainerman result have subsequently
been achieved by various authors. We refer the readers to [6,22,24,35,38,43,
45,46] for extensions and simplifications, and to [5,6,20,28,38,47,48,59,62,65]
for results with various matter models. See also the related works [9,10,27].
We highlight, in particular, the work of Lindblad—Rodnianski [45,46] as it is
the most relevant to the present work. They gave an alternative proof of the
stability of Minkowski spacetime in a wave coordinate system. Besides sim-
plifying the original proof [13], their argument extends to the Einstein-scalar
field system for which in addition to the Lorentzian manifold (M, g), there is a
real-valued scalar field ¢ : M — R, such that the following system of equations
are satisfied:

Ricyy — égWR =2T,.,
Tyw = 0u00,¢ — 39, (97 1) 00030, (1.2)
Oy = s 0a((g™1) P/~ det gds¢) = 0.

We summarize the Lindblad-Rodnianski theorem for the Einstein-scalar field
system as follows:

Theorem 1.2 (Lindblad—Rodnianski [46]). Minkowski spacetime is globally
nonlinearly stable for the Einstein-scalar field system (1.2).

The main mechanism for the stability of Minkowski spacetime is a com-
bination of the dispersive nature of the equations and the special structure
in the nonlinearity. In this paper, we generalize Theorems 1.1 and 1.2 to a
larger class of asymptotically flat spacetime, where smallness is not required.
As is well known, general large data solutions to the Einstein equations may
be incomplete [8,12,51,54]. However, we show that as long as we have a back-
ground “dispersive” solution which is geodesically complete and converging to
the Minkowski spacetime sufficiently fast, then any sufficiently small perturba-
tions will also be dispersed. In particular, in an appropriately chosen system
of coordinates, the nonlinearity has a special structure such that any small
perturbations of the initial data to the background solution lead to a geodesi-
cally complete spacetime which again converges to the Minkowski spacetime
for large times. We summarize our theorem as follows:

1As opposed to an asymptotically flat Cauchy hypersurface.



2394 J. Luk, S.-J. Oh Ann. Henri Poincaré

Theorem 1.3 (Main theorem, first version). Any sufficiently regular, future
causally geodesically complete and asymptotically flat® solution to the Einstein-
scalar field equations that approaches the Minkowski spacetime sufficiently fast
1s future globally nonlinearly stable.

We will make precise in what sense the solution is required to approach
Minkowski spacetime in later sections (see, in particular, Sect. 3). See Theo-
rems 3.6 and 5.2 for more precise statements. Let us point out the obvious fact
that Theorem 1.3 generalizes Theorems 1.1 and 1.2.

Unlike Theorems 1.1 and 1.2, our main result does not require the back-
ground solution to be small. The natural question is then whether there exist
spacetimes satisfying the assumptions of Theorem 1.3. We will particularly
consider examples which are spherically symmetric. In a previous work [49],
we showed that as long as a spherically symmetric “asymptotically flat” solu-
tion to the Einstein-scalar field system satisfies a weak qualitative “BV local
scattering condition,” then they in fact satisfy quantitative inverse polynomial
decay estimates. In a subsequent joint work with Yang [50], we also demon-
strated the existence of solutions which scatter locally in the BV norm with
arbitrarily large BV norms,® so that the solution verifies the decay estimates
n [49]. Very recently, Kilgore [32] proved that after constructing a suitable
gauge, a subclass of the large BV solutions constructed in [50] in fact also sat-
isfies the estimates required in the assumptions of Theorem 1.3. We therefore
obtain

Corollary 1.4 (Combining Theorem 1.3 with [32,49,50]). There exist spheri-
cally symmetric solutions to the Einstein-scalar field system with large initial
data which obey the assumptions of Theorem 1.3 and are therefore future glob-
ally nonlinearly stable.

As a consequence, there exists an open set of large initial data for the
Einstein-scalar field system such that the mazimal Cauchy development is fu-
ture causally geodesically complete.

While [32] only verifies the assumptions of Theorem 1.3 toward the future,
one expects that a subclass of the spacetime in [50] in fact obey the assumptions
of Theorem 1.3 both toward the future and the past. In particular, this would
give an open set of solutions which are future and past causally geodesically
complete.

In addition to Corollary 1.4, we mention two other potential applications
of Theorem 1.3.

2We in fact need only a slightly weaker assumptions on the asymptotics (toward spatial
infinity) than the usual notion of strong asymptotic flatness (see [13]). We will defer this
discussion to Definitions 3.1, 3.5 and Remark 3.8.

3When discussing “large data,” we of course need to specify the topology that we consider.
The spacetimes constructed in [50] are large not only in the Lindblad—Rodnianski norm,
but also with respect to the BV norm, which is scaling invariant for the Einstein-scalar field
system in spherical symmetry. We mention also that these spacetimes can have arbitrarily
large ADM masses. Notice, however, that the construction in [50] requires the amplitudes
of the scalar fields to be small (in L°°).
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e Klainerman—Nicolo [35] provided an alternative proof of the stability of
Minkowski spacetimes for the Einstein vacuum equations restricted to the
causal future of a domain near the asymptotically flat end. Their proof
uses the double null foliation gauge, which allows all the estimates to be
localized to the causal future of the asymptotically flat region and can
therefore be applied to large initial data to show that there exists “a non-
empty piece of future null infinity.” Our main theorem could potentially
be used to give a different proof of the result in [35] and also to generalize®
it to the Einstein-scalar field system

e In [12], Christodoulou constructed spacetimes which are past causally
geodesically complete while trapped surfaces form dynamically in the
future so that the spacetimes are future causally geodesically incomplete.
(See also the very recent [39] for a construction which moreover contains
a black hole region in the future.) One expects that after introducing an
appropriate gauge, Theorem 1.3 can in principle be used to show that
these spacetimes are asymptotically stable toward the past.

Our proof is based on estimating the difference of the metric components
and the scalar field with their background values in a generalized wave coordi-
nate gauge. The estimates make use of the decay of the background solutions.
As one would expect from [45,46], both the decay of the background solutions
and the decay of the perturbed solutions are borderline. Thus, we need to make
use of the weak null condition as in [45,46]. Unlike in [45,46], however, we are
dealing with a large data stability problem, and we need to avoid that the
energy grows as a large power of ¢t. To achieve this, we exploit the weak null
condition in our energy estimates (as opposed to just in the L estimates as
in [45,46]) and also need to localize our estimates in various regions of space-
time. In particular, all of these features require us to choose our generalized
wave gauge condition to be adapted to the background solution and moreover
also to take into account the perturbation of the ADM mass. In this gauge,
we are able to have good control of the null hypersurfaces of the metric which
is crucial for us to localize our estimates in various regions of the spacetime.
This allows us to fully exploit the weak null structure in the Einstein-scalar
field system for a large data stability problem. We will explain all these issues
in Sect. 1.3.

The remainder of the introduction is organized as follows. First, we dis-
cuss some stability results in the spirit of Theorem 1.3 for related quasilinear
wave equations in Sect. 1.1. Afterward, we will then give a more detailed out-
line of the ideas of the proof in Sect. 1.2. Finally, we end our introduction with
an outline of the remainder of the paper in Sect. 1.3.

4While the Lindblad-Rodnianski theorem allows for a scalar field, it only applies when
the mass is small. Moreover, since the outgoing null cones diverge logarithmically from
the corresponding Minkowskian outgoing null cones, it requires extra work to localize the
estimates to the exterior region. This latter problem is treated in the present paper by a
different resolution of the problem of mass (see discussion in Sect. 1.2.5).
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1.1. Global Existence and Stability of Solutions for Quasilinear Wave Equa-
tions

The problem of the global nonlinear stability of the Minkowski spacetime can
be viewed in the larger context of small data global existence for small data for
nonlinear wave equations. It is well known that in 3+ 1 dimensions, the disper-
sion of the linear wave equation is barely insufficient to obtain small data global
existence for wave equations with a quadratic nonlinearity. Counterexamples
were first given by John [29]. For a large class of quasilinear wave equations
including the compressible Euler equation, it is known that arbitrarily small
initial data may lead to the formation of shocks [1,2,11,14,26,55,60].

On the other hand, since the seminal work of Klainerman [34], it is well
known that a small data global existence result can be obtained if the quadratic
nonlinearity obeys the classical null condition. An independent alternative
proof was also given by Christodoulou [7]. We cannot do justice to the large
literature on related problems, but will simply point out that similar results
have been obtained on more general asymptotically flat manifolds [64], domains
in the exterior of obstacles [52,53], as well as in multiple-speed problems [57,58]
including that of elasticity [56].

Motivated by the problem of small-data global existence for the Einstein
equations in the wave coordinate gauge, Lindblad-Rodnianski introduced the
notion of the weak null condition [44], which generalizes the classical null
condition. A quasilinear system of wave equations is said to satisfy the weak
null condition if the corresponding asymptotic system (see Hormander [25])
has global solutions. Under suitable additional structural assumptions of the
equations, small data to quasilinear systems satisfying the weak null condition
lead to global solutions. This is in particular the case for the Einstein vacuum
equations or the Einstein-scalar field system in the wave coordinate gauge,
which was crucially used in the Lindblad-Rodnianski proof of the stability
of Minkowski spacetime. [45,46]. In addition, small data global existence has
been proven for a number of other quasilinear systems satisfying the weak null
condition; see for instance [19,23,30,31,41,42].

In the context of nonlinear wave equations, our main theorem (Theo-
rem 1.3) can be viewed as a stability theorem for large solutions to nonlinear
wave equations with sufficiently fast decay. Such results were first obtained by
Alinhac [3] for quasilinear wave equations satisfying a classical null condition.
This was extended in the work of Yang [66] to equations with time-dependent
non-decaying coefficients satisfying a classical null condition. The works [3, 66]
use that under the classical null condition, there is effectively additional decay
for the solutions. In contrast, in our present work, only a weak null condition
holds; see Sect. 1.2.

As mentioned earlier, our result can be specialized to study the solu-
tions in a neighborhood of a class of spherically symmetric solutions to the
Einstein-scalar field system (see Corollary 1.4). This result has parallels with
global existence theorems for nonlinear wave equations in a neighborhood
of symmetric solutions. For instance, Krieger showed that two-dimensional
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spherically symmetric wave maps® : R?>*!1 — H? are stable [36] using the
precise asymptotics of the exactly spherically symmetric solutions proven by
Christodoulou-Tahvildar-Zadeh [15]. We refer the readers also to the work
of Andréasson-Ringstrom [4] for the Einstein-Vlasov system in the cosmo-
logical setting in which the authors studied the stability of a class of global
T2-symmetric spacetimes.

1.2. Strategy of the Proof

Our proof, following the main strategy in [45,46], is based on controlling the
metric and the scalar field (and their derivatives) in an appropriately chosen
generalized wave coordinate system. In such a coordinate system, the metric
and the scalar field satisfy a quasilinear system of wave equations with a weak
null condition and our goal is to control the difference of the metric and the
scalar field with their background values using this system of wave equations.
We will call the background solution (gg,¢p). Define h and (3, respectively,
to be appropriate® differences of the metric and the scalar field with their
background values. In contrast to the small data problem (i.e., the stability of
Minkowski spacetime in Theorems 1.1 and 1.2), the equations in our problem
contain linear terms in the (h,3) with coefficients that are large and are as-
sociated with the background solution gp and ¢p. In the following, we will in
particular explain how these additional terms can be handled.

This section is organized as follows: We begin in Sect. 1.2.1 recalling the
decay properties of solutions to the wave equation and the (weak) null condi-
tion. In Sect. 1.2.2, we discuss the decay condition that can be expected for the
background solution (which for example holds for the spherically symmetric
dispersive solutions of [32]). We also explain the relevance of the decay proper-
ties of the background to our problem at hand. In Sect. 1.2.3, we then study a
model semilinear problem, which captures some of the analytic difficulties for
the Einstein-scalar field system, and explain how a large data stability problem
can be treated for that model. In Sect. 1.2.4, we then discuss the similarities of
the Einstein-scalar field system and the said model problem, but we also em-
phasize the additional difficulties that arise in the case of the Einstein-scalar
field system. In Sect. 1.2.5, we introduce the main new ideas of the paper and
discuss how by choosing an appropriate generalized wave coordinate gauge,
we can on the one hand treat the difficulties associated with the difference
of the ADM masses and on the other hand introduce a localization to fully
exploit the weak null structure present in the Einstein-scalar field system. The
remaining subsections discuss more technical aspects of the proof. Namely, in
Sect. 1.2.6 we explain how to perform the localization to different regions of
spacetimes; in Sect. 1.2.7, we discuss the treatment of the quasilinear error

5This problem has since then been completely resolved even without the almost-spherically-
symmetric assumption [37,61,63].

6As we will soon discuss, h will not actually be the difference between the unknown metric
and gp, but will be defined in a way that takes into account the contribution of the mass
difference.
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terms; in Sect. 1.2.8, we conclude by discussing the higher order error terms
and the hierarchy of estimates that are introduced to tackle them.

1.2.1. The Classical Null Condition and the Weak Null Condition. We quickly
recall the classical null condition and the weak null condition for quasilinear
wave equations in (3 + 1) dimensions. The key issue is that solutions to the
linear wave equation only have uniform O(%_H) decay, which is barely non-
integrable and in general leads to finite-time blowup for small data solutions.

On the other hand, as is by now very well understood, in addition to the

uniform O(l%rt) decay, we have

e additional decay in the variable |t — |z||, i.e., the sharp %-H decay is only
saturated when ¢ ~ |z|; and

e derivatives which are tangential to the outgoing light cone—which we
denote by 0—decay faster.

The classical null condition requires that in quadratic terms in the nonlinearity,
at least of the derivative is a good 0. Thus, this gives better decay so that small
data always lead to global solutions. This structure also allows one to prove
a large data stability result, as long as the background large solution obeys
“wave-like” estimates.

The Einstein equation in wave coordinates, however, violates the classical
null condition. Nonetheless, as shown in the work of Lindblad-Rodnianski
[45,46], they satisfy the weak null condition. The simplest model problem to
capture the structure of the semilinear terms is the system

¢ = 0,
{Dw = (010, )

It is clear” that both global existence for small data and also global stability
for large data solutions hold for (1.3). While this system does not satisfy the
classical null condition, there is a reductive structure, i.e., one can first solve
the first equation in (1.3) and then solve the second equation in (1.3). It should
be noted that even in the small data case, ¥ would not have the decay as for
solutions to the linear wave equation, but has a logarithmic correction.

Similar ideas of using a reductive structure allow one to consider the
following less simplistic model problem:

O¢ = Q(¢, ) = Iy + 00,
Ov = (9:9)*.

where @ is a classical null form such that there is at least one good derivative.
For the system (1.4), small data global existence holds (and follows ). For this
system of equation, a reductive structure can still be exploited to obtain global
stability of large data solutions, as long as the background solution is assumed

to obey “wave-like” estimates, i.e., it has O(y3) decay with improved decay

(1.4)

in ||z| — t| and for the d derivatives.

"In fact, for such an overly simplified system, all regular data lead to global solutions!
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We will sketch a proof of stability for large solutions to (1.4) in Sect. 1.2.3,
after discussing in Sect. 1.2.2 the decay that we can expect for the background
solutions. We note already that while part of our paper is to generalize the
proof for (1.4) to the Einstein-scalar field system, a perhaps more important
part is to understand why (1.4) is a reasonable toy model for the problem at
hand. We will postpone the latter discussion to Sects. 1.2.4 and 1.2.5.

1.2.2. Decay Conditions for the Background Solution. Since the main dif-
ference between our problem and the stability of Minkowski spacetime is
the extra terms associated with the background gp and ¢p, it is important
to understand their decay properties. Indeed, if these terms decay likeS, °
|0gB| + 0¢8] < W, then because they are integrable in time, they can
be controlled by a Gronwall-type argument. The remaining (small) nonlin-
ear terms can then be treated as in the proof of the stability of Minkowski
spacetime.

However, since gp and ¢p themselves are solutions to the the Einstein-
scalar field system, we can at best expect “wave-like” estimates. In particular,
the uniform-in-time decay estimate is no better than O(l%rt) Here are the
decay estimates that are reasonable for the background solution.

e The derivatives of gp and ¢p obey the following uniform-in-time decay

for some (small) v > 0:

1
L+ + [t = |2[])7

|6gB|(t>$) + |8¢B|(t>m> <
This captures both the uniform-in-time O(%H) decay and the improve-
ment away from the light cone {(¢,z) : t = |z|} typical of solutions to the
wave equation.
e Just as for the solutions to wave equation, the “good derivatives” 0—
those that are tangential to the light cone—of gp and ¢p decay better.
For some (small) v > 0, we have

1

09| +|0¢5| < A+

e Higher-order versions of the above estimates still holds after differentiat-
ing with the Minkowskian commuting vector fields.!°
e So that we can localize our solutions (see Sect. 1.2.5), we need to choose

a gauge for the background solution such that some of the components

of hp := g — m decay faster than %th and in fact has a decay that is

integrable in time. More precisely, let L = 0; + 0, and 7 be a spanning
set of vectors tangent to the Minkowskian outgoing light cone, we choose

80f course, we also need estimates for gp, ¢ themselves and for their higher derivatives.
‘We suppress this discussion at the moment.

9For convenience, we will also assume that ¢ > 0 below.

10See Definition 2.1.
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hp such that for some (small) v > 0,

hslor(ta) =Y [LVP(hp)asl(t,z) S
veT

1
(1_|_t)1+v'

However, in this gauge, general components of the background metric
decay slower, namely

log(2 +t + |z|)
hpllt,z) < =~
lhpl(t,z) S [

For the precise assumptions, see Definition 3.1. By the results of [32,49,
50], all these decay estimates are indeed satisfied by the class of spherically
symmetric BV-scattering solutions to the Einstein-scalar field system consid-
ered in Corollary 1.4.

1.2.3. Toy Model Problem (1.4). We now sketch a proof of the stability of large
data dispersive solutions for the toy model (1.4) introduced earlier. Consider a
background global solution to (1.4) with the property that for |I| < 10, there
exists some small v > 0 so that

1
A+ )@+ [Jx] =)

1
(148
Here, I are the Minkowskian commuting vector fields, which generate sym-
metries of the d’Alembertian on the Minkowski spacetime (see Definition 2.1).
These assumptions are exactly consistent with those in Sect. 1.2.2.

To prove the stability of such solutions, one combines the following three
types of estimates: the weighted energy estimates, the Klainerman—Sobolev
inequality and the L>° — L>° ODE estimate of [40]. First, we have the energy
estimates for solutions to [J¢ = F whenever to > t1 > 0:

Elty;tr:6) = sup / wilz] — Y0P (t', v) da
{t'} xR3

t'E€[t1,tz]

1
(461 +[[z] —2])7

(1.5)

oM yp| S

| | <

0T p| + |00 9| <

to _
w0 el = )P o) do
t1 {tl}XR3

S wllel - 00)0gP () da (1.6)
{t1} xR3

1 2

to 2
+ / / w(|z| — )| F (', z)*dx | d
t {t/} xR3

L+ (1+1g)'™** ifg>0
where w(q) := 4

I1+(1+g)~ 2z ifg<O.
mates, already introduced in [45,46], serves the double purpose of giving decay
in ||z| —t[ when |z| > ¢ and also giving a positive bulk term on the left-hand
side which gives better control of the good derivatives terms |9¢|.

. The weight w in the energy esti-
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The energy estimate is applied to derivatives of £ with respect to T,
which has the property that [[J,T] = ¢ for some constant ¢. Moreover, the
energy of the I'-differentiated quantities gives rise to the decay estimates due
to the following Klainerman-Sobolev inequalities (see Propositions 7.1, 11.8
and Lemma 18.1), which hold for all sufficiently regular functions &:

sup |06 (t,)|(1+ ¢+ | ) (1 + [[] - thEw(|z| - t)*

<C Z Jw? (]| — )T e(t, Nz ms), (1.7)
[7]<3
sup (|0€(t, 2)|(1+ ¢ + fo])*+|E(t,2) (1 + £+ [a])) (1 + o] - th2w(|z| —t)*
2 [ p— I . 2 3). .
<C|I§<:4O§ggtllw (|| = 1A (T, |2 es) (1.8)

The third ingredient that we need is the following L — L estimate (see
Proposition 11.10), which holds for solutions to ¢ = F:

SUP( +1)[0¢(t, )| S sup > TIE(T, )| ey
0<r<t 17I<1

t
+ / U+ DI ey + S U+ 7)TIEC ) ey |
[7]1<2

(1.9)
After introducing the basic tools, let us return to the problem of stability of
large solutions to (1.4). Defining ¢ = ¢ — ¢p and ¢ = ©» — ¢p, using the
bounds (1.5) for the background solution and only writing a few typical terms
to simplify the exposition,*! we have roughly

Or76] < 1A+ (i + 1977 61109] + 061177 +

S (I4t) 1+ 14+t) (14| [ —t])”
09 <29l o g)10g] + - -

(1.10)

Assume now that the initial perturbations are small, i.e., ngw(E(O; 0; 1))+
E(0;0;T1¢)) < €. We first note that by a standard Cauchy stability argu-
ment, for every T' > 0 (after choosing e smaller) there exists C7 > 0 such that
lelSlO(E(T;O;FI&) + B(T;0;T1$)) < Ore®. We then make the bootstrap
assumptions Emgm(E(t?O;F%) + E(t;0;T1¢)) < (1 +1)° for § < ~. The
bootstrap assumption implies some pointwise bounds using (1.7) and (1.8) so
that we can bound the first equation in (1.10) by

[T | + [Or | |00 9| + [T 4|
(1 +¢)t+ (146191 + ||lz| — t])”

IOl ¢| < (1.11)

111n particular, we drop all the terms that are lower order in the derivatives.
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We now apply the energy estimates (1.6) to (1.11) with ¢ > T > 0 and T
sufficiently large to be chosen. Noticing that the term on {¢ = T} can be
controlled by the Cauchy stability argument described above, we then get

sup E(t;T;T1¢)

|1)<10 t'€lT:t]
1 2

] o (g wllal = )OLT G2 ) + [T 32 (¢, 2) d)

S Cre+ Y / - d’
17110 \/T 1+ )t
1 2
_ ’FI’ ’ FI /
e ([() st i ) g
|1/<10 {t'} xR? (1+t) (1 + [z —t[)2”
< Cre? + 1777 Z sup (E(t';T;T1¢) + E(t';T;T14))
uKlOt’e[T,t]

// w(la| = )T G2 (¢, @) + [OLTER () ) (/ a’ )
. I
{+} xR (L) =7=25 (L + ||| — /])27 Jr (L+ )t
S Cr@+T77 Y sup (E(;T;T7¢) + E(t';T;T14))
l7]<10 V€Y

< Cre® + 1777 Z sup E(t';T;T14).
|I|<10t €T

(1.12)

w(|z|—t")

== (e < w'(Jz| — ') and the very last
estimate is achieved by choosing T' sufficiently large and absorbing the term
T3 r<10 WPy ey Bt T I'’¢) to the left-hand side. On the other hand,
applying (1.9) to (1.11) (for |I| = 0) and using the bootstrap assumption
together with (1.7) and (1.8) to control the terms on the right-hand side, we
get

where we have used

sup |03 (t,2) < T

Plugging this into the second equation in (1.10) and applying the energy es-
timate (1.6) (again using the estimates from Cauchy stability on the constant
T-hypersurface), we get

sup E(t';T;T"4)

17]<10 t'e[T,t]
— 1 2

(S ms w(lz] = )00 (¢, 2) da) 2

2 {t'} xR3 ’
S Crét Y (/ v a#
FIESURNE

. 2
E;T;T 2

5 CT6210g2(2+t)+T—"/ (/ 1 t/ w)thl> ,

|1]<10 *
(1.13)

where in the last line we have plugged in (1.12) and the Cpe?log?(2 +t) term
t o a¢ )2
T I+7

arises from Cre?( . Taking square root of (1.13), choosing T sufficiently
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large (depending on §) and using Gronwall’s inequality, we thus get

sup E(t;T;T1) < Cré2(141)3.

|I|S10t/€[T,t]

Plugging this back into (1.12), we then obtain

lon

sup B(t;T;T1¢) < Cre?(1+1)e.

17]<10 t'e[T,t]

Now fix T' > 0 so that the above argument goes through. We can then choose
€ > 0 to be sufficiently small and improve the bootstrap assumption.

In the above argument, we see that while all the estimates are coupled
and have to be treated via a bootstrap argument, one can exploit the reduc-
tive structure in the sense that by first treating the estimates for ¢, we can
obtain the crucial smallness factor T~7 (see (1.12)). Moreover, we can close
the argument allowing the energy to grow with a slow rate.?

1.2.4. Weak Null Condition for the Einstein-Scalar Field System. As shown
in [45,46], the Einstein-scalar field system has a weak null structure similar to
that in the model problem (1.3). This thus gives hope to generalizing the small
data results of [45,46] to the stability of large data solutions. However, there is
an additional difficulty that the weak null structure of the semilinear terms in
[45,46] is not manifest in the wave equations for the components of the metric
in Cartesian coordinates. To reveal the weak null structure, on the one hand
one needs to use the wave coordinate condition and on the other hand one
also needs to project the equation to vector fields'® E* € {L,L, E', E? E3}
adapted to the Minkowskian light cone.

To explain more precisely the structure of the semilinear terms, let us
first consider the setting of [45,46] in which the wave coordinate condition
holds. We first note that the terms in the equation for ﬁggw take the form
(g7 H(g71)(9g)(0g) or (9¢)(0¢). The most difficult terms in [45,46] are those
which are quadratic in the derivatives, i.e., either the (9¢)? terms or the metric
terms with ¢g~! replaced by m. This is because the remaining terms are at least
cubic and are easier to control. In our setting, since we have a large background
solution, g~! — m is only linear in the perturbation. However, for the linear
terms, we can exploit the decay of (9gp)? of the background solution and these
terms are also easier to treat. We will therefore restrict our attention in this
subsection only to the quadratic semilinear terms in the derivatives.

For these quadratic semilinear terms in the equation for ﬁggl“,, it was
shown in [45,46] that while some of the terms obey the classical null condition,
the following terms violate it:

1 / ’ 1 ! /
Zmaa ugaa’mﬁﬁ dvgpp — imaa augaﬁmﬁﬁ Ovgorp — 40,00,¢. (1.14)

12Indeed, it can be proven a posteriori that the solution does not have the decay as in the
linear wave equation case.
13See Definition 2.2 for definition of these vector fields.
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Notice that if (1.14) is contracted with E#, E¥ € {L, L, E*, E? E*} with E* #
L and E¥ # L, then we have at least one good 0 derivative and the quadratic
term behaves essentially as a term obeying the null condition. Therefore, the
“bad” terms only appear in the equation L“L”ﬁggw. Using the properties of
the vector fields {L, L, E*, E? E®} in Minkowski spacetime, we thus have

LY L Ogguv| < |0l zulOhlzy + 0h|LL|Oh] +1061106] + ... (1.15)
where we have defined the notation for projection to E* by
[T > |(Oypap)VEWPUT P,

UeU,vev,wew
with 7 := {L,E',E?, E3}, U := {L,L,E*, E? E3}, L = {L} and V, W can
be any of these sets. To proceed, it was observed in [45,46] that by using the
wave coordinate condition ﬁgx“ = 0, one can rewrite the derivatives of some
components of the metric as the good 9 derivative of some other components
of the metric. Namely,

|Oh|L7 < |Oh| + quadratic terms. (1.16)

In particular, since L € 7, this gives good control of |0h|r;, and using (1.15)
together with the above observations, we have the system

1L LY Oy 9| S 10h]714|0hl 71 + |06]|0¢] + good terms,
Yover weu VW Hggu| = good terms,
Og0 =0,

which almost obeys a reductive structure analogous to (1.4), except for the
need to commute [y and the projection to V' and W in the second equation.

1.2.5. Localization to the Wave Zone, Projection to Vector Fields Adapted to
Minkowskian Null Cone and a Generalized Wave Coordinate Condition. One
of the difficulties in exploiting the reductive structure for the semilinear terms
is that the projection to E* does not commute with!4 ﬁg. One of the key
insights in [45,46] is that one can in fact prove L™ estimates capturing this
reductive structure without commuting the projection to E# with ﬁg. More
precisely, they adapted a strategy that treats all components on an equal foot-
ing in the energy estimates and allow the energy to grow with a slow (1+¢)“¢
rate. At the same time, they applied an independent estimate, which is an ex-
tension of (1.9) to the quasilinear setting, for the L> decay. This independent
L — L™ estimate exploits the reductive structure without commutation and
gives the sharp L decay rates. It is precisely because of this sharp L*° decay
estimates that it is possible to control the growth of the energy.

However, in the setting of our paper, as we have already seen in the model
problem in Sect. 1.2.3, it is important to capture the reductive structure also
in L?. Indeed, if we only capture the reductive structure at the L> level, then
the energy grows as (1 4 ¢)¢ and we will not be able to close the bootstrap.

14E’g is the reduced wave operator Iflg = (9’1)0‘5625, which is the principal part of the

equations for the metric, see Proposition 4.1.
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We therefore also need to capture the reductive structure when proving the
energy estimates.

The main observation in this paper is that we can divide the spacetime
into various regions.'® First, as mentioned in Sect. 1.2.2, while the background
solution does not have better than O(%H) uniform decay, it decays better
in |z| —t as |z| —t — Zoo. Therefore, in the region where ||z| — t| is large,
this is similar to the small data problem and it suffices to use the reductive
structure in L as in [45,46]. In the remaining region, which has a finite
||z| — t|-range, we show that the commutator of ﬁg with the projection to E#
is in fact controllable. More precisely, the most slowly-decaying term in the

atd
commutator only contains good derivatives,'® and takes the form |8|1;‘h| . These

terms can therefore be controlled using the good bulk term for [OT'/h| in the
energy estimates (recall (1.6)). Notice that the weight w’(|x| — ¢) in the good
bulk term in (1.6) degenerates as |x| —t — too—it is therefore important that
we apply this estimate only in a region with some cutoff in the ||z|—t|-length.'”

The above discussion relies on the possibility to localize our estimates
near spacelike and timelike infinities, as well as near the wave zone. However,
there is another obstacle in order to carry out the localization of the estimates
into different regions as outlined above. Even for small perturbations of the
Minkowski spacetime in wave coordinates, the null hypersurfaces of the nonlin-
ear spacetime diverge from that of the background spacetime logarithmically.
In our setting, if such divergences occur, constant (|a| — t)-hypersurfaces will
potentially'® be timelike, which does not allow us to localize the energy es-
timates into regions as described above. As a consequence, we need to use a
carefully chosen generalized wave coordinate condition such that the constant
(|x| — t)-hypersurfaces approaches null as t — oc.

This is achieved in two parts: First, we need to choose a coordinate system
for the background solution such that the outgoing null hypersurfaces are “well
approximated” by hypersurfaces with constant |z| — ¢ values. This is achieved
by choosing the background gauge such that the components |hp|p7 have
improved decay (see discussions in Sect. 1.2.2). Second, we need to pick a

15In the proof, we will also need to split into the regions t < T' and t > T in a manner

similar to Sect. 1.2.3. Let us suppress that at this moment to emphasize the decomposition

in terms of the (|z| — t)-values.

16 A similar observation for this commutation was made in [27] and was crucial for estab-

lishing the stability of Minkowski spacetime with U(1)-symmetry.

17Let us contrast this with the estimate in (1.12) in the model problem, where the error
1T ¢|

T+ =8 (14 [[z]—t)Y

is extra decay in (1 4+ ||z| —¢|)~" to be exploited in that case, while such additional decay

is not present in the term % here.

18Notice that this does not happen in small perturbations of the Minkowski spacetime since

by the positive mass theorem, the ADM mass of the perturbation is no smaller than the

background Minkowski spacetime. However, in the general case of stability of large dispersive

spacetimes, it is of course desirable to allow perturbations both with larger and smaller ADM

masses.

term with a @ derivative takes the form

. The crucial point is that there
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gauge for the perturbed solution such that outgoing null hypersurfaces are
again well-approximated constant (|z| — ¢)-hypersurfaces.

Dealing with the second point above is closely related to the “problem
of mass,” i.e., the difficulties created by the long range effect of slow decay of
the mass term when carrying out the estimates. In particular, the mass term
gives infinite energy for an L? norm of the type that is used in (1.6) (see also
the statement of Theorem 5.2). In [46], this is dealt with by approximating
the contribution of mass by a term X(r)x(%)%éw, where Y is an appropriate
cutoff function. This choice, while sufficient for the purpose of [45,46], leads to
a logarithmic divergence of the null hypersurfaces. Instead, we approximate the
contribution of the mass by the metric hg, to be defined in Definition 3.2. We
then decompose the metric as g = gg + hs + h so that h has finite weighted
energy and can be controlled using energy estimates. The key point of the
choice hg is that the components |hg|,7 = 0 and therefore the constant (|z| —
t)-hypersurfaces approach null as t — oo, as long as we can show that |h|p7
is also sufficiently well behaved. However, the issue now is that unlike %, the
components of hg are not solutions to the wave equation. We therefore need
to modify the choice of our generalized wave gauge and to impose gzt =
gl + G&, where G is the gauge contribution from the background gz and G§
is chosen to cancel with the highest order contribution of O, 2" for large
|z| (see precise definitions in (4.2)).

Recall from our earlier discussions in Sect. 1.2.4 that the wave coordinate
condition is also used to handle some semilinear terms'? in [45,46]. As we just
discussed, this is replaced by a generalized wave condition involving G/, and G§
in our setting. When applying this condition to obtain improved estimates for
the derivatives of the good components |Oh|L7, there are extra terms coming

from G of order O(%m) (see for example (8.1)), which is insufficient
to close the estimates. Nevertheless, one finds a crucial cancellation in the
terms O(%W) so that (1.16) still holds with some additional control-
lable error terms. This cancellation can be traced back to the fact that the
approximate mass term hg is (at the highest order) chosen to be isometric to
the Schwarzschild metric, which is itself a solution to the Einstein equations

(see Proposition 9.3).

1.2.6. Localized Energy Estimates. Let us elaborate slightly further the lo-
calization procedure that we mentioned above. The key point is to use the
fact that for every fixed U € R, there exists Ty > 0 such that the set

By = {t—r— (1+1t)‘:f = U} is spacelike when restricted to ¢t > Tyr. To see this,
it suffices to show that along every fixed By, |g—m|r7(t,z) Su m This

decay is achieved by a combination?® of the choice of the background gauge,
the choice of hg (and the generalized wave coordinate condition) and also the
decay for |h|r7. The decay for |hg|L7 and |hg|r7 has already been briefly
discussed in previous subsections. The decay for |h|p7, on the other hand, is

197t is also crucially for the quasilinear terms, see Sect. 1.2.7.
20Recall again the discussion from Sect. 1.2.5 that g is decomposed as g —m = hp +hg + h.
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proven by using the generalized wave coordinate condition, which gives an ana-
. . . e(1+||z|—t 48’Z
logue of (1.16) and implies an estimate |Oh|p7(¢,z) < w(lm‘*(t)%“(ll+t£|x|)l+%.
This can then be integrated along radial constant (¢ + |x|)-curves to give
1
|hlor(t,z) S w(|;\(—1$!i‘1;i|j_2|);;+% (see the proof of Proposition 18.14). There-
fore, on each fixed By, we have the desired decay estimate.

Once we have this decay estimate for |g — m|,7, we can then prove the
standard (|z| — t)-weighted energy estimates of the form (1.6) and note that
the contributions on the set By N {t > T'} have favorable signs (see the proof
Proposition 11.3). This then allows the estimates to be localized to the future
or past of By N{t > T}, as long as T > 0 is sufficiently large.

1.2.7. Commutators and Higher-Order Estimates. In this section and
Sect. 1.2.8, we further discuss some technical difficulties which are already
present in [45,46], and can be treated with only minor modifications.

Up to this point, the discussions focused on the semilinear error terms,
especially those that do not obey a classical null condition. In addition to those,
there are also the quasilinear error terms. In particular, the most difficult error
terms arise from the commutation of ﬁg and the Minkowskian vector fields
I'. It turns out that after choosing the gauge as described in Sect. 1.2.5, these
error terms in the large data setting can also be treated in a similar manner
as in [45,46].

Writing H? := (717 — m®?, where m is the Minkowski metric,
the commutators are given by [If]g,F] = [0,,,T] + (-TH*? + H*(9,T7) +
HPY(0,1%))0,05. As pointed out in [45,46], for ' a Minkowskian commuting
vector field*! L7 LY (ma,0,1'*) = 0 and therefore either there is a good deriv-
ative in the commutator term or we have to control?? |H |7 and |TH|Lr. To
this end, we need improved decay®® for |g —m[r7 and 35 ;_; [T (9 — m)|rr
(see Proposition 7.3). For the zeroth-order derivative, as we explained near
the end of Sect. 1.2.5, this can be obtained precisely due to the choice of our
gauge condition and the generalized wave coordinate condition. It turns out
that similar ideas can be extended to control |T'(g — m)|ry, due to properties
of the Minkowskian commuting vector fields.

Notice that, however, this improved decay mno longer holds for
> i1=2 ITLh|rr, and 211 ITZh|p7. As a consequence, for higher commuta-
tions, the good structure for the commutator terms only occurs at the top
order and there are lower-order terms which do not have a good structure. As
we will explain further below, in order to deal with this issue, for every higher

21Recall that L = 8; + ;..

22Here, the notation |-|1,7 is defined so that H and I'H are understood as covariant 2-tensors
where the indices are lowered with respect to the Minkowski metric.

23By this we mean faster than integrable decay along any fixed constant (|z| — t)-
hypersurface. Similar to Sect. 1.2.5, while we need an improved decay in t, we can alllow this
(tft=|zp2*”

bound to grow in |t — |z||. More precisely, we will prove a bound < ] I
(et T 2 w(|z| )2

for some v > 0 to be introduced (see (7.4)).
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derivative that we take, we prove energy estimates that grow with a slightly
higher power in t.

1.2.8. Hierarchy of Estimates. In the discussions above, we saw that both
the semilinear terms and the commutator terms have a good null-or-reductive
structure. However, we have in fact only discussed this good structure at the
top order of derivatives and there are in fact terms which are lower order in
derivatives and do not have any good structure. We have already discussed one
source of such terms near end of Sect. 1.2.7, which comes from the commutation
of ig and T.

More precisely, when considering the equation for |I| T’ derivatives, in
addition to the top order terms which verify the structure we mentioned ear-
lier, we have some additional terms which are lower order in the number of
derivatives:

|0, | < Top order terms + Z (|8FJ1hH8I‘J2h| +
[J1|+] T2 <[T]—1
log(2 + t + |z[)[oT” h)
_l’_ J’_ cee
Z (1+t+ |z

\FJ1h||8FJ2h|)
1+ ||z — ¢t

[JI<IT]=1

where ... denotes some lower-order terms that can be treated similarly that
we suppress for the exposition.?* Notice that the logarithm growth in the last
term is due to the fact that our background metric only obeys the estimate?®

J log(2+t+|x|)|0T7 h|
IT7he| < (I+t+(=]) :

This difficulty was already present in [45,46] and was handled by proving
a hierarchy of estimates. In our setting, we will introduce a similar hierarchy.
More precisely, we make use of the fact that the terms without a good structure
are lower order in terms of derivatives and inductively prove estimates which
are worse in terms of the time decay for every additional derivative that we
take. We will choose small parameters § and dg with § < dg. We then prove
energy estimates such that for the k-th derivative?® the energy grows as e(1 +
t)(2k+5)%0  For the decay estimate, we likewise allow some loss in ¢ for every
derivative, but quantified with the smaller parameter §. Namely, we prove for
k<[] +1 that

sup (147 + [2])(1 +||z| — ¢))2~Fw(|z| — )2 (|00 k| + [T B))(r, z)
T€[0,t]
zER3

Se(l+ t)Qk‘s.

[1|<k

Notice that unlike in [45,46], our bad lower-order error terms are no longer
quadratically small, but nonetheless the hierarchy of estimates fit wellwith an

24Tn particular, we have suppressed terms involving the scalar field §.
25In the application, this is necessary in order to ensure that |hg |17 is well behaved.
26For k < N, where N > 11.
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induction argument in which when we consider an estimate with k derivatives,
either we have some additional smallness arising from the good structure of
the equation at the top order, or we have error terms which depend on at most
k — 1 derivatives.

For such a scheme to work, we need to follow two important facts: Firstly,
the proof of the decay estimates is essentially independent of the loss in ¢ in the
energy. This is achieved, as in [45,46], using an independent ODE argument
to derive an estimate similar to (1.9). Secondly, while we allow the estimates
to have a small loss in the powers of ¢ for both the energy and the pointwise
estimates, in the lowest order it is important that we prove the sharp decay
estimates |0h|7ry + [0B] S 157- These sharp estimates play a crucial role in
recovering the energy estimates.

This concludes the discussion of the main difficulties and ideas in the
proof of the main theorem.

1.3. Outline of the Paper

We end the introduction with an outline of the remainder of the paper.

e We introduce our notations in Sect. 2.

e In Sect. 3, we give a precise statement of our main theorem (see Theo-
rem 3.6).

e In Sect. 4, we introduce the gauge condition and recast the equations as a
system of quasilinear wave equations. In Sect. 5, we once again rephrase
our main theorem (see Theorem 5.2), but not in terms of the system of
quasilinear wave equations.

e In Sect. 6, we introduce the bootstrap assumptions; in Sect. 7, we then
derive preliminary bounds which follow immediately from the bootstrap
assumptions.

e In Sect. 8, we further analyze our gauge condition. Using in particular
results in Sects. 7 and 8, we give the first pointwise estimates for the RHS
of the equations for h and 3 in Sects. 9 and 10, respectively. In particular,
it is here that we derive the weak null structure of the equations.

e In the remaining sections prove the main estimates needed for the proof
of the main theorem.

— In Sect. 11, we collect linear estimates for the wave equation on
curved background.

— In Sect. 12, we divide the spacetime into 4 regions; we then prove the
L?-energy estimates in different regions of the spacetime. The finite-
t region is treated by Cauchy stability in Sect. 13. In Sect. 14 we give
some general estimates to be used in all the remaining regions. Then,
in Sects. 15, 16 and 17, we prove estimates in the region near spatial
infinity, near null infinity and near timelike infinity, respectively.

— Finally, we improve the bootstrap assumptions by proving L esti-
mates in Sect. 18 and conclude the proof.
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2. Notations

In this section, we define the necessary notations that we will use in this paper.
In our setting, we have a coordinate system (¢,x', 22 23) on the manifold-
with-boundary [0,00) x R3. We will frequently use z° and ¢ interchangeably.

Moreover, r will denote the function r = 1/3>%_ (#)2. The lower case Latin

indices 4, j € {1,2,3} are reserved for the spatial coordinates, while the lower

case Greek indices «, 3 € {0,1,2,3} are used for all the spacetime coordinates.
First, we define the following:

Definition 2.1. Let the Minkowskian commuting vector fields to be the set of

vector fields

3
{au, 2'0; — a1 0;, 10; + 2'0,, S =10+ Y xiai}
i=1
defined with respect to the coordinate system (t,x!,z2, z3).

In the remainder of the paper, we will use I' to denote a general
Minkowskian commuting vector field. For a multi-index®” I = (i1, i, . . . yi)),
'Y will denote a product of |I| Minkowskian commuting vector field. More
precisely, order the 11 distinct Minkowskian commuting vector fields above
as T'1), D2), -.., Dany. Then, for (iy,ds,...,47) € {1,2,..., 11} 7 =
T - T

We also define the vector fields {L, L, E', E?, E3} as follows:

Definition 2.2. Let 0, = Z?Zl ””781 Define

L:at+8r7 L=0;— 0.
We will also define the vector fields {E!, E?, E3} := {%83 - %82, "”7183 -
%381, %182 — %281} tangent?® to the coordinate 2-spheres given by constant
r-value. We will use capital Latin indexed E“ to denote an element of {E', E?,
E3} and use small Greek indexed and bold E* to denote an element of the set
{L,L,E*, E? E3}.

We will also use the coordinates (s, q,w) := (s,q,0, ), where w = (0, ¢)
are the usual polar coordinates and (s, q) are defined by

Definition 2.3.
s=t+r, gq=r—*t.

As a consequence, we have?”

1 1
0s = 5(6,5 +0.), 0f= 5(& — O4).

27Notice that this is slightly different from the usual multi-index notation.

28We remark the obvious facts that {E!, E2, E3} span the tangent space of the coordinate
2-spheres, but are not linearly independent. Away from {z' = 22 = 0} U {2? = 23 =
0} U {z? = 2! = 0}, any two of {E!, E%2 E3} form a basis to the tangent space of the
coordinate 2-sphere.

29Here and in the remainder of the paper, 9s and 0q denote the coordinate vector fields in

the (s, q,w) coordinate system.
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Remark 2.4. Notice the different normalizations of the coordinate vector field
(0s,04) and (L, L).

Remark 2.5. For convenience, we will also use the notation say ¢ = r — 3
when 7 is a chosen value of the coordinate function t.

The introduction of these vector fields is important for two reasons. First,
the solution has better decay properties when it is differentiated with respect
to the “good derivatives” (L, E', E?, E3). Second, when projected to these
vector fields, some “good components” of the metric decay better than the
others.

We use the following notations for derivative for a scalar function &:

Definition 2.6. (1) General derivatives are denoted by

3
087 == (:£)* + D _(9:6)*.

i=1
(2) To capture the improved decay with respect to the “good derivatives,”

we define

3 ; , 2
1 ' !
2., — 229
v =3 3 (o - Toie)
i,=1
and

0 = |0.€]* + VeI
(3) Finally, spatial derivatives are denoted by

3
IVEP = 0]
=1

We will also use the multi-index notation V¥ in a similar manner as that
for T defined above.

We next define the notation for projection to E# € {L,L, E', E? E3}
that will be useful in capturing the improved decay for certain components of
the metric. First, we introduce the convention that for any 2-tensors, indices
are raised and lowered with respect to the Minkowski metric (1.1). We make
the following definition for the norms of tensors:

Definition 2.7. Given a 2-tensor p, define
‘p|2 = Z |p;w|2~
0<p,v<3
We also make the following definitions:
Definition 2.8. Let 7 = {L, E', E?, E3} and U = {L, L, E*, E?, E3}. We also
abuse notation slightly to denote by L the single element set {L}. For any two
of these family V and W and any 2-tensor p, define

Pow = > IpapV WO,
vVey,wew



2412 J. Luk, S.-J. Oh Ann. Henri Poincaré

|0p|3yy = > [(0ypap)VEWPU |2,
e, vey,wew
Oplow = Y. [(0ypap)VOWPTV.

TET,VEV,WEW

Most importantly, notice that the vector fields contracted outside the differ-
entiation (in a way similar to [45,46]).

Remark 2.9. We will in particular use the notation introduced in Definition 2.8
for T''h. Here, we view (Fl h) uv as a 2-tensor where each component with re-
spect to the coordinate system (¢, x!, 22, 23) is simply given by the component-
wise derivative by I'.

Remark 2.10. We will use the convention that indices are raised and lowered
using the Minkowski metric m. In particular, Definitions 2.7 and 2.8 apply to
contravariant 2-tensors as well as covariant 2-tensors.

We now define the some notations for the subsets of the spacetime that
we consider.

Y= {lt,x):t="1},

t
D, ={(t,x): t=r, B < |z| < 2t},
Ri:={(t,x):t<T},
1
Rglz{(t,l‘) tZT,t—|l‘|— W_Uvz},'R,QT':7?,gﬁz7—,
TEmE ’
1
Ry :=<(t,x):t>T, Uy <t—|o| - —= < Uz, R3, :=R3sNX,,
3 {( ) > || A+07 3} 3, 3
1
Ry=3(ta) it >T t—|g|— — >Us b, Ruri= RaN S,
4 {( ) ] I 3} 4, 4
1
By :=i(tz)it—|z|- —— =UY,
vi={) - 1o (e }

where Uy, Us, Us € R are constants. We will also use the notation R to denote
either one of the regions Ry, R3 or Ry.

Let us collect here a few more pieces of notations that will be used. For
metrics, m denotes the Minkowski metric (see (1.1)); gp denotes the back-
ground metric we perturb against; hp := gp — m; g denotes the unknown
metric; hg is given in Definition 3.2; ggs := m+ hg and h :=g—m — hp — hg.
We will also use the following conventions for the inverse metrics: H*? :=
(g’l)"‘ﬁ — m%? and H;ﬁ = (ggl)aﬂ — moh,

For the scalar field, ¢ denotes the unknown scalar field in the spacetime;
¢p is the background scalar field; 3 := ¢ — ¢ .

We next introduce our conventions for integration. On . or its sub-
sets (e.g., Ra,r, Rar and R4 ), unless otherwise stated, we integrate with
respect to dz := da'dz?dz® = r2sinfdfdep. In a spacetime region, unless
otherwise stated, we integrate with respect to dadt. On By N {t; <t < o},
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we will integrate with respect to the measure dz, which is defined as fol-
lows: For ®(t) := t — m, fBuﬁ{tlgtStQ} Fdz = fBUn{tlgtStQ} F(t =
&~ !(|z| + U),z)dzt do? da?, where F(t = ®~!(|a| + U), ) is considered as a
function of 2!, 22 and 3. Frequently, when there is no danger of confusion, we
suppress the explicit dependence of the integrand on the variables of integra-
tion. For instance, when F is a function of spacetime, f; Js, Fdzdr always
implicitly means f; Js, F(r,z)dadr.

Finally, we introduce the convention that in the remainder of the paper,
z < y denotes the inequality < By for some constant B. This constant B will
eventually be allowed to depend only on the constants C, vy, N in Definition
3.1, the constants 7 in Definition 3.5 and also the constants dg, d that we will
introduce in the proof.

3. Assumptions on the Background Solution and Second
Version of Main Theorem

With the above definitions, we can describe the class of background metrics
that we study. We consider a background Lorentzian metric gg on a manifold-
with-boundary diffeomorphic to [0,00) x R? settling to Minkowski spacetime
with a precise rate. On this manifold-with-boundary, there is also a real-valued
function ¢ which decays to 0 with a rate. The metric gg and the scalar field
¢ together satisfy the Einstein-scalar field system. More precisely, we define

Definition 3.1. Let 79 > 0 be a real number and N > 11 be an integer. A
spacetime (M = [0,00) xR?, gp) with a scalar field g5 : M — R is a dispersive
spacetime solution of size (C,~p, N) if
(1) (Solution to the Einstein scalar field system) The triple (M, gp, ¢p) is a
solution to the Einstein-scalar field system.
(2) (Limiting to Minkowski space) There exists a global system of coordinate
(t, 2, 2%, %) such that with respect to this coordinate system, the metric
takes the form

g —m = hp,

where
3 .
m = —dt* + Z(dxl)2
i=1

is the Minkowski metric and hp obeys the bound
- C'log(2+ s)
- 1+s

for |I| < N + 1, where I'’s are the Minkowskian commuting vector fields.
(3) (Decay for derivatives of metric) For |I| < N + 1, we have

C
(1+s)(1+[g])

T hp|

|or hp| <
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for any combinations of Minkowskian commuting vector fields I'.
(Improved decay for “good derivatives” of metric) For |[I| < N + 1, we
have

¢
(1+ )10
for any combinations of Minkowskian commuting vector fields I'.

(Improved decay for “good components” of the metric) For |I| < 1, the
following components satisfy better bounds:

|0 hp| <

C

I
Z |F hB|LL+ |hB|LT < W

=1

for any Minkowskian commuting vector field T'.

(Decay for the scalar field) For |I| < N + 1, we have

C
(14 )1+ g))e’ (14 s)t+0

for any combinations of Minkowskian commuting vector fields I'.
(Uniform Lorentzian assumption of gg) The metric gp is everywhere
Lorentzian with uniformly bounded inverse:

l95' < C. 3-1)

0T ¢| < 0T ¢| <

Let (gp)i; be the restriction of the metric gg on the tangent space to
the constant t-hypersurfaces (where i,j = 1,2,3). (§p):; satisfies the
condition that for any &;,

3
CTHEP < > (951748 < ClEP, (32)

ij=1
where
€12 = (&) + (&) + (&)

Also, the spacetime gradient of ¢ is timelike and satisfies

(951)% = (95")*%0atdst < —C " <. (3.3)
(Almost wave coordinate condition) For |I| < N+1, the global coordinate
functions satisfy the estimate3’
Clog(2+ s)

(1+9)?

Here, Oy, is the Laplace-Beltrami operator associated with the metric
9B, ie,

I (O 2#)| <

1 - (e}
Ugp = ﬁaa ((931) ﬁ\/maﬁ') .

30Recall again our notation that ¢ and z° are used interchangeably.
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For a fixed dispersive spacetime (M, gp,d5), we will define a class of
admissible perturbations for which we will show that their maximal globally
hyperbolic future developments are future causally geodesically complete and
such that the metrics (resp. scalar fields) are globally close to gp (resp. ¢p).
Recall that an initial data set to the Einstein scalar field system consists of
a quintuplet (Z,g,l%,é),&), where (X, §) is a Riemannian 3-manifold, kis a
symmetric 2-tensor and (]3 and 1& are real valued functions on . Moreover, for
N being the unit future-directed normal to ¥ in M, the following constraint
equations are satisfied:

Ry + (trgh)® — |k|3 = 4T(N,N),
divyk — V(trgk) = 2T(N, -),

where V is defined as the Levi-Civita connection induced by g. The celebrated
theorems®! of Choquet-Bruhat [16] and Choquet-Bruhat-Geroch [17] show
that there exists a unique maximal globally hyperbolic future development
(M, g, ¢) to the initial data which solves the Einstein-scalar field system such
that ¥ is an embedded hypersurface in M with § and k being the induced first
and second fundamental forms. Moreover, ¢ [v= ¢A> and N¢ [s= @E

Before we proceed to define the class of admissible perturbations, we need
to first introduce another piece of notation.

Definition 3.2. Let hg be defined by

; oM -
(hs)oo = - (hs)oi = 0,

~ 4M log(r — 2M
(hs)s; — — g( )

r 72 r r

5. _ Tt <2M 4M log(r — 2M))
¥} - -

and define hg by
r\ ~
hS = X(T)X (;) h57

where x(s) is a smooth cutoff function such that it takes value 1 when s > %
and equals to 0 when s < %

Remark 3.3. Notice that for r sufficiently large, m+hg is just the Schwarzschild
metric (with mass M) written in a non-standard coordinate system up to error
terms of order lorgf. hs is introduced so as to capture the behavior of mass at
infinity.

Remark 3.4. Notice that for hg defined above, we have

[M|log(2 + s) [M|log(2 + s)
S

IMhg| <
IThs| S 1+ (14 s)2

,|orths| S

31Notice that while the results in [16,17] are originally proved for the Einstein vacuum
equations, they can be generalized to the Einstein-scalar field system. See [18].
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for®? |I| < N + 1. Moreover,
(hs)rr = (hs)ppa = 0.

Hence, hg satisfies
|hs|or = 0.

Moreover, a direct computation shows that the L L-component of the I deriv-
ative also vanishes:

[Ths|rr = 0.

Notice, however, that this property fails for the general L7 -component or for
higher I" derivatives.

We now define the class of admissible perturbations:

Definition 3.5. Let € > 0 and v > 0 be real numbers and N > 11 be an integer.
An initial data set (%, g, l%,é,z[}) is an (e,7, N)-admissible perturbation to a
dispersive spacetime (M, g, ¢p) if
o ¥ is diffeomorphic to R3.
e There is a coordinate system (2!, 22, 2%) on ¥ such that with respect to
this coordinate system, we have

§=yg5 s +ths Is +h, (34)
where the parameter M in the definition of hg satisfies
[M] <,

and h obeys the estimates
ST+ IV Al o) < e (3.5)
II|<N
e In the coordinate system (x!, 22 23), the second fundamental form veri-
fies the estimates

ST @+ IV = (k) Tmop e < e (3.6)
[T|[<N—-1

e In the coordinate system (z!, 22, x3), g% and 1& obey the bounds

ST +r)EHIVV(G — (65) Tmop) 2

[I|I<N

+ Z (1 + )z I () — (9,68) le=0y)|l2(z) < e

[I|<N-1

(3.7)

Our main result can be summarized in the following theorem:

320f course the bound in fact holds for all |I| with a constant depending on |I|. We will not
need this below.
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Theorem 3.6 (Main theorem, second version). Let N > 11 and 0 < 7,y < %
For every dispersive spacetime solution (M, gg,¢p) of size (C,vo,N), there
exists € = €(C,v,%v,N) > 0 sufficiently small such that for all (e,7,N)-
admissible perturbations of (Mo, 9B, ¢B), the maximal globally hyperbolic fu-
ture development is future causally geodesically complete and the spacetime
remains close to (Mo, g, dB) in a suitable®® sense.

Remark 3.7. Without loss of generality, we can assume that v = 5. We make
this assumption from now on.

Remark 3.8 (Strongly asymptotically flat spacetimes (cf. [13])). A smooth ini-

tial data set (3, §, k, ¢, 1)) is said to be strongly asymptotically flat (with one
end) if there exists a compact set K C ¥ such that ¥\ K is diffeomorphic to®*
R3\ B(0,1) and there exists a system of coordinates (x!, 2% %) in a neigh-

borhood of infinity such that as 7 := /327, (#7)? — oo, we have®?, for o = 2

2
and for some M > 0,
M .
9ij = (1 + ) 0ij 4 00 (™), kij = 00 (r™*71),

$=000(r™®), Y =ox(r 7). (3.8)
Theorem 3.6 only requires weaker asymptotics at spatial infinity than strong
asymptotic flatness for both the background solution and the perturbation,
with a above replaced by any real number greater than 1. Notice that the
metric in Theorem 3.6 does not have the form as in (3.8). However, as we will
see in the next remark below, the different forms of the metric are equivalent
after a change of coordinates.

Remark 3.9 (Relation of hg to the mass term). We show that the term hg is

related to the mass term in (3.8). More precisely, suppose we have a coordinate

system (2!, 22, 23) on ¥ = R3 such that with respect to this coordinate system,

the intrinsic metric §¢ on ¥ takes the form
M -
955 = 035 + X(F) =85 + hi,
where h = 0o (r~®). Then, for

2=y (1)

i=1
we can introduce the change of coordinates

x' = x(7) (7“ + 2M log(7 — 2M))

%t‘&’

33The precise sense in which the solution remains close will be formulated in terms of a
generalized wave gauge. See Theorem 5.2.

34Here, B(0, 1) denotes the closed unit ball in R? centered at the origin.

35Here, we use the notation that a function f is oco (r~%) if for every (¢1,£2,£3) € (NU{0})3,
r"‘+41+£2+43|8i11 aﬁgaigf\ — 0 asr — oo.
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so that the metric takes the form of
Gij = 0ij + (hs)ij + h
where h = 000 (r—“log(2 +1)).

4. Basic Setup and Gauge Condition

In this section, we write the Einstein scalar field system in terms of a system
of quasilinear wave equations. To this end, we introduce a generalized wave
gauge. As mentioned before, we cannot use the standard wave gauge for our
problem at hand but will need to carefully design a generalized wave gauge to
capture the mass at infinity. In particular, this gauge will allow us to localize
near the “wave zone” in order to capture the reductive structure of the Einstein
scalar field system at the L? level.

We now define the generalized wave gauge that we will work with: We
impose the following condition:

Oga = G" = Gl + G4 (4.1)

where36

n (4M log(r — 2M)> a

gg = Dnguv gg’ = 07 g.ZS‘ = _X(T)X(t r2 o (42)

r

One easily checks that the condition (4.1) can also be rephrased as
3a((97 1)/ det g]) = /| det g|G”, (4.3)
“1\o 1 -1\« v
(97" Ougpn = 5(97") " Ougas = ~gu 9", (44)
or

— av 1 — v — « v
alg™)™ = 59a8(9™ )" 0ulg ™) h=gv.

We can write down the Einstein-scalar field equations under the general-
ized wave coordinate condition. We introduce the reduced wave operator

O, := (971792,

The components of the metric g satisfy a system of wave equations whose
principal part is the reduced wave operator. More precisely,

Proposition 4.1. Let (g,¢) be a solution to the Finstein-scalar field system
together with the generalized wave coordinate condition

Ogat = g+,
Then, g, and ¢ solve the following system of equations:
ﬁgg/w = (gil)aﬁaiﬂguv
= P(auga 81/9) + qu(aga ag) + Tuu(a¢v a(b) + G,LLV(Q? g)7

36Recall the definition of the cutoff function x in Definition 3.2.
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and
Dg(b =0,

where P denotes the term

P(9,9.9,9) = ~ (97 1) 0gaar (971)7 Dy g5
1

D) (gil)aa augaﬁ (gil)ﬁﬁ ar/!](x’ﬂ’v

=

Q is given by
Quu(99,09) = Bagon(9™")* (g7 Drgp = (971> (97
(0098108 garv — Opr9pu0agary)
N2 (g7 (Ougar s Oa gy — Oagor 3 Ougsn)
g7 (67 (9 9ar 300G — Do DuGpn)

+(9~
+(
+

1 B ,
5( 1) (g 1)65 (aﬁ’gaa’augﬁu - augaa’a,@/gﬁu)

—_

+ 5(9—1)01@ (9_1)6/3 (aﬁ’gaa'augﬁu - al’gaa’aﬁ’gﬁu)7

T is the following term involving the scalar field
T,,(09, 0¢) = 40,00, ¢,

and G is the following term which arises from the choice of gauge condition:

Gun(9,9) = = 0u(9:AG*) = 00(9u0G") = G*0aguv — Jar9puGG°.  (4.5)
Proof. First, notice that the Einstein-scalar field system (1.2) is equivalent to

Ricy, = 20,00, 9. (4.6)
To see this, we take the trace of (1.2) to get
—R =20%0n¢ — 40“ 000 p = —20% 0.

Hence,

Ric,uu - guuaa¢aa¢ = QT/JV = 28u¢au¢ - guuaa¢aa¢7
which implies the conclusion.

Now, in order to derive the equation, we simply need to write out the
Ricci curvature in terms of the metric and then insert the generalized wave co-
ordinate condition. This is similar to the derivation in [45]. Since in our setting
we have a different gauge condition, we include the proof for completeness.

Define®” T, := 5(9~")* (Ou9vo + 0u9guo — ogyu)- The Ricci curvature
is given by

o B
Ricyy = 0,1, — 8,15, +T0,T0 5 — | P N (4.7)

=1 =II

37We use boldface T' to denote Christoffel symbols throughout and reserve the notation T'
for the Minkowskian commuting vector fields (see Definition 2.1).
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By (4.4), we have
0 (7000, = 367000 ) = ~000,00°).
Therefore, using the identity d(g~")*? = —(g=1)**' (9= 1)%% dg, 5/, we have
—0,, (92G) =(97 ") 02,95, — %(g‘l)aﬁaﬁygaﬁ
— (g7 (97" Ougars (aagﬁu - ;@gaﬁ) :

Expanding term I in (4.7) using the above identity (and also its analogue with
u and v switched), we have

0T}, —0,1g,

= L) @250+ OB~ Rp)
- %(9‘1)“‘3 (07096 + 0908 — O, p90p)
= 5@ (7 agr (Butsn + Dot — D)
567 07 Do ain + 0uiap — Do)
= _%(g_l)aﬁaiﬁguu — %%(gmgk) - %c’%(g;mgk)
+5 G Bygr (Qugns — 300000
+ %(g’l)““' (97" 00 gars <aa95u - ;augaﬂ)
- %(9’1)““/ (97" a9 (Bugsw + 0u9ou — Dsgu)
3G (6 Do (Oagon + Ouas — Oager). (45)

Collecting the quadratic terms in the derivatives of g in (4.8), we get
9oL, — 0T oy

(570 s~ 59u(030Y) ~ 300(5100")

(97 (97)% Ougorsr Dugn

(971 )aa/ (9~ ! )'Bﬁ/ OvGarpr (2aagﬂu - 6ﬂgau)

+

NN =N =N =N

(97 (97" Oagarpr (Bugsu + Ougs — 09y

1 1
(9702 90 = 50u(903G™) = 500 (90G™)
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+ %(g’l)“‘“' (97 (090500 g8v — DaGor 3 Opugpn)
+ %(971)%/ (9717 (00 9o 3 Oagpy — Oagor Ovgan)
4507 (67 Bugor Doty (19)
I
Expanding term II (4.7), we get
Ly NS WPl e
= ) 0 Ouars + Dorn — Do) Do

- Z(g_l)”‘ (97" (Ougars + 9890y — 0ar91u5) (Dagup + Ougas — dprgav)
1

(97 (977" (Ougarv0agpp + OvgornOagpp — O GuvOagpp)

1
1 —1aa', — ’
=207 (6 (OugarpOagus + D590 nDagys — Oo 9updagus)
1 —laa', — ’
= 207 (6 (Ougar p0ugap + D39oruDvgap — Oo9updvgas)
1 —1\aa', —1\BF’
+ Z(g ) (g ) (a#ga'ﬂaﬁ’gav + aﬁga’uaﬁ’gav - aa’guﬁaﬂ’gaV)
1 1\aa!, — ’
= 167 (07" (OugarvDagspr + OvgaruOugpp — OorguvOagss)
_IV
1 _ oo, — ’ 1 _ ool — ’
~5@) (67 Ou 9upOp g +5 (97 (971 o gpup ety
_V
1 toa's 185
- Z(g 1) (g 1)Bﬂ aﬂga’ﬁaugaﬁ’- (410)
Further expanding IIT in (4.9) using (4.4), we get
1, _ aa [ — /
M= 297 (97" Oagarp Op gy
1, (1, aa’ a
= 5(9 1yep (2(9 N 08 G — 950G >3ﬁguu (4.11)
1

—1yaa' [, — ! 1
=17 (967" 0p Gaar D g — 55 Osguv-

4
Using (4.4), IV in (4.10) can be expressed as
1 —1\aa' [, — /
IV = Z(g 1) (g 1)Bﬁ (auga’vaagﬁﬁ’ + avga’uaagﬁﬂ’ - 8a’g/waagﬁﬁ/)
1 —1\aa' [, — /
= Z(g 1) (9 l)ﬁﬁ (Ougarv0agpp — OagarvOugps)

(gfl)aa (gil)ﬁﬁ (avga’,uaozgﬁﬁ’ - aozga’paugﬁﬁ/)

(gfl)aa (gil)ﬁﬁ (aaga’uaugﬁﬁ’ + aaga’paugﬂﬁ/ - aa’g;waagﬁﬂ’)
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= (g7 (g7 (890100985 — OaorvOugps)
(g~ hee (g=1)P¥ (Ov9on9agps — Oagar n0ugpp)
(gil)aa’(gil)ﬁﬁ,avgaa/augﬁﬂ'

(0 (900G 04955 — 91aG0vgsp)

_ 7(gfl)aa'(gfl)ﬁﬁlaa/guyaagﬁ[j/. (412)

W

We then expand the term V in (4.10) using (4.4):

1, _ aa’ [ — !
V=—3 N (g™ Oar 9508 G
1, _ aa’ [ — !
= =507 (67)" (Ot 91303 Gou — D 911500 Yo
1 1 _ ’ 1 —1yaao! o
- 7(9 1>I8B 8ugﬁﬁ/ - guﬁgﬁ *(g 1) augaa’ - guag
2\ 2 2
1, _ aa’ [ — !
= =507 (67)" (Ot 903 Gou — D G1up0ar o)
1, _ aa’ [ — /
=207 (07" 0ugpsrDugacr
1, _ ! a 1, _ aa’ 1 a
+ i(g I)Bﬂ 8,ugﬁﬂ’guo¢g + Z(g 1) augaa’gpﬁgﬁ - Eguag,uﬁgﬁg .
(4.13)
Adding (4.11), (4.12) and (4.13) yields
ImI+1vV+V
1 1, o ,
= _Eg aﬁguu + g(g 1)aa (g 1)65 8l/gaoc’ n9Bp’
1, e, — '
+ 1(9 1) (g 1)/86 (8Hga’vaozgﬁﬁ’ - 8aga'l/8ugﬂﬁ’)
1 ot oa
+ 707 (07" (009000985 — OuornDups)
1 oo g 1 3
=507 (97" (Oar 905 G — O 9 0u Gour) = 5 9uaGus GG

(4.14)

Combining (4.6), (4.7), (4.9), (4.10) and (4.14), multiplying by 2 and re-
arranging yield the desired result. O

Given an (e,, N)-admissible perturbation of a dispersive spacetime so-

lution (M, gg, ¢p) of size (C,~, N), we show that we can impose the condition

(4.1)

on the initial data.

Proposition 4.2. Given a dispersive spacetime solution (M, gp,dp) of size
(C,v,N), there exist ¢ = €(C,~,N) such that for every (e,~, N)-admissible
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perturbation, one can prescribe the spacetime metric g and its time derivative
Org on the hypersurface {t = 0} such that the following hold:

(1) g can be decomposed as
g=m+hp+hs+h,

(2) the restriction of g on the tangent space of {t = 0} coincides with §;

(3) the second fundamental form of the hypersurface {t = 0} coincides with
k;

(4) g satisfies the generalized wave coordinate condition (4.1) initially on {t =

0};
(5) h obeys the following estimates on the initial hypersurface {t = 0}:

(1 + ) 299 R 12 gm0y S e (4.15)

Proof. Recall our convention that 7,j,m,n = 1,2,3. The initial data for g;;
are given by the condition

9ij {t=0}= Gij-
We thus need to impose goo, goi; and 0:g,, in a way that the generalized wave
condition is verified and that the second fundamental form of the solution g,,,,
coincides with the prescribed k. To this end, we first impose3®

goo [{t=01= (9B)oo [{t=0} +(hs)oo, Goi [{t=0y= (9B)oi [{4=0} - (4.16)
We then impose the condition3?

gi0,5 + g50,i
V=900 + (7)™ gomgon

(Y 901(gik,j + Giki)
V=900 + (G71)™" gomgon
where the future-directed unit normal N is given by
1 -

- V=900 + (§71)™" gomgon (9 = 90i(97")700).

Notice that by (4.16) and the fact that g is Riemannian, we have —ggo +
(671)% goigo; > 0 and thus N is well defined. In particular, (4.17) determines
0:9ij [{+=0y (since all remaining terms are previous prescribed). Finally, the 0;
derivatives of go, can then given by (4.4). More precisely, by taking u = i in
(4.4), we show that d;go; can be defined by*°

(970 g0; = — (gil)Ojatgij - (971)0;‘@901 — (gil)jkajgki

2kij = Ngij (=0} — [{t=0}

(4.17)

[{t=0}

N

L
+ 5(9 )P igap — 91G". (4.18)
38Recall that (hg)o; = 0.
39The second fundamental form is given by ’;ij = g(DaiN78j) — %(ENg)ij-

Moreover, using the expression for N below, 2k;; can also be computed by
1 ..
v/ =900+(5= 1) ™" gom gon (L(at 790”‘@71)771”8")9)” ’

40Recall that G¥ is defined in (4.1) and (4.2).
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By taking ;1 = 0 in (4.4), 9;goo can be defined by

1

5(9_1)00@900

—1,\0i —1,\0i —1yij Lo i
= —(g7")"0gi0 — (g7 )" 0igoo — (97 ") igjo + 5(9 1Y 0,9
+ (7% g0; — g0, G”-
(4.19)

By construction, the conditions (1)—(4) in the statement of the proposition
hold. We now check that h defined above satisfies the bound (4.15). In the
case that all derivatives falling on h are spatial derivatives, the bound for h;;
follows from (3.5) and that for hg, follows from (4.16).

In the case that exactly one time derivative falls on h, we take (4.17),
(4.18), (4.19) and subtract off the corresponding equation for the background
metric gg = m + hp. (Recall that G* = G + G&, where G is given exactly
by the generalized wave coordinate condition for the background metric ¢gp.)
For O¢h;j and O¢hgo, the desired estimate then follows from (3.5), (3.6), the

estimate |0/Gg| < % for G4 and the fact that G = 0.

For 0:ho;, however, we note that each of the terms in (4.18) does not have
sufficient decay in r. Nevertheless, by the definition of hg and Gg, we have the
exact cancellation that allows us to conclude®

v 1, _ elog(2 4 r)
. 1\jk 9. L= TyaB 5. — m...GY = 7
(m—") 9, (hs)ki + 2(m ) 0i(hs)ap — minG5| S (1+4r)3
(4.20)

Similar cancellations occur for higher spatial derivatives, see Proposition 8.1.
This allows us to obtain the desired estimate for d;hg; and its weighted spatial
derivatives.

Finally, in the cases where there are at least two time derivatives falling
on h, we need to use the equation in Proposition 4.1 to express time derivatives
in terms of spatial derivatives. The calculations are largely similar to that in
Sect. 9 and will be omitted. It is important to note, however, that as above,
we need a crucial cancellation between the most slowly decaying terms (see
Proposition 9.2). O

5. Third Version of Main Theorem

In Proposition 4.1, we have shown that under the generalized wave coordinate
condition (4.1), the Einstein scalar field system reduces to a system of quasi-
linear wave equations. As is well known, if we solve the system of quasilinear
wave equations in Proposition 4.1 with initial data satisfying the constraint
equations and the generalized wave coordinate conditions, then the constraint
equations and the generalized wave coordinate conditions are propagated and
the solution is therefore a genuine solution to the Einstein scalar field system.

41This fact will be proven in Proposition 8.1.
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In view of this, we can now rephrase our main theorem (Theorem 3.6)
as a result on the global existence of solutions to a system of quasilinear wave
equations. Before we proceed, we need one more notation:

Definition 5.1. Let*2
(q) = L+ (1+ g™+ ifg>0
1+ (1+g)~% ifg<o.

Our main theorem can be stated as follows:*3

Theorem 5.2 (Main theorem, third version). Let N > 11, 0 < v < % and
(M, gp,éB) be a dispersive spacetime solution of size (C,~, N). Then, there
exists € = €o(C,7, N) such that if the initial data to the system of equations
in Proposition 4.1 together with the wave equation

Oy =0
satisfy the constraint equations, the generalized wave coordinate condition (4.1)
and the smallness assumptions

Z 1+ 7“)%Hllwavlh||1:2({t:0}) Se
[I|I<N
and

Z (1 + )2 HHITV(6 — (¢5) =0yl L2 (1=0})
[II<N

+ Z (1 + ) =L — (968) Timoy)ll L2 (pi=oy) < €
[|<N-1

with |z, |2]"H7]d] — 0 as |z| — oo and € < ey, then the unique solution
to this system of equations is global in time. Moreover, for B := ¢ — ¢p, the
solution obeys the following estimates:

ST (w2 o0 bl 2 sy + 1w O Bll2(geryy) S €1 +7)0,  (5.1)
[I|[<N

where 61 > 0 is a small constant which can be chosen to be arbitrary small as
long as € is also chosen to be accordingly small. The implicit constant in the
above estimate depends on C, v and d;.

Remark 5.8 (Initial bounds in L? for the I'/ derivatives). By using equation
(4.1) for g,, and the equation (y¢ = 0 for ¢, it is easy to obtain also the L?
bound for the I' derivatives,

ST+ b ooy + Y 11+ 1) 20T Bl| 2oy S €,
[T|[<N [I|<N

where the implicit constant is independent of ¢ as long as € < €, with &
depending only on C, v and N. In order to derive this bound, we need in

42Notice that w as defined is Lipschitz.
43For more details on how Theorem 3.6 implies Theorem 5.2, see Remark 5.5.
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particular to use the properties of hp (at {t = 0}) given in Definition 3.1 and
the properties of hg proven in Proposition 9.2.

Remark 5.4 (Initial bounds in L*°). As an immediate consequence of the as-
sumptions above and standard Gagliardo—Nirenberg theorems, we have

> (@ + )" TR oo gm0y + (L +7) T Bl Lo (g=0p) S e
[T|<N -2

Remark 5.5 (Theorem 5.2 implies Theorem 3.6). Given an (e, v, N )-admissible
perturbation in the sense of Definition 3.5, by Proposition 4.2, the initial data
for h can be imposed to satisfy the generalized wave coordinate condition
(4.1) such that the bounds in the assumptions of Theorem 5.2 are verified
(after potentially changing e by a constant factor). The definition of the initial
data set also guarantees that the constraint equations are satisfied.

By Theorem 5.2, we therefore have a solution which is global-in-t-time
in the generalized wave coordinate system (t,z', 2%, 23). Finally, it remains
to show that the spacetime is indeed future causally geodesically complete.
However, this step is standard given the estimates that are established in
Theorem 5.2. We omit the details and refer the readers for example to [50].

6. Main Bootstrap Assumptions

We begin the proof of Theorem 5.2. The proof proceeds via a bootstrap ar-

gument. By standard methods (see also Theorem 13.2), we know that there

exists a local solution and it suffices to prove a priori estimates for hyp =

9ag — Map — (hB)ap — (hs)ap and §:= ¢ — ¢p.

Fix 5y > 0 be a small constant satisfying?*

g

O<50§1000N. (6.1)

We will make bootstrap assumptions on the L> norms of h and its derivatives.
First, we assume the following for the derivatives of h:

sp D7 (L) (1)l R )| S F - (62)
\I\<L ]

and
sup D (L4)* (L [g)"# Fw(@)* N h(t, )| < €2, (6.3)

t,
* <Ly

where w(q) is defined in Definition 5.1. For the first derivative of h, we further

assume a refined estimate for all but one component. More precisely, we make

the bootstrap assumption?®

Sup(l + 8)|0h(t, 2)| 7 < €2. (6.4)

44Notice in particular that §p < As we will show below, Jp can be taken to be

88,000 000
arbitrarily small, as long as € (and other parameters in the problem that we will introduce
later) is chosen to be smaller accordingly.

45Here, we recall the definition in (2.8).
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We then introduce the following bootstrap assumptions on the L norm of
' h:
swp Y. (1+9) P+ jg) T w@ Ut < b (65)

t,x
<Ly

Finally, we introduce®® the bootstrap assumptions for hr7 and (Th)pL:

sup(1+8)" 3 (1+1g) 2 Tw(g)? | [h(t)ler + 3 [Ph(t2)ler | < €.
* 111

(6.6)

In addition to the bootstrap assumptions for the metric components, we also
need bootstrap assumptions for the scalar field. More precisely, for 5 := ¢—¢p,
we make the following bootstrap assumptions, which can be thought of as
analogues of (6.2), (6.3) and (6.4):

sup Y (L+9) 701+ g2 Fw(g) 2 [or Bt o) <2 (6.7)
B < X

and
sup > (L+8)270(1+g)) 2 Fw(q)? |00 B(t,z)| <2 (6.8)
B <X

and

sup(1 + 5)|0B(t, z)| < €2, (6.9)
t,x

where w(g) is defined in Definition 5.1.

We will improve all of the above bootstrap assumptions, i.e., we show
that (6.2)—(6.9) all hold with a better constant (see Proposition 18.14 at the
very end of the proof of Theorem 5.2).

Remark 6.1 (Choice of parameters v, dg, 0, T, Ua, Us, €). We now discuss the
choice of various smallness parameters in the problem, some of which have
already been introduced above, and the order in which they are chosen. 7 is
given in Theorem 5.2 and is required to obey 0 < v < %. 09, which appears
in the bootstrap assumptions above and is used to measure the “loss” in the
decay rate, is chosen to satisfy*” (6.1). It will be considered a fixed constant
in the course of the proof. After dq is fixed, we choose Uy and Us, which will
appear in the definition of the partition of the spacetime (see Sect. 12), so that
|Us| and |Us| are large. After that, we choose T to be large. We then choose
0, which is used for the improved pointwise estimates (see Proposition 18.13),
to be small. Finally, we choose €, which measures the size of the data, to be
small.

46 Again, we recall (2.8) for definition of the notations.
4784 can in fact be chosen arbitrarily small, as long as the constants Uz, Uz, T and € are
then chosen accordingly.
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7. Preliminary Bounds

In this section, we collect some preliminary bounds. After stating some stan-
dard facts regarding the Minkowskian commuting vector fields (Propositions
7.1, 7.2), we then turn to some estimates for g~! and its derivatives using
the assumptions on the background metric (Definition 3.1) and the bootstrap
assumptions.

We now turn to the details. First, we have the following proposition
regarding the decay that one can obtain using the Minkowskian commuting
vector fields:

Proposition 7.1. For every scalar function &,

(1+ ¢+ |aDI9€|(t @) + (1 + la)o€|(t,2) S > [T'€](t )

|1|=1
Proof. See Lemma 5.1 in [46]. O
Next, we have a proposition regarding the commutation of 0 and I':
Proposition 7.2.
[almr] =0 Cuuaw
where |De| <1 and Depp = 0 for every Minkowskian commuting vector field
Ir.

Proof. This is a direct computation. O

To conclude this section, we prove the following bounds on the inverses
of g and gp:

Proposition 7.3. Define®® H®? = (g=1)*# — m? and Hgﬁ = (g5")™? — meb.
Define also Hag = ma,mpg, H* . Then, for |I| < N, H, Hg and H— Hp obey
the following estimates:

log(2 + s)
I J
T H|(t, x) < s T Z [T7h(t, z), (7.1)
[J1<I1]
log(2 + s)
D' Hp|(t,2) S 15 (7.2)
and
log(2
\FI(H7H3)|(t,x)§€Og +3) S 7RI ). (7.3)

[71<|1]
Moreover, we have the following improved estimates for the “good components”
of H:
(1+ gz

S Mot i

‘H|L7t$ Z|F1H|LL
[7]<1

48We remark that our conventions for h and H are slightly different: While h is defined by
subtracting m + hp + hg from the metric g, H is defined by only subtracting m from ¢g—1.
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log(2 + 1+ |g))2 3|07 h|(t,
‘FIH|LL(t7x) SJ M + |Flh|LL(t7I) + Z ( |q|)21 45| ‘(l I’)’

t+s |J1<|1] (1 + 5) - Ow(q)2
(7.5)

as well as
elog(2 + s
D (H — Hp)lpat0) £ B0 EHua 09
(14 '/ hl(t,

Ly W

1-6 i
=y (Ls)iew(e):

Proof. If s is small, the estimates in the proposition are much easier to prove
based on (3.1). We will therefore only treat the case where s is large.

Proof of (7.1)—(7.3) for |I| =0

We begin with (7.1)—(7.3), first starting with the |I| = 0 case. We use
the following easy fact: Suppose A is a matrix such that A~! has bounded
Frobenius norm, i.e., |[A7!|| < C and B is a matrix with Frobenius norm
|B|| < a. Then, for every constant C, there exists ag sufficiently small such
that whenever a < ag, we have

I(A+ By — (A" — A BAT)| < |BIP. (77)
Taking A =m and B = hg + hg + h, we obtain the bound
(71 =+ ¥ (i + s + B < (| + | + ]
for s sufficiently large, which implies*?

2
< log (2+9)

log(2 + s)
|H(¥ﬁ - haﬁ‘ ~ (1 ¥ 8)2 1L .

h2

(7.8)

+1(hs)agl +1(hp)asl + |h]* <

log(2+s)

- A similar argument using (7.7) with

where we have used |hg|+ |hp| <
A =m and B = hp shows that
log(2 + s)
1+s
To estimate H — Hpg, we again return to (7.7) and this time let A = gp and
B = hg + h. Since hg and h both have small L> norms, we can ignore to
terms that are quadratic or higher and obtain
elog(2 + s)
1+s
By (7.8), (7.9) and (7.10), we have thus obtained (7.1), (7.2) and (7.3) in the
[I| = 0 case.

Proof of (7.1)—(7.3) for general |I| < N

|Hp| S (7.9)

|H — Hp| < [hs|+|h] S + [h]- (7.10)

49We recall here that H* := (g=1)*% — m# and that the indices of H are lowered using
m.
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In order to estimate the derivatives of the inverse of g and gp, we iterate
the following formula:

DA™ = —A71(94)A7!
to obtain the following expression:
' =T/g™!
=— _1(F1(h5 +hp+h))g™

+ > g I (hs + hp + h)gT (T2 (hs + hp + h)g ™!

Ji+Jo=1
.]1,']2;60

= > g (MM hs+hp+h))g (T (hs + b+ h)g T (TR (hs

Ji+Ja+J3=1I
J1,J2,J37#0

+hg+h)g 4 (7.11)

Here, for a given multi-index I = (i1,42,...,in), {J1 + Jo = I, J1,Jo # 0}
denotes the set of all Jy, Jo such that J; is an ordered Nj-sub-tuple of I (for
some 0 < Ny < N) and Jp is an ordered (N — Nj)-tuple given by removing
J1 from I. The set {J1 + Jo + J3 = I, J1, Ja,J3 # 0} (and the higher-order
analogues) is defined in a similar manner.

Recall from the bootstrap assumption (6.5) that I'/h are bounded for
|J| < [4]. This, together with the bounds for g=! derived from (7.8), allows
us to bound all terms that are quadratic or higher in h both those which are
linear. We thus have

ITTHI S Y (T hs|+ [T/ hp|+ [T7h),
[J1<I1]
from which (7.1) follows. Similarly, we prove (7.2) by

log(2 + s)

IMHp < Ihgl <
T'Hp| S Y IMhs| S 1 ts

|J1<|1]
We now turn to the difference H — Hp, i.e., the proof of (7.3). Using (7.11)
for both H and Hp and taking the difference, we have

T'(H - Hp)| S Y (IThs|+ |07k + |H — Hp| [T hp|)
[7]<I1]

log(2
NEOg +S I Z |FII’},|
<[]
where in the last line we have used (7.10) and the bounds for [I'/hg| and
Il hp|. This thus gives (7.3).

Proof of (7.4)
We now turn to the proof of the improved estimates for certain compo-
nents for ' H. When |I| = 0, we use (7.8) and the triangle inequality to obtain



Vol. 23 (2022) Global Nonlinear Stability of Large Dispersive Solutions 2431

the following bound for |H|.7:

log?(2 + s)
(1+5)?

o (+lghi

T w(g)>(1+s)1F3

|H|zr S |hloT + + |hs|or + |hBloT + B

(7.12)

Here, we have used the bounds for |h|.7, |hB|L7 and |hs|L7 from the boot-
strap assumption (6.6), Definition 3.1 and Remark 3.4, respectively. We have
also used the bound for |h| in the bootstrap assumption (6.5).

We also show that the LL component of I'' H is better behaved. Using
(7.11), we get
T H|pr S [D'hslor + [T hpler + TRl + [H|([T hs| + [T hp| + [TTh])

+ > (Ths| D hp| 4 IDURN(Ths| (7 5
[J1]+]J2| <|T]

+ [T72hp| + [T72h)).
For |I| <1, we have

1

Ih +|Th < — .
T hs|er + T helr S 1153

Using this together with the bootstrap assumptions (6.5) and (6.6), we have

1 T4y
Z |FIH|LL 5 ( + |Q|)2

3 x 7.14
[|<1 w(q)z(1+ )tz (7.14)

(7.12) and (7.14) together imply (7.4).

Proof of (7.5)

It suffices to consider |I| > 1. Returning again to (7.13), we first use the
weaker bounds for [ hg|rr and [T hg|p for [I| > 1:

log(2 + s
T hslor + T hplor S #
+ s

Using also the bootstrap assumption (6.5), we get (7.5).
Proof of (7.6)

Finally, we prove the estimates for [T/ (H — Hp)|.r. We again use (7.11)
and subtract from it the corresponding equation for gp. Using (7.1), (7.3) and
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the bootstrap assumption (6.5), we get
T (H — Hp)|LL
SIT'hlp + T hs|o

+ Y (T

[J1 |+ J2| <[]
+ M hg| + |H — Hg|)(|H| + |T72hg| 4+ [T 2hg| + |T/2h|)

log(2 1 T’h
,S € Of( +S) +|F1h‘ Z +|Q|1 64| |
+ s \J\<\I| (1+9) Ow(q)

This proves (7.6) and thus concludes the proof of the proposition. U

8. Generalized Wave Coordinate Condition

Recall that the metric g satisfies the condition
0 1 0
-1 aﬁ _ —1 aﬁ — v 8.1
(97 5 w98 = 507 )" 5 9as = — 9w G, (8.1)
where G* = G, + G&, Gy = Oy, a# is given by the choice of coordinates for
the background solution and Gg is given explicitly as in (4.2) by

G2 =0, Gi=—x(rx() (4M log(r — 2M)) x?

t r2

In this section, we show that (8.1) allows us to rewrite |0T'h|r7 in terms of
better behaved quantities which either have a “good derivative” d or are lower
order in terms of derivatives. This follows closely the ideas in [45,46]. We show
that while we use generalized wave coordinates instead of wave coordinates in
our setting, the most slowly decaying terms cancel and the methods for dealing
with the “bad derivatives” of the “good components” still apply.

As a preliminary step, we need a calculation about hg and Gg, which is
a more general version of the estimate (4.20). More precisely, we have

Proposition 8.1. The following estimate holds for all I with a constant that
may depend on |I|:

s D 1 0
O (9 5 ) = g 5 s)ap -+ G5 )| .2)

el(cﬁi;rss) ifq>0
~ e(1+|(111\2:;)§3(2+s) if ¢ < 0.

Proof. Recall from Definition 3.2 that hg is defined by

_ IM _

(hs)oo = — (hs)oi =0

- 4M log(r — 2M) xixy (2M  4Mlog(r —2M)
(hs)ij=——— — -\~
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and hg is defined by
r\ ~
hs = x(r)x (;) hs.

Recalling also the definition in (4.2), we can write Gg as

5 5 54 4M 1 —2M 1
Gs = x(r)x (g) gk, where Go=0, Gi=-— (()gi?;)) x?

(8.2)

Given the above definitions, we have the basic estimate that |97 hg|+|T7Gg| <
kgfj)f ) for all>® 7. This is of course not sufficient to conclude the proposition
and indeed we will need the cancellation between various terms.

To proceed, first, it is easy to observe that the I'! derivatives of x(r)x(%)
are bounded and supported in the region {r > 1}N{3 < % < 3}, In particular,
this region is a subset of {¢g < 0} and we also have 1 < %
the basic estimate above, all the terms with at least one I' differentiating
x(r)x(7) obey the desired estimate.

It thus remains to control
FI aﬁi il _1 af 9 5 Sv

0 2 (s — 5 (hs)as + S )| (62)  (83)
in the region {r > 3} N {r > L}. In the case where p = 0, the above term
vanishes identically. We now compute (8.3) in the case where i = 1,2,3. We
will use the following simple facts:

0 7x: 0 xi B Q izl
G T W r3 )7

i=1 j=1

. Therefore, using

For i = 1,2, 3, we have

0
maﬁi(hs)ﬁi

ox®
_ 5jki (_4M10g(r - 2M)&k B ztak (2]\/[ ~ 4Mlog(r — 2M)>)
Oxd r ! r? T r
4M 4Mlog(r — 2M)\ x*
- <7“(7ﬂ—2M)Jr r2 >r
zt [ 2M AM 4M log(r — 2M) (8:5)
_7’(_7"2_7”(7”2M)+ r2 >
22 (2M  4M log(r — 2M)
o2 (r B r)

8Muztlog(r —2M)  2Ma®
= 3 S

50With constants depending on |
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and
1 0
Z B
Qm 8x2(h5)
10 ~
= 2 61‘1 (hS)OO + 6J 1(h’s)]k

10 2M 75jki (_4M10g(r2M)6v

2047 1 2 Oxt r ik

wixk [2M _ 4Mlog(r —2M)

r2 ( r r ))

:Mxi 3 ( 4M +4M10g(r—2M)>:Ei
,

73 2\ r(r—2M) 72
1/ 2M AM 4M log(r — 2M)\ o'
2 72 r(r—2M) 72 r
oMt AM 't AM 2] —2M
_ zt x L AMz og(r ) . (8.6)
r3 r2(r —2M) r3

Subtracting (8.6) from (8.5), we get

0 - 1 0 AMxtlog(r — 2M)
meB 2B =
oz e (hs)ai 2m (’9a:i( §)as 73
AM n 4Mz*
r3 2(r—2M)
(8.7)
On the other hand,
_4Mxi+ AMz'  4AMa'(r — (r—2M))  8M?a! (8.8)
73 r2(r —2M) r3(r —2M) Cr3(r—2M)° '

Recalling the definition of Gg in (8.2) and using (8.7) and (8.8), we thus obtain

o - 1 o ~ SM?2z?
me mee QY =
e (his)si = 5m™ = (hs)ap +miG§ B —2M)’

which immediately implies (in the region r > %) that

ox® ox?

L0 - 10

We have thus estimated (8.3). This concludes the proof of the proposition. [

We now move on to use the generalized wave coordinate condition to
bound the “good components” of the metric. First, we prove an estimate for

|8h|LT:
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Proposition 8.2. |0h|. 7 satisfies the estimate

|Oh| L7 (¢, )
< |Gh](t,a) + — <108 FS)  Tog@+s) 5 o
1+ s)Pwlges | 1+s
1
bl w) + BlIORI ).

(1+5)(1+a])

Proof. As a first step, we start from the wave coordinate condition (8.1) and
subtract off the contributions from the corresponding wave coordinate condi-
tions for hp and hg. More precisely, we now use g~ ! = (gg)~' + (H — Hp) to
rewrite (8.1) as follows:

(95") ﬁ@(hB +hs +h)gu — 5(931) ﬁ@(hB +hs +h)ag + 9,9

=O((H — Hp) - 0(hp + hs + h)). (8.9)
By definition of Gg, we have
“1\ap O L, qap O vo_
(951)" o (h)a = 5 95)" 5 (h)as + (98) G = 0. (8.10)
Therefore, subtracting (8.10) from (8.9), we obtain

— « 8 1 — « a v
(95) 55 (hs + g = 5(95")" 52 (hs + hag + (hs) w0

+ h,uygé + g;u/gg'
= O((H - HB) . 8(h3 + hg + h))
(8.11)

Next, we subtract
0 1 0
aB _ —oaaB_ Y v
ps (hs)su 5 o (hs)as +muGs

from the left-hand side of (8.11) and use Proposition 8.1 to conclude

- « 8 1 — « a v v
(931) ﬂa?hﬁu - 5(931) 5@%5 + (hs)wGp + huwGh

=O(H - Hp)-0(hp +hs+h))+O(Hg - Ohs)
e(1+|q])log(2 + s)> .

(1+ s)Pw(q) ™=

m

+O((h3+hs+h)'gs)+0<

(8.12)

We now rewrite (8.12), viewing m*® 52-hg,, — 2m®-2_h,5 as the main term.

More precisely, we write (8.12) as follows:

Main + Error; + Errors = Errors + Errory + Errors

o <e(1+ IqI)log(2+8)>’ (8.13)

(1+ s)Pw() =
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where
0 1 0
Main := m*? — —m® — 14
ain = m™ o 2 hay 5™ g e (8.14)
Error; := O(hp - Oh), (8.15)
Errorg := O((h + hs) - Gp), (8.16)
Errors :== O((H — Hp) - O(hp + hs + h)) (8.17)
Errory := O(Hp - Ohg), (8.18)
Errors :== O((hp + hs + h) - Gg). (8.19)
The term O (MW) in (8.13) is clearly acceptable. We now show
(14s)3w(q) 127

that the main term indeed gives the desired control up to some acceptable
error terms and that all the error terms are controllable. We first estimate the
terms in (8.15)—(8.19). To that end, recall from Definitions 3.1 and 3.2 and the
estimate (7.2) that

elog(2 + s) log(2 + s)
1+s 1+s
elog(2+s 1
o S
and by (8) in Definition 3.1 and the definition in (8.1), we have
log(2 + s) elog(2 + s)
(1+s)2 (1+5)2

log(2 + s)

hel <
lhs| S TS

o |hel S , [HBlS

)

|0hs| <

IGB| < 1Gs| S

Therefore,

< log(2 + s)

~ 14s

log(2 + s)
arse M

- elog?(2 + s)

- elog?(2+5s)  elog(2+s) In)

~ o (1+5s)3 (1+s)? '

Error;

|0nl,

elog?(2 + s)
(1+s)*

Errory < (8.20)

Errory

Errors

(8.21)
For the term Errors, recall from (7.3) in Proposition 7.3 that we have

elog(2 + s)

H— Hgp| <
| Bl S s

+ |h].

Therefore,

elog(2 + s) log(2 + s)
(1+s)2(1+q))¥ 1+

Errorg < |Oh| + |h| + |h||Oh].

(1+s)(L+ [q])”
(8.22)

Combining the estimates from (8.13), (8.20), (8.21) and (8.22), we obtain
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9 1 9
in| = af _—oaf Y
|Ma1n| m 5330‘h'6# 2m pyer of
elog(2 + s) log(2 + s)
Oh| + h| + |h]|0h].
T (14 s)2(1+q])7 1+s [OR] (1+S)(1+|q|)’y| |+ [hl|OR]
(8.23)

We now contract the index g in (8.23) with L and E“. The term
|2 LrmeP S0 hog| and |5(EA)*m®P 52 has| can be controlled by a good de-

p . .ax“ OxH
rivative, l.e.,

1

lLﬂm‘lﬁi Z
2 2

o _
A o
Dk af (E )l‘m Bwhoﬁ 5 ]8h|

)

We now consider maﬁa%hm contracted with L* or (E4)*. Writing m®® =
—Ler? +Zi:1(EA)°‘(EA)B, we notice that in each case there is exactly one
term on the left-hand side with a bad derivative, i.e., the term LYLP0,hap or
LY(EA)Pd,hap. These are exactly the [9,h|p7 terms that we want to control.
As a result, we get

elog(2 + s) log(2 + s)

Oqh < |0h| + oh
19ehloz 5 19| (1+5)2(1 + |g])” 1 +s 1M
1
+—+—~—————|h| + |h||OA].
AT AR
This implies the desired conclusion. O

We can also use the condition (8.1) to obtain an estimate for the bad
derivative of the LL component of higher derivatives of h. However, in this
case, there are commutator terms containing bad derivative of bad components
of the lower derivatives. More precisely, we have

Proposition 8.3. The following estimate holds for the components (I''h)rr for
all [I| < N:

|8F1h|LL(t, 33)

log(2 log(2
g sy RE) Sy
(14 s)2w(g)# (L4 s)(L+q])” 1<)
log(2 + s) J J1 T
s Soolorhlt )+ > [TB|jOrR|(t )
[J1<|1] [J1l+]J2]<|1]
+ ) orh[(ta)+ Y |orh|(t, ).
[JI<|1] [JI<|]-2

Proof. Using (8.1) and arguing as in the proof of Proposition 8.2, we obtain
the following analogue of (8.13), except that now the error terms also have up
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to |I| derivatives:

1
FI <ma’83ahgu - Qm“'@[)uhaﬁ)‘

- elog(2 + s)

~ o

(14 5)?w(q) ™=

+ Errory; + Errorg + Errors + Errory,

(8.24)
where

Error; :=  »  |[7'hp|or72h), (8.25)
BARNFARS

Errory:=  »  [D7'h|[T72Gg, (8.26)
[J1]+]J2] <[]

Errors:= Y |[7"(H — Hp)||0T"(hp + hs +h)|  (8.27)
[J1[+]J2] <[]

Errorgy:=  »  [D7'h[[172Gg). (8.28)
[J1]+]J2| <[]

Notice that compared to (8.13), we have not write explicitly the terms that are
products of “explicit quantities,” i.e., hs, hg, Gg, Gs: These terms can clearly

log(2 X
clog(2+s) iy exactly the same manner as

be dominated up a constant by ———==""5—
(1+s)>w(q) 127

in the proof of Proposition 8.2.
By Definitions 3.1 and 3.2; (4.2) and (7.2), we have

log(2 log(2
> 07hs| g CEEE S pay) g OEEES)

)

711 s 1< 1+s
log(2+ s

Z |FJHB| § %7

[7]<[1]
elog(2 + s) 5 1

0T hs| S — =5 By P —

Jz<:f| (1+8)2 J;m (1+3)(1+ |q|)7
log(2 + s) 7 elog(2 + s)

S gsl s B ST g SR

171<I1] (1+s) 1<) (1+43)

Therefore,

log(2 log(2
Errorl<M Z |or7 ErlrorggM Z TR,

~ 2
s 2 I+ g
(8.29)
elog(2 + s
Errory < (1g(+s)2) > rnl. (8.30)

[T
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For Errors, we apply (7.3) and the above estimates to obtain

elog(2 + s) J > < 1 7 >
E < ——— T s T 100h
rrory < Z ( 1+s | | (1+s)(1+|g|)” | |

[J1]+]J2] <]
log(2 log(2
SR T i X o
S S
1 1<)
1
t o > [[7h|+ > [7*h[joT”2h).
Y
(L+s)A+laD7 PARARSY
(8.31)
Combining (8.24), (8.29), (8.30) and (8.31), we thus obtain
't | m*Po,h L

m0q ﬁu‘im wllap

:;A T

log(2 log(2

5 GOg( +5)7 Og( +S) Z |FJh|
(1+s8)2w(g)™z  (L+5)(1+]q])” 1<)
log(2 + s) J Ji J2
+ > jor’nl+ Y [T7rh|jor72h). (8.32)
71<1| EARTRARY

We now contract the left-hand side of (8.32) with L* and study the resulting
expression. In particular, we want to keep track of the structure of the terms
after commuting 'Y with 0. We first control the contraction the term A in
(8.32) with L*. Given® I = (i1,...,i|7), using the notation in Proposition
7.2, we have

\LAT! (m®P0ahg,) — LH(m®P 0, (T h) 5,,)]
17|
5 Z ‘L#maﬁ(r(in)Cozy)ay(r(il) T F(infl)r(inJrl) o F(i\f\)h)5u|
n=1

+ Y forhl. (8.33)

[J1<[1]-2

By Proposition 7.2, ¢z, = 0. Using also m®® = —L(*LP 453 _ (EA)*(EA4)8,
we therefore have

|L#mal3(1‘(in)cau)ay(f‘(il) .. F(in—l)r(in+l) .. 'F(im)h)ﬁu|

< Y (lorhl+[or7hlLr) - (8.34)
1< -1

On the other hand, using again m®? = —L(@ L") +Zi:1(EA)°‘(EA)ﬂ, we get

1 _
|L*(m*P 0, (TTh)5,,) + 5L@O‘Lﬁa&(rfh)ﬁﬂ| < |oT7h|. (8.35)

51We refer the readers back to Sect. 2 to recall our use of the multi-index notation.
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Combining (8.33), (8.34) and (8.35), we therefore obtain
1
|[LAT (M Dahgy) + 5 L L L 00 (D1h) gy
< o o'+ > jor’hlr+ Y |or7h. (8.36)
1< |JI<H]=1 |JI<] 1] -2

We now turn to the contraction of the term B in (8.32) with L*. Using Propo-
sition 7.2, we have

I (%maﬁrfaﬂhaﬁ—%maﬁau(r’h)ag)‘5 S e+ Y jeral,
[JI<[T|-1 [JI<T]-2
(8.37)
which then implies
ILEm®P T 0,hapl S > 007+ Y |or7h). (8.38)
JI1<I1] |71<1]-2

Combining (8.32), (8.36) and (8.38), we thus obtain
10T b < [L*LYLP 3 (T h) g, + |07 B
log(2 + s) log(2 + s) J log(2 + s) J
< €08 S r7p| + 28T ar’'n
~ (14 5)2w(g)m  (L+s)(1+ ) mzs:m' I |J\Z§:|I\‘ |

+ S r7mjjor”:al+ Y jor7hl

EARNRAE |71<11]
+ > ot s+ Y joral.
|71<11]-1 |71<111-2

(8.39)

To proceed, we need an estimate for 37, ;i [0T7h|p7. Clearly, 35 ;<71 |

OT7h| 1, can be controlled in an identical manner as in (8.39), with I replaced
by J for some [J| < [I| — 1. It thus remains to control 3=, ; ;/_; |OT b4,
for which we have used the convention

3
0T hlpa =Y Y |ILYEP) U70,(T7h)agl.
B=1UeclU
To estimate this term, we first use m®? = —L(L? 4 5% _ (EA)*(EA)P to
get
1 1
’2(EB)“LaLﬁ8a(FJh)5# + (BB T/ <mo‘50ahg“ - Qmaﬁaﬂhaﬁﬂ

< > jor''hl+ > Jor'hl.

[71<]J]| |J|<|J|-1
(8.40)

Then, contracting the left-hand side of (8.32) with EZ® (with I replaced by J)
and using (8.40), we obtain
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3
007 hlea £ 3 I(EPY LU 0T g + S (007
B=1 BAEE]
3
<S>

1
(EB)“ (FJ (771045804@3'u — 2maﬁauhaﬂ))’
1

B=
+ > jr’al+ YT jer’'n|

[J7]<]J] |7 1<|J]-1
log(2 log(2 /
g Blrs) BB s
(1+S) TU(q)lJrQ'V ( +8)( +|q|) |771< ||
log(2 + s) J’ J J
_— I h I“th||oT"2h
S D DI AL EED DN A
|771<]7] EARSPAENE
+ > joral+ Y jorhl.
[J7]<]J] |7 1<|J]-1

This implies

Z |8F']h|LA

|JI<[T]-1

elog(2+ s) log(2 + s) J
S et | Graarlay 2 T

log(2
4 los(2+5) S jorh|
1+s
1<) -1

[J<[I]-1

2441

D R | ey 1<) v TS N 12 i T S N [ e

[J1l+[J2|<|1]-1 [JI<[I]-1 [J|<[1]-2

Combining (8.39) and (8.41), we therefore obtain

|OT A p,
L S

(1+5)2w(q)™  (1+3s)(1+q]) =i
log(2 +

+% S jor/a+ Y [Thljorzh)

[JI<|1] [J1]+]J2|<|I]

+ Y [or’nl+ > [or7h.

[7]<I1] [JI<|I]=2

(8.41)
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9. Equations for h

In order to obtain estimates for the metric g, we will bound h := g—m—hp—hg.
To this end, we need to subtract the equations for metric gp of the background
solution from the metric g of the unknown spacetime to derive a wave equation
for h. Our goal in this section is to obtain a form of all the terms that appear
in the equations for ﬁgflh (see Propositions 9.15, 9.18). We will then use
these equations to control I''h in the remainder of the paper. We begin with
a preliminary proposition:

Proposition 9.1. The inhomogeneous terms in the equation for ﬁgflh contain
the following terms:

—I7 (T (hs)pw — Guv(9,Gs)). (9.1)
I‘I(G#V(g, gB) - GHV(gBa gB))7 (9-2)
I (2900950959 9.3)
[O,, 1A, (9.4)
—!(O,h — Oyphs), (9.5)
I (Quu(9,9:99,09) — Quuv(9B,98: 098, 09B)) , (9.6)
I (Pu,(9,9:09,09) = Pu(95,95;995,098)) , (9.7)
I (T, (06,00) — T, (065, 065)) - (9-8)

Proof. g, and (gp),. both satisfy equations of the form as given in Proposi-
tion 4.1. Taking the difference of these equations, we obtain

P (T, — Oy (98) ) = (9.6) + (9.7) + (9.5) (9.9)
+1! (G,w(g, g)— G/w(gB7 GB)).
(9.10)

We first expand the terms on the left-hand side of (9.9):

Fl(ﬁgguv - Dgs (QB);W)
=" (Qghp) + ' (g (hp)ww — Ogy (h)u) + T (T (hs)ur)
= 0y (0" hp) = (D9, D k) + T (O (h) v — Oy (A5 )w) + T (g (hs) v -
=1 =11 =111 =1V

(9.11)

Notice now that I is the main term, II is the term (9.4) and III is the term
(9.5). The term IV will be taken into account later (after combining with what
will be called VII in (9.12)).

To compute the last term on the right-hand side of (9.9), we first observe
from (4.5) that G, (g,G) is linear in G except for the term —ga,93,G°G".
Therefore,

C(9,9) = G (9.G8) + G (9.Gs) — 290095465 G2
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This implies
FI (GMV(97 g) - GMV(gB7 gB))
=T (Gyu(9.98) = G (98,98)) = 21" (9av95u G598 ) +T" (G (9,Gs))
—_——

=V —.VI =:VII
(9.12)
V gives the term (9.2) and VI gives the term (9.3). Finally, combining IV from
(9.11) and VII from (9.12) gives (9.1). O

Given Proposition 9.1, our goal in the remainder of this section is there-
fore to further estimate each of the terms (9.1)—(9.8). In the process of esti-
mating these terms, we will be using the bootstrap assumptions in Sect. 6. We
will control these terms in the order that they appeared in Proposition 9.1. For
the convenience of the readers, let us mention the proposition in which each of
these terms will be estimated: (9.1) will be estimated in Proposition 9.3; (9.2)
will be bounded in Proposition 9.4; (9.3) will be estimated in Proposition 9.5;
(9.4) will be controlled in Proposition 9.7; (9.5) will be bounded in Proposition
9.8; and (9.6) will be estimated in Proposition 9.12. The terms (9.7) and (9.8)
will be bounded in separately for the general case (in which one has a bad
term with “insufficient decay”) and for the 7U components. For (9.7), they
will be carried out in Propositions 9.13 and 9.16, respectively, while for (9.8),
they will be carried out in Propositions 9.14 and 9.17, respectively.

We now control the contribution from the hg term, i.e., (9.1). First, we
have the following preliminary bound:

Proposition 9.2. For every quadruple of monnegative integers (ko, k1, ka, k3),
gg :=m + hg obeys the following estimates:>>

|a£€0 8;’;1 al;gafg (Dm (gS)uu + mu/\augg' + ml/)\auggﬂ

€
S (1 + s)4+kothithaths’ for q = 0; (9.13)

and
|afo 851 855 3’53 (Dm (98)uw + muAavgé\ + mv%aﬂggﬂ

elog(2 + s)
~ (]_ + 8)3+/€0+1€1+k2+’€3 ’

for g < 0.

Proof. We recall from Definition 3.2 that hg is given®® by hg := X(T)X(%)iLs,

with (i'Ls)oo = 2M (BS)Oi = 0, (BS)ij = _74M10g(r—2M)5ij - ﬁ(M —

w). Recall moreover from (4.2) that G := X(T)x(%)éﬁ, where G§ 1=

5 AM log(r—2M) \ '

0 and G := — 7%5 ) L.
We first prove the desired estimate for ¢ > 0. In this region, the cutoff
function x(7) is identically 1. Moreover, if any of the derivatives fall on x(r),

52Where the implicit constants depend on ko, k1, k2, k3.
53For the proof of this proposition, it is important to recall that Greek indices run through
0, 1, 2, 3, while Latin indices only run through 1, 2, 3.
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the resulting term is compactly supported in spacetime and clearly obeys the
desired estimates. We can therefore carry out the computations suppressing
the cutoff functions, i.e., we only need to estimate hg and Qé

We first deal with the simple cases where at least one of the indices p
or v is 0. For 4 = v = 0, the desired inequality is trivial as Dm(%) = 0 and
Qg = 0. For p =0 and v = i, we have (gs)o; = 92 = 50g~fg = 0. We therefore
also have the desired conclusion in this case. + It thus remains to check the
case it = i and v = j. We first have®*

4M 1 —2M
o (_ og(r — 2M) %)

r
_ s, (az 8>4M10g(:—2M)
s (o 4M AMlog(r — 2M)
T\ r(r —2M) r2
2( AM  4Mlog(r —2M)
r \r(r—2M) 72
4M

(m ‘2! (w - %)), notice that in terms of the po-

lar coordinates (7,6, @), ”T—;‘J is a function of the angular variables alone and
4M log(r 2M) M

To compute [,

is a function of r alone. We then compute the [, of the
angular part and the radial part separately to get
3

L2 E () () B ()a() - 02) (49

3 3
7 Si  x'ak x’ 8 alzk
B S L T g, (%% _
r < r r3 ) + Z ror ( r rd
k=1 k=1
o (&' xlﬂgk) (cijk B x3§k>
r r r r
2zt dxtzd 2ztad 2045 2ty 2 6a'ad
=T a4 T A Ta ta T :77261&'_ e
(9.15)
and
4Mlog(r —2M) 2M 4M
Dm e = .1
( r r r(r—2M)? (9.16)

Notice that the term (9.15) was computed using (8.4) and the term (9.16) was
calculated in a similar manner as (9.14). Therefore, by combining (9.15) and
(9.16), we have

54Note that while we have suppressed the cutoff function, this computation is only used
when r > % In particular, all terms are well defined for M sufficiently small.
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o, <_ vt <2M _ 4Mlog(7‘—2M)>>

r2 r T
(z'xj (4M10g(r—2M) 2M>>
r r
O ¢ xj 4Mlog(r —2M)  2M
" r r
+:c:nj (D (4Mlog(r2M) 2]\4))
r r
62" xj 4Mlog(r —2M) 2M AMz'z
E T r r3(r —2M)2
2M Maxizd
( 8M10g(3 ))5ij+8 ggx
r r
_ 24Ma’ ‘w9 log(r —2M)  16M2z'x? (r — M) (9.17)

7o R (r—2M)?

Adding (9.14) and (9.17), and recalling the definition of (hg);;, we have

Dm(iLS)ij
8M log(r — 2M) 8Mazixd  24Matxd log(r — 2M)
= 3 61] + 5 - 5
T r r
16M?(r — M) i
dij — : 9.18
r3(r — 2M)? ( *J 72 ) ( )

On the other hand, by the definition of Gg, we have

) 52
min0;Gg = m;jr0;Gg

_ 4Mlog(r — 2M)5,, B xigd 4M- 12Mlog(r —2M)
B r3 Yoot \r—2M r
4M log(r — 2M) xigd SM?2xigi
- o —12Mlog(r — 2M)) — — LT
= dij - (4M — 12M log(r ) 50— 20)
(9.19)

Combining (9.18) and (9.19), we obtain

= 5\ A 16M?(r — M) xtad 16 M2 gz
O (hs)ij + mind;Gs + m;in0;Gs :W ij — ) — 5 (r — 2N

Using the fact that ¢ < r in the region g > 0, it is clear that all derivatives of
the right-hand side obey bounds as in the right-hand side of (9.13). We thus
obtain (9.13) for (u,v) = (i,7).

Finally, we consider the case ¢ < 0. For this estimate, we simply need to

note that on the support of x(7), using the notatlon ok = gpo OF10k29% and

k| = ko + k1 + ka + ks, we have [0°x(5)| S iy, [0hs| S 23 and
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|8kg~§| < (ell_ﬁ()%. Using these estimates to bound each of the terms,”® we

obtain the desired result. 0
Using this, we obtain the following bounds for the term (9.1):

Proposition 9.3. For [I| < N, gs = m + hg obeys the following estimates. In
the region g > 0, we have

|Fl(ﬁg(95’)uu - Guu(gv gs))‘

elog?(2 + s) elog(2+ s)[0T7h|  elog(2 + s)|T7h|
~(1+s)3(1+qm+2( A+s)2 (Itsp )

[

In the region q < 0, we have

|FI(|ig(gS),uV - Guu(g7 gS))|

elog(2 + s) elog(2+ s)|0T7h|  elog(2 + s)|T7h|
STayer T2 ( A+s2 (1+s) )

|71<I1]
Proof. We recall the definition of the term G, (g,Gs):

Gu(9,95) = — 9u(90AG3) — 00(9u0G3) — G20agw — Jaw 95,9395
By the bound

log(2 + s) J
dojorlgl S o+ > [orYh
1 1 Y

<)1) (T+s)+la) iy

and the fact that

log(2+ s)
/g3l < 67, 9.20
Jz<:|1|| s (1+5)* ( )

we have

07 (G30ugu)| + 07 (G&0agyn)| S

log®(2 + log(2 + s)[oT h
( ic;% R o
[JI<IT]
On the other hand, using (9.20) again, we have
2
I anf e?log(2 + s)
T (9arv98,9595)] S W
Therefore, we get
‘FI(GMV(gv gS) + gu)\augg + gl//\augg)l
elog?(2 + s) 3 elog(2 + s)|0T7 h) (9.21)
(1)1 +ql)7 (1+s)2

[T

55Strictly speaking, there are also additional terms where the derivatives act on x(r). These
terms are compactly supported in spacetime and can be handled easily.
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We recall that [TV (g, —my.)| < logl(il'g +22 <11 IT/"h|. Moreover, we have

I07(0,G3)| S “C8E5 using the definition of Gg. They imply
D! (m00,,G8 + mur0.G8 — 9,n0,G8 — 9ur0,G3)|

- elog?(2 + s) Z elog(2 + s)|T7h| (9.22)
~J 4 3 .
(1+9) e (1+9)
We now apply Proposition 9.2 to obtain
e 420
elog(2+s)
(1+s)3

|FI (Dm (gS)uu + mu)\augg + mw\%ggﬂ 5 .
if g <0.

(9.23)
Finally, using (7.1) in Proposition 7.3, we have

|F1(|f|g(gs)l“, — ﬁm(gs)m,” < M Z elog()|l—“7h|

1 3
(1+s) et 1+5)

(9.24)

Combining (9.21), (9.22), (9.23) and (9.24) gives the desired conclusion of the
proposition. O

We now consider the other term where the gauge condition enters, i.e., the
term (9.2) which involves the term Gp:

Proposition 9.4. For |I| < N, we have the following bound for (9.2):

0! (Gu(9,G8) = G958, Gp))l

elog?(2 + s) Z <1og(2 +3)[0T7h|  log(2 + s)|T7h| )
(14 s)?(1+ql) (1+s)? (L+)*(1+ |ql)

[J]<11]
Proof. Recall that

Gun(9:G8) = — 0u(9u2GB) — 0(9u0GB) — G50ab — 9av9suGsGn-

We therefore have to control the following terms:

T ((0g — 998)GB)I, T'((g— 98)0GB)|,
T ((9 — 98)9898G8), IT'((9 - 98)(9 — 98)G8GB)|.

By the definition of dispersive spacetimes ((8) of Definition 3.1), we have

log(2 + s)
G| S .
Jz;” (1+s)2

Using Proposition 7.1, this implies

log(2+ s)
I0Gp| < — 819
2 100981 5 T ap
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Moreover, since g = gg + hg + h, we have

log(2
> Mg -gml s Y Irvn 4 PEEEY)
[J1<[1] [7]<|1]
and
elog(2 + s)

[T [71<|1]

The conclusion follows after combining these estimates and using the bootstrap
assumption (6.5) for the quadratic terms in h. O

The next term to be controlled is (9.3), which can be bounded as follows:

Proposition 9.5. For |I| < N, the following estimate holds:

elog?(2 + s) Z elog?(2 + s)

(1+ ) Gxor L

T (gan 95,655 G| <
[J|<|1]

Proof. By (8) in Definition 3.1 and the formula in (4.2), we have the pointwise
estimates

log(2 + s) J elog(2 + s)
S PG| < 8RS g pagy < losEs)
1<) (I+s)* (1+3)

The conclusion is therefore implied by the simple bound }_ ;< T7g| <1+
11| IT/h| together with the bootstrap assumption (6.5). O

We now turn to the commutator term (9.4). To estimate this term, we
need the following estimate in Corollary 12.3 in Appendix A in [46] for the

commutator between Iig and I'. Observe from the formula that one of the

following three scenarios occur: Either there is a good (LL- or LT-) compo-

nent of H or there is extra —— decay or the term is lower order in terms of

1+s
derivatives.

Proposition 9.6. The following commutation formula holds for any scalar func-
tion &:

0,0 ¢ —170,¢|

1
S — I H|[oT7
ST )» [P H [or ¢
[J2| <], [J1]+ (12| = 1)+ <[]

1
iy > [MH

[Jo[<[T] \[1[+(]J2]=1)+ <[I]

+ > I/ H] Ly + > I | | T,

[J1+(1J2] 1)+ <[] -1 [+ (2] =1)+ <[] -2
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r+2 r==8
I otherwise
(IK] = 1)+ = 0 if |K| = 0.

where®® T = . Here, (K| —1)y = |K|—-14f|K|>1 and

Applying this commutation formula for each component h,,, we obtain

the following bound for (9.4):

Izl

Proposition 9.7. For |I| < N, the following estimates hold:
18, T7]h)
~ |oT7 h| [T h|
S |J\§\ZI\—1 [T/ Ogh| + ‘J%H (+s)ts + |J%I\ (1+5)2-200(1 + |g|)2~ Tw(q)?
log(2 + s)|0T7 h I’h
»> (1(+8)(1|+ |q|)| 2 (1+S)|(1 +||QI)1+“’

I'’th or’2h I71h||OT 72
B T o

[JI<|T]=1 [TI<|7]-1

+

[J2| ST [T+ (T2 | =1)4 <[] [J1 |+ T2 <1}

max{|J1],| 2|} <|T] -1
Proof. First, notice that

[0y, 11k < |T0'h = T'0ghl + Y |T70,h). (9.25)
[J]<[I]-1

It therefore suffices to control |ﬁgFI h—T1 Iigh|, for which we can apply Propo-
sition 9.6 to each component of h,,. We now control each of the four terms
from Proposition 9.6 using Proposition 7.3. We have the following estimate for
the first term:

1
— > ' H||oT 2 h
11 | ||oT2 |
| T2 L 13 (T2 =1)+ <] |
log(2 + s)|0T7 h I/t hjjor2h
<y 8( )\2 . 3 [T Al |
(1+s) 1+s
|J1<I1] | 2|21, 11|+ (] J2| = 1)+ <]

Z log(2 + s)|0T 7 h| Z (1+ |g)2 %[O Al

_4 %
g AFe? (14 5)~%0w(q)

71<11]
7 h)

+ 1_ -
=i (L8P (14 gl) 2~ 5 w(q)=

(9.26)

where in the first inequality we have used (7.1) in Proposition 7.3 and in the
last inequality we have used the bootstrap assumptions (6.2) and (6.5). Here,
notice in particular that at least one of the terms has at most L%J I'’s, which
allows us to apply the bootstrap assumptions.

56Recall from Definition 2.1 that S := t0: + Zle xt9;.
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For the second term, we use (7.4) and (7.5) in Proposition 7.3 to get

1
T IT/* H| 11|07 "2 |
| T2l <IT), 11 [+ (| T2 | —1) 4 <]
D/ 1| 1,|O072 ) 007 |
5 Z 1+|q| Z (1—|—$)1+%
| T2|<IT|, |1 |+ (1 T2 | —1)+ <] | 7|=11|
log(2 + 5)|0T7 h
4 Z og 5\ \
05T (1+s)(1+]q])
. 5 D 1[|OT 72 1)
1-6 1_ 1
el < 1 el =1y <y (L8} (L4 lg)2 7 w(q) 2
- |71 b1 |O02 | 16T |
h 2 1+ q| 2 (1+s)+3
| T2 | <11, |1 |+ (T2 |=1)+ <[] |7|=11|
log(2 + s)|0T7 A T/ h|
+ —+ . .
2 (1+s)(1+ q]) 2 (1+5)272% (1 +[g)' 2 w(q)

[J|<|I]—1 [71<I1]

(9.27)

In the last step above, we have used the bootstrap assumptions (6.2) and (6.5).
We now turn to the third term. Using (7.1) and (7.4) in Proposition 7.3
to control |H|r7, we obtain

1
e > 7 Hlur o
| Ja| <11, 11 |4+(1 T~ 1) <] 1] -1
< Z |H| 7|00 h| n Z [T/ H||OT72h)
oy Ll PARTEARIN L+l
max{|J1],|J2|}<|T]—1
< Z |oT 7 h| . Z log(2 + s)|0T 7 k|
- 1J|=|1| (1 + S)1+ (1 + |Q|)2 ’Yw(Q) |71<|T] -1 (1 + 3)(1 + ‘QD
T7/ih||o072h
+ > T2 RJIOT 2] (9.28)

1
FATEARYY +1dl

max{[J1[,|J2|}<|T|—1
Finally, notice that the last term in Proposition 9.6 does not contain the
highest-order contribution, i.e., we have |Ji],|J2| < [I| — 1. We use (7.1) in
Proposition 7.3 to get

[T/ H||0T "2 |

1+
9l < 121 el 1) <112

S log(2 +s)|9T7h| 5 [ bl [OT 72|

(1+s)(1+]q]) 1+ q|

[JI<|T]-1 [J1]+]J2| <[T]—1

(9.29)
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The conclusion follows after combining (9.25), (9.26), (9.27), (9.28) and (9.29).

O
We turn to the estimates for the term (9.5):
Proposition 9.8. The following estimates hold for (9.5) for |I| < N, :
‘Fl(ﬁghB - ﬁgBhB)|
< elog(2 + s) TRl
T4+ gt (L4 s)( A+ )
7 7
+ 2 oy DD :
= (L)% (1 + lg))2+ T w(q)* 1171 (1+s)(1+[g))**
Moreover, we have the following improved bound for the case |I| = 0:
~ ~ €
|8ghs —Ogphp| S (9.30)

(1+s)23(1+q))2w(q)z

Proof. In order to control the difference of ﬁg and ﬁgB, we will apply the
estimates for H — Hp given by (7.3) and (7.6) in Proposition 7.3. Notice that
in order to control this difference, we need a total of N + 2 derivatives of
hp and this is precisely the reason that we assume in Definition 3.1 that the
background spacetime (M, gp,¢p) has one extra degree of differentiability
compared to that of (M, g, ¢).

We now turn to the proof of the estimates. First, we have the bound

‘Fl(ﬁghB - ﬁgs hB)|

< Y [(H - Hp)|[0°T k|

~
[T1]+|J2|<|T]
[Ji|<|T]-1

+ |FI(H — HB)|LL|a2hB| + |F1(H — HB)||58hB|
(9.31)

Using Proposition 7.1 and the assumptions on hp in Definition 3.1, we have

ar )| 1
T hg| < | < 9.32
> 0ThslS DL S Sarwarae 0%

[JI<|1] [JI<|T]+1
and
5 \3FJhB| 1
> joar'hsl S Y < > . (9.33)
1I1<11] PR G A G R

On the other hand, (7.3) in Proposition 7.3 implies that

elog(2 + s)
- Hp)| £ SEEE L S e
|7/1<] ]
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and (7.5) in Proposition 7.3 implies that

elog(2 + s)
''(H-H S —
T ( pllie S —

Z 1+ |q‘ +Z|FJh|

+ |7k
1" Ales (14 s)1=%0w(q)?

[7]<|1]
Combining these estimates and substituting into (9.31) yield the first conclu-
sion of the proposition.

Finally, for the improved estimate in the case |I| = 0, notice that for
|[I| = 0, the first term on the right-hand side of (9.31) is absent, i.e.,

\Oyhp — Oyhp| S|H — Hp|np|0*hs| + |H — Hg||08hs|. (9.34)

Using the estimates (7.4) and (7.6) in Proposition 7.3 and the bootstrap as-
sumption (6.6), we have

\H — Hpl1s €+ la)** i (9.35)
(1 +8) T 2w(g)>
and
l+’Y
|H — Hp| et la)> (9.36)

T (1)l w()
We now substitute the bounds (9.32), (9.33), (9.35), (9.36) into (9.34) to get

‘ (1 + Jq) 3+
(149> 3 (1+ gD 2w(@)z (148701 +|g)w(e)?
The claimed estimate for the |I| = 0 case thus follows after noting that for dy

satisfying (6.1), we have 1 —dg — 3 > 1 — %’. O

0yhp — Ogphp| <

We now turn to the quadratic terms in dg, i.e., (9.6) and (9.7). First, we
deal with the terms @ for which a null structure is present, i.e. we control the
term (9.6). Before we deal with these terms, we first need a discussion on some
standard facts about the classical null forms on Minkowski spacetime.

Definition 9.9. We say Q(¢&,7) = A*B9,£05m is a classical null form if A% are
constants satisfying A*? X, X5 whenever X2 = X? + X2 + X32.

It is a standard easy fact that every classical null forms can be controlled
by a product where at least one of the derivatives is a good derivative 0:

Lemma 9.10. If @(577]) is a classical null form, then
Q& m)| < 19¢]10n] + |9¢][om].

The final fact that we need about classical null forms is that they com-
mute well with the Minkowskian vector fields:

Lemma 9.11. Let @(5,77) be a classical null form and T' be a Minkowskian
commuting vector field. Then,

TQ(¢n) = Q& n) + Q& Tn) + Q' (&),

where @’(f,n) s also a classical null form.
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Using Lemmas 9.10 and 9.11, we can now proceed to estimate the term
(9.6). More precisely, we have

Proposition 9.12. For |I| < N, we have

T(Quu (9,909, 09) — Quu (95, 95:995,998))|
elog(2 + s) |oT h|
ST T 2 (<1+s>l+v
1<
Bty D7)
(14 s)1=% (14 [g)7+o (14 5)2720%(1 + |g[)2+2% J°

Proof. By the triangle inequality and using the bootstrap assumptions (6.5)
together with Proposition 7.3 to bound the higher-order terms, it suffices to
control the following terms:

T (Quu (m, m; Oh., 0h)), (9.37)

> (14 |01 H|)|OT 2 b, ||0T 72 hs|, (9.38)
[J1]+]J2|+] T3 | <]

> [T  H||0T 2 h,||OT 72 b, (9.39)
[J1]+] T2 |+] T3 | <]

> |T/1(H — Hp)||0T "2 h,,||0T% h.,|, (9.40)

[J1]+] 2|+ T3] <]

where we have used the notation h, € {hg,hp,h}. We briefly explain the
estimates for these terms before turning to the details. First, notice that since
we are taking the difference of a g term and a gp term, every term in the
resulting expression must have at least one factor of 9T h, 9T hg or TV (H —
Hpg). Now, in order to estimate these terms, we observe that as long as the
term is cubic (i.e., the terms (9.39), (9.40)), there is enough decay to guarantee
that it obeys the desired estimates. Turning to the quadratic terms, if one of
the factors is hg (i.e., the terms in (9.38) arising from the 1 in the first pair
of brackets or the terms in (9.37) where h, = hg), then we can use the better
decay properties of 9TV hg to show that these terms are also acceptable. The
main term is therefore the quadratic terms (9.37) where h, € {hg,h}. For
these terms, we use the fact that Q. (m,m;-,-) is a classical null form and
can be controlled using Lemmas 9.10 and 9.11.
We now turn to the details of the estimates of these terms:

Estimates for (9.37)
Again, it is easy to check that Q,.,(m,m;-,-) is a classical null form.
Using Lemmas 9.10 and 9.11 on classical null forms, we have

D (Quu(m,m; Ohe,0R)) S Y (|07 ha |00 /2R 4 |00 . |[OT 72 ).
[J1|+]J2| <]
(9.41)
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First, if h, € {hgs,hp}, we can simply use the bound

= 1
Mh<——"— 42
|J|z<:zv|a S T (542)
1
)< — — 9.43
2 S 4

Combining (9.41), (9.42) and (9.43), we have thus shown that in the case
hy € {hs,hp}, (9.37) obeys bounds as stated in the proposition. Now, turning
to the case h, = h, notice that since |I| < N, we have min{Jy, Jo} < L%J
Therefore, by the bootstrap assumption (6.2), (6.3)

. 1
‘6Fm1n{J1,J2}h| SJ —_— (944)
JZ:N (1+s)+
) 1
Z ‘al—\mln{Jl,Jz}h| S 5 T - (945)
|J|<N (1+s)t=%(1 +[g])2"7w(q)2

(9.41), (9.44) and (9.45) clearly imply the desired bounds in the case h, = h.

Estimates for (9.38)
We first consider the case where h, = h. Using the bound

elog(2 + s)

I'hg| <

and (7.1) in Proposition 7.3, we have

> (L [PH)OT AT bl
[J1]+]J2]+] 5| <|I]

log(2 +
< LosCE5) 5~y paggarn,
(1+s)
[J1]+|T2|<|T]

If |J1] < |J2], this can be controlled using the bootstrap assumption (6.5) by

elog(2 + s) J
S—=—F Y |orh
~Y 2 b

SR AR

which is acceptable. On the other hand, if |J;| > |J2|, we bound the above
expression using the bootstrap assumption (6.2) by

log(2 log(2
< elog( +25) Z T2 h| + g Zog( +5£71 : Z T4,
T+ 22 (L4 8)3=20 (1 + gDz "7 wle)> |,y

which is also acceptable.
We now turn to the case h, € {hp,hg}. For these terms, we can apply
the L> bound to |0T'72h,||0T72hg| and to obtain

elog(2 + s)
(1+5)3(1+g))7

> |or”h.jorTshs| <
|J2|+|J3| <N
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On the other hand, by (7.1) in Proposition 7.3, we have
S oa+rhH)S1+ Y (1A
[J1]<|1] [71<1]
Combining these estimates, we obtain

> (14 [D*H|)|6T 2 h,||OT 72 hg|
[J1|+[T2|+| T <|I]

elog(2 + s) J
1+ ' h
St (U 2 T

This clearly obeys the bounds stated in the proposition. Notice that here we
do not need to use any structure of the quadratic form Q.

Estimates for (9.39)

Since this is a cubic term, we do not need to exploit any structure of the
nonlinearity. We can assume without loss of generality that in the case h, = h,
we have |J3| < |J3|. Therefore, we have the pointwise bound

1
(14 5)' =% (1 + [g])rH+o0
Therefore, when combining this estimate with (7.1) in Proposition 7.3, we get
> [T/t H||0T72 h,||oT 72 A
[Jil+[J2|+| T <|I]

log(2 + s) |OT 73 |
<
2 T+s (1+s)1=%(1+ |g)+% (9.46)

|or%2h,| <

~

|Jal< 1]
> D71 h||AT s |

- (5 5) =0 (1+ g

[J1]+]Js|<|I]
The first term in (9.46) is clearly acceptable. For the second term, we consider
the cases |J1| < |J3] and |J1| > |J3| separately. In the case |J1| < |J5], by the
bootstrap assumption (6.5), the second term on the right-hand side of (9.46)
is bounded by

E I P
< Z (1+g))zta 5°|8FJh|.

This is acceptable since 1 —y — 25y > 1 + 1 —~ — §; for dy satisfying (6.1).
In the case |J1| > |J3], by the bootstrap assumption (6.2), the second term on
the right-hand side of (9.46) is instead bounded by

DS LA
g (L s Be(L [g) 3T Row (g

which is also acceptable.
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Estimates for (9.40)

Finally, in order to control (9.40), we can assume that both instances of
h, are in fact hp for otherwise, this can be bounded in a similar manner as
(9.38) and (9.39). We can therefore use the pointwise bound (see Definition
3.1)
1

(1+5)2(1+ lg))*

> |or”hpl|oT " hp| <
| 2|+ [T <N

Then, using the bound for I'/*(H — Hp) in (7.3) in Proposition 7.3, we get

> IT"(H — Hp)||0T72h.||0T 72 h,|
[J1|+]J2]+] 3| <]
elog(2 + s) Z |7 h|
S A T+
which is acceptable. U

We then turn to the remaining quadratic terms P in dg for which the
classical null condition is violated. While the classical null condition is violated,
as observed by Lindblad—Rodnianski, there is a weak null structure which can
be exploited. Here, we in particular need to make use of the generalized wave
coordinate condition and Proposition 8.3.

Proposition 9.13. For |I| < N, we have
T (P(g,9; 049, 809) — P98, 98095, 0195))|

elog(2 + 5) ; Esr
S — + |oT h|ry|Oh| 700 + ———
(14 5)3=% (1 + |g|)Pow(q) = O hlzulOhlru + S gy
RN |or7 b
t 2 Ayt 2 TreG+lr

\J\<\I| [J|<[I]—1

N Z 017 )| s ( log(2 + )T/ Al

15 ~+6 2-25, Y+26
o T )™ T e T s (L + [ql) 7o

+ > |77t h||OT 72 h).

[J1|+| T2 <|I]
max{|Ji|,[J2|} <[] -1

Proof. Notice that in the proof of Proposition 9.12, among the terms (9.37),
(9.38), (9.39) and (9.40), we have only used the null structure of @, in the
bounds for the term (9.37):

(Q(m,m; 0, ha, O, h)).
Therefore, we can now focus our attention to the term

T (P(m,m; b, 9, 1)),

57

57Here, we recall the notation from the proof of Proposition 9.12 that hs € {h,hg,hp}.
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since all the remaining terms can be bounded analogously as in Proposition
9.12. Moreover, we can make a further reduction and assume that h, € {h, hp},
since if h, = hg, we have better decay for |[0T'/hg| and the term can be
controlled in the same way as the first term in (9.38). Recalling the structure
of the term P, we therefore have to bound the two terms

‘FI (mw’au(h*)w,mﬂﬂ/ath)( (9.47)
and
‘rl (mw’au(h*)aﬁmﬁﬁ’ath)‘ . (9.48)

First, notice that for the terms in (9.47) and (9.48) in which we do not have
the highest derivatives OI'' h, we can simply estimate by naive bound

< Z |oT7 h| n Z |7/ 1| |OT 72 1,
(14 5)(1+ lg])

[7|<[T]-1 |T1]+| 2| <|T]
max{|J],|J2|}<|T|-1

(9.49)
which is acceptable. In the first term above, we have used the bounds in Defi-
nition 3.1 to control 9T hg.

It therefore remains to consider the highest-order terms in h, i.e., when
we have OT''h. Noticing that miL = mL4 = 0, we must have one of the

following two scenarios: Either we do not have the LL component in either of
the factors, i.e.,

|Ohs |71 0T hl 704 (9.50)
or the LL component is coupled with a “good” LL component, i.e.,
|0 | £L|OT h|pL + |Oha|LL|OT R L. (9.51)
In the first case, i.e., (9.50), we have the bound

1
—_ ). 9.52
o) 6%
In the second case, i.e., (9.51), we first note that by Definition 3.1, we have

1
(14 s)t*7°

b2l Bl < 10T Bl (|8h|m T

|hple +|Thelir S
By Proposition 7.1, we have

1

0(h)20)] £ T

Now, notice that 9, commutes with the projection onto L, therefore we have
1 1

1+)"7(1+ql) (1+s)t+77

using again Definition 3.1.

+|0hp| S

|OhBlLL < ( (9.53)
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Now, we use Propositions 8.2 and 8.3 to control the terms |0h|rr and
|OTh| .. More precisely, by Proposition 8.2 and the bootstrap assumptions
(6.2), (6.3) and (6.5), we have

N\H

h _— 9.54

|0 |LLN(1+ T (9.54)

Therefore, by (9.53) and (9.54), the first term in (9.51) can be controlled by
|oT! |

|Ohalrr|OT hlLL S (9.55)

which is acceptable.
It now remains to control the second term in (9.51). By Proposition 8.3,
we have

10T h| 11
< elog(2 + s) log(2 + s) Z 7|
Y1+ s)2w(g)TE  (1+s)(1+g]) 1<)
=1 I
1 (2 _
Og TS orn+ Y rhaferal+ Y 1ar7s)
[JI1<]1] [J1]+]J2| <1 [JI<|1]
=III =1V =V
+ > lorhl. (9.56)
[JI<I1] -2
=VI
On the other hand, we have the naive bound
1
0h|LL S (9.57)

(14 s)t =9 (1 + [g])ro0”
This is already sufficient to control the terms I, II, IIT and V in (9.56) since

(I 4 11 + IIT + V)
(L+ )10 (1 4 [g])7+%

< elog(2 + s)
S (W a1+ gl (g o
n Z log(2 + s)|I"7/h|
|J|<|1\ (14 5)27200 (L + [qf)r+= (9.58)
|OT 7 h|
+ R S
|J%I (1+ )+

|07 h|
+
|J|z<:|1 L)oo+ g

which is acceptable.
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For the term IV, since either [J;| < [Z] or [Jo| < [ £ ], we have

1 14
<\8h ‘ 62(1'i_‘q|)2+Z Z ‘aFJh‘
- L+ 8)t=wo) | fy

‘h
h

W=

€
+ 1 - > [Th
—4 1_2 1
(1+8)1=9%(1+ |q])2~Tw(q)2 Ve
1 1_3y_
< 62(1 + |q|)2 4 (io E |ar]h|
~ 2-2§ i
(L) =w(@)® gy
1
€2
+ 5 > |7, 9.59
r o+ ) ou@? 2 o

where we have used the bootstrap assumptions (6.2) and (6.5) as well as (9.57).
This bound is acceptable since 1 —26g—~ > %—i— %Y +dp and %—i— %’ +dg > v+209
for 0y satisfying (6.1).

Finally, the term VI in (9.56) requires the application of the slightly more
refined estimate separating the contributions from |0h| and |Ohp]:

|Oh|Lr S + |0h]

1
(1+s)(1+[q])7
from which we obtain

[Ohy|Lr x (VI)
1

Sm > lor’ni+ > |on|jorhl, (9.60)

|J|<I1]—2 |JI<I1] -2
which is acceptable.

Combining (9.56), (9.58), (9.59) and (9.60), we have thus shown that
|Oh.|L|OT h| L1 is acceptable. Combining this with (9.50), (9.52) and (9.55),
we have therefore proven that the terms (9.47) and (9.48) can be dominated
by terms on the right-hand side of the statement of the proposition.

As mentioned in the beginning of the proof of the proposition, the terms
other than (9.47) and (9.48) are either cubic or contain a factor of o'/ hg.
They can therefore be controlled in an identical manner as (9.38), (9.39) and
(9.40) in the proof of Proposition 9.12. Therefore, we have

ubic terms| 4+ |Quadratic terms containin S
Cubi Quadrati ining 0T h
~ 3 1+
A+PA+ld) o, \ T+
|OT7 | n [T h
(L )00 (L + [q) ¥ (1 8)2 200 (14 [g)7 7250

This concludes the proof of the proposition.
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Finally, we bound the last term in Proposition 9.1, namely (9.8). Since
this term is only quadratic and there are no contributions from the metric
terms, it is easy to see that we have the following bound.

Proposition 9.14. Denote § := ¢ — ¢p. For |I| < N, the following estimate
holds:

‘FI (TMV (8¢, 8¢> - NV(8¢B) 8¢B)>‘

|or g J J
< E —+ E |oT* B||0T2 3.
1+s)01
gy A+l -

Proof. After using (6) in Definition 3.1, this is straightforward. O
Using the above propositions, we obtain

Proposition 9.15. For |I| < N, the right-hand side of the equation for T'*h can
be decomposed into the following terms:

IO, 0 A S Tp+ &1 + By + %1 + £+ W + 9Ny,
where each of these terms is defined as follows:
elog?(2 + s)
(1+9)2(1+ lg)yw(q) ==

. IT7h|LL (lor7n| + |or’ g|)
St mz;Tu A+ )@+ lah J;II (1+ )17 (14 [g])r+%

(10" hlre + 0T 5))

Jr(t,x) =

B1(t,x) = |00 h|7u|Oh| 7 + +|orip||og),
1(t,x) == [O0" h| 7y |Oh| 114 SR |or 5)|9p|
(|or | +|or” 8))
Tr(t,x) = Z T ,
g e
log(2 + s) (|07 K| + |17 3 I'h
Gty = Y g(2+5) (| |+ I)+ [Tl ).
- (L4 )1+ [q])” (L4 s)(1+ [g)t*
l71<]1]-1
log(2 + s)|T"7 |
W (t,z) = Z 2-25 25,
sy (L 8)? e (L [gl)r=e
and
Jy Jo
Ny (t,x) = > <|81“J1h\|81“J2h\+|8F‘]16||8FJ26|+7|F f'ﬁﬂ h')
FATEAESEY 1
max{|J1 |, Jo|J< |11
N > |FJ1h\LL|8FJ2h|.

1+
2| <IT, L4 (21 —1) 5 <11 la

We will call these terms the inhomogeneous term, the good term, the bad term,
the top order term, the lower-order term, the potential term and the nonlinear
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term, respectively. Moreover, when |I| = 0, in addition to the bounds above,
we also have

log*(2
Jolt,a) < e Cry)
(14 5)**=2 (1 +gl)2 2 %ow(q)?
Proof. Tt suffices to show that the right-hand side of Propositions 9.3, 9.4, 9.5,
9.7, 9.8, 9.12, 9.13 and 9.14 can be controlled by the terms as stated in this

proposition. We will briefly indicate how to bound the terms from each of these
propositions:

Terms from Proposition 9.3

Note that the first terms are different for ¢ > 0 and ¢ < 0, while the
second and third terms are the same. Combining the estimates for the first
terms for ¢ > 0 and g < 0, we have a term

elog?(2 + s)
(1+ )l

which can be dominated by J;. The second term can be bounded by ¥;, while
the third term can be estimated by 20;.

Terms from Proposition 9.4
Similar to terms from Proposition 9.3, the first term can be controlled by
J1; the second term by ¥;; and the third term by 2J;.

Terms from Proposition 9.5
The first term can be bounded by J;, and the second term can be con-
trolled by 2J;.

Terms from Proposition 9.7

The first term on the right-hand side of Proposition 9.7,
ie., Z\J\S\I\*l \FJE]QM contains all the terms in Proposition 9.1 (with I re-
placed by J for |J| < |I| —1) except for (9.4). All these terms are controlled in
the rest of the proof of the present proposition. We now move to the remaining
terms. The second and third terms can be bounded by ¥, 20;, respectively.
The fourth and fifth terms can be estimated by £;. Finally, the sixth and
seventh terms can be controlled by I1;.

Terms from Proposition 9.8

The first to fourth terms are controlled by J;, &;, 20; and £, respec-
tively.
Terms from Proposition 9.12

The four terms in Proposition 9.12 can be controlled by J;, 7, &; and
20, respectively.

Terms from Proposition 9.13

The first term can be controlled by J;. The second and third terms are
bounded by B;. The fourth, fifth, sixth, seventh and eighth terms can be
estimated by ¥y, £, &, W; and N, respectively.
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Terms from Proposition 9.14

The first term can be estimated by B, while the second term can be
controlled by B, and ;.

The case |I| =0

Finally, we show the improved estimate for the Jy term. Indeed, we check
that for most of the contributions to J;, we have better decay in s. More
precisely, the contributions to J; from Proposition 9.3, 9.4, 9.5, 9.12, 9.13 can
be bounded above by

elog?(1 + s)
(14 s)37% °

The only contribution to J; for which we do not have such good estimates
is therefore the term in Proposition 9.8. On the other hand, by Proposition
9.8, in the case |I| = 0, we have the improved estimate (9.30). The conclusion
hence follows. 0

Notice that if we naively apply Gronwall’s inequality, the bad term B;
would in particular force the energy to grow like (14-£)¢ for some large constant
C' except in the regions where |g| is large. We therefore need to further exploit
the structure of the Einstein equations to get better bounds in the region where
lg| is finite. To this end, we recall that the only contributions to the term 9B;
are from (9.7) and (9.8) and we therefore need more refined estimate compared
to Propositions 9.13 and 9.14, which will be carried out in Propositions 9.16
and 9.17:

Proposition 9.16. Projecting to the vector fields {L,L, E*, E* E*}, we have
the following bounds for the term (9.7): If E*,E¥ € {L,L,E*, E* E*} such
that EX* #£ LM or EY # LY,

[E"E'T! (P (9, 9 049, 009) — Puv(983 985 9,98, 9v98)))|
SO +6r+ T+ £ +Wr + Ny
Proof. We revisit the proof of Proposition 9.13. Arguing as in the proof of
Proposition 9.13 it suffices to control the terms (9.47) and (9.48) where h, €
{h,hp} and all the I" derivatives fall on h, i.e., we have OT' h. For these terms, if
E# # L¥ or EY # LY, then at least one of the derivatives is a good derivatives,
and we can therefore bound them by

< |00 h|(|0n] + [0hp|) + 0T h|(|0h] + |Ohp|) S &1 + 1.

U

Proposition 9.17. Projecting to the vector fields {L,L, E', E? E3}, we have
the following bounds for the term (9.8): If EX,EV € {L,L,E', E? E*} such
that E¥ #£ L" or EY # LY,

[BHE'TY (T, (86, 0¢) — T, (05, 005))| S I1 + &1+ Tr + L1 + W + Ny
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Proof. We revisit the proof of Proposition 9.14, keeping track more carefully
the terms:

— T (T, (8¢, 00) — Ty (96, 0P R))
=407 (8,650 6 + 8,00, 65 + 8,00,0)

=4 (OutB) (a,,rfg) + (BMF’ﬁ) (OvdB) + (aur’ﬁ) (9,8) + (9,3 (8,,1“1,6)

Main term

TICY N e R, ) T gllor |
2 ) Jal)

[J1|+] T2 <[]
max{|J1[, |J2|}<|I]-1

Error, £
ITOr,

Error; and Errors can be controlled by £; and 917, respectively. If we are
contracting with E# and E¥ such that at least one of them is in {L, E*, E?, E3},
then the main term has at least one good derivative, i.e., it can be bounded
by
8T 31106 5| + 107" B11d65] + 10T 61185] + 6T 51105
o’ 5| or’ 5|
(L) 00 (L fg)r o (14 s)t

where we have used the bootstrap assumptions (6.7) and (6.8) together with

(6) in Definition 3.1. It is then easy to check that these two terms can be
dominated by &; and ¥, respectively. g

As a consequence of Propositions 9.16 and 9.17, we thus obtain that the
following components of DQFI h are better behaved in the sense that the bad
term B is absent:

Proposition 9.18. Projecting to the vector fields {L, L, E*, E* E*}, we have
the following bounds for |J,T1h|: If E*,E” € {L,L,E',E* E3} such that
E* £ LY or EY £ LY,

|(E|9F1h)l“,E“EV| ,S Jr+6r+%r+ L7+ 207 + 95
In other words, compared to Proposition 9.15, the term B is absent.
Proof. Returning to the proof of Proposition 9.15, one sees that the only con-

tributions for the term 9B come from the terms (9.7) and (9.8). The conclusion
thus follows from Propositions 9.16 and 9.17. O

10. Equation for the Scalar Field

In order to close the estimates for the Einstein scalar field system, we need to
control the scalar field in addition to the metric. In this section, we derive an
analogue of Proposition 9.15 for I'/ 3, in which we estimate |[J,I' 3]. Since the
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scalar wave equation is considerable simpler, the derivation of this analogous
result is also simpler. We note that the terms in Proposition 10.1 are similar to
those in Proposition 9.15—indeed most terms are subsets of those in Proposi-
tion 9.15. Most importantly, however, notice that there is no analogue of the
term B; in Proposition 10.1.

Proposition 10.1. For |I| < N and 8 := ¢ — ¢p, the right-hand side of the
equation for T'13 can be decomposed into the following terms:

0,078 <39 + 6 + 5@ 4 gl L apld) L (),
where

elog®(2 + s)
(L+ )21 + lg)w(q) 7=

(¢) L |FJh|LL
& () = lj%l (14 s)(1+ |+’

j(I¢) (t,x) =

T(I¢)(t,$) — Z or7 5|

1+3°
g s

@ . log(2 + 5)[0T/ 3] [T 1|
R |J|<Z|I:1 ( L+s) 1+l A+s)+ Iq)””) ’

(@) _ log(2 + )T/ h|
m]l (t’x) T Z (1 + 8)2—250(1 + |q|)"/+250 ’

[J1<|1|
and
/1 p||or 72
N (t,2) = > M
[J1[+] T2 <] 1
max{|J1],|J2|}<|I|—-1
[T/ k| |00 26|
+ —_—m,
> 1+ |q|

[J2|<| 1], |J1|+([J2|—1)+<|I]

As in Proposition 9.15, we will call these terms the inhomogeneous term, the
good term, the top order term, the lower order term, the potential term and
the nonlinear term, respectively. Moreover, when |I| = 0, in addition to the
bounds above, we also have

elog?(2 + s)
(1+8)F3 (L+[g)2 =3 w(q)?

39 (t2) S

Importantly, notice that for the equation of the scalar field, there are no bad
terms, i.e., there are no analogue of the term B in Proposition 9.15.
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Proof. Subtracting the equation Oy, ¢p = 0 from Oyz¢ = 0 and rewriting®®
O, =0, + (8, — O,) (and similarly for O, ), we obtain

0=""(0g¢ — Ogp0)
=0,r3-[0, T3+ (0,8 - 1'0,6)
N—— N——

=1 =11 =111
+ FI(E’Q - ﬁgs)¢B +17 (((Dg - Eg) — (g — ﬁgs)) ¢B) .
_iv 7

(10.1)

I is the main term. We thus need to control the remaining terms. For II, we
apply Proposition 9.6, use the bootstrap assumptions (6.2)—(6.6) and (6.7)—
(6.8) and argue as in Proposition 9.7 to obtain

_ J
m< Y rOe+ Y 8

1+7
J1<1T1-1 gy At

3 IT7h|

1_
=i (L4 8)272% (1 + q])2 iw(q)

log(2 + s)or ] 7
T X Trwatad T2 GrsiraT

=

[JI<[I]-1 |J|<|T]—1
7 h|p |00z
I o
[J2|<II, | T2+ (| T2 = 1) < [T
[0/t hljor 72|
+ Ll
2 1+ gl

[J1]+|J2| <]
max{|Jy[,|J2|} <[] -1

(10.2)
For the term IV, we use the bootstrap assumptions (6.2)—(6.6) and (6.7)—(6.8)
and argue as in Proposition 9.8 to obtain
elog(2 + s) TR

NS G p ™ o+ e

07 hl 07 h|
+ 2 3 + > .
Sy s+ )P R ued S, () )™

(10.3)

For the terms IIT and V in (10.1), notice that by (4.3), for any scalar function
&, we have

(O —09) = (95 + G5)0uE, (O — Oy )6 = GRouE. (10.4)

58We rewrite [J into O so that the terms II and IV below can be handled using the calcu-
lations in Propositions 9.6, 9.7 and 9.8.



2466 J. Luk, S.-J. Oh Ann. Henri Poincaré

Therefore, by (9.20) and (8) in Definition 3.1, we have

log(2
mis Y (rgsl+Irtgaiorns) < LCEY S japig)

2
1 I< L+l i
(10.5)
Finally, for the term V, we have by (10.4) that
(@ =8)) = @4 ~0sp)) 68 = G500
Therefore, by (9.20) and (6) in Definition 3.1,
elog(2 + s)
VIS ) IThgsllortes| 5 3 : (10.6)
B!
EARTFAET (Lt )*(L+ )
Combining (10.1), (10.2), (10.3), (10.5) and (10.6), we thus obtain the desired
conclusion. O

11. Linear Estimates

In this section, we prove some linear estimates for the wave equation on the
curved background (M, g) where g satisfies the bootstrap assumptions (6.2)—
(6.6). These include the energy estimates, the Hardy inequalities and various
pointwise decay estimates. Many of these estimates are already present in the
works of Lindblad-Rodnianski [45,46], but since we need various refinements
and localized versions in our setting, we include the proofs for completeness.
11.1. Energy Estimates
In this subsection, we derive the energy estimates. We first recall the energy
estimates (Lemma 6.1 in [46]).
Proposition 11.1. Suppose H*? = (g71)*# — m®F satisfies |H| < § in {t; <
t <to} x R3. Then, for every solution ¢ to

0,6 =F
with € decaying sufficiently fast as |z| — oo, we have the following estimate:

/ (0% + V&P w(qs) di +2 / 1o ) (q) de e

e, tp S

<4 / (1062 + [VE2)w(qr) de

z 1
ta
2 [ 12000 H)0,6006 ~ (D060 + 2FOE ul) da b
t1 PN
1o i .
+9 / (HP0,6056 +2 (2 HP — H) 5608w () dor
t1 I

Here, we recall from Remark 2.5 that we have used the notation q; = r — t1,
g2 =1 — 12
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Under the bootstrap assumptions (6.2)—(6.6), we show that the estimate
in Proposition 11.1 implies the energy estimates in Proposition 11.2. This
proposition can be thought of as the analogue of Proposition 6.2 in [46], which
uses the structure of the terms on the right-hand side of the estimate in Propo-
sition 11.1. In the scenario of the present paper, it is in particular important
that we require |hp|r7 to have better decay to avoid the term

t 2
/ / 10¢] dx dt.
o Js, 1+1

Proposition 11.2. Suppose g satisfies the bootstrap assumptions (6.2)—(6.6).
Then there exists T > 0 sufficiently large such that for T < t1 < ty and
for every solution & to

0,6 =F

with & decaying sufficiently fast as |z| — oo, we have the following estimate:

(/ e dx>é (] werwa dt)é

t2

b, %
5 (/Etl(|8t§|2+ ‘Vﬂ?)w(ql) dx) —|—/t1 ( g |F|2w(q) d.’L‘) Jt.

Proof. By choosing T sufficiently large, Definition 3.1, (7.1) and (6.5) imply
that |H| < 1 and hence Proposition 11.1 apply. The main point is that for
each of the terms HIEOE and OHOEOE on the right-hand side of the energy
estimate in Proposition 11.1, we can show that one of the following three
possibilities holds: Either we have a good derivative on &, i.e., O¢, or we have a
good derivative on H, i.e., OH; or we have a good component of H, i.e., Hy,
or (OH)rr. This observation is, of course, already present in [45,46]. Here,
we show that this structure together with our bootstrap assumptions give the
claimed energy estimates. In particular, our gauge choice guarantees that the

2
term fot fEt % dz dt is absent.

We now turn to the details. We first show that the terms HO£O¢ and
OHOEOE have the structure that we mentioned above. More precisely, we have

(0 HP)05€0:€| S (10H |Lr + |OH|)|0€]* + [0H ||0¢|0¢],  (11.1)
((0:H?)0a£05€| S |0H [1L]0¢]? + |0H||0€]|0€], (11.2)
|H?0,605¢| < |H| |0 + | HI9€]|0€], (11.3)

Ti rri 3
|(Zm7 — 1) 0p¢0€] < |H1Lolog) + 110l €] (11.4)
(11.1)-(11.3) can be proven in a similar manner by writing m®® m”? H 4

and using m®? = —LLP 4 3 _ (EA)*(E4)?; we omit the details. For
(11.4), notice that & H# — HO = mPP Lo Heg.
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Now, we apply the estimates for qu ITZh| from Proposition 7.3 to-
gether with the bootstrap assumptions (6.2)—(6.6) and Proposition 7.1 to get®”

(14 lah 2 1 ' 1
< WED2E gy o< — L1
S g IS g S g

(1+|g))zt 1
H, <Ly <o L
Hlee 5 (1+1t)+3 OHre S (1+1t)+3
Therefore, we have
i )
(Do HO)DpE04E] + (D H)0u056] < —12SL 10¢]13]

T (L)1 4 gl
and
Li rri
|HP0,£95¢| + | (7H P~ H%) 050,
< (L la)* 10 (1 + g =" ¥19¢]10¢]
SN (Em T
We now plug these estimates into the energy estimates in Proposition 11.1.

Since w'(q) < 1w+(\q)|

we have

to
/ (1012 + V€2 w(ge) da + / 6P (g) dardt

to tp S

< / (104 ]? + [VEPYw(qn) da + / / ¢t d

|0¢? ESIES
/ /Et < 1+1) I+3 + (1+t)1*50(1_~_ q|)7+50> w(q) dz dt.
(11.5)

To control the last term, we use the bound w < w’(1 + |¢|)**2, which implies
after using the Hélder’s inequality

|5e]|0g|
dx dt
/t, s, Wr oo+ gy 04

"to 2 1 1+3 to 2w i
S / Iaﬁlzwgz)( - |Q|)2 25 zdt / / |8£| 1+7 dx dt
¢, Je, (L4 1)272% (1 + |g])27+2% 6 Jo, (14]q))

to dt i 2 to _ %
() (e, [ eePu@an (/ / |a£\2w/<q)dmdt)
ty (l—f—t)l_‘_T t1<t<t, /%, ty I35

1
Notice that by taking T large and T < t; < t5, the quantity (fttlQ ﬁ) 2
1+4)' 1

is bounded by a small constant and we can absorb this term to the left-hand
side of (11.5). Therefore, we have

59The following estimates hold even with ¢ replaced by s, but this will not be necessary.
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to _
[ ok (vePyuta o+ [ [ g doat

P . JE

to
< / (102 + [V€2)w(gr) do + / / IFlogho(a) dr

o 2
/ /E 1_||_f|1+7w( ) dz dt.

(11.6)
Applying the Gronwall’s inequality to (11.6), we get
[ o vepyaar s [ [ jage ) avar
Sty t 2;2
< [ o e de s [ [ Flogute) drar.
1 | (11.7)

Finally, applying Holder’s inequality to the last term and absorbing
SUDie(ty 1] fEt |0€|?w(q) dx to the left-hand side, we obtain the desired con-
clusion. 0

Unlike [46], we will also need energy estimates that are localized in var-
ious regions of the spacetime. To describe this localization, we introduce the
hypersurface By defined by

BU:{t—r—(l_:t)Z:U}.

Under the bootstrap assumptions (6.2)—(6.6) for the metric g, we can show that
for every fixed U, there exists T sufficiently large such that the restriction of
By tot > T is spacelike. In particular, this allows us to prove energy estimates
in a region localized to the future of the {t = T'} hypersurface and to the past
of By. More precisely, we have

Proposition 11.3. For every fired U € R, there exists T > 0 sufficiently large
such that if

0,6 =F

for €| decaying sufficiently fast in r initially and g obeying the bootstrap as-
sumptions (6.2)—(6.6), then

( / 106 2w (g2) dx)
Sty N {to—r——1—<U}

(14t9) %

to
L
t1 Sn{t—r—

[N

1
2

~<U}

(61

|0¢>w’ (q) dw dt)
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gep? 4+ 1960 :
" </Bvﬂ{t1<t<t2}(|8£| i (1 +t)%+1)w(q) dm)

< ( / |8£|2w(cn)dfc)
Sy, {ty—r——L—=<U}

(1+t1) 4

ta
U
ty Sn{t—r—

1

|F|*w(q) dx | dt
<uU}

s
(14t) %

fO?”TStl < to.

Proof. We first compute that

Oy w(@)di = (97 ")’ 0adpé w(q)deé
=0;((g7 ") 9pc0itw(q)) +at((971)058ﬁ€8t5w(‘ﬁ - %(971)“5(3a€8ﬂ€)w(q))
2(0u(g™) ) (0:£056)0(0)

+ 3057 0at05600(a) — (97)" D5601600w(a).

— alg™ ") 95E0Ew(q) +

Taking this identity and integrating by parts in the region {(¢, 2!, 2%, 23) : t; <
t<to,t—7r— < U}, we obtain

1
(1+1)F

/ (-~ om0 + (4™ (0080:9) ) wlan) o
Sy M {ta—r— L <U}

jad
(1+tg) 4

_ 1 1
+ (- seone + o) 0uc0ne
Bun{t:<t<ts}

(g~ 18,0
)
4(148) 7T

/Ztlﬁ{tl—r— s
(1+t1)4
Ll /tﬂ{t 'r—

+7(at(g*1)aﬁ)<aafaﬁf> - atsF) wlg) de dr

ta
/ /tﬂ{t rf

f(g’l)aﬂagfatgaaw(q)) dz dt.

(-~ 0s60i6 + (4™ (0u6029) ) wlar) o

<U}

(=0a(g™ )" Datoncw(a)

<U}

ol
)4

(367 0uconcoru(a
<0}

(11.8)
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We now show that the boundary term on By has a sign. First, we expand this
term

_ 1, 1.4 (g~ H7Poc0
/ (g7 0se0iE + S0~ ouedpe + DI T gy gy
Bun{t;<t<t,} 7'( + 4(1+t)‘}+‘)

- ; CE T I
- /BUﬂ{t1<t<t2} (2(8t§) ( ) |V€| + 1+ ’7) (q)d

4(1+6) T+

o x; H7P95€0
+ H058558t5+ SH 0, £3ﬂ€+r(f+—it€) w(q) dz
JByn{t <t<ts} 4144311
2, 1 2
- / (9:)° + 51V
Byn{t:<t<ts} 4(1+t) A1l F+1
4+ dx
— ) w(e)
N i H7P3380
+ Hoﬂaﬁgang ~H ﬁ8a§85§+%—ﬁ$t€ w(q) dz.
Byn{t1<t<t} r(1+ W)

(11.9)
Now, by (7.1) and (7.4), the bootstrap assumption (6.5), and (11.3) and (11.4),

piB
| — Hoﬁa,gfatf + lHaﬂﬁafaﬁf + M—W‘
2 r(l4+ —21-—)
4(1+t) 7
o |
S H?0a8058] + |(H" — 22 HI%) 056006 + | o¢ 2
o el 11080 (T+1)% +1(1+71+1)| ¢
4(14t) 7
Hi ) _
S (1H +‘—) o¢|* + |H||d¢||o
L+ U+ o |9EP
< —|9¢)* +
T+t 1941 (1+1)3
|0¢ _
TEm e
(11.10)

if T is chosen to be sufficiently large depending on U. Therefore, returning to
(11.9), we obtain

‘/BUﬁ{tl <t<ty}

_ EWIE
Z/ \%F"‘% w(q) da,
JByn{t, <t<t,} Y+4(l+¢)3

-y
r(l+ PR £ )

(g—1)iB
(—(g—woﬁagsats (57 0a8056 + W) w(q)de

(11.11)
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for T sufficiently large. The other boundary terms on ¥, and ¥, in (11.8)
can be easily be controlled since |H| < 3 (which holds for T" sufficiently large
by (7.1) and (6.5)) implies

%((@5)2 +IVE?) < —(g71)P(08)” + (971)7 (2i€)(95€) < 2((0:€)* + |VE*).
(11.12)

Next, we write (g~1)*? = m®? + H*? and consider the contributions from the
Minkowski metric m®? in the last line of (11.8):

/t2/
ty JEn{t—r—

(lmaﬁaa&?g&?tw(q) - ma@aggatgaaw(q)) dx dt
<u}

< 2
ot (11.13)
/ / ¢’ (q) da dt.
t1 JEN{t—r— ~<U}
1+t)4
Therefore, substituting (11.11), (11.12) and (11.13) into (11.8), we obtain
/ (04¢]? + VEP () da
Etzﬂ{tz r— 1 = <U
(1+t9) 4
ts -
+/ / |0¢|*w’ (q) d dt
t1 JEn{t—-r——L1<U}
(14t)2

) V194€17 )
+ o€ + — %S ) g) da
/Buﬁ{t1<t<tz} < | ’7+4(1+t)z+1 (q)

< / (102 + V€2 w(qr) da
S, N{t1—r——1—~ <U}

e
(14t1) 4
/ / 12(00 H*P)D€0,€
Sen{t—r— ~<U}
(1+t)4

— (0, H")06£0p€ + 2F 0,€|w(q) dz dt

to
+ / / |HP0,£05¢
t1 IS n{t—r——1 - <U}

(1+t) 4

+2 (%Hﬂ - Hoﬂ) D5€0,E|w (q) da dt.

Finally, we need to control the terms on the last two lines which are quadratic
in 9. Of course, these terms are the same as those in Proposition 11.1 and as
shown in the proof of Proposition 11.2, they have a favorable structure. We
can then control them in an identical manner as in the proof of Proposition
11.2 after choosing T' to be larger if necessary. O

There are obvious variations of Propositions 11.2 and 11.3 which allow
us to also localize the future of By:. We summarize them below. Their proofs
are completely analogous to Propositions 11.2 and 11.3.
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Proposition 11.4. For every fized U’ < U, there exists T > 0 sufficiently large
such that if

0,6 =F

for €| decaying sufficiently fast in r initially and g obeying the bootstrap as-
sumptions (6.2)—(6.6), then

[V

/ 0¢[2w(as) de
S, {U/ <tg—r— —1—<U}
(14t5)4
+ // 06w’ (q) da dt
t1 JEn{U/ <t—r——L - <U}

(1464

e 4 1OEP ;
" </’3W{h<1ﬁ<t2}(|8g i (L4+¢)i+t Jw(q) dx)

2

</ 06 Puw(a) de +</ (106t
S, {U/ <ty —r——1—~<U} Byn{t1<t<t»}

(1+t1)4

to
+ / / |F2w(q) do | dt
ty 2 {U' <t—r——1 -+ <U}

o
(14t) 4

fOT’ T S tl S tQ.
Proof. The proof is identical to that of Proposition 11.3 and will be omitted.

We only note that by a similar argument as (11.9) and (11.10), we can bound
the term on By by

/ <I5£I2 + W) do
By/n{ti<t<t>} (1+t)at

after choosing 1" to be sufficiently large. O

Similar, an analogous theorem holds if we only have a boundary By in
the past of the region:

Proposition 11.5. For every U’ € R, there exists T > 0 sufficiently large such
that if

O,6=F
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for €| decaying sufficiently fast in r initially and g obeying the bootstrap as-
sumptions (6.2)—(6.6), then

/ ¢ u(an) ds
S, U/ <tg—r——1—}

(14t2) %
1
ts - 2
+ // |0¢ %W’ (q) dr dt
t1 JEN{U<t—r——L5}
(1+) 4
1
2
</ 0P (qn)
S, U/ <ty —r— — 1
(4t 3

1
2

" </Bwﬂ{t1§t§t2}(|a§| i (1 +t)%+1)w(Q) dx)

to
+ / / |F|2w(q) dx | dt
ty Sn{U <t—r——L1+}

(+6)d

M

for T <ty <ts.

11.2. Hardy Inequality

n [46], a |g|-weighted Hardy inequality is proved: The main novelty is that
the weights in |¢g| are used instead of the r weights in the classical Hardy
inequality. This is useful in the setting of [46] as there is “insufficient r decay”
near the wave zone (i.e., when ¢ and r are comparable). In our setting, we also
need a similar version of the |g|-weighted Hardy inequality except that we also
need to localize it to an annulus {R; < r < Ry}, where R; and Ry satisfy
0 < Ry < Ry < 0o. More precisely, we have

Proposition 11.6. The following inequality holds for any 0 < a < 2, pp > —1,
e > 0 and for any scalar functions £ and for Ry, Ry satisfying 0 < R; <
Ry < oo (with an implicit constant depending on py and ps):

P (Lygz0p (1 4+ [0 + 1gy<0p(1+ [a) =g
(1+s)

sin 6 df dy
{’I”:Rl}

N /min{R"”t} / £ r2sin® df dp dr
min{R,t} JS? (1 + |q|)2+ll«1 (1 + s)a

. /max{R2,t} / £2 r2sin 6 d dy dr
max{Ry,t} JS2 (1 + |q‘)1—M2 (1 + S)a

r2(1 gz (1+ g™ + Lg<op(1 + Jg) )¢

~ (1+s5)"
{r=R2}

sin @ df dp
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) /min{R'z,t} / |02 r?sin6 df dp dr
min{Ryty Js2 (L4 gD (14 s)"

., /max{R2,t} |0-E2 (1 + |g]) T#2r? sin 6 d6 dy dr
max{R1,t} Js? (1+s)* '

Here, 114<0y and lg,>0y denote the indicator functions of the sets {q < 0}

and {q > 0}, respectively. Notice that one of the two integrals fnrgzl{{]ii:}} and
max{Ra,t}

fmax{Rl,t}

the first integral on the right-hand side.

can possibly be empty. Moreover, when Ry = oo, we do not need

Proof. As in [46], we consider the weight function®®
14 |q|)#2 ifg>0
n(q) = (1+] \)_1_ .
(1+1g))~ ' ifg<O.

We then compute

(L4 ) (1 +[g)) =27 if g < 0.
On the other hand, we have

o () = (BT i) e 2 (e

which implies

%>={mu+molﬂ2 if > 0

9 (7"2”((])€2> L (@€ | 2rn(@)€o
"\(1+s) )T (1+s) (1+s)> °
Integrating from R; to Ry for every fixed (6, ¢), we get

77"271((1)52 lr=rR +/R2 7r2n/(q)£2dr

EE o (50
r’n(q)&? 21220 (q)€0,€
S (1+S)D‘ rT:RQ +/Rl (1+S)O‘

Applying the Cauchy—Schwarz inequality, the last term can be controlled by

Ro 2 Ry .2, 1 2 Ry 2 2 2
/ 2 n(q)E0:E| 4 / Qe L / rn (@[04 |
R | (T4s)° R (L+8)® R (@1 +s)*
Notice that |:,(('Z)) | < (1+ |g|). Therefore, absorbing [ 11;1 2 T?f;(g))f dr to the left
hand side and integrating over S? with respect to sin § df dy yield the desired
conclusion. 0

Remark 11.7. In the case Ry = 0 and Ry = oo, we recover the Hardy inequality
in [46].

60Notice that n(q) is chosen to be continuous at ¢ = 0.
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11.3. Klainerman—Sobolev Inequality

We record the following Klainerman—Sobolev inequality. Such global Sobolev
inequalities first appeared in the work of Klainerman [33]. The precise weighted
version that we use can be found in Proposition 14.1 in [46].

Proposition 11.8. There exists a universal constant C such that for any func-
tion®! ¢ € C°(R3HL), the following estimate holds for t > 0:

sup [€(t,2)[(1+ 8)(1+ |g) Fw()t <O Y [lwi (|- | — OTTE, ) parey.
* 11]<3

11.4. Decay Estimates

While the Klainerman—Sobolev inequality gives pointwise decay of a function
in terms of the weighted L? norms of its higher derivatives, in view of the fact
that the bounds on the energies we obtain grow with time (see Propositions
15.2, 16.6, 17.2), it does not give the sharp pointwise decay near the wave zone.
We thus need to complement this inequality with an ODE argument near the
wave zone. This argument was first used in [40] for the constant coefficient
wave equation and in [45,46] for the variable coefficient wave equation. The
proof of the following proposition is modified from [46]. Notice in particular
that in the gauge used in this paper, we have integrable decay for Hy , which
results in a slightly stronger proposition.

First, we need a computation®? from [46]:

Proposition 11.9 (Lemma 5.2, [46]). Suppose & and F' are functions such that
O4¢ = F. Then, at points such that H satisfies |H| < %, there exists a function
f(t,z,g) with |f(t,z,9)| < |H|LL such that the following estimate holds:

r|H|rr _
0.+ 00,0060 < (14 T 4 1))

X Y D[+ T H 0, (r)| + 1| F.

I7]<2

Using Proposition 11.9, we obtain the following decay estimates.

Proposition 11.10. Suppose ﬁgf = F, where £ is either a scalar or a 2-tensor
and g satisfies the bootstrap assumptions (6.2)—(6.6). Then, for w(q) :== (1 +
lg)2=Fw(q)2, the following decay estimate holds:

611n applications, the functions £ that we consider will not be compactly supported, but the
desired estimates nonetheless follow from a standard approximation argument.

62Lemma 5.2 in [46] gives slightly more information, but in order not to introduce additional
notations, we only need the following consequence of it.
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Slip(l + s)w(q)|0¢(t, v

< swp Y flw(] - | = )TET )l ps s
05T 1<

+/0 A+ - | =7)F(7, )z (D,)

+ 3+ ) Mw(| - | = DEE = (b, | dr-
[7]<2

Here, Dy is defined to be the region Dy == {x : & < |z| < 2t}.

Proof. We will only prove the proposition where £ is a scalar—the case where
£ is a 2-tensor can be proven analogously by considering separately every
component with respect to the Minkowskian coordinates.

We now carry out some easy reductions. First, we can assume ¢ > T for
any finite 7" > 0, since as long as we allow the implicit constant to depend
on T, the desired estimate when ¢ < T follows from Proposition 7.1. (In fact,
the estimate holds even only with the first term on the right-hand side.) We
can therefore choose T sufficiently large such that according to (7.1) and (6.5),
|H| < i holds for t > T.

Second, by Proposition 7.1, we only need to prove the desired estimate
in the region % + % < |z| < 2t — 1, since in the complement of this region, we
have (1+ |g])™! < (14 s)7!. (As in the t < T case, the estimate holds even
only with the first term on the right-hand side.)

By the choice of T above, if t > T, then |H| < i and we can apply
Proposition 11.9, which implies

[(0s + f0q) (w(q)0q(rE))|
< <1 + Tﬁ'ﬁ +|H |> Y @w(glrie] (11.14)

11]<2
+ (r Y Hw(q) + [H| @' (9))|04(ré)| + rw(q) |F|.

Let (t,) be such that ¢ > T and £ + 1 < |z| < 2t — 1. Consider the integral
curves of the vector field 05 + f0, through the point (¢,z) restricted to the
1,7
region U,>7D,. Since |f| < [H|pr S Qa2 2y (7.4), the integral
- (1+5) 2 w(q)2
curve intersects the boundary of U,>7D, at a point with ¢-value comparable
to t. Integrating (11.14) along such an integral curve, using the Gronwall’s

inequality and noting that [, sup ¢ p, (r | H|+|H|LL ww/((g)) )ydt < ez (by (7.1),

(7.5), (6.5) and (6.6)) thus give the desired conclusion. O

As in [45,46], we note that the estimate in Proposition 11.10 still holds
after projecting to the vector fields in 7 and/or U.
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Proposition 11.11. Suppose ﬁgg = F, where £ is a 2-tensor and g satisfies the
bootstrap assumptions (6.2)—(6.6). Then, for @(q) := (1 + |q|)2~Fw(q)?, the
following decay estimate holds:

sgp(l + s)w(q)|0€(t, 2)|Tu

< sup Z (|- | =)D, Y,y

0<r<t 17I<1

+ / (L + D)l - | = DIF Y zull s ooy

+ 3 @+ M=l | = e b, | dr-
[1]<2
As before, Dy is defined to be the region Dy := {x: L <|z| < 2t}.

Proof. After noting that 0; and J, commute with the projection to vector
fields in 7 and U, the proof is completely analogous to that in Proposition
11.10 and will be omitted. 0

12. Definition of the Spacetime Regions

Starting from this section and until Sect. 17, our goal is to prove energy esti-
mates for I''h and T'/3 for |I| < N under the bootstrap assumptions made in
Sect. 6 (for the end result, see Theorem 17.3). Our argument depends crucially
on the decomposition of the spacetime into the regions R1, ..., R4 introduced
in Sect. 2, which we recall now: Given parameters T' > 0, Uy < 0 and Uz > 0
to be fixed below, we define

Ry :={(t,x):t<T},

1
Rz::{(t,x):tZT,t—ﬂ—wSU2}7

1
Rg::{(t,x):tZT,Uzﬁt—m—(1_|_t)z§U3}a

1
Ry=qt,x):t>T, t— || - —=>Us,p.
! {< ) SERTEDE 3}
Recall also the notation R; . = R; N {t = 7} and By := {(t,z) : t — |z| —
= U}. See Fig. 1.

(1+t)
Energy estimates for h and [ are proved sequentially in the regions Rq,

Ro, R3 and Ry, in Sects. 13, 15, 16 and 17, respectively. The parameters Us,
Us and T are fixed at the end of Sect. 17; we refer to Remark 6.1 for the precise
order of the choices of the parameters involved in the proof.
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U = arctan(t — r)

_— at-n)
: f/ By, n{t>T} >< arctan(t + 1)

{t —r = Ug}

2o

FIGURE 1. Decomposition of the spacetime employed in the
proof. We have drawn the standard Penrose diagram with re-
spect to the background Minkowski metric m, i.e., a fixed-
(0,¢) plane in the coordinates (U = arctan(t — r),V =
arctan(t + ), 0, @), where the future-pointing null U- and V-
axes are drawn at 45° with respect to the vertical axis. For
radial vectors, the causality properties read off from the di-
agram coincide with those with respect to m. Abusing the
terminology a bit, we refer to the (dashed) idealized bound-
ary curve {V = %} as null infinity, and its past and fu-
ture endpoints as spacelike and timelike infinities, respec-
tively. By Proposition 7.3, {t —r = U,} (j = 2,3), which
is evidently null with respect to m, is asymptotically null
with respect to g as t increases. Accordingly, the hypersur-
face By, N {t > T} = {(t,z) : t — |z + m =U;, t>T},
which asymptotes to {t —r = U} as t — o0, is spacelike with
respect to g for T large enough, as we have implicitly observed
in Propositions 11.3-11.5

13. Cauchy Stability Up to Large Time

In this section, we prove the energy estimates in the region R;. This is a
standard Cauchy stability argument, which we include for completeness. We
begin with Lemma 13.1. The main estimate will be proven in Proposition 13.2.

Lemma 13.1. Suppose U & = F', where £ is a scalar function and g satisfies the
bootstrap assumptions (6.2)—(6.6). Then, for every T > 0, there exists €, > 0
such that for € < é1, the following estimate holds for all T' < T with an implicit
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constant® depending on T (in addition to C, v, N and &):

sup / |02 w(r —7) dng/ |0€1% w( da:+/ / |O&||F| w(q) de dt.
relo,11] /5, Zo

Proof. Let T > 0 be as in the statement of the lemma. In the proof of this
lemma, we allow all implicit constants to depend on 7' (in addition to C, vy, N
and Jp).

It is convenient to proceed in a more geometric fashion for which we need
some notations. Introduce the stress—energy-momentum tensor%*

THV - uga f 79;111( _1) 58 5(9;35

Since 0y¢ = F, T, satisfies® D*T,, = (8,€)F. Contracting this with
—(Dt)* = —(g~ )" 9,t, integrating this in the region {0 < t < 7} (for
7 € [0,T]) with respect to the volume form w(q) dV ol := w(q) /— det g dt da!
dz? dz3, and applying the divergence theorem, we obtain

—/ T, N*(Dt)"w(r — 7)/det g dx

-

S_/ TN (D) e (13.1)
o
+ /OT Lt (|8£HF‘ + (]. + |D2t|) \8§|2) w(q) dVol,

where N* is the future directed unit normal to the constant ¢ hypersurfaces.
To derive (13.1), we have used the upper bounds for g and ¢!, which follow
from (2) in Definition 3.1, the bootstrap assumption (6.5) and the estimate
(7.1); and also |0w| < w.

We now show that the boundary term on the left-hand side of (13.1)

controls the derivatives of £. Since N* = %, we apply®® (3.2), (3.3)

and the bootstrap assumption (6.5) to obtain

/ T, N¥(Dt)” w(r — 7)y/det gda' dz? da®
3

2 )2 | w(r —7)da.

2 ((No +Z<azs>> (r—m)d

i=1

63In most places of this paper, it is important for the constants to be independent of T' (as
long as T is sufficiently large). This dependence on only allowed in this proposition and the
next proposition and we therefore use the notation < to emphasize this.

64This is not to be confused with T, which is the notation for the stress—energy—momentum
tensor in the Einstein equations (see for example (1.2)).

65Here, D denotes the Levi-Civita connection with respect to the spacetime metric g.
66Notice in particular that (3.2) and (6.5) imply that 1 < /detg < 1.
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Since we have’” N = /—(g~1)%09; — \/71)0081, this then implies

— / T, N (Dt)w(r — 7)/det gda' do? da® > / |02 w(r — 1) d.
5. 5,
(13.2)
On the other hand, by (3.2), (3.3) and (6.5), we have

— [ T,N*(Dt)"w(r)y/det g dx</ |0¢)?w(r) da. (13.3)
3o

3o

To proceed, note that%8 (g=1)%0 = ig:g , which implies upper and lower bounds

for det g. Therefore, (13.1),(13.2) and (13.3) together imply

[ toeP o —nde < [ jogf i) as
>, o
T , )
+/O /E (|0€]|F| + (1 + |D%t]) |9¢]*) w(q) dz dt,

Finally, by (6.5) and (7.1), we have |D?*t| < 1 and therefore the desired con-
clusion follows after an application of the Gronwall’s inequality. O

We now apply Lemma 13.1 to obtain the following energy estimates in
the region R;:

Proposition 13.2. There exists e > 0 sufficiently small such that for every
T > 0, there exists a constant Cr (depending on T in addition to C, v, N and
o) such that the following estimate holds in [0,T] x R3:

sup Z/ (10T A% + 0T B2) w(g) dr | < Cre

OSt<T \ |7]<N
whenever € < €.

Proof. For this argument in R1, we only need a much rougher form of the
equation than that in Propositions 9.15 and 10.1. By Propositions 9.15 and
10.1 and the bootstrap assumptions (6.2) and (6.5), we easily obtain

0,07 h] + |5, ]

elog?(2 + s _
< e R S (90| + o8B + (1 + la) ! Th)
(1+5)?(1+ |ghw(q) T+ 1J1<|1]

67Notice that /—(g—1)% > 1 by (3.3) and (6.5). Moreover, it is easy to check that for N

defined as above:
_ —1y06 gij(g~ ") (g~ H)Y
g(N,N) =— (37100 — 2(g7")%g0i — =5 (g 1900

(=100, —1\05
_ _ i 905\9 g9
(9700 — 2(g 1) ggy + S LT ) (921)20 =

68Using expansion by minors and cofactors.
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By (10.4), (9.20) and (8) in Definition 3.1, we can replace the ﬁg in (13.4)
by the scalar d’Alembertian [, for each component of i and 3, while retaining
the same bounds on the right-hand side. Therefore, by Lemma 13.1 (which is
applicable if we choose €; < €1) and the Cauchy-Schwarz inequality, we have

s 3 / (100 B[2 + 07 8%) w(q) da

!
0<t<T’ \71<k

<r Z/ (10T h|? + 0T 81) w(r) dx

[1|<k
/ / e2log*(2 + 5)
s \ (14 $)2(1 + |g])%w(q) 1+gv

\I\<k
Ip2 g2 [T7h|?
+|OT" h|= + 0T 3| + IEESPE w(q) dzdt
(1+1ql)
<ré+ Z/ / (Jor'n|? + 0T B)?) w(q) dz dt,
1)<k Xt
where in the last line we have used fOTf < log’ (2+5) — w(g)dedt < €2

14911+l (g) THT
as well as the Hardy inequality in Proposition 11.6 with a = pu; = 0 and

e = 27. The conclusion thus follows from Gronwall’s inequality. g

14. Estimates for the Error Terms Arising from the Energy
Estimates

In this section and the next three sections, we prove energy estimates for
the metric h and the scalar field 5. We first show that most of the terms in
the equation for D I'h in Proposition 9.15 and all of the terms for O ,I1B in
Proposition 10.1 can in fact be controlled by the energy itself with a smallness
constant (and allowing some growth in the lower-order term). The only term
in Proposition 9.15 that cannot be controlled in such a manner is what we
called the “bad term,” i.e., the term B;. Indeed, this B; term has to be dealt
with differently in each of the regions Ro, R3 and R4 and will be treated in
Sects. 15-17.

In this section, we instead control all the other terms which are better
behaved. The main results of this section are contained in Propositions 14.7
and 14.8. In order to show the estimates for all regions simultaneously, we
introduce the following notation: We will use R to denote either the regions
Ra, Rz or Ry. Also, R, will denote the intersection of R and a constant
{t = 7} hypersurface.

We first control the terms in |DgFI h| except for B;. According to Propo-
sition 9.15, we need to control the terms J7, &;, T, £7, W and ;. As a first
step, we use the bootstrap assumptions (6.2) and (6.5) to further estimate the
Ny term:
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Ny < > (|8FJ1h|6FJ2h| + T g||or72 3] +

[J1|+|T2| <]
max{|Jy|,[J2|}<[T|-1

|FJ1h||8FJ2h|>
1+ |q|

‘Fth‘LL|8F']2h|

+
1+ q]

[J2| <], [Ja ]+ (172 =1) + <[]

3 (lor7h| + |or7 )

1_ 1
[J]<|I]-1 (1 + 5)1760(1 + |Q|)2 Zw(‘])Q

n Z T/

ST (L 8) 00 (1 a]) 2~ Fw(g)?

Z IT7h|rr

3_2 1
1J)<|I| (L4 s)1=% (1 + |g])2~7w(q)?

~

We will control the 91; term together with the £;, &; terms. More precisely,
define

) or’h| + |or’ L7h
YT (P et ) 040
and
Ori= D (1+s)1£;:}(L|1LJLrql)1+7 2 (1 +as§j‘h‘5|°(+1|irlélﬁé|”+‘5°'
J1<I1] 1 I=1]

(14.2)

It is easy to see that we have

Proposition 14.1. The following pointwise estimate holds everywhere in
[0,00) x R3:

®1+£1+m[§0~5[+1~:[.

We will therefore control the terms J;, T;, 20;, £;, &; in the w(q)-
weighted L}L2 space according to the energy estimates (Propositions 11.3,
11.4, 11.5). We note again that we do not bound the term B; in this section,
but will estimate it in later sections.

Before we proceed, we introduce some more notations. In the following, we
will frequently apply the Hardy inequality in Proposition 11.6 and will generate
boundary terms on By. To capture these boundary terms, we introduce the
notation%? that for every scalar function &, let

[o@)6lx0.ry = v(O) [
{t=m,t—r——L - =
(14t) 4

|€*r?sinfdfdp,  (14.3)
U}

69Let us note explicitly that the term (14.3) arises from the application of Proposition 11.6
with parameters a = p11 = 0, p2 = 27.
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where

_Ja+up U <o
)= {(1+|U|)1 ifU>0"

Moreover, we define U’(R) to be the U value associated with the hypersurface
By to the past of the region R and U(R) to be the U value associated with
the hypersurface By to the future of the region R. More precisely, for the
region Ra, we have U'(R2) = —o0, U(R2) = Us; for the region R3, we have
U'(R3) = Us, U(R3) = Us; and for the region R4, we have U'(R4) = Us,
U(R4) = oo. We will also use the convention that in the case U'(Rz2) = —o0
and U(R4) = oo, the term in (14.3) is taken to be zero.

We will also introduce the following convention for the L?*(R.) norm.
Given a function F' in the spacetime variables (¢, z), unless otherwise stated,
the norm ||Fw? 22 (®,) will be understood such that F' is evaluated at (7, ),
while w is evaluated at |z| — 7, i.e.,

2

1Pt |2, = (/ P2, 2)w(r — 7) dx)
, s
We now turn to the estimates. First, we consider the term J;.

Proposition 14.2. The following estimate holds for |I| < N and t > T > 0:
t
/ 13rw? |12 (r. ) dr S elogh(2+1).
T
Proof. Recalling the definition of J; in Proposition 9.15, we get™

t
~ 1
/ 131w g2 (r,)dr
T

Se/t </°° log4(2+7+r)w(r—7)1ﬁngdr>2 &
0

T I+74+r)*1+|r—7])?2

1
t 00 4 2
56/ (/ log*(2+7+7r)dr ) dr
o T e

tl 3 ) o] d %

< e/ M </ q2 ) dr
T 147 —oo (14 g]) log™(2 + [q])
tl 3 2

< e/ Mdr <elog*(2+1). (14.4)
T 1 + 7

. - 2 < w(g)' T <
Notice that in line (14.4), we have used G757 S land =7— S 1. 0

We now estimate the T; term, which can be controlled easily using the

1 .
m decay.

"ONotice that we have just bounded the integral in sin § dd dy by a constant factor.
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Proposition 14.3. The following estimate holds for |I| < N and t > T > 0:

t
/ 1T rw? |2 (g, dr S T2 > sup || (lor7nl + 077 B1) w? | 2w, )-
T T€[T 1]
[J1<1|
Proof. Recalling the definition of T; in Proposition 9.15, we get

> t (/R |‘I[|2w(r—7)dm)é dr

T
[T]<|1]

S r (TR 10T BP) wir — 1) \*
S /T</R (1 +7+ )2 de ) dr

[71<|1]
H K dr
< su / U’ h|* + |or’ g2 wTde) </ W)
u%:we[%?ﬂ( , PP HIOE SR wtr=mde | | s

_ 1
<T% N sup [[(|007 | + (007 B)) w? | 12 ().
J|< 1) TET

O

We now bound the term 2J;. These estimates require the use of the Hardy
inequality in Proposition 11.6 and therefore have a boundary term™ on By (r)-

Proposition 14.4. The following estimate holds for |I| < N and t > T > 0:

t 1
/ W w22 (R, )dr
T

ST Y sup (11007 hw? 2w, + [0 (RDIT Al 22w )70 ) -
1< ir mEm

Proof. Recalling the definition of 20; in Proposition 9.15, we get

/Tt </7z 1201 Fuw(r - T)dx> " dr

R

(474 )40 (1 + |r — 7])27+4%

1<t
I“J 2 _ % tl )
<Y sw / ID7hPw(r —7) /M (14.5)
reir \Jr, (1+[r—7l])? r (I+7)H
7<) TEE ’
ST_% Z sup <|||8FJh|w%”L§(RT)+||U(UI(R))|FJh|||L2(S2(U/(’R),~r)))»
P

(14.6)

"1Recall the notation for the boundary term from the discussions prior to Proposition 14.2.
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1
. log? (24741 (1| r—r])2—27—450 \ 2 log(2-+ .
where in (14.5), we used (Og ( *QQL);QZ < (?i&-)l:')y; and in

(14.6) we have used the Hardy inequality in Proposition 11.6 with o = 0,
w1 =0 and po = 27. O

We now bound the £; term:

Proposition 14.5. The following estimate holds for |I| < N and t > T > 0:

t
/ |€1w2||L2(r,)dr
T

s+ 3 s (11007 + 007 8) iz,
71— 7€

Hlv(U' R Al 22w (R).r)) -
Proof. Recalling the definition of £; in (14.1), we get

/Tt (/7?. E12“’(7’—7)d:r:)é dr

-

: 007 R 4 007 B12) wir — ) .\
< Z / </R ( ) dx) dr

(1474 7)2-2%

l71<ir-177T g
t 0 2w (g) :
+ / (/ — dm) dr
\J|szu:|—1 v \Jr, (L+7+7)272%0 (1 + |r — 7[)2F27
1
B t dr
< sup </ |07 h)? + 1017 8% ) w(r — T)dl') (/ 7_)
\JISZ\:HﬂTE[T,t] RT( ) p (L+7)10
|F‘]h|2w(r —7) > t dr
+ sup </ ————=dz —_—
\Jléz\l:lflTe[T’t] r, (L+|r—7))? r (1+7)1=%
sa+o* 3 sw (11007 + 1007 8) wi iz .
1< 71 T €
@' (RN A2 @0y o) (14.7)

where in (14.7) we have used the Hardy inequality in Proposition 11.6 with
a=0, u =0 and pus = 27. O

Finally, we move to the good term G
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Proposition 14.6. The following bound™ holds for |I| < N and t > T > 0:

t
/ 61w ||p2(r,)dr
T

Selog'@+6)+T7% Y sup [||oT7 hlw? |12 (r,)

171<r "€
1
t 2
+T72 Y <// (|5I‘Jh|2+|5F‘]5|2)w'(r—7)dxd7'>
|71 T IR
+@+n N sup [|[o07hlw?| 2w,
l7<|—1 T
+ Y sup (L+7)%o(U' (R)IT || L2200 (R, 7))
l7<|r TEm

Proof. In order to control &7, we recall from (14.2) that

- T7h|LL |oT7 h| + |01 B]
6 < + .
' JZ<:I| (1+5)1=% (1 + [g[)1+7 Z (14 5)1=% (1 + [g])7+%

|J|<|1]

::I :II

(14.8)

We first control the term II, which has a good derivative. As we will see
later, it will be convenient to derive a slightly better estimate in which we
bound

TJ arJ
= > (9T h| + [OT" §i (14.9)

Ty
S (L) 001+ Jg) 5

instead of II. As a consequence of Definition 5.1, w’(q) is positive and in fact
satisfies the lower bounds

wig s d ATl ifg=0
MlA+g)E ifg<o.

72Notice that we in fact have a slightly stronger bound where boundary term on the right-
hand side can be replaced by

-
sup (T3 [[o(U' (R)IT7 Al 2 s2 (01 (R). )
<] TET

+(1+ 7)o@ (R)IT Bl 2 52 (07 () ) )

+ > sup (L4700 (R)IT Al p2s2 (07 (R),r) -
|7|< (1|1 7€

Using these better bounds can give a slight improvement in the exponent of (1 + ¢) in the
estimates for the energy. Since they are not necessary, we only state the weaker bounds
below.
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Therefore, for §y satisfying (6.1), we can estimate I separately in the regions
r—7 >0 and r — 7 <0 to obtain

v \JR, (14822514 |r—7])7

-

[JI<II]

A7 R|2 + |07 B12) (1 4 |r — 7])' T3 B
< ¥ / (I |* + 1007 8] )1(2:'\"‘ ™D dr
i< \J{relr, o, r—r>01nR (L4 7+ r)t20=7

1

U )

T h|2 or7 3|2 é
Py </ (1207 [ + 07 8J2) Am)
{relT,t] —260— )7

[JI<|T] r=7<0}NR (1 4+ 74+ 7)1=200=7(1 + |r — 7|

1

Ur ws)

<77 > (/ (|or7 K% + 1007 81%) (1 + |r — 7)) 7 200y dT)
[J1<I1)| {re[T,t],r—7>0}NR

1

or’h|? + |or’ |2 E

+T7F Y (/ | ! +|1+3ﬁm25 dxdf)
{re[T,t] ) a0

1J1<I1] s r=7<0}NR (1 + |r — 7|

1

1

< N 1 (// |8FJh|2+|8FJB|)w'(’r—T)dxdT>2

[T1<11]

(14.10)

We now turn to term I in (14.8). Notice that 0, commutes with the projection
to L. Hence,

10,((T7h)1e)| < 1007 Rl + |07 ).

Therefore, we can apply the Hardy inequality in Proposition 11.6 with o =
2 — 200, p1 = 7 and ji3 = T to obtain

t J1 12 _ 2
Z / / |F h’|LLw(7n T) dz dr
v e, T et e e

[JI<|1]

¢ J12 _
< Z / / [T h[E pw(r —7) —dz dr
T \Jr, (1+7+7)2"20(1+|r—7])2F7

[71<I1]
/ lo@" (RDIT/ ALl 22w m)m)
(14 7)L=%%

Nl

|J|<|1|

( (1907 hf3 , + |00 P )w(r — 7) | ) "
|J|<|I| (L+7+7)2 20 (Lt |r — 7))

S Y swp (L+ ) U RN ksl pewm) )
|]|<|[|TETt
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' (00 7hl3, + 100 WP = 1)\
’ Z /T(/R (147 +7)2720(1 + |5 — 7|) 7 ) dr.  (14.11)

[T

1

(1+r—r)d
decay. Similarly, in the second inequality, we discard the extra decay in 14|r—7|

in the boundary term.

Clearly, the terms with |07 h| in the last line of (14.11) can be handled by
the estimate™ (14.10). The other term in (14.11), i.e., the term with |0T'h|7 7,
can be handled using Proposition 8.3, which implies that

Notice that in the first inequality above, we simply discard the extra

|or b1
log(2 log(2 log (2
S e +<1+°gf<11‘?|>7 I
(1 + 5)?w(g) ™+ s W <in RPN
+ ) [rhfor”a+ Y jor'al+ > jorhl
[Jil+]J2]<|I| [JI<|1] [JI<|T|-2
< elog(2 + s) log(2 + s) Z 07|

~ - 1-46 +4
(1+s)2w(q) s (L4 s)i7 (@ +]gl)ro €=

3+t7 -
4 log(2+ ) + g2 71 S jordnl+ S jaral+ >0 jorhl,

1 s)1—6o
(1+3) [TI<I1] [TI< 1] [JI<IT]—2

where in the last line we have used the bootstrap assumptions (6.2) and (6.5).
Therefore, for §y satisfying (6.1), we have™

0T |,
(14 8) =% (1 +]g)¥
< elog(2 + s) n log(2 + s) Z 07|
(1+5)3 00 (1+|g) Fw(q) 75 (1+5)2720(1+ |g]) 5+ =
1 1 _
+——— > |or/n+ > jorn|
L+ 5y L+ )=+ [a) ¥ |y

! _ Y jarn

(1+ 3)1_50(1 + |q|)% [J|<|T]—2

~ 1
ST +Wr+ T+ L+ |O0 h|.
(14 s)1=% (1 + ‘QDJ |J|¥]

Note that the last term, which can be bounded above by (14.9), can be
dealt with by (14.10). Therefore, using Propositions 14.2, 14.3, 14.4, 14.5 and

730f course, it is exactly for handling this contribution from (14.11) that we prove the
slightly stronger estimate (for II’ instead of II) in (14.10).

"4Recall again the definitions of the terms on the right-hand side in Proposition 9.15 and
(14.1).
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(14.10), we have™

t T/ h|2 _ B
Z / / 0T A} w(r —7) —dz | dr
T \JR, A +7+7)2720(1+|r—7|)7

[J1<[1]

Selogh@+0)+77F > swp (o0 hfw! |,
|J|< 1) TEIT

o (RNIT? Al 22 (07 (R) 7))

+aan® S sup (1007 Bt 2,
|| (1]—1 e

o (RNIT? Al L2207 (R) 7))

t 3
+7T73 Z </T/R |8FJh|2w’(r—T)dxdT> .

711
Combining this with (14.8), (14.10) and (14.11) gives the desired bounds. O

We gather all the bounds derived so far in this section to obtain the
following proposition:

Proposition 14.7. The following bounds hold for |I| < N and t > T > 0:

t
/ (3 +&;+%; + £+ 20, +m1)w§||Li(RT)dT
T

Selog'@+t)+1+0% 3" sup || (1007 k] + 007 B]) w? | L2 (=)

l71<1]—1 €T
+T7% " sup || (|O07 k| + 1007 ) w? | 2 r.)
7<) TEE
1
t 2
+77% ) <// (|5FJh|2+|5FJ[32)w’(rT)dxd7>
l7j<irp N TR
+ > sup (14 7)%o(U(R) T hl| 220 (r) r) -
7<) TET

We end this section by proving an analogue of Proposition 14.7 for terms
in the equation ﬁg(l“[ ). Recall from Proposition 10.1 that all of the terms are
analogous to those in Proposition 9.15 with the important exception that there
are no analogue of B  in Proposition 10.1. As a consequence, using exactly the
same argument as that which leads to Proposition 14.7, we have the following
estimate for |ig(lﬂﬂ)|.

75In Propositions 14.3 and 14.5, there are also terms involving 3, which are of course not
present in the estimate here since we are only bounding the A terms.
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Proposition 14.8. The following bounds hold for |I| < N and t > T > 0:

t
~ 1
/T 1165, (T B)[w? 12 (=) dr

Selog*2+t)+ (1 +0% S sup || (Jo07h] + 007 B]) w? | L2 (=,
7111 e

+77% > sup | (|orh| + 1007 B) w2 |2 (. )
|J|<\I\Te[Tt]

+T72 Y (/ / (|or7 h|* + |07 B1*) w'(r — 7)dx d7>2

[7I<I1]

+ Y sup (L4 7)%[o(U'(R)ID || 22 (07 (R) -
l71<|r| €M

15. Region Near Spacelike Infinity

In this section, we prove the energy estimates in the region Ro near spacelike
infinity (see Fig. 1); the main result of the section is Proposition 15.2. We
first need to control the bad term B; in Proposition 9.15, which has not been
estimated in Proposition 14.7. The key observation, as we discussed in the
Introduction, is that we can obtain a smallness constant for U, sufficiently
negative.

Proposition 15.1. In the region Rs, for Uy < 0, the following bounds for B
hold for |[I| < N and t > T > 0:

‘ 1
%w% . dr <max 657}
/T|| 103 2R, A7 S { A+ 02

/ | (1907l + 1007 B]) w12 (Ro.r)
147 '

[J]1=11]
Proof. Recall from (9.15) that

|OT! h| 7y + |01 ]

B = (07 b7yl Oh or's||o
=] |7u|Oh| 71 + |01 B]|08] + (1+s)(1+|q|)”

By the bootstrap assumptions (6.4) and (6.9), we have |6h|7;,{ +108] < ffs)

Also, in the region R, the bound (1+s)(i+\q\)7 < (1+S)(1+|U2\)"’ holds. The
conclusion follows from directly plugging in these bounds. 0

Using the energy estimates in Proposition 11.3 and controlling the error
terms using Propositions 14.7 and 15.1, we get

Proposition 15.2. Let 0 < k < N. There exists €5 € (0, €1] sufficiently small,
Us < 0 sufficiently negative and Ty > 0 sufficiently large such that the following
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estimate™ holds in the region Ra:

> sup [|(|90 | + 10T B) w2 |12k, ) SCre(l+1)PFF2%,
mgkre[T,t]

for e < ey andt > T > Ty. Moreover, on the boundary By,, the following
estimates are verified:

1
~ ~ or'h|? + o1 g)? 2
> </ (|arfh|2 +|or'g1* + | 1' ; |%+1 | )w(r —7) dx
[ I1<k By, {T<7<t} ( + )

S Cre(l+)@FH%

(15.1)
and

Y oI Rl 22, S Cr el + ) EFF%, (15.2)
1<k

Proof. By Propositions 11.3, 13.2 and 14.7, for every choice of Us, there exists
T4(Us) sufficiently large such that the following estimate holds for T' > T4 (Us)
with implicit constants in < in particular independent™ of Us, T and T4(Usz):

1
2

sup (/ (|8Flh\2 + |81"Iﬁ|2) w(r — 1) dx)
TE[T,t] Rar

+ (/Tt/R (|5r1h|2+ \5r15|2)w'(1~_7) dmdr)

Iy112 I2 é
+ / (100" h)* + 0T BI* + [OL A" + LBFI 2l Yw(r — 1) dx
By, n{T<r<t} (1+)s+

< (/ (|ar’h|2 + \aﬁm?) w(r —T) dx>2
Ra,T

+ </Tt [ (@g(lﬂh)l + Iﬁg(rfﬂ)‘) w? | L2(Ra ) dT)

SCrelog'@+0)+T7% 3 sup || (1007 k| + 1007 8]) w¥ 12 s,
|71< |7 TE

1
2

2

1
0’ 3 sup |[(Jo07H +10778) wh 2,
|71 <7 -1 TE

+T7: Yy (/t/ (|8FJh2+|8FJﬁ|2)w’(rT)dxdT>
T JRs

[J1<IT]

1

76From now on, we use the notation that Cp > 0 is a constant depending on T, which can
be different from line to line.

7TNotice that we nevertheless have a term depending on Cr, which arises from the applica-
tion of Proposition 13.2.
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(|or7 | + [oT” 2|2
+max{ , - } / Il (] | + (0T B]) w IIL,<R2,>dT.
LA+ CaD ‘ 2] 3

1+7
(15.3)

Notice that we have applied Proposition 14.7 with U’(R3) = —o0, i.e., there
are no boundary terms on By (r,) when applying Proposition 14.7. We now
sum (15.3) over all |I| < k. For every Us, there exists a large Ty (Uz) > T4 (Us)
such that for T' > Ty (Us), the second and fourth terms can be absorbed into
the left-hand side to get

1
> ( sup || (|00 h| + 077 B]) w? || L2 (=, )
|I]<k TE[T,t]

+ /t/ (o' h)? + |01 B12) w' (r — 7) dz dT ’
JT IRy -

B _ TIp|2 T 3|2 2
+ > / |oT T h|? + |oT B1? + % w(r —7)dz
|I|<k \/BuyM{T<T<t} (1+1t)

SCOrelogh@+0+(1+0% S sup || (JO07 k| + 907 B)) w3 |2 (.

|J‘§k_1T€[T,t]
+max{ 1 } /t | (|or7h| + HICI)FJﬁDwE”Li(Rz,)dT
SCRRCP RN I+ 7 -

(15.4)

We now proceed to show by induction that by choosing U, and ey appropri-
ately, and then choosing Ty > T4/ (Us), we have

sup || (|07 k| + 1007 8]) w? || 12r, ) S Cre(1 4 )2FH%  (15.5)
|I\§kTE[T’t]

for every k < N. To begin with the base case, notice that when k& = 0, the
second term in (15.4) is absent. Therefore, for e sufficiently small and Us
sufficiently negative, we have by the Grénwall’s inequality that™

sup - sup || (|00 h| + 017 B]) w? | 12 (...

|TI<k Te[T,t] T€[T,t]

1 todr
< log(2 + ¢ :
< Orelog(2 +t) exp (CQmaX{ez’(Hle)”}/T 1+T>

S Cre(l+1)%log(2+1) < Cre(l + ).

"8Here, and below, C2 > 0 is some constant (which can be different from line to line)
depending on C, N, v and dg.
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We now continue with the induction step by assuming that (15.5) holds with
k < ko — 1 for some 1 < kg < N. Then using (15.4) again we have

sup || (|00 h| + 007 B]) w? | 12 (, ..
|I|<k TE[T,t]

<Cr 6(1 + t)(2k0+1)5o

e d e, / [ I(?FJhI+|5F‘]ﬁ|)w%||Lg(R2,T>dT
(1+|U2 =k L+ -

By Gronwall’s inequality, we obtain that for e sufficiently small and Us suffi-
ciently negative

sup || (|07 h| + 007 B]) w? | 12 (=, )
\1|<k Te[T,t]

t
< Oy e(1 4 1)t e (czmax{ea o } [ )

(1 + |U2 v 147
< Ope(1 + t)ZRot2)d0,

This concludes the proof of (15.5). Returning to (15.4), we also get (15.1).
Finally, (15.2) follows from the estimate (15.5) together with an application
of the Hardy inequality in Proposition 11.6 with a = 0, po = 2y, Ry =
UQ and Rg O

(1+t)

This concludes the estimates in the region Ry. We now fix the parameter
U, according to Proposition 15.2.

16. Region Near Null Infinity

In this section, we prove energy estimates in the region Rg3, which is the region
near null infinity but away from spacelike and timelike infinities (see Fig. 1).
In this region, the background quantities |0T'hg| and |0 ¢p| are only of
size %, Without any additional smallness as™ in the regions Ro and R.
The term 1= + ; is barely non-integrable in time, and if one were to estimate the
corresponding error term naively using Gronwall’s inequality, the energy would
grow as (1+¢)¢ and one will not be able to recover the bootstrap assumptions.

In order to handle these terms, we need to capture the reductive structure
of the system of equations when proving energy estimates. In other words, we
need to first prove energy estimates for the components of OT''h for which
the right-hand side does not have the bad terms alluded to above. We then
use these estimates that we have already obtained to control the remaining
components of ' h, so that the energy would still grow only with a slow rate.
This is reminiscent of the reductive structure that was used in [45,46], although

in [45,46] it was only used for the L> estimate. In order to reveal this reductive

79In Sects. 15 and 17 where we deal with the regions Ro and R4, we have an extra smallness
factor of

1 1
@27 °F @Hlus)7



Vol. 23 (2022) Global Nonlinear Stability of Large Dispersive Solutions 2495

structure for the energy estimates (as opposed to L™ estimates), we need to
commute Iﬁg with the projections to E#. One of the key observations is that
the %|81"I h| terms that we generate in this commutation in fact contain only
good derivatives, i.e., they are of the form +|0I''h| (see Proposition 16.1). As
a consequence, all such terms obey sufficiently strong estimates (Proposition
16.4). We can then use this and the reductive structure to prove the desired
energy estimates (Propositions 16.5, 16.6).

We now turn to the details. First, we have the following proposition,
which contains the crucial observation that the most slowly decaying terms
in the commutation of lilg with the projection to E* in fact have good O
derivatives:

Proposition 16.1. Given E¥,E¥ € {L,L, E', E? E3}, we have for every (t,r) €
[0,00) x R3 that

(O Ty JEFEY — O, (T'0) 0 EPEY)| S 10T h| 4 5 [T7h|

Qg

Proof. A direct calculation shows that

(0,0 hy EFEY — O, (T b, EFEY)
= —2(g7")* (T by ) (0 B*) (95 E)

N (16.1)
—4(g) 0 (T ) (D5 EME” —2(T" by, ) (O EF)E.

=:main term

Expressing the E* in terms of the coordinate vector fields J,, we notice that

the coefficients are either constant or take the form %1 Therefore, we have

1

E|S1, [0B|S -, |0ElS
S S S

1
,’-.72 .
Therefore,

[ 209~ () (OB (O5B) — 2T ) B, B4 BY| S (1)
(16.2)

It thus remains to control the main term in (16.1) above. We now write
(g7 = m*P 4 H*P 5o that in the main term, there is a contribution from
m®? and one from H*?. Recall that m®? = —L(>L%) 4 21:1 EAE4 and no-
tice that we have 9;E* = 9,E# = 0 for any E#. Therefore, in the contribution
from m®?, there are no |0,I''h| terms! On the other hand, the contribution
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from H*? has more decay. More precisely,
| = 4(g™ ) 0a (T hyu ) (O5EM )E|
= —4m*?9,(T" ) (OsEM)EY — AH*P 9o (T 1y, ) (05 EF)EY |

x' ! x' x/ »
=]-2) (Taj(rfhw) - r@(r%m) (TajEﬂ — r&-E“) E

i,j=1
— 4H*P9,(Th,, ) (95E*)EY|

(1+ g2 7

I
r(1+ s)t=% [oT" A,

1 _
§;|8F1h|+

(16.3)
where in the last line we have also used the bounds for |H| in Proposition 7.3

together with bootstrap assumption (6.5). Combining (16.1), (16.2) and (16.3)
gives the conclusion of the proposition. O

Remark 16.2. While Proposition 16.1 shows that the commutation of Iﬁg and
the projection to the E# is favorable in the sense that the %\81"1 h| terms are
absent, it seems that this is only useful in the region under consideration, but
not in the regions near spacelike infinity or timelike infinity. As we will see
below, the crucial fact for |OT'/¢| that we will use is that it obeys an LZL?2
estimate. On the other hand, it is also important that we are only dealing with
a region with finite ¢ range, as otherwise the |g|-weights in the L? L2 estimate
will not be sufficient to control this term.

Our next goal is to show that all the error terms in Proposition 16.1 aris-

ing from commutation with the projection to E# can be controlled. In Region
1.

Rs, if T' > 2U3, then we have t < r and therefore the term % |OT! h| be-

haves better than the ¥; term. It can therefore be treated in the same manner

as in Proposition 14.3. Let us summarize this as follows:

Proposition 16.3. For every Us > 0 > Us, if T > 2Us, then the following
estimate holds for all |I| < N andt > T':

/t (1+]gh2t?
T

r(1+ s)1—%
Proof. This follows from noting that the term can be dominated by T; and
using the estimates in Proposition 14.3. g

O hjw? dr ST7% sup |00 hlw? |2, ).

TE[T,t]

L% (Rf},r)

On the other hand, the other two error terms in Proposition 16.1 are not
as good as the terms estimated in Sect. 14 and we need to crucially use the
fact that we are localized in a bounded ¢ region®®. More precisely, we have the
following bounds for those terms:

80Gince we are in a bounded ¢ region, we have the bounds in terms of the (large)
parameters |Uz| and |Uz| below. We will later choose T sufficiently large so that

T3 max{|U2|%, ‘Ug‘%+%} and T~ ! max{|Uz|, |Us|} are small.
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Proposition 16.4. For every Us > 0 > Us, if T > 2Us, then the following
estimate holds for all |[I| < N andt >T:

L I 1 1 1
| {1t ez, o + 1500 ez, | dr

=1 =11

1
t 2

< 772 max{|Us|?, |Us|2 7} // T 2w (r — 7)dw dr
T JR3,+

+T_1max{\U2|,|U3\}

x s (lllaflhlwflng(Rs,f) + HU(Uz)\TIhI||Lg(s2<U2,T))) :
Te|T,t

Proof. In the following, we will frequently use the easy observation that if
T > 2Us, then we have 1 4+ s < r in region R3. We first control the term I,
which involves a good derivative of I'' h:

¢ 1 = I 1
[T b s, dr

1
1 1.9 t dr 2 t = 2
< Us|2,|Us|2 7 (/7) // vt h2w (r — 7)dz d
Smaxtalf 05 ([ s ) (L) P e - nazar
%

1 1 1 t —
< T % max{|Us|F, |Us) 5} </ / a0 R 2w (r — ﬂdm)
T JR3,+

Here, we have used that fact that

W~ (14 |g)) 3, ifg <0

The term II in the statement of the proposition can be controlled using
the Hardy inequality (Proposition 11.6) after losing appropriate powers of |Us|
and |Us|. More precisely, we apply Proposition 11.6 with « = p3 = 0, ug = 2
to get

t 1 I 1
/ E T
T T

1
~Jr \Urs.n{r—r>0} (1+s)*
t 172 3
+/ / Il 4da7 dr
T Rs,N{r—7<0} (1 +5)
1
t F1h|2 2
< U2/ / | dz | dr
v, ( A T LT e e |

1

+|Us 1 101 2d$ dr
JT \JRs3 . N{r—7<0} ( S) ( |7 D
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< max{|Uz|, |Us|} (rzl[lzgt] </7€3,T |o0T 2w (r — T)doc) ;) (/Tt (1:1_77_7-)2>
oty

)

< T max{|Us|, |Us|} 81[171? | (|||3F1h|w5||L3<R3,T> + HU(U2)\FIh\HL?(sz(Uz,r))) :
Tel|T,t

+maX{|U2|,|U3|}< sup |U(U2)|F1h|||L2(§2(U2,7—))> (
TE[T,t] T

O

We now proceed to obtaining the energy estimates for A in this region.
We first derive the estimates for |OT'/ h|7y,. Recall from Proposition 9.18 that
the right-hand side of the (ﬁgflh)ﬂ,, does not contain the B term. Therefore,
we have the following estimate for 0T/ k|1 in region R3:

Proposition 16.5. For every Us > 0 > Us, there exists €5 € (0,€3], T4 > Tp
such that if e < €5, t >T > T4 and k < N, we have

1
sup || (|07 hlzee + 007 B]) w2 || 2 (=, )
\I|§kTe[T’t]

1

a1 312 ‘81—‘1/6|2 2
|11<k \/Bug{T<7<t} (141

SO e(1+6)@HD% L (140%™ sup ||(jo07 A+ 007 B]) w? || L2 (=, )
|7 <k—1TET1

1
t 2
+T72 > sup ||\8FJh\w2||L2(R”)+ // |o0 h|2w’ (r — 7)dx dr .
TE([T,t] T JRs -

[J<k

Proof. We first bound |0 h|1,. Take E$ € T and E§ € U. We apply Propo-
sition 11.4 to hw,Eng. By Proposition 13.2 and (15.1) in Proposition 15.2, we
know that for |I| < k, the “initial data” terms, i.e., the first two terms on the
right-hand side in Proposition 11.4, can be controlled by Cpe(1 + t)(2k+2)‘50.
Therefore, by Proposition 11.4, for |I| < k, we have

1
sup |07 hlryw? |12,
TE[T,t]
%

t
< Cre(1 + t)2F+2)00 4 (/ |||DgI‘Ih|Tuw%HLi(R3J) dT)
T

(/ | ((D ' h,, ) EFE” — E]g(FIhWE“E”)) W[ 12 (.. dT)
(16.4)

The main observation is that |ﬁgFI h|7y does not contain the B term (see
Proposition 9.18) and therefore, we can apply Proposition 14.7 to control the
|07 |7y term. Using Proposition 14.7 together with the bound (15.2) in
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Proposition 15.2 for 37, ;< [v(U"(R3))|T7 ||| L2521 (rs)))» We get

¢ 3
([ 0B bt lusge, )
T

S Cre(l 4 t)F+3% 4 (1 4 ¢)%

1
x Y sup [[(|o07h]+ (0T B]) w2 (w, )
1< -1 TEM

+77% 3" sup || (|90 + 1007 B)) w |2 (s )
‘J‘<‘]|Te[Tt]

J12 J _
473 (/ /R (|77 h[? + |81 B2) w (r T)dxdr)

[71<I1]

2

2499

(16.5)

The final term in (16.4) can be controlled by combining the estimates in Propo-

sitions 16.1, 16.3 and 16.4, i.e.,

N|=

(/ (O R ) BB = By (T 1y B EY) ) 0} 12 ) d7>

< 772 max{|Us]?, \U3|z+l}// |01 h)?w' (q)da A7)

R3,+
+7" max{|U2|,|U3|}

zl[lp] <|||5F1h|w%||Lg(R3,) + |\U(U2)\F1h|||L2(SZ(U2,T)))

+T2 sup |||3FJh|w2||Lz(R37)
T€[T,t]

ST Y <SUP 1100 hjw? || 12 (=, .
l7<r) \TE0

1

t 2
+ / / |00 h)?w' (r — 7)dx dr ,
T JR3,+

(16.6)

where in the last line we have chosen T3 to be sufficiently large depending on
|Uy| and |Us| so that for T > T}, it holds that 72 max{|Us|2, |Us|2t7} +

T~ max{|Us|, |Us|} < T2

Next, we control the scalar field. Since there are no bad terms in the
equation for Dgflﬂ, we apply Propositions 11.4, 13.2, 15.2 and 14.8 to obtain

the following bound for |I] < k:

1

t 2
sup |||ar1mw2\|m - // O B2 (r — 7)da dr
T€[T, T JRs .,
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N

5 ortp?
+ orip|? + |7W wir — ) da
</BU3H{T§TS7&}(| m (1+ t)z+1) ( )

SCre(l+ )% 4 (14 % H~
[J|<[I]—1

sup || (|07 k| + 1007 B)) w || 12 (..
TE[T,t]

_ 1
+T72 > sup |[(|o07h] + 007 B]) w?|12(ra.)
1< T

t 2
+T77 Y (/ / (|or7h|* + |07 B1) W' (r — T)dxdT) . (16.7)

71<in) AT TR
Combining (16.4), (16.5), (16.6) and (16.7) and summing over |I| < k, we get

> sup || (100" hlze + 1001 8]) w3 |lnacr, )
1<k TELT

+ Z (/Tt /723,, | 812w’ (r — T)dde) 2

[T|<k

3] jor' g 2
+ / (arfﬁﬁiw ol — 2 ds
|f§<:k< Buy({T<T<t} | | (1+¢)att (r—7)

SO+ g @™ 3 sup | (1007 h 4 1007 A]) wl |z =)
|J]<k—1 T€[T,t]

+T7 3 Z sup |oT” h| + [T 8| w?
|J|<kTE[T,t] SN——
- =1 L2(Rs,.)

2

t
+T72 Z // 107 n)? + 1007 8)° | W' (r — 7)dzdr
T JR3.+ N——

[JI<k _II
Choosing T4 > T» to be sufficiently large, we can then absorb the terms I and
II to the left-hand side for T' > T4 and obtain the desired conclusion. O

In region R3, we can only use the naive estimate to control the 8 term.
Nevertheless, we make use of the fact that the estimates for 26; depends only
on |0 h| 7y, but not general components |0 h|. We then apply the estimates
for |7 k|74 from Proposition 16.5 which give us a smallness constant to close
the estimates.

Proposition 16.6. For every Us > Us, there exists e3 € (0, €], T3 > T such
that if e < ez, t >T > T3 and k < N, we have

> sup [ (108" h|+ |08 5]) w12 (R, ) S Cre(l 40 oo
mgkre[T,t
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Moreover, on the boundary By,, the following estimates are verified:

N

>/ (1P + o g + LI IOTIA, 1 o
1=k \/Bu,n{T<r<t) (T+t)st

< Crpe(1 + )%

(16.9)

and

Z [0(Us) T2 h| || 2 (g2 (1,0 S O €(1 + £)ZEFD%0, (16.10)
|[I|<k

Proof. Using the bootstrap assumptions (6.4) and (6.9), we can bound B as
follows:

' E | (10T Rl 7o + 0T B]) w?
[ 1Bt s, dr s [ (90 bl + 1006wl asmse
T T +7

Applying Proposition 16.5, we then have, for |I| < k,

t 1
[ 1%t i,
T

SCre(+ )P0 L4 n® 3 sup || (Jor7 k| + 1007 8]) wh |12, )
\J|§k71TE[T’t]
1 ol _ L
y (supfe[T,f] IOT hlw? |2 m, ) + (J5 [z, . 1007 BIPw (r = 7)da d,)z>

+77: Y /

[7<x’T

dt’.

1+t
(16.11)

By Proposition 11.4 and the bounds in Proposition 13.2 and (15.1) in Propo-
sition 15.2, we have

1
+ 2
Z sup IHal“Ihlw%IILg(Rs,)Jr (// |5F‘]h|2w/(7”7')d1'd7'>
T JRsa,~

|I]<k TE[T,t]

1
[I|<k \/BusM{T<r<t} (14¢t)z+

1
2

t
< Ope(1 4090 | 3 ( / |Dg<rfh>|w%||Lgm3,,>dT)
T

1<k

Now |ﬁg(I‘I h)| contains the term B; together with the terms in Proposi-
tion 14.7. We bound the B term by combining (16.11) and the bounds from
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Proposition 16.5. The remaining terms can be estimated using Proposition
14.7. Therefore, we have

; ¢ _ 2
Z ( sup |H8F1h"UJEHL2<’R37) + (/ / \3F1h|2w/(7‘ — ‘r)dxd'r) )
] o T IRy,

1)<k \TElT:t
1

- or'h|? 2
+ Z / |61—‘1h|2+|71‘Jrl w(r —7)dz
|f=k \/Bu,n{T<r<t} (1+¢t)s
S Cre(1 + ) FFFD%

3 1 tor = é
+T7: ) (sup Hlal"‘lh\w?HLz(m,)+<// \8rJh\“'w/(r—T>dwdT> )
] o T IRy,

|J1=k \TEIT:t

1
+@+0* > sup (107 k] + 1907 8]) w i (r, .
|J|§k71TE[T,t]
1 ’ = 1
't (SUPTG[T,N] H|81"Jh|w5 HLi(Rs.T) + (fqt* fRM |8FJh|2w/(7” —7)dz dT) 2) ,
E] dt

+ T2 Z/
<k’ T 1+

SCre@+ )0 L4 p® 3 sup | (|8FJh| + IBFJﬁ|) w? |22 (ms.)
|J<h_1TEIT 4

1 ’ _ 1
o (500 rcqrn 10007 Blw 1z, + (5 e, 107 BP0 = )z ar) )

-2
vty
[J<k T 1+¢

de’,

(16.12)

where the last step is achieved by choosing T5 > T5 to be sufficiently large
so that for T' > T3, we can absorb the terms to the left-hand side. Applying

Gronwall’s inequality to (16.12) gives®!

|I<k \TEIT:t]

> ( sup |arfh|wmg_<n3,>+( N |arJh|2w'<r—r>dxdT> )
T YR+

1

‘ seipgz . |OTTR|? :
+ > lor'f? + ———— | w(r —7)de
By, {T<7<t} (1+¢)3

[I<k

<[ orea+o@ 95 L arn% S sup | (907 A] 41007l wh e r
| J|<k—1 TE([T,t]

X exp(CgT7% log(2 +t))

SCre(l+ )R D% 4 (144)2% N sup || (|90 | + 007 ) w3 |22 (=)
\J\Sk*lTE[T’t]

(16.13)

81Here, and below, C3 > 0 is some constant (which can be different from line to line)
depending on C, N, v and dg.
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for T5 > T5 chosen to be sufficiently large. Combining (16.13) with Proposition
16.5 gives

> sup || (100 bl +10078l) w? |2, )

|I\§kT€[T't]
1
I712 )
up> / (‘5F1h'2 + L@H) w(r —7)da
[T)1<k BU:;Q{TSTSt} (1 +t)4
< O e(1 48050 4 (1 4 4200 Z sup || <|8FJh| + \8FJ5|> w? 2 (Rs.)s
|J|<k—1TET]

A simple induction in k as®? in the proof of Proposition 15.2 then allows us to
conclude that

1
sup || (|o0"h| + 10T 8]) w? || 2 (R, )
TE[T,t]

_ |or! b2 :
+ / ((Q)Fth—i—w w(r —7)dz
2 ( Bu, N{T<r<t} | | (L+t)att ( )

11|<k

1<k

< Cre(1 + )R+,
(16.14)

This proves (16.8) and the estimates for 3,7 -, |OTZh| in (16.9). To obtain the
estimates for 37, |OT! 3| in (16.9), we combine the estimates from Proposi-
tion 16.5, (16.13) and (16.14). Finally, (16.10) follows from the estimate (16.14)

together with the Hardy inequality in Proposition 11.6 with o = p; = 0,

_ 4 1 o 4 1 _
Mo = 2’)/, R1 =1 (1+t)% U3 and R2 t (1+t)% UQ. O

This concludes the estimates in the region R3. Notice that the parameter
U; that is used to define the region R3 is not yet chosen. This will be chosen
in Sect. 17. In particular, it is important that Proposition 16.6 holds for every
Us > Us.

17. Region Near Timelike Infinity

In this section, we prove the energy estimates for the region near timelike
infinity, i.e., the region R4 in Fig. 1. This will then conclude the proof of
the energy estimates in all regions of the spacetime. In fact, the region R4 is
treated in a manner analogous to the region Ro (see Sect. 15), except that we
now have to choose Us to be large and positive instead of negative and we pick
up extra boundary terms from region Rs3.

As in Sect. 15, we begin with the estimate for 9.

821n fact, the induction here is slightly simpler as there are no “borderline” terms for which
we need to apply the Gronwall’s inequality.
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Proposition 17.1. In the region R4, for Us > 0, the following bounds for B
hold for |I| < N and fort > T:

t
/ IBrw?|L2(r, ,)dr
T

, (|or’h| + [or 3
Smax{ b } / Lo = 08 Bl) v ez e
|7|=1|

T(1+ |Us))Y 1+7

Proof. The proof is completely analogous to Proposition 15.1 except that we
now use that we are in the region R4 and obtain smallness using the parameter
Us. O

We then prove the energy estimates in the region R4 in an analogous
manner as Proposition 15.2:

Proposition 17.2. There exists Us > 0 sufficiently large, Ty > T3 and e4 €
(0, €3] such that

> sup | (1007 | + 1001 6]) w? || 12 (r, ) S Cre(1 + ) 2RH0%
II\SkTG[T’t]

fort>T>Ty, e€(0,e4] and k < N.

Proof. We apply the energy estimates in Proposition 11.5. Using Proposition
13.2 and the bound (16.9), the first two terms on the right-hand side of Propo-
sition 11.5 are bounded by Cre(1 + t)2¥+4%  Therefore, we have

> sup | (|o0' k| + (00! B) w? | L2 (=, )

1<k TE[T,t]

Jp2 arJ 312 /—T$T2
+Z<//R (1007 h[? + 007 B12) w' (r — 7)d d)

|1|<k

< Cre(1 1)@+ 4§ (/ 115, (T h)WLZ(R“)dT) :

[ I|<k

To control |ﬁg(I‘Ih)|, we use Proposition 17.1 to bound the B term and use
Proposition 14.7 to estimate the remaining terms. More precisely, wehave
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sup || (100 h] + 1077 8]) w3 |12 (=, )
|I|<kT€[Tt]

1

(/ / (1078l + 17 B2 w (r7)dxd7)2
|I\<k Rar

SCOre+ )% 4™ 3 sup | (100K 4 1907wl |z =, )
|J|<k—1 TE[T,t]

+T75 3 swp || (Jo07nl +10078]) w? |2 (r, )
\J|<kTE[Tt]

=1

(/ / |oT7 h|? +|81_“]ﬁ|) (r—T)dde)
\J|<k Rs,r

=11
+max{eé } /” (O07h) + 10T A1) w? HGERIN
(1+|U3 1IT<k 147

SCre(t+0)P % L’ S sup | (10078 + 1007 8)) w3 2w, )
|| <k— | TE[T,t

+maX{ 1 } / Il ( |3FJh|+|8FJ»3|)wZ|‘L2(R4T)d
(1+|U3 |T<k b

1
2

(17.1)

where in the last line we have used that we can choose T to be sufficiently
large such that whenever T' > T}, the terms I and II can be absorbed to the
left-hand side. We now proceed to an induction argument in k to prove the
proposition. First, for k = 0, (17.1) gives®3

sup || (10h] +108]) w?|| 12 (=, .

TE[T,t]

5 1 ¢ oh| + |0 w%
gcTe(Ht)oéumax{gé,(H'W}/ L0 +100) vl sz e,
T

1 odr
< Cre(l 4+t exp (C 17/—<1t65°
S Cre=y eXp( N TG S Sy 1) SO

using Gronwall’s inequality, as long as Us is sufficiently large and €4 is suffi-
ciently small. Now assume that for some ky > 1, we have

> sup [[(1O0A]+ |08 B) w3 m, ) S L+ £)E T TON,
|I|<ko—1 Te[T,t
(17.2)

83Here, and below, C4 > 0 is some constant (which can be different from line to line)
depending on C, N, v and dg.
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Then, by (17.1) and (17.2), we have

sup || (|07 h| + 007 B]) w? || 12 (=, )

|T|<ko TE[T,t]
< Op e(1 + 1)kt
, (jJor’h| + o1 2
+max{ 2, . 1U } / ” | |1 6|)w2”L§(R4,T)dT.
(L4 |Us]) [7|<ko tT

For Us sufficiently large and e4 sufficiently small, Gronwall’s inequality implies

> sup | (1007 B| + 001 B]) w? || 12 (r, ) S O €(1 + ¢)PRo+6)%0,
[T|<ko TE[T:1]

This concludes the induction step. Once we have fixed Us, we then choose Ty >
max{T}, T3} sufficiently large. This then concludes the proof of the proposition.
]

This also concludes the proof of energy estimates in all regions of the
spacetime. At this point, we fix U3 and T" > T according to Proposition 17.2.
Since 7 is fixed, from now on, we allow the implicit constant in < to depend
on 7.

We end this section by summarizing the energy estimates that have been
proven:

Theorem 17.3. Forey > 0 as in Proposition 17.2, the following estimate holds®*
for allt > 0 and for all € € (0, €4):

Z <Sup/ (Jor’h|? + |01 B|?) (1, 2) w(q) d;y) < 1+ 1)@N+0%
[I|<N -

T€[0,t]

(17.3)

Proof. Combine the estimates in Propositions 13.2, 15.2, 16.6 and 17.2. g

18. Recovering the Bootstrap Assumptions

Our main goal in this section is to show that the energy bound (17.3) implies
decay estimates that in particular improve the bootstrap assumptions (6.2)—
(6.6) and (6.7)—(6.9) (see Proposition 18.14).

As a preliminary step, we need a lemma which allows us to control in a
pointwise fashion any function by its derivative via integrating along constant?
(s,w) curves. We will repeatedly use this lemma below.

84We are using the convention that we just introduced in the previous paragraph: We now
drop the constant Cr in the estimate and allow the implicit constant in < to depend on T.
85Recall here that w := (6, ¢) is the standard spherical coordinates.
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Lemma 18.1. Let f(q) be a positive function such that®® f(q) ~ (1 + |q|)? for
B>14fq>0and f(q) ~ (1 +|q|)7 foro <1 if g <0. Also let « > 0 and
k(s) be a positive function of s such that |k(s)| < (14 s)*. Then, for every
sufficiently reqular scalar function & : [0,00) x R — R and for t > 0, we have

sup k(t +r)(1+r — th=f(r = )lglt, @)
S sup(l+7)” HRetIE(0,2) + sup k(r+r)f(r = 7)|048|(T, x).
z€R?

Proof. Since 3 > 1, f(q)~! is integrable for ¢ > 0 and moreover

/ F(&) " dd ~ F(@) (1 + 1a). (18.1)

The lemma then follows from integrating 9,£ along curves with constant (s, w)
in the —0, direction, i.e., for every fixed (¢, z), we have

k(t + [x])|€](t, )
< k(t + |=])[€](0, = +t‘ |)
+ E(t + |z|) / sup 10,&|(7,2") dq’
|z|—t T€[0,t]

z'e{x’ eR®:7+ |2’ |=t+|x|, |2’ |-T=q"}

Bt + Jz])le] (0.2 + ¢ )
+ sup k(4 12 f(l2"] = 7)104€](r, x')/i fla)™

7€[0,t]
' e{a’ R 7+ |2’ |=t+|z|}

and using (18.1). O

We now begin the proof of the decay estimates. First, as an immediate
consequence of (17.3) and the Klainerman—Sobolev inequality (Proposition
11.8), we have:

Proposition 18.2. The energy bound (17.3) implies that
D (L+5) NN (L g 2u(q)* (0T + 0T B) (1) S e,

[I|[<N-3
(18.2)
ST (14 ) BN (1 4 gy~ Fw(g)2 (DM R| + [T B)) (t 7) S e,
[I|[<N-3
(183)
7 (148N (1 4 |g])"2w(q)2 (T | + [T B))(t ) S
[I|<N-4
(18.4)

86Here, we have used the notation that A ~ B is A < CB and B < CA for some constant
C>0.
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Proof. (18.2) is a direct consequence of Proposition 11.8 and (17.3). (18.3)
follows from applying Lemma 18.1 with k(s) = (1 + s)'~N+6)% and f(q) =
(1+]q|)2w(q) 2. Notice in particular that the term on {t = 0} can be controlled
thanks to Remark 5.4. Finally, (18.4) is a direct consequence of (18.3) and
Proposition 7.1. 0

Observe that the decay estimates in Proposition 18.2 alone are insufficient
to recover the bootstrap assumptions (6.2), (6.3), (6.5), (6.7), (6.8) and (6.9).
We therefore need to combine them with Propositions 11.10 and 11.11 to prove
stronger decay estimates.

Recall from Proposition 11.10 that @(q) is a weight function defined by®”

~

w(q) == (1+q])2 " Fw(q)®. (18.5)
Define
m(t):= Y sup (147 +r)@(r —7) (|0 b + |07/ B]) (7, 2). (18.6)

We will also use the notation that m_;, = 0 if —& < 0. Define also the notation
o(t) in a similar way as 7 (t), but keeps track only of the 7U components of
I''h and the derivative of the scalar field:

or(t) == Z sup (14+74+7r)w(r—1) (|8F1h|7u + |3F15|) (1,).
[11<k TE[]%;]
- zE€

(18.7)

We now proceed to control (18.6) and (18.7). We first need the following propo-
sition, which combines Propositions 11.10 and 11.11 with the decay bounds
we have obtained in Proposition 18.2.

Proposition 18.3. The following estimates hold for |I| < |5 ] +1:

Stwlp(1+t)W(Q)|5FIh(t»x)| §6+/0 (L+7) [ (r = 7T (O R (7, )| p= () dr

and

t -
sup(1 + t)a(q) |07 h(t, @) | 70 Se + / (L +n)llw(r =)0 (C B zu(r, )l (D, dr
x 0

and
t ~
St;p(l +t)w(q)| 0T B(t, )| Se +/0 (147l (r =)0 (T B) (7, )| e () -

Proof. By Propositions 11.10 and 11.11, in order to show the desired estimates
it suffices to show that

sip Y ([w(r =)D h(r, | + @l = 1T B(r, ) [1) S e
0SS0 71<)1141

(18.8)

87Recall also the definition of w(q) in Definition 5.1.
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and
[0 (et = D~
l71<|7]+27°
Hlw(r = I B(r, <o,y ) dr < e,
(18.9)
Since N > 11, we have L%j + 3 < N — 3. Therefore, by (18.3) in Proposition
18.2, (18.8) and (18.9) both hold, since ¢ satisfy (6.1). O

Using Proposition 18.3, we can obtain the required pointwise bounds by
estimating D I'h and D ' 3. We now control the contributions from each
of the terms in Prop031t10ns 9.15 and 10.1. The bounds for J;, 7, £7, 20,

and B (and their (¢)—c0unterparts) are relatively straightforward, and we will

begin with them, starting with the inhomogeneous terms Jr and J; (@),

Proposition 18.4. The following estimate holds for J; andJ ”(¢ for|I| < L%J +
1:

/t<1+ Vol — 731 + 3 )r, M (ydr < € i =0
T)||w(r —7 T, )| Lo T
0 o AR VML=~ clogd2 +-4) if 1] > 1.

Proof. For |I| = 0 (recall the better bounds that we have for Jy and jgb)
Propositions 9.15 and 10.1), we have

/0 (1+ D)l=(r = 7) 3o + 3N (7 (b, dr

t 2
w(r—71)log” (2 + 1
/(1+T)Sup 247 ( ) L(,J,(s) 1
0 (I+7)*T2(Q+|r—1)2" 2 %w(r —7)2
</t elog®(2+ 1) dr < e
~ O (1_"_7_)14,77776 ~ )

as long as g <
For |I| > 1, we estimate the term J; as follows:

dr

t t 1 2
[ nlimte =01+ 99 ) ip,dr S [ T Tdr S elog’2-+0)
0 0

O

We next bound the top order term ¥; and its (?)-counterpart. Since this
is straightforward, we omit the proof.

Proposition 18.5. The following estimate holds for T; and Tyﬁ) for|[I| < [ 5]+
1:

[t mliwt -+ )l S [ ar
0 o (

1+7)tte

We now turn to the lower-order term £; and its (?)-counterpart.
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Proposition 18.6. The following estimate holds for £; and £§¢) for|I| < L%J +
1:

t
/ (14 )l — 7)(Lr + L9 (7, )|, dr < log(2 + 1)
0

t log(2 B
[,
0 (1 + 7')
Proof. We will only deal with the term Z|J|<|I\—1 % for the other
terms are trivial. For this, we note that
[07h|(r, )
sup (1 + 7)w(r —7)
|71< (1|17 €0 (L+7+7)(1+|r— 7))t
TD(T — 7') 7
> sup (147 +r) = [ Al (7, 2)
|J|< 1] -1 (1+7) zep. (1+|r—7|)
<_€ M)

)

~1l4T 147
where in the last line we have used Lemma 18.1 with k(s) = (1 + s), f(q) =
w(q), noting that the term on {t = 0} can be controlled thanks to Remark 5.4
and gives rise to the term . After integrating in 7 over [0, t], the proposition
follows. O

To control the 20; term, we have

Proposition 18.7. The following estimate holds for 207 and mgqs) for |I| <

3] +1:

tlog(2 + )7 11(T)
(14 7)H+>

Proof. Using Lemma 18.1 with k(s) = (1 + s), f(q) = w(g) (and Remark 5.4
to bound the term on {t = 0}), we have

sup (1 +7)w(r — 7)(Wr + QU(I¢))(T7 x)
xeD,

log(2 + 7) w(r—71) J
S r’h
N m; B S TN e | T

log(2 4 7) w(r —7)
2 e 2B 0T

t
/ (1 + 1)l — 7) (@7 + 207, )| (b S €+ /
0 0

A

07 h|(7, )
[JI<IT|
log(2 + 7) log(2 + 7)

ST A e e

Integrating thus gives the desired estimate. O

The bad term B can also be controlled easily. Let us emphasize again
that this term is only present when DgI‘I h is projected to LL, as this structure
will be important later.
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Proposition 18.8. The following estimate holds for B for |I]| < L%J +1:

t 0’|[‘<T)

dr.
1+7 T

t
| s nl=@@ )l wdrs [

0 0

Proof. This follows directly from the assumptions on |0hg|ry and |0¢p| in
Definition 3.1 and bootstrap assumptions (6.4) and (6.9) for |0h|7y and |93
Notice that the estimates indeed depend only on 0|7 but not 7). 0

Before we proceed to the nonlinear term 91; and the the good term &;.
We need to estimate |/ k|, using the generalized wave coordinate condition.
More precisely, we have the following lemma:

Lemma 18.9. The following estimate for T/ h|.p, holds for |I| < 5] +1:

— €
sup(1+t)(1+ |q]) "'w(@) T7hlLL(t,x) S m + mir—2(t).
Proof. By Proposition 8.3,
10T |11,
elog(2 + s) log(2 + s) Z 7|
~ Je S
(1+s)2w(g)# (L4 s)(1+q])7 =11
log(2 + s) J J J AT
= S jor’al+ > D7hfjor”al+ Y jorhl
[TI<|T] [J1]+[T2| <] [JI<I1]
+ Y [or7nl.
[JI<|1]—2

Using the estimates from Proposition 18.2, we have

_ 1 3
Z \8F‘]h\§ 6( +|Q|)2 _,
(1 5BV 0u(y)}

[J1<|1]

log(2 1 2 Jog(2

Og( +5) Z (\F]h|+|8FJh|)§ 6( +|(z|) Og( +S);'
1+s (1+3)2 (2N+6)5ow(q)2

[JI<H]

and

€2

(1 + 3)2—2(2N+6)(50w(q) '

> t7hfjor’nl £
[Ji|+[J2|<|T]

By definition of m7_o,

> o g U=

1< [T]-2 L+ s)@lo)
Therefore, combining the estimates above, we obtain

e(1+|q])% log(2 + 5) 12 (1)

O b (t,2) < T
0T ALt @) S (1 + 5)22@N+0d0 y(q)5 (1 + 5)a(q)

)
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which implies

€
(14 8)w(@)|OT k| (t, ) S ———= + mr-2(t),
(1491
by (18.5) since &y < m by (6.1). The conclusion then follows from
Lemma 18.1 after noting that 0, commutes with the projection to L. O

We now turn to the nonlinear terms 9; and its (?)-counterpart.

Proposition 18.10. The following estimate holds for My +‘J’I ) for 1| < ¥+
1:

/o (147w = ) (O + ) (7, ) 1, dr

g/t 67Tm(T)w d7+/t 7T\1|71(T)7T\1|71(T)d7.
0 (1+T)1+§ 0 1+7

Proof. We will bound 91; as ‘ﬁyﬁ) can be controlled in a completely identical
manner. We have three contributions:

Z |8FJ1h||6FJ2h|, (18.10)
[J1|+|J2| <|T]
max{|J1|,|J2|}<[T|-1
> [T h[|OT 72| (18.11)
[J1|+]J2| <[] L+l
max{|J1|,|J2|}<|T|-1
and
s Irtal (15,12
[J1l+]J2]< || L+d
We first consider (18.10).
> / (14 )& (r = 7) AT BT bl (7, )| e . A
[J1|+|J2| <]
max{|J1|,|J2|}<|I|—1 (18 13)

7Tk 7Tk
< 1 2 d :
~ Z / 1+7 ’
ki+ka<|I|
max{ky,ko}<|I|—1
In view of Lemma 18.1, the term (18.11) can be estimated in an identical

manner as (18.10). For the final term (18.12), we use Lemma 18.9 to bound
(147)w(r=7)|0'1h|LL

THal and obtain
FthLL8FJ2h
S [t -
EARERARI

s (18.14)

boemy T (7)) 1) —k—2(T)
< d dr.
”/o(1+71+” T+Z/ l+7 "
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Finally, notice that the terms (18.13) and (18.14) are both acceptable. This
concludes the proof of the proposition. O

Finally, we control the good term &; and its (?)-counterpart:

Proposition 18.11. The following estimate holds for & +(’55¢) for |I] < L%j +
1:

t t
_ d
/(1+T)||w(r—T)<q5,+@g¢>)(7,.)||Lw(DT)dT56+/ 1|2 (7) dr
0 0

1+7

Proof. We will only need to bound &j, as 654)) contains a strict subset of
terms. By Proposition 9.15, we have

/0 (1+ Pl (r =)&) (7, )| o by dr

w(r —7)I7h|LL

¢
</ Z sup (1, z)dr
~ _ 1+ 3
o 2, S

(r — 7)(JOT7 h| + 007 B|) (T, 2)
/01+T J;Ilsgp R p—— dr. (18.15)

To control the first term, we apply Lemma 18.9, which gives

t _ J
/ Z sup @(r =) hley (r,z)dr
0

gy e Al =Thie

t t
< / ( € ~ + Eﬂlll_Q(T)) dr <e +/ 767”['_2(7—) dr.
0 (1+’7’)1+§ 1+7 0 147

For the second term in (18.15), we can use (18.4) in Proposition 18.2 to get

[mo 3 SN .2)
0

: @+ =)

|71<|1]

t o n1-2
g/sup e(l+|r—r7|)t 1 .
e e e LT (e |

t
,S/ €(1+7) 71T F N0 gr < ¢
0

since dg satisfy (6.1). Combining these estimates, we get the desired conclusion.
O

We have now estimated each of the error terms in Ijq(l"lh) and ﬁg(FIﬂ).
We are now ready to apply Proposition 18.3 to obtain the desired pointwise
bounds. We start with the lowest-order estimates:

Proposition 18.12. The following estimates hold:
o) e, molt) S elog(2+1).
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Proof. By definition, the lower-order term £; is missing in ﬁgh for |I| = 0.
Moreover, recall from Proposition 9.18 that the bad term 9; is absent when
the inhomogeneous term is projected to 7U. Therefore, using Proposition 18.3,
we can combine the bounds in Propositions 18.4, 18.5, 18.7, 18.10 and 18.11
to obtain

oo(t) ge+/0 (1107()7—1)+ng. (18.16)

On the other hand, for a general component, we also have the contribution
from the B term in Proposition 18.8. Therefore, we have

b oo() o mo(7)
Fo(t)§€+A (1—|—T)d7_+/(; md’r.

Since T 1)1 — in integrable in 7, it then follows from Grénwall’s inequality
T 2
that

o (t) se+/t 20(7) g4,

i (18.17)

A simple continuity argument shows that (18.16) and (18.17) together imply
the desired conclusion. O

Using the estimates we have obtained, we can show by induction the
following pointwise bounds up to L%J + 1 derivatives of h and S:

Proposition 18.13. Let § > 0 be sufficiently small. For 1 < k < L%J + 1, the
following holds with an implicit constant depending on § (in addition to C, ~
and g, but independent of €):

me(t) + o (t) < e(1 4 7).

Proof. By Proposition 18.3 together with the estimates in Propositions 18.4,
18.5, 18.6, 18.7, 18.8, 18.10 and 18.11, we have

() S Y /0/(1+T)||W(Q)(|ﬁg(rlh)| + (8, (TB)) (7, )l e (D, ydT
mr(7) dT "log(2 + T)mp_1(7)dr
J

1<k
3 t
Selog?(24t +/
S elog’( ) o (1+7)F% 1+7

+/t mp—1(7)m—1(7) d7 +/t k(T) dr. (18.18)

1+7 1+7

On the other hand, recall that the bad term is absent in (O, (I''h))7, There-
fore, by Propositions 18.3, 18.4, 18.5, 18.6, 18.7, 18.10 and 18.11, we have
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on(t) S D /01(1+T)IIW(q)(|ﬁg(F’h)\m+Iﬁg(l“lﬁ)l)(ﬂ-)IILm<DT>dT

[T|<k
t t
(7)dr log(2 + 7)mg—1(7)dT
<1032+t+/ ﬂ-k(T) /
SelogfZHD+ | T TRT 1+7
/t mp—1(7)m—1(7) dT
+ .
0 1 + 7
We claim that our desired estimates follow from (18.18) and (18.19). We prove

this by induction in k. For the kK = 1 case, using the estimates in Proposition
18.12 and Gronwall’s inequality, (18.18) and (18.19) reduce to

(18.19)

Lou(r)

mi(t) < elog®(2+1) + / dr. (18.20)
and
t
- 3 m(7)dr
o1(t) < elog (2+t)+/0 Tt F (18.21)

Substituting (18.20) into (18.21) and using the monotonicity of o, we get

elog3(2 +7)+ fOT TULET (11?;17/> dr

(1+7)H*3

t

log(2 + 7)oy () dr
Selog®(24t) + /
~ g ( ) 0 (1 +7_)1+:§
where in the last step we have used Gronwall’s inequality. Plugging this esti-
mate back to (18.20), we also obtain
m1(t) < elog*(2 + 1).

We have thus proved the desired (and in fact much stronger) estimates for m;
and o1. Now assume we have the desired estimate for w1 and o;_1. Then,
(18.18) and (18.19) reduce to

o1(t) < elog®(2+1) +/Ot (

< elog®(2+t),

t
me(t) Se(1+ )20 + / k(™) 4 (18.22)

and

ou(t) <e(1+1)20 + /t mi(r) dr (18.23)

0 (1—|—7’)1+%'

As long as 2§ < 2, we argue as before to substitute (18.22) into (18.23) to
obtain

on(t) S el +1)*",
which then implies
(1) S el 1)
after plugging the estimate for oy () into (18.22). O

Finally, we improve all the bootstrap assumptions:
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Proposition 18.14. For § > 0 sufficiently small such that ol3 )ty « do, the
following pointwise bounds hold:

sup > (1+8) 701+ |g) T Fw(q) O h(t,z)] < ¢, (18.24)
PNy )+

sup Y (1+8)270(1+[g)) "2 Fw(q)? 00 h(t,z)| S e, (18.25)
"<y

sup(1 + $)|0h(t, )|7u S e, (18.26)
t,x

sup Y (148) 701+ [g) "2 T w(g)? [T h(t )| Se, (18.27)

t,x
<[5 ]+1

sup(1 + )73 (1 + |g)) "2 Yw(g)

[N

(Iat2)ler + Y Dh(ta)ie) S e

b <1

(18.28)
sup Y (L4 s)' (4 a2 Fw(g) 2T Bt @) S e, (18.29)
B < Xy
sup Y (1+9)270(1+|g]) > Fw(q)?|OT B(t,z)| S e (18.30)
"<y
stup(l + 9)|08(t,x)| Se. (18.31)

In particular, there exists €g € (0, €4] sufficiently small such that if € € (0, €],
we have improved the bootstrap assumptions (6.2)—-(6.6), (6.7)—(6.9).

Proof. (18.24) follows directly from the estimate of 7 in Propositions 18.12
and 18.13. (18.26) follows from the bound for oy in Proposition 18.12. (18.27)
follows from combining (18.24) and Lemma 18.1. (18.25) then follows from
(18.27) and Proposition 7.1. Finally, it remains to prove (18.28). This requires
the use of the generalized wave coordinate condition. More precisely, by Propo-
sition 8.2 and the bounds (18.24), (18.25) and (18.27), we obtain the bound

elog(2+ s)(1 + |q)) 3+ e(1+1g)*
Oh(t,2) 17 < g( - JA+ gD . ( lIQ\) —
w(q)Z (14 5)>72% w(g)z(1+[g)z(1+ )5 2%
Similarly, by Proposition 8.2 and (18.24), (18.25) and (18.27), we have

N
S orth e, S — 0T
= W@ (1 + a3 (1+5) 720

Notice that d, commutes with the projection to {L, L, E', E* E*}. By (6.1),
2 — 25y > 2. By Lemma 18.1 with k(s) = (1 + s)IHE =20 and f(q) =
w(q)2 (1 + |q\)%_%, we therefore obtain (18.28).

We now turn to the bounds for the scalar field: (18.29) and (18.31) follow
from Propositions 18.12 and 18.13. (18.30) can be obtained in a similar manner
as (18.25), i.e., first use (18.29) and Lemma 18.1 to obtain an estimate for
ZIIISL%J-H ITZ 3| and then apply Proposition 7.1.

~
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This concludes the proof of the proposition. O
These estimates easily allow us to conclude the proof of Theorem 5.2:

Proof of Theorem 5.2. For € € (0, €g], where €y > 0 is as in Proposition 18.14,
we have closed all the bootstrap assumptions. It is therefore standard to con-
clude that all the estimates that are proven indeed hold for g and ¢ satisfying
the equations in Proposition 4.1. In particular, (17.3) holds. Standard results
on local existence of solutions then imply that the solution is global in (¢-)time.

Finally, the estimate (5.1) follows from (17.3) if (2N 4 6)dy < 0;. For
every 01 > 0, we can therefore choose (2N +6)dy < d; so that (5.1) holds for €
appropriately small (depending in particular on d7). This concludes the proof
of Theorem 5.2. O
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