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Abstract

In this dissertation, we establish a definitive quantitative nonlinear scattering theory for asymp-
totically de Sitter solutions of the Einstein vacuum equations in (n + 1) dimensions with n > 4
even, which are determined by small scattering data at the spacelike asymptotic boundaries Z—
and ZT. The case of even spatial dimension n poses significant challenges compared to its odd
counterpart and was left open by the previous works in the literature. Here, scattering theory is
understood to mean existence and uniqueness of scattering states, asymptotic completeness, and
the existence of an invertible scattering map with quantitative control on its norm. The existence
and uniqueness of scattering states imply that for any small asymptotic data there exists a unique
global solution to the Einstein equations, which remains close to the de Sitter metric. Asymptotic
completeness is the converse statement, showing that any such solution induces asymptotic data
at Z~ and at ZT. For sufficiently small asymptotic data, we construct the scattering map S taking
data at 7~ to data at ZT, and we show that the map S is locally invertible and locally Lipschitz
at the de Sitter data, with respect to a Sobolev-type norm. The scattering map result is sharp
and avoids any ”derivative loss”, in the sense that we measure the smallness of asymptotic data
at Z= and ZT using the same Sobolev norm. The proof of the sharp result requires a detailed
analysis of the Einstein equations involving a geometric Littlewood-Paley decomposition of the

solution.
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Chapter 1

Introduction

In this thesis, we aim to complete the understanding of the nonlinear scattering theory for (n+1)-
dimensional asymptotically de Sitter vacuum solutions determined by small scattering data on a
suitably defined asymptotic boundary Z*. The case n = 3 was proved by Friedrich in [Fri83, Fri86],
while the case of all n > 3 odd was proved by Anderson in [And05]. In this work, we treat the
case of even spatial dimension n > 4, which contains significant new challenges and was left open

by the previous works in the literature.

Asymptotically de Sitter vacuum solutions. For any n > 3, we consider the (n + 1)-

n(n—1) .
5 :

dimensional Einstein vacuum equations with positive cosmological constant A =
Ricy, — %R’gvm, + Agu =0. (1.1)

The ground state solution of (1.1) is given by the (n+1)-dimensional de Sitter space (R x S™, g4s):
Jas = —dT? + cosh?(T) “Fns (1.2)

where ¢, denotes the standard round metric on S™. The solution (R X S”,ﬁds) represents the
higher dimensional generalization of the metric introduced in [dS17]. We denote past infinity
{T — —o0} by Z~, and future infinity {T" — oo} by Z*. Both Z~ and Z* can be identified with
S™ and can be understood as asymptotic boundaries of the spacetime.

Due to the hyperbolic nature of the Einstein vacuum equations (1.1), we study dynamical so-
lutions of (1.1) obtained by solving an initial value problem. We review briefly the standard setting
of Cauchy initial data prescribed on a spacelike hypersurface. The data consist of a Riemannian

10
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Figure 1.1: Diagram of the (n + 1)-dimensional de Sitter space (R x S™, ﬁds)-

manifold (S”, go) and a symmetric 2-tensor kg, which satisfy certain constraint equations. In the
spacetime obtained by solving (1.1) locally with the given initial data, (S”, go) embeds as the
initial data hypersurface with second fundamental form given by ky. Moreover, the constraint
equations are given by the Gauss and Codazzi equations for gy and kg.

In the current work, we will focus instead on solutions of (1.1) arising from scattering data
prescribed at infinity (at Z~ or ZT). In this setting, scattering data consist of a Riemannian man-
ifold (S", go) and a symmetric traceless 2-tensor 7 on S™, which satisfies an additional constraint
called the straightness condition. We briefly describe the interpretation of scattering data and
the differences to the setting of Cauchy initial data. We consider the case of data prescribed at
Z~ for the purpose of exposition. Similarly to the case of Cauchy initial data, 4, represents a
suitable limit at Z~ of the Riemannian metrics induced by the spacetime metric on the spheres
S™ at early times. However, it turns out that a similar attempt to consider the limit of the second
fundamental form of the spheres S™ at early times yields a tensor that is completely determined
by 4o Instead, h represents a higher order term present in the expansion of the spacetime metric
at 77, as we shall explain in detail below.

Solutions of (1.1) determined by scattering data at infinity are called asymptotically de
Sitter spaces ([And05]). The local well-posedness theory for scattering data at infinity is proved
in [RSR18] (see also [FG85, Ren04, FG12, Hin24]), with asymptotic data given by g, and h as

11



above. We also assume that the data are smooth for simplicity. For any such data, we obtain in

a neighborhood of Z~ a unique solution of the form:

g=—dT?+e g (T,0%,...,0™)d0"d6", (1.3)

AB
where we denote by {64} coordinates associated to an arbitrary chart on S™. As before, in (1.3)
we present the case of scattering data at past infinity Z— and we note that the same definitions

apply for scattering data at Z*, upon replacing T by —T.

The expansion at 7~ in the even n case. The relation between the solution g and the
scattering data is seen in the expansion satisfied by the rescaled metric ;jf induced on {T'} x S™ as

T — —oo. For all n > 4 even and for all 7' < 0 small enough, we have in a Lie-propagated frame:

2T e(an)T 2T enT enT

I=do* b+ F g it T w0, (14

where the tensors ¢, ... O, trk are determined by 4, via certain compatibility relations,

Fnja-1
h is the trace free part of k, and the higher order terms in the expansion are determined by 4,
and h.

The main challenge present in the case of even spatial dimension n > 4 compared to its odd
counterpart can be seen in the expansion (1.4). This represents the Fefferman-Graham expansion
introduced in [FG85], also playing a fundamental role in [Ren04, FG12, RSR18]|, as we explain in
Section 1.1. We point out that for n > 4 even the expansion is not smooth at Z~ in terms of the
Fefferman-Graham coordinate 7 = e /2 due to the presence of the term O, called the obstruction
tensor. On the other hand, the obstruction tensor vanishes identically in the odd n case leading
to a smooth expansion of the solution in 7 at Z~.

From the dynamical point of view, the de Sitter metric (1.2) is the unique solution of (1.1)
with scattering data at Z— given by (go)ds = igsn and hgg = 0. It is also smooth at Z~, since

the obstruction tensor Q49 vanishes, as can be seen from its Fefferman-Graham expansion:

B 1 2T AT
Jas = ZgSn + T%n + Tgsw

The main result: a complete scattering theory for n > 4 even. We study the global
in time behavior of asymptotically de Sitter solutions of (1.1) for n > 4 even, determined by

scattering data close to the data of de Sitter space with respect to some suitable norm. Our

12



main result is establishing a complete scattering theory for such solutions. We notice that the
corresponding small data result in the setting of Cauchy initial data consists of proving global
existence and orbital stability, see [Rin08]. The additional difficulties that we encounter in the
case of the scattering problem are the need to evolve the data from past infinity as opposed to
from a Cauchy hypersurface, and the need to recover the scattering data at future infinity, which
requires sharp control of the solution at higher order despite the lack of smoothness in time caused
by the obstruction tensor O.

In order to state the main result, we briefly introduce the notions of asymptotic initial data
set, asymptotic initial data norm, and asymptotically de Sitter vacuum solutions determined by
small data. We refer the reader to Remark 1.3 and Definition 9.1 for the precise definitions.

Given smooth scattering data (go,ﬁ), we define the corresponding asymptotic initial data
set i(go,fz) to be the collection of tensors on S™ consisting of: the metric 9o the tensors
Ji0--2 4, /2_1,trl;: defined by 4, using the compatibility relations, together with certain angu-
lar derivatives of these tensors; the obstruction tensor O defined by 4, using the compatibility
relations; and the renormalized tensor h = h — 2(log V)(’), where the operator log V is defined
using the geometric Littlewood-Paley decomposition in Section 6. We point out that the surpris-
ing need to renormalize h is related to the lack of smoothness of the expansion (1.4), and again
poses difficulties in our problem.

We also define the asymptotic initial data norm, which measures closeness to the de Sitter
data. For any tensor ¢ € ¥ (go, ﬁ), we denote by ¢, = ¢— pgg the tensor obtained as the difference
of ¢ and its de Sitter value. For any M > 0, we define the asymptotic initial data norm of order
M by:

[SITROT D SR N A, (1.5)
PEX(g,,h)
where HM*1(S™) represents the Sobolev norm on S™ with respect to the metric 9o
We denote by ids = i(igsn, 0) the initial data set corresponding to de Sitter space. For

any € > 0, we define the set of smooth e-small asymptotic data of order M by:

B (Sas) = {S(gr k) : [E(gye B as < €} (1.6)

13



We define asymptotically de Sitter vacuum solutions determined by small data to be the solutions
of (1.1) with e-small asymptotic data of order M.

Using these definitions, we state the main result of the thesis:

Theorem 1.1. For any even integer n > 4, we have a complete scattering theory for (n + 1)-
dimensional asymptotically de Sitter vacuum solutions determined by small data. For any M > 0

large enough there exists €9 > 0 small enough, such that for any 0 < € < ¢y we have:

1. Existence and uniqueness of scattering states: for any e-small asymptotic data of
order M at I~ or I given by i(go,ﬁ) € BEM (idg), there exists a unique smooth global
solution (.//\/lv, g) of the form (1.3) to the Einstein vacuum equations (1.1) which remains
quantitatively close to the de Sitter metric and can be represented by a diagram similar to

Figure 1.1;

2. Asymptotic completeness: any smooth solution of the Finstein vacuum equations (1.1)
of the form (1.3), which is quantitatively close to the de Sitter metric at a finite time T,

exists globally and induces scattering data (go, ﬁ) at I~ and (go,ﬁ) at I+;

3. Existence of a scattering map with quantitative estimates: there exists a constant
Chr > 0 independent of e, such that we have a well-defined scattering map taking asymptotic

data at T~ to asymptotic data at I :
S: Bejw(ids) — Bé{we(ids)v

S(S(0y7) = (g 1)

The scattering map is locally invertible and locally Lipschitz at ids, in the sense that it

(1.7)

satisfies the quantitative estimate:
s, = el ], »

Remark 1.1. The result for the scattering map S is sharp and avoids any “derivative loss”, in
the sense that in (1.7) and (1.8) we use the same Sobolev-type asymptotic initial data norm of

order M to measure the smallness of asymptotic data at T~ and Z™.

Remark 1.2. We state Theorem 1.1 for smooth scattering data Jo> h for simplicity of exposition,

but since we only make quantitative assumptions at the level of the asymptotic initial data norm
14



(1.5), our result can be extended by density to the case of finite reqularity scattering data which is

small in the sense of (1.6).

In the remainder of the introduction, we flesh out the previous discussion with more details.
In Section 1.1 we discuss some relevant previous results. In Section 1.2 we introduce the ambient
metric formulation of the problem and restate our main result in an equivalent form. In Section 1.3
we discuss the ideas of the proof in some detail. Finally, in Section 1.4 we outline the structure

of the rest of the thesis.

1.1 Previous Results

We present some previous results relevant for the scattering theory of asymptotically de Sitter

vacuum solutions.

1.1.1 The Stability of de Sitter Space

Friedrich proved in [Fri83, Fri86] that (3 + 1)-dimensional de Sitter space is non-linearly stable
to small perturbations of the asymptotic data at Z—. The proof uses the key fact that in (3 + 1)
dimensions de Sitter space has a smooth conformal compactification. By use of the conformal
method, the study of global stability is reduced to a finite in time problem for the conformal
equations, which can be written as a symmetric hyperbolic system. Additionally, this method
also gives a scattering theory between asymptotic data at Z~ and asymptotic data at Z", which
represent two regular spacelike hypersurfaces in the conformal spacetime. We note that this result
was also generalized to the Einstein-Maxwell-Yang-Mills system in [Fri91] and to the Einstein-
radiative fluid system in [LVK13].

In the case of the Einstein equations coupled to a non-linear scalar field, which is a general-
ization of (1.1), Ringstrom proved stability in all dimensions in [Rin08] for small Cauchy initial
data on a finite time spacelike hypersurface. This proof is robust in order to treat such general

equations, but it does not give a description of the induced scattering data at infinity.

15



1.1.2 The Fefferman-Graham Expansion

The starting point in the theory of local well-posedness with scattering data at Z— for all n > 3
is given by the work of Fefferman-Graham [FG85, FG12].

To construct conformal invariants for an n-dimensional Riemannian manifold (S , go), Fef-
ferman and Graham first consider the corresponding ambient metric. We briefly introduce the
ambient metric construction here and we discuss it in detail in Section 1.2. For any 90 and any
symmetric traceless 2-tensor h, the ambient metric is an (n 4 2)-dimensional self-similar vacuum
metric given by a formal power series expansion determined by (go, fL). The conformal invariants
of (S , go) are then obtained using the classification of local pseudo-Riemannian invariants of the
ambient metric. According to [FG12], under the additional assumption of straightness on h, which
determines the divergence of h in terms of G the ambient metric is straight and one can take
the quotient by the action of the scaling vector field to obtain formal asymptotically de Sitter
solutions of (1.1).

We illustrate the Fefferman-Graham expansion of formal asymptotically de Sitter vacuum
solutions. In this setting, the formal power series expansions (1.9)-(1.10) were first constructed
in [Ren04, Theorems 2, 3]. The scattering data are given by a Riemannian metric (S”, go) and a
symmetric traceless straight 2-tensor h, which determine each term in the expansion. For n > 3

odd, the expansion at Z~ is smooth in terms of e’:

2T 6(nfl)T nT

J= Jot ot 2n=1((n — 1)/2)!g(n—1)/2 + 6271% +O(el"DT). (1.9)

In the case of n > 4 even, we have the expansion at Z~:
2T e(n—Z)T 2T e enT
O+
2"(n/2)

The compatibility relations are obtained by taking the limit of (1.1) at Z~ at each order. The

§=dot gt -+ gea Ty T g o+ O(Te™ 1), (1.10)

terms of order less than " are determined by 4,- We also have that trk is determined by Jo»
and that the trace-free part of k is k. Finally, all the higher order terms in the expansion are

determined by 9o and h.

16



1.1.3 The Local Well-posedness Theory with Scattering Data

The expansions (1.9) and (1.10) were computed formally in the smooth category in [FG85, Ren04,
FG12], and convergence was only proven in the case of analytic scattering data [Ren04, Theorem
6]. The rigorous proof of the Fefferman-Graham expansion in the smooth case was done in [RSR18]
in a more general context (and revisited in [Hin24]). Restricted to our situation, the results of

[RSR18] imply the following local well-posedness result with scattering data:

Theorem 1.2 ([RSR18]). For any n > 3 and any smooth straight scattering data (go, ﬁ), there
exists a unique solution of (1.1) of the form (1.3) in a neighborhood of T~ which satisfies the

expansions (1.9) and (1.10).

The local well-posedness result of [RSR18]| is a fundamental ingredient needed to study the
long time behavior of asymptotically de Sitter solutions of (1.1). For simplicity, we only stated
how the results of [RSR18] apply in our situation of straight ambient metrics. However, the results
of [RSR18] hold in the very general context of ”proto-ambient metrics”, which only require the

Fefferman-Graham expansion to hold up to the term containing k.

1.1.4 A Scattering Theory in the Odd Spatial Dimension Case

The results of [Fri83, Fri86] were further generalized in [And05] for all (n+1)-dimensional de Sitter
spaces with n > 3 odd. While the conformal method does not apply in higher dimensions, there
is nevertheless the simplification of having the expansion (1.9) which is smooth in terms of e’
Moreover, in this case the Einstein equations (1.1) can be replaced by the equation O = 0, which
is conformally invariant and leads to a hyperbolic system in a suitable gauge. We notice that in
(3 4+ 1) dimensions the obstruction tensor O coincides with the Bach tensor, so the approach of
[And05] is to replace (1.1) by the Bach equations. Using these ingredients, [And05] generalizes
the conformal method proof to obtain stability for all n > 3 odd, which also gives a scattering

theory between asymptotic data at Z~ and asymptotic data at ZT.

17



1.1.5 The Wave Equation on de Sitter Space

The simplest model problem needed in order to understand the scattering of asymptotically de

Sitter vacuum solutions is the linear wave equation on a fixed de Sitter background:
Oysé = 0. (1.11)

The scattering problem in the more general case of the Klein-Gordon equation was addressed in
[Vas10]. Given a certain relation between the Klein-Gordon mass and the spatial dimension, which
guarantees a smooth expansion at infinity similar to (1.9), [Vas10] provides a detailed description
of the scattering map as a Fourier integral operator. However, in the case of n > 4 even and
vanishing Klein-Gordon mass, the solution satisfies an expansion at infinity similar to (1.10). The
results of [Vas10] prove that the scattering map is an isomorphism on C*°.

In the case of (1.11) with n > 4 even, we used a different approach in [Cic23] to construct the
scattering map as a Banach space isomorphism for asymptotic initial data (¢0, h) e HM T(S™) x
HM(S™), for any M > 1. We notice that ¢o plays a similar role to I/ and b is again obtained
by renormalizing a higher order term in the Fefferman-Graham expansion using logV of the
analogue of the obstruction tensor. Based on these similarities, [Cic23] will provide the guideline
for studying the scattering of asymptotically de Sitter vacuum solutions for all n > 4 even in the
present work. It turns out that the methods used in [Cic23] are indeed robust and can be adapted

in the current setting.

1.1.6 Results for the Expanding Region of Black Hole Spacetimes

Similarly to the case of asymptotically de Sitter vacuum spacetimes, it is of great interest to
study the question of scattering in the expanding region of black hole spacetimes with A > 0,
which remains an open problem even in (3 + 1) dimensions. We first mention [Ber25], which
studies scattering for the linear wave equation on the expanding region of Schwarzschild-de Sitter
spacetimes. In the nonlinear case, the recent works [F'S24, HV24] prove the stability of the

expanding region of Kerr-de Sitter, with [HV24] also establishing conformal smoothness at Z7.
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1.1.7 Scattering Results in the Asymptotically Flat Setting

In the asymptotically flat setting, [Wanl10] constructs a scattering isomorphism between Cauchy
initial data and the radiation field for perturbations of Minkowski space in (n + 1)-dimensions,
with n > 4. In the case of n = 3, [BSB15] proves scattering for certain semilinear wave equations
on Minkowski space.

We note that the study of scattering in the context of asymptotically flat black hole spacetimes
is a current area of research. We refer the reader to [BW14], [DHR24], [DRSR18], [Alf20], [Mas22],

and references therein.

1.2 The Ambient Metric Formulation

The ambient metric construction provides an embedding of solutions of (1.1) of the form (1.3) into
(n+2)-dimensional self-similar vacuum spacetimes. The simplest example for this correspondence
is that of de Sitter space (]R x S", §d5). The associated straight ambient metric is the {u < 0,v >
0} x S™ C R"*2 region of Minkowski space with the Minkowski metric m, where u and v are the
standard double null coordinates.

The embedding allows us to prove a scattering result at the level of the corresponding ambient
metric instead. In the n > 4 even case the solution is not smooth at infinity, so we can interpret
this construction as a compactification that allows us to reduce a global problem with data at
infinity to a finite problem with singular data. Another advantage of this setting is that the
ambient spacetime has a natural double null foliation and we can use the approach developed
in [RSR18] and [RSR23]. Moreover, the explicit embedding provides additional structure on the

ambient metric, as can be seen in the definition:

Definition 1.1. Let I C R be an open interval, set M=1x S™, and let (./W, 5) be a solution of

(1.1) of the form:

~_ 2 —oT
g=—dl”“+e gAB

(T,60%,...,0")d6" de>. (1.12)
We define the corresponding straight ambient metric to be (/\/l, g), where M = (—o00,0) X M and:

g=ds* +s*(—dT? + e g, (T,6",...,0™)do"do"). (1.13)

AB
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The spacetime (/\/l, g) is an (n+2)-dimensional straight self-similar vacuum spacetime, satisfying:
Ric(g) =0, Lgg =2g, S = s0s. (1.14)

In general, we say that a metric g is straight if it takes the form (1.13), i.e. it arises as a cone
metric from a metric g of the form (1.12) (see [And01]).

We define the double null coordinates u < 0, v > 0 by:

el =2 —E, § = —2v/—uw.
V u

In double null coordinates, the straight ambient metric has the form:
M= {u<0, v >0, log21/—g GI} x S"
U
g=—2(du®dv+dv®du)+4¢,,(u,v, 0, ...,0")do"de", (1.15)

where gAB(u,U,Hl, o0 = UQAg;AB (T(u,v), o', ... ,9"). Moreover, the scaling vector field is S =

w0y + v0,.

Figure 1.2: Embedding of (Mv , g) in the ambient spacetime (./\/l, g) in the cases I = (11,71%) and

I =R

In general, we refer to any spacetime (/\/l,g) satisfying the above properties as a straight self-
similar vacuum spacetime in double null coordinates. Given any such spacetime, we can quotient
by the scaling vector field in order to obtain the corresponding (n + 1)-dimensional spacetime

(./\7, g) of the form (1.3) which solves (1.1).

The main point of the ambient metric construction is that establishing a complete scattering
theory for solutions of (1.1) with scattering data close to the data of de Sitter space is equivalent
to proving a scattering theory for straight self-similar vacuum spacetimes with scattering data on

{v =0} or {u = 0} close to the data of Minkowski space. This follows since we can identify the
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T of (//\\/l/ , §) with the quotient of {v = 0} by the action of the scaling vector field, and similarly
we can identify ZT with the quotient of {u = 0} by S. We refer the reader to [And01] and [RSR18|
for a general proof of the correspondence.

Notation convention. We use the tilde superscript notation in the original (n + 1)-
dimensional formulation (for example Mv, g, ’j), and we drop the tilde superscript in the ambient

metric formulation (for example M, g, ¢).

The local well-posedness theory. Before stating our main result in the ambient metric for-
mulation, we outline the local well-posedness theory in the current situation. By self-similarity, to
obtain scattering data on {v = 0} it suffices to specify data on the sphere {u = —1,v =0} x S™.
Thus, the notion of scattering data in the ambient metric formulation is the same as in the origi-
nal (n + 1)-dimensional formulation. The results of [RSR18] imply that for any smooth straight
scattering data (go, ﬁ) at {u = —1,v =0} x S™, there exists a unique straight self-similar vacuum

spacetime in double null coordinates defined in a neighborhood of {v = 0}:

{u<0,v20, OS—U<1}}XSn
U

for some small v > 0 depending on the size of the initial data. Moreover, the solution satisfies the

expansion:

o/ |u)) 7 v/|u])? log (4v/|u
u?g :g0+v/lu!gl+...+En//ﬂl)!gnﬂ_ﬁ( / D(n/g)(! [1v])
(v/[ul)®

(Y )

for the same 2-tensors ¢, ..

"gn/z—l’ O,k as in (1.4), determined by 4, and h. The same result

holds for data at {u = 0}, upon replacing (u,v) by (—v, —u).

The main result in the ambient metric formulation. We briefly explain the corresponding
notion of an asymptotic initial data set in the current setting, and refer the reader to Definition
9.1 for the precise definition.

In what follows, we assume some familiarity with the double null formalism introduced in
detail in Section 2. We denote the Ricci coefficients schematically by ¢ and the curvature com-
ponents by W. We consider the case of scattering data at {u = —1,v = 0} x S™, and note that

the case of scattering data at {u = 0,v = 1} x S™ is defined similarly by replacing (u,v) with
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(—v, —u). Given smooth scattering data (go, ﬁ), we define the asymptotic initial data set E(go, ﬁ)
to be the collection of tensors on {u = —1,v = 0} x S™ consisting of: the metric 4, the double
null quantities 1 and ¥, together with certain angular and Vp, derivatives of these tensors, which
can be computed by the compatibility relations in terms of ¢, (as in [RSR18], the specification

of these tensors is equivalent to the specification of ¢ ,.. trl%); the obstruction tensor

2
©: and the renormalized tensor h = h — 2(log V)(’). Next, we define the asymptotic initial data
norm, measuring closeness to the Minkowski data. For any tensor ¢ € Z(go, ﬁ), we denote by
®* = ¢ — PMinkowski the tensor obtained as the difference of ¢ and its Minkowski value. As before,
we define the asymptotic initial data norm of order M by:

S112 9

RICOI I DR T v
PEX(gy:h)

We denote by Yatinkowski = E(i 4 gn 0) the initial data set corresponding to Minkowksi space. For

any € > 0, we define the set of smooth e-small asymptotic data of order M by:

By(ZMinkowski) = {E(govﬁ) : HE(gWiL)HM < 6}'
Remark 1.3. In order to make the previous definition of i(go,ﬁ) precise, we require that the

norms [ (g, ), and |5(g,. )

are equivalent, where E(go, iL) is given as in Definition 9.1.

s s

This determines the exact components that are contained in the set i(go, ﬁ)
Using the ambient metric construction, we can restate Theorem 1.1 in the following equivalent

formulation:

Theorem 1.3. For any even integer n > 4, we have a complete scattering theory for (n + 2)-
dimensional straight self-similar vacuum spacetimes determined by small data. For any M > 0

large enough there exists €9 > 0 small enough, such that for 0 < e < ¢y we have:

1. Existence and uniqueness of scattering states: for any smooth e-small asymptotic
data of order M at {v = 0} given by Z(go,ﬁ) S B%(EMinkowski), there exists a unique
smooth straight self-similar vacuum solution (M,g) in double null coordinates defined glob-
ally in {u < 0, v > 0} x 8™, which remains quantitatively close to Minkowski space, in
the sense of Propositions 3.1, 3.2, and 3.8. Moreover, the solution extends to (—o0,0) X
[0,00) X S™ as a regular solution of the Einstein vacuum equations (1.14) in the sense of

Definition 2.3;
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2. Asymptotic completeness: any smooth straight self-similar vacuum spacetime in double
null coordinates which is quantitatively close in the sense of Remark 3.8 to Minkowski space
on a spacelike hypersurface {v = clu|}, can be extended to the region {u < 0, v > 0} x S"
and induces smooth scattering data (go, h) at {v = 0} and (go,ﬁ) at {u = 0}. Moreover,
the solution extends to ((—oo,0] x [0,00)\{(0,0)}) x S™ as a regular solution of the Einstein

vacuum equations (1.14) in the sense of Definition 2.3;

3. Existence of a scattering map with quantitative estimates: there exists a constant
Chr > 0 independent of €, such that we have a well-defined scattering map taking the asymp-
totic data at {v = 0} to asymptotic data at {u = 0}:

S Bé\/[ (ZMinkowski) — B%{E(EMinkowski)a

S(2(y 7)) == (g ).

The scattering map is locally invertible and locally Lipschitz at Ytinkowski, 0 the sense that

(1.16)

it satisfies the quantitative estimates:

I, m)| < cn|=9,0)] (1.17)

Remark 1.4. As in Theorem 1.1, the scattering map result is sharp and avoids any ”derivative
loss”, since in (1.16) and (1.17) we use the same Sobolev-type norm to measure the smallness of

asymptotic data at = and I .

Remark 1.5. The ambient metric formulation is convenient in order to establish the existence,
uniqueness of scattering states, and asymptotic completeness. However, one could work directly
at the level of asymptotically de Sitter spaces of the form (1.3). In this case it is convenient to

use the time coordinate T = e /2. This approach is present in Section 7, Section 8, and [Cic26].

1.3 Outline of the Proof

We present the main steps in the proof of Theorem 1.3. We assume familiarity with the basics of
the double null formalism, and we refer the reader unfamiliar with these notions to read Section 2
for a detailed introduction.

We recall that in this formalism, the Einstein vacuum equations (1.14) can be written as a

system of equations for the Ricci coefficients denoted by 1 and the curvature components denoted
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by W. The system has the following schematic form (see [RSR18]):

Vatp =W+ 9 -9, Vap =V +9 -9,
(1.18)
V33U =Dy +9 -V, VyVUy = D"V +) - ¥,
where D, D* are adjoint differential operators on S”, and V3, V4 are covariant derivatives in the
e3 = Oy,e4 = 0, directions. We denote by V the projection to the tangent space of S™ of the
covariant derivative in any direction tangent to S™, and we refer to this differential operator as an
angular derivative. The operators V3, V,, and V will be used as commutators to obtain systems
of equations with a similar form to (1.18). We also point out that the system (1.18) has significant

simplifications, due to the special straight structure of the metric g which has constant lapse and

vanishing shift vector.

1.3.1 Existence and Uniqueness of Scattering States

The first statement of Theorem 1.3 consists of global existence and quantitative estimates of the
solution in the (n + 2)-dimensional region {u < 0, v > 0} x S™, given small scattering data at
{v = 0}. We prove this in Theorems 3.1 and 3.2. In the original (n + 1)-dimensional formulation,
this result represents the global stability of de Sitter space with small scattering data at Z—. We
point out that the proof of [Rin08] does not apply in the case of scattering data; additionally, we
prefer to prove the needed stability result in the ambient metric setting, in order to obtain the
estimates required for the rest of our proof.

We remark that the stability result that we prove at this stage is not optimal in terms of the
smallness assumed on the initial data. For our purposes, we notice that > (go, ﬁ) € Bé” (EMinkowski)
implies:

|h

196l e smy + 100 praesmy + < (1.19)

where HM (S™) is the Sobolev space with respect to Jgn and H M (8™ is the Sobolev space with

HM(S™)

respect to ¢,. For this part of the argument we use the smallness condition (1.19) instead of
E(go, ﬁ) S Bi‘/l (EMinkowski). However, we point out that in order to prove the sharp estimate for
the scattering map (1.17), we will need a more detailed analysis which makes use of the exact

structure of E(go, 71).
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Figure 1.3: The decomposition into the regions I, I, and 111

The strategy of the proof follows similar steps to [RSR23]. In Section 3, we carry out a
bootstrap argument and construct the solution in the following regions one at a time, for v > 0

sufficiently small:

I_{ogmg}xsn, U_{vgmgv—l}xsn, 111_{0<|“’§v}><5"
u u v

The bounds that we prove for the solution need to be consistent with self-similarity, as in
[RSR18]. In region I we have the scaling for the Ricci coefficients [1)*| ~ e|u|™! and for the
curvature components |¥| ~ €|u|~2. Moreover, each V, V3, or V4 derivative that we apply to the
double null unknowns raises their homogeneity by one, implying schematic self-similar bounds of

the form:

[VIVAVEST| Sigk elul 7 TR [VIVIVED] S el 2R (1.20)

~

The expected bounds in regions II and III are similar for most double null quantities, replacing
|u| with v.

An essential aspect of the problem is that we can take at most "774 V4 derivatives of the
double null quantities in a neighborhood of {v = 0}, and similarly for V3 at {u = 0}. This results
from the presence of the obstruction term O in the Fefferman-Graham expansion of the solution
near {v = 0}. We denote by W& any curvature component excluding «, and similarly by ¥¢
any curvature component excluding . We have that all double null quantities ViViV’:)fw and

VivIVEWE extend to {v = 0} for j < 14, However, « is mildly singular at {v = 0}:

7V = 1o 0/ 0 + -+ 0o/ o (/1)) 2

25



where h is obtained from h by subtracting a linear factor of . In order to address this issue,
when proving self-similar bounds for « in region I we need to subtract off the singular term in
(1.21).

Taking into consideration the necessary renormalization, the argument of [RSR18] applies to
prove existence and self-similar bounds in region I, where we allow up to N angular derivatives
on the double null quantities, and M = N + O(n), M > N. Similarly, the argument of [RSR23]
applies to prove existence and self-similar bounds in region II, again allowing up to N angular
derivatives on the double null quantities.

The main part of the proof of the first statement in Theorem 1.3 involves showing existence
and self-similar bounds in region III in Section 3.2. The difficult aspect is that we expect a to be
singular at {u = 0}, as implied by the local well-posedness theory. Unlike in region I, we do not
determine a priori the singular part of o given by the obstruction tensor, so we cannot subtract
it off. We also notice that unlike the approach in [RSR23|, we cannot work with the reduced
Bianchi system, which would remove a, as this does not work in the higher dimensional setting.
Our solution is to propagate estimates for o consistent with it blowing up at {u = 0}, aided
by the fact that in the straight higher dimensional case the singular behavior of « is more mild
than in [RSR23]. For the remaining double null quantities, we expect to prove regular self-similar
bounds, similar to region I.

We briefly explain how to prove energy estimates for the curvature components ¥, as part of
the bootstrap argument in Section 3.2. We recall that the curvature components can be grouped
into the Bianchi pairs (a,v), (v, R), (R, v), (v,a). The Bianchi pair (v, «) satisfies the schematic
equations:

V3vape = —2Vaapic + -
n c
Vaiaup + %QAB =-V Yo(AB) + ...
As in [RSR23], for 0 < ¢ < p < 1 we conjugate the equations with w = vgfp]u\p_q :
pP—q

|ul

n—3 w
Viwa,g + (2 +p) o dAB = _vchC(AB) +..
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The energy estimates are obtained by contracting these equations with wr and wq, integrating
by parts, and multiplying by |u|?4. The lower order terms imply the presence of bulk terms with
favorable sign in the estimates. These bulk terms are even better in the case of v, since |u|/v is
small in region III. We notice that the same argument also applies when commuting with angular
derivatives and up to ”T_‘l V3 derivatives, which ensures that the lower order terms imply good
bulk terms. Commuting with a high number of angular derivatives V simplifies our treatment of
the error terms on the right hand side. The weight w implies that the best estimate that we can

prove for « is:

61—26|u‘—p . |v‘—2—i—j—i-p7

Hvivf%@”m(sw) N
where j < %‘4, 1 < N, 6 > 0 is a small constant, and the implicit constant in the inequality is
independent of € and v. This bound is consistent with the singular behavior of o at {u = 0}. The
good bulk term obtained for v allows us to control the bulk term in the energy estimates for the
Bianchi pair (R, g), and we similarly obtain energy estimates for all the curvature components.
Moreover, the stronger control that we obtain for the bulk terms in the case of the quantities g
allows us to prove regular self-similar bounds. The simple transport structure of the equations
for the Ricci coefficients also implies their respective self-similar bounds. We point out that we
close the bootstrap assumptions using the smallness of v.

Finally, we prove a standard propagation of regularity result in Theorem 3.2 showing that if

the scattering data is also smooth, the global solution obtained is smooth.

1.3.2 Asymptotic Completeness

We consider a smooth straight self-similar vacuum spacetime in double null coordinates, which
is quantitatively close to Minkowski space on a spacelike hypersurface {v = clu|} x S™ with
v < ¢ < v, in the sense that it satisfies the self-similar bounds (1.20) with j,k < ”774 and
i < N, where M = N + O(n), M > N for some large enough N. In Theorem 4.1 we prove
the second statement of Theorem 1.3, showing that the spacetime can be extended globally to
{u < 0,v > 0} x S™, and that it induces scattering data at {v = 0} and {u = 0}. The first
part follows from Section 1.3.1, as we remark that the analysis of [RSR23] in region II applies in

this setting as well, and we can repeat our analysis in region III. We notice that in region I the
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spacetime will satisfy similar bounds to the ones in region III, as we have no information about
the scattering data at this point.

In Section 4 we prove the existence of induced smooth scattering data (go, ﬁ) at {u =0}, as
the case of {v = 0} is analogous. The strategy is to compute the terms in the expansion of ¢ at
{u =0} up to order n/2.

We first prove that certain regular quantities can be extended to {u = 0} and satisfy com-

n—6 n—4

patibility relations. These consist of up to 5= V3 derivatives of a, up to *5= V3 derivatives of

& up to ”7_4 V3 derivatives of v, and up to ”T_Q L3 derivatives of ¢, together with at most N

angular derivatives of these tensors. All these quantities satisfy a V3 equation, where we control
the right hand side using the bounds proved in region III. We prove that these tensors are in
Wul’l([—l,O])Lz(S’"), so they can be extended to {u = 0}. In particular, we compute g, the
induced metric on {u = 0,v = 1} x S™. Evaluating these V3 equations at {u = 0} implies that
the regular quantities are determined in terms of ¢, by the compatibility relations of [RSR18].
Equivalently, we obtain that the first "7_2 terms in the expansion of ¢ are determined by g, via
the compatibility relations.
n—d

The next step is to compute the singular component of VBT «a and to prove that it is given

by the obstruction tensor of 9o Using self-similarity, we can write the V4 Bianchi equation for
n—4 o

V3? a schematically as:

n—4

n—a __n=4 1 1 1
A (v 24V32 a)=—E1+E=-0+ *(51 - 51!u:o) + &, (1.22)
where we defined O = —&|,—¢ which is independent of v and can be computed in terms of the

regular quantities at {u = 0}. We obtain that O can be computed in terms of 9o and we prove
it satisfies the compatibility relation of [RSR18] which implies that it represents the obstruction
tensor of &.

The final step is to compute the induced tensor A on {u = 0}. We notice that the error term

in (1.22) is in L}, ([~vv,0])L*(S™), so we can integrate the equation to get:

07 V,T o Olog (Jul/v) € W ([-uw, 0)) L7(S™). (1.23)
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We define the symmetric traceless 2-tensor A which is independent of u and v to be the limit at

n—4

{u =0} of (1.23). We obtain the expansion for V32 « :

n n—4

v 54V32 a = log (|ul/v)O + h+ O(|u|' 7 /v' 7).

As before, h is obtained from h by adding a certain linear factor of O.

The proof of asymptotic completeness is concluded by applying Theorem 1.2 of [RSR18], in
order to show that (go, ﬁ) represents the induced scattering data at {u = 0}. This result also
implies that h satisfies the straightness condition, since the spacetime (/\/l, g) is straight. Finally,
we remark that the spacetime (./\/l, g) is smooth, but due to the mild singular behavior at {u = 0}
and {v = 0} it extends to ((—o0,0] x [0,00)\{(0,0)}) x S™ as a regular solution of the Einstein

vacuum equations (1.14) in the sense of Definition 2.3, similarly to the solutions of [RSR18].

1.3.3 The Scattering Map

The third statement of Theorem 1.3 consists of constructing the scattering map S according to
(1.16), which satisfies the sharp estimate (1.17). Establishing the sharp result for the scattering
map represents the most challenging part of our work. The reader might wish to return to this
section for assistance while reading the proof in Sections 5-11.

We first explain the preliminary scattering result obtained from the proofs of existence,
uniqueness of scattering states, and asymptotic completeness in Theorems 3.1 and 4.1. For smooth

scattering data at {v = 0} which satisfies the smallness condition:

|k

19511 31 5y + 1Ol grar smy + =S¢

)

H]M(Sn)
we obtain a smooth straight self-similar vacuum spacetime (M, g) in double null coordinates
defined in the region {u < 0, v > 0} x S™. This induces smooth scattering data at {u = 0}

satisfying the smallness condition:

g™l 2 sy + 12 e smy + 12l v sy
where M = N + O(n), M > N for large enough N, § > 0 is a small constant, and C > 0 is a
constant independent of €. This confirms our previous claim in Section 1.3.1 that the stability
result proved initially is not optimal in terms of the smallness assumptions on the initial data

(1.19). In particular, the above result cannot give sharp estimates for the scattering map at this
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stage, since we only get control of the HV norm of the solution at {u = 0}, despite starting with
bounds on the H™ norm of the solution at {v = 0}, with M > N. This issue is a fundamental
feature of the problem, already present at the level of the wave equation (1.11) which was analyzed
in [Cic23].

In order to prove a sharp scattering result, we must construct a notion of an asymptotic
initial data set E(go, h) and asymptotic initial data norm || - ||as, which in the small data case

allow us to prove the estimate:

0], = oot a2
This requires a detailed analysis of the problem which exploits the structure of the solution, and
ultimately relies on replacing h with the renormalized tensor h = h — 2( log V)O.

Once we prove that for any E(go, fL) € BM (EMinkowski) the estimate (1.24) holds, it is straight-
forward in Section 11 to construct the scattering map S satisfying (1.16) and (1.17), by also using
the existence, uniqueness of scattering states, and asymptotic completeness. We outline the proof
of (1.24) for the rest of the section.

We introduce the norm Zj; in Section 9, representing the energy of the solution on {u =
—1,v = 1} x S™. One remarkable aspect is that the norm =, has improved angular control on
the solution compared to the asymptotic data norm, by gaining half of a derivative. We have

schematically that:

|2 (g 2)

2 n—4
=0y T B0y + 1V O arias ) +

n—4 n—2
n—4 R
B = Z Hvagvi\PHimm(s_m) T Z Hvaévi\PHiIl/Q(S—l,l) e
i+j=0 t+5=0

In order to prove (1.24), it suffices to show that:

|=g0:2)]|,, 520 5 200000, (1.25)

where the implicit constant depends on M but is independent on €. Once we establish (1.25), we

complete the proof of (1.24) in Section 11, since by changing (u,v) to (—v, —u) we also obtain:

S B, =20 2[5 B,

Remark 1.6. The strategy used in the proof of the sharp scattering result is similar to our

approach in [Cic23] for the wave equation (1.11). Based on the analogy between the scalar field
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¢ and ¢, one could expect that a notion of asymptotic initial data could consist only of 4, and b

which satisfy the smallness assumption:

HgSHIfIM+n+1(Sn) + HhHHMH(Sn) <e (1.26)

Using the compatibility relations, this condition implies that E(go,fz) € BgME(EMinkOWSki). In
the case of (1.11) we also have that O ~ A™2¢q + ..., which recovers the estimate for ¢o at
top order. However, in the current situation the obstruction tensor does not satisfy the needed
ellipticity property, so the smallness of E(go,ﬁ) does not imply (1.26). According to [FG85], we
have at top order that © ~ A™2?~2B, where B is the Bach tensor of 9o This operator is elliptic
under a conformal change of the metric, see [TV05, LS16], but in our case we cannot control the
conformal factor. Consequently, the smallness condition (1.26) cannot be used to prove a sharp

scattering result.

Estimates from {v = 0} to {v = —u}. We prove that =), < HE(gO,iL)HM in Theorem 9.1,
establishing the first inequality in (1.25). According to Section 5, we can rewrite the system of
Bianchi equations restricted to {u = —1} as a system of wave equations for any 0 < m < M,

0§l§%—2:

B AV v AN (3 - g)wvmvga — AV"Via = pVmHIVLG + BrrY, e

VVAVTVLTE 4 (3 . g)vwmvgqﬁ — AVPVLTC = v HIVLT 4 BrrY

ml’
where the error terms Errffll are defined in detail in Proposition 5.1. Moreover, the solutions

satisfy the expansions at {v = 0}:

VLol = (V419)| +0(v), Via = (Via)| _, o +O(v|logv|?) for I < 255,

n—4 n—4 (_1’0) ’(I'Lii (128)
V,2 U= (v,? v |(_170) + O(v|logv|*), V,2 a=0Ologv+ h+ O(v|logv|?).

We prove the main estimates for the system (1.27) in Theorem 9.1. The desired inequality will
follow, since the initial data energy is controlled by HE(gO, lvl)H 0 Whereas the energy at (—1,1)

controls Zj;. The top order estimates require control of the quantity:

n—a n—a n—4
T =% VyVHY,? ‘I’Hiﬂ/Q(s,l,v)Jr”HVMVf ‘I’HZB/Q(S,LU)JFHVf ‘I’GH?{MH(&M)‘

Bounding this energy represents the fundamental part of the proof, as this captures the need to

renormalize h and it implies the improvement in the number of angular derivatives controlled.
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To prove this in Section 9, we treat the system (1.27) as a linear system on the background
obtained by restricting the metric g to the null cone {u = —1}, with a general inhomogeneous
term in place of Errg’ll. We refer to the system (1.33) as the first model system, introduced in
Section 5, and we explain below how we prove estimates for it in Section 7. Once we bound the
top order quantity 7 in terms of the initial data energy and the error terms, the remaining bounds
follow using more standard energy estimates for the system (1.27). As before, the presence of
the nonlinear error terms Errg’d does not create significant difficulties since we commuted with a

high number of angular derivatives, so these terms are essentially linear.

Estimates from {v = —u} to {v = 0}. We prove that ||E(g0,h)HM S Zp in Theorem 10.1,
establishing the second inequality in (1.25). According to Section 5, we can also rewrite the
system of Bianchi equations restricted to {u = —1} forany 0 <m < M, 0<1< § —2 as:

VWAV Vo + (3 - g)wvmvga — AVWha = VIV + Brr?

VRTTLIC 4 (2 41— 3)T,9TLE0 - AVIVLEC = X0 gTHITLEE + B,

(1.29)

where the error terms Er’r,‘fbl are defined in detail in Proposition 5.1. Once again, the solutions
satisfy the expansions (1.28) at {v = 0}. In Section 10, we prove estimates with initial data at

(—=1,1) controlled by =Z,, and the energy at (—1,0) controlling HE(gO,ﬁ)HM. At top order, we
bound:

n—4 n—4
A O‘HZI/Q(S,LU)JFUHVMWQ O‘H12713/2(571,1,)4r

s n—4
+HVMV4 2 \I'GH?{3/2(S_1,U) + UHv‘lva‘l ’ \I,GHIQLI”Q(S—M) T

and the asymptotic quantities:

1OMraes sy g+ 100 Ernriags_y

This step represents the essential part of the proof, since as in the previous section once we
control the top order terms we can also obtain bounds for the remaining terms in HE(gO, fL)H M
and estimate the nonlinear error terms. The strategy is again to treat the system (1.29) as a linear

system on the background obtained by restricting g to {u = —1}, with a general inhomogeneous
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term. We refer to the system (1.43) as the second model system, introduced in Section 5, and

we explain below how we prove estimates for it in Section 8.

Geometric Littlewood-Paley projections. The analysis of the model systems needed for
the top order estimates requires the use of Littlewood-Paley projections. These provide a robust
way of constructing frequency dependent multipliers and defining fractional derivatives, including
the log V operator present in the definition of h. In dealing with the model systems we intend
to use the same approach as in [Cic23]. The new difficulty is that the metric ¢, induced by the
background on the spheres S, = {u = —1} x {v} x S™ has a nontrivial time dependence, compared
to the case of de Sitter space. This motivates us to use the geometric Littlewood-Paley theory
of [KR06], defined using the heat equation in Section 6. The LP projections used have standard
properties, with additional difficulties arising from the fact that they are time dependent and do
not satisfy exact orthogonality. We also use the methods of [KR06, KR05] to prove additional
new results.

In particular, the LP projections allow us to define fractional derivatives. For example, the

operator log V is defined as:

(log V)F = ZP;?F-logT“,
k>0

where in Section 6 we choose the projection operators Py, such that ), P,? =1
Unlike the case of the linear wave equation on exact de Sitter space in [Cic23|, we encounter
additional difficulties since the LP projections only satisfy L2-almost orthogonality. For any two

families of LP projections P, and P/ we have according to [KRO6]:
PR F 2 5 27 [P e (1.30)

The LP projections satisfy the finite band property || PyF| 12 S Q*kHVECFHLz, where P2 =
Py. For certain top order quantities, having a different projection operator on the RHS (i.e. the
term VﬁkF instead of VP, F') is problematic for the following reason: naively using the fact that
> Pl2 = I and (1.30) to bound VIB;CF creates dangerous terms with frequency higher than k.

Therefore, instead of using the finite band property, for certain top order quantities we use the
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following novel refined Poincaré inequality for any k > 0 and d > 0 :

1
|1PeF(l7e € 527 [VPF||o +6 D7 2 VA, + 672 || P (1.31)
0<i<k

The important feature of this inequality is that all the LP projection operators have the same
symbol. Moreover, only the last term contains frequencies higher than k, but this is lower order
due to the good 2% weight.

Finally, we also prove bounds for the commutation error terms obtained due to the time
dependence of the metric ¢. For example, for a certain projection operator Ek defined in Section

6 in terms of Py, we have:

V4 PAF]| 2 S | 2RF o+ 27 P o (1.32)

~

While the presence of projection operators with different symbols in this inequality cannot be
avoided, we point out that both sides of the inequality can be summed for k£ > 0, which will prove

to be essential later.

The first model system. In Section 5, we write the system (1.27) as a linear system on

the background obtained by restricting the metric g to the null cone {u = —1}, with a general
n—4 n—4

inhomogeneous term. We use the notation ®¢ = VFa and ¢; = VF UC and we obtain with

respect to the new time variable 7 = /v the system:

;

VA (V V")) + 1V, V®) — AAV" D) = V™D + FY,

Vo (VoV70) + LV, V"D, — AAV™®; = ¢V H @ + F, (1.33)

Py =20logT + h+ O(7?|log7|?), ®; = ®? + O(7?|log 7|?).
\
where the covariant angular derivatives are with respect to the metric ¢ :=¢ _ , _ , induced

on S;.

Remark 1.7. We notice that in terms of the metric ;jf from (1.3) we have ¢_ = Aj(log(27)).
For any asymptotically de Sitter space of the form (1.3) we consider the new time coordinate
7 = el'/2. We point out that one can also recover the first model system by commuting the
FEinstein equations (1.1) n/2 times with the vectorfield %87. A similar approach also holds for

the second model system (1.43).
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The estimates needed at top order for the system (1.27) are proved at the level of the first
model system in Section 7. We provide a detailed outline, and note the reader should use this
section for assistance when reading the proof of Theorem 7.1. Our strategy is to adapt the
approach in [Cic23] to the current setting by using the geometric LP theory instead. We first
decompose the solution into its singular and regular parts, which we treat separately in all the
estimates. We then explain how to prove lower order estimates and top order estimates, which
complete the proof of Theorem 7.1.

Step 1. Decomposition of ®g. The first model system (1.33) has a favorable structure for
proving estimates forward in time for the quantities ®1,..., @7 in terms of the asymptotic data at
7~ , since these quantities are regular at 7 = 0, according to their asymptotic expansions. While
the equation for ®y has the same favorable structure, we encounter difficulties since ®g blows-up
at Z~ as log 7. We isolate this singular behavior by defining the singular component of ®g, which
decouples from the rest of the system and can be treated separately. The remaining component
of @ is regular at Z— and can be treated similarly to the other regular quantities.

For each m < M, we define the singular component (qu)o)y to be the horizontal tensor
solving;:

VA (VA (V"®), ) + %VT (V") —4A (V™ Dp), = ¥V (V" D)y, (1.34)

with asymptotic data given by:

(VM ®g)y (1) = 2V™Olog(1) + 2(log V)V™O + O(7?|log(7)]?), (1.35)
_ PAVAR @)

V- (V"®0)y (1) + O(T!log(T)\z). (1.36)

We prove the existence and uniqueness of the singular component in Section 7.1. We define the

regular component:

(qu)O)J = V"o, — (qu)o)y,
Making the renormalization b, = V™h — 2(log V)V™O, we get that the regular component

satisfies the equation:

1
VA (V- (V7™®) ;) + %VT (V"®) , — 4A (V™) , =V (VD) , + > V™05 + Fp, (1.37)
j=1
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with asymptotic data given by:
(Vm<I>o)J(T) =by + 0(7'2| log(7’)|2), & (VmCI)o)J(T) =O(7] 10g(7’)|2) in C*°(S™).  (1.38)

Step 2. Lower order estimates. In order to prove the needed refined estimates for the solution
at top order, it is essential to first prove in Section 7.2 energy estimates that are lower order in
terms of angular derivatives. We treat separately the singular and regular quantities. For the
regular quantities we note that the structure of (1.33) and the regularity at Z— allow us to use

V., as a multiplier to prove in Proposition 7.3:
M-1 I
Z H (Vm(po)JHip + Z H(I)ZHJQLIM < CrDr + CrFi(7). (1.39)

For the singular component, the lower order version of (7.2) consists of proving in Proposition 7.2:

M-—1
S (7" @0), [ < oDy + Coltog 72O (140

m=0
To prove this, we further decompose for every m < M : (Vm@o)y = (thl)o); + (qu)o)f,,

where (Vm<I>0); and (qu)o)i are the solutions of (7.4) that satisfy the asymptotic expansions:
(Vm@o);(T) =2V"Olog(1) + O(T2| log(7)\2),
(V@) (1) =2(log V)V™O + O (72| log(1)|?).
The desired lower order estimate for the singular component follows using the V., multiplier in
the equations for (qu)o); /log T and (V"”I)o)z,, similarly to the approach in [Cic23].
Step 8. Top order estimates for the singular component. The singular component decouples
from the rest of the system, so it can be treated independently of the regular quantities in

Section 7.3. In Theorem 7.2, we prove the following estimate for 7 € (0,1], with an implicit

constant depending only on M:

T2HVT(VM<1>0)YHZI/2(ST) +T2HV(VM(I)O)YH§-11/2(ST) ol [« (1.41)
M ) )
Z H(qu)o)YHHl(ST) S (L] 10g7'|2)HOHHM+r (1.42)
m=0

In order to obtain sharp estimates at top order, we must use the structure in the expansion of

(VM <I>0)Y, which can only be seen at the level of each LP projection. We have schematically for
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every k>0 :
Pp (VM) (1) = 2P, VM Olog(2°7) + Lo.t. + O(7*| log(7)|*).

As in the case of the linear wave equation on de Sitter space studied in [Cic23], we prove that
P (VM @0) v satisfies similar asymptotics to the second Bessel function Y; in terms of the new time
variable t = 287, A quantitative version of this statement is proved in Section 7.3 using suitable
energy estimates in the low frequency regime 7 < 27%71 with data given by the asymptotic
initial data, and the high frequency regime 7 € [27%~1 1], with data at 7 = 27~ given by the
solution in the low frequency regime. We remark that the asymptotic behavior and the frequency
dependent time of transition between the two regimes are responsible for the improvement in
regularity: at 7 = 1 we control M + 3/2 derivatives of the solution in terms of M + 1 derivatives
of the asymptotic data.

The main new difficulties compared to [Cic23] arise from the fact that the geometric LP
projections are time dependent and do not satisfy exact orthogonality, as explained above. Using
bounds such as (1.32) implies the presence of different projection operators in the estimates. In
the low frequency regime in Section 7.3.1, we can mostly avoid this issue using the structure of
the error terms and the lower order estimates from Section 7.2. However, in the high frequency
regime in Section 7.3.2, this issue creates commutation terms that cannot be bounded at the level
of each LP projection. As a result, we must carefully use the structure of the error terms and sum
the estimates obtained for each LP projection before being able to close our estimates in Section
7.3.3.

Step 4. Top order estimates for the reqular components. In order to capture the specific
behavior of the regular components at top order, we consider the equations satisfied by the
projections Py (VM(IDO)J and PkVMCI)i, foralll1 <i<Tandk >0.

For each P, projection we consider the low frequency regime 7 € (0,27%1] in Section 7.4.1.
We propagate the L? bounds satisfied by the asymptotic data at Z~ using V, as a multiplier to
obtain schematically for 7 € (0,27%~1]:

I
1P (VM @0) |[2 + S ([ BV M @[, + ..
=1

37



I I
<SP |o + > 1PV @22, + Z/OT Q%HPkF}uHiQdT, +..,
i=1 1=0

where we refer the reader to Proposition 7.11 for the exact estimate proved, which includes
additional good terms on the LHS and certain error terms on the RHS. Using the commutation
estimates for LP projections, the error terms on the RHS that contain ® have good 27% weights.

For each P, projection we also consider the high frequency regime 7 € [27%71 1] in Sec-
tion 7.4.2. We prove boundedness for the energy obtained by using the multiplier 2¥7V, to get
schematically for 7 € [27F71 1] :

1
27| P (VM @o) |7 + Y 257 | BV @ |7 + .
=1

I
S HPk(VM(I)O)JH?{l |T=2_k_1 + Z HPkVM(I)iHZI ’rzz—k—1+
i=1

I T T
3 [ 2+ [ IR (w0 +

where we refer the reader to Proposition 7.12 for the exact estimate proved. It is essential that
in this estimate we obtain a top order bulk term with favorable sign, which can be dropped from
the estimate!. We also notice that to deal with the error terms we use refined LP commutation
estimates such as (1.32). In particular, this creates error terms with different projection operators,
such as the last term written above, which cannot be controlled directly at the level of the high
frequency regime estimates.

To conclude the proof of the top order estimates for the regular components, we combine the
high frequency regime and low frequency regime estimates in Section 7.4.3. We point out that this
argument uses the top order estimates for the singular component, which are proved separately
as we explain below. To bound the error terms containing different LP projection operators, we
first need to sum the estimates obtained for all £ > 0, and then use Gronwall. For the negative
frequencies we use the lower order estimates from Section 7.2. As a result, we obtain:

I
| (VM 0) 352 + D 7| V|30 + .. < OrDy + CLF (7).
i=1

1On the other hand, we point out that in the context of the second model system, the bulk term obtained in
the high frequency regime estimate for the singular component has an unfavorable sign, creating major difficulties.
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The second model system. Similarly to the case of the first model system, in Section 5 we
write the system (1.29) with respect to the new time variable 7 = /v to obtain the second model

system:
V-, (VTthﬁo) + %VTV’"@O — 4AV™ Dy = VD F,%

Vo (Vo V™) — 1V, VP, — AAV™®; = 370 V™ L0; + (1.43)

\<I>0 =201log T+ h+ O(7?|log 7|?), ®; = O + O(72|log 7[?).

In Section 8, we obtain estimates for solutions of the second model system at 7 € (0,1) in
terms of the solution at 7 = 1. Additionally, we also prove estimates for the asymptotic data at
Z~. We provide a detailed outline of the proof of Theorem 8.1, and refer the reader to this section
for assistance when reading the proof in Section 8. Our strategy is once again to use the geometric
LP theory and adapt the approach in [Cic23] to the current setting. We first explain how to prove
estimates for the regular quantities. We then outline the lower order estimates and top order
estimates for the singular quantities, and we also explain the estimates for the asymptotic data
at Z—, completing the proof of Theorem 8.1.

Step 1. Estimates for the reqular quantities. The second model system (1.43) has a favorable
structure for proving estimates backwards in time for the regular quantities ®1,...,®; in terms
of the initial data at 7 = 1, which allows us to obtain top order estimates directly using the V.,
multiplier. Another key feature of the second model system is that the singular terms V™1 ®g
are absent from the RHS of the equations for the regular quantities. Thus, the equations for the
regular quantities decouple from the singular quantities, and we can estimate them separately.

We obtain in Section 8.1:

I I
2 2
S 1@l arsare + Y VeV il 51 + - < CDir + CraFua(7), (1.44)
i=1 i=1
where we refer the reader to Proposition 8.1 for the exact estimate proved. Using the expansions

satisfied by the regular quantities at 7 = 0, we obtain for the asymptotic data at Z~:
I
2
Z 197|001 < CrrDrr + CriFir(0). (1.45)

i=1
Step 2. Estimates for the singular quantities. The structure of the equation satisfied by

the singular quantity ®( creates significant new challenges compared to the case of the regular
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quantities. Additionally, we must prove estimates consistent with the expansion of &y at 7 = 0,
and obtain suitable bounds for O and b.
We start with a lower order estimate proved in Section 8.2, which provides a preliminary

bound for ®g:
M

> "ol + 2ol + 0ol + [ Solfyans’ < Cusdu + i)
e ' (1.46)
The main part of the argument consists of proving sharp estimates for the top order quantity
¢ = VMP(. We prove estimates for each projection P, VM ®(, with k& > 0. For this purpose, we fix
a suitably large constant > 0 and we consider separately the low frequency regime k& > x with
7 € [0, X27%71], and the high frequency regime k > x with 7 € [X27%~1 1], where we denoted
X = 271, We note already here that we can deal with the terms with k& < z using the preliminary
estimate (1.46).

In Section 8.3, we consider the low frequency regime k > z, 7 € [0, X 2_k_1], and we prove a

similar estimate to (1.46) for P, VM &y :
72| PV VM @7, + 72| VP VM @[,

S X227 (| PV, Vo7, + [VRVM |7, )|+ Ox2 R E ()

where we refer the reader to Proposition 8.4 for the exact estimate proved. We note that the data
terms at 7 = X27%~! will be bounded later using the high frequency regime estimates.
In Section 8.4, we consider the high frequency regime 7 € [X27%~1 1], and we prove a similar

estimate to the one for the first model system. Using the multiplier 287V, we get:

1 2k
e A A A Py e EA R

1
2
+/ 2! | PoFly Padr + ..
-
where we refer the reader to Proposition 8.5 for the exact estimate proved.
The main difference compared to the first model system is the presence of the second term
on the RHS above, which is a top order bulk term with an unfavorable sign, creating significant

difficulties. We improve the above high frequency regime estimate and deal with this bad term in

Section 8.5, which represents the main technical part of the paper. We use the refined Poincaré

40



inequality (1.31) to bound the error term:

1 2k M 9 ,
/TWHPN Dy ||; 7. (1.47)

As a result, we obtain a sum of error terms on the RHS in the low frequency regime and high
frequency regime. We bound the high frequency regime error terms using the novel Grénwall-
like inequality in Lemma 8.1. For the low frequency regime error terms we use the estimates of
Section 8.3, which in turn create a sum of error terms that we bound using the discrete Gronwall
inequality.

Moreover, in the above estimates we also have error terms with different projection operators,
obtained by using LP commutation estimates such as (1.32). As before, we deal with these terms
towards the end of our argument, when summing the estimates obtained for all k > .

Finally, in Section 8.6 we combine the improved high frequency regime estimates of Section 8.5
with the low frequency regime estimates of Section 8.3 and the preliminary estimate (1.46), to

obtain the main estimate for ®q :
T2H‘130H2M+3/2 + TQHVTVMCI)OHZW +... < CuDy + CrFiu(7),

where the remaining terms on the LHS are precisely the terms containing ®q in the definition of
Err in (8.1) and we refer the reader to (8.20) for the exact estimate proved. Using the estimate
for the regular quantities (1.44) as well, we conclude the proof of the main estimate (8.2) in
Theorem 8.1.

Step 3. Estimates for the asymptotic quantities. The final step in the proof of Theorem 8.1
is showing the estimates (8.3) and (8.4) for the asymptotic data at Z~ in Section 8.7. In view of

(1.45), to establish (8.3) we prove:
1013261 < CrrDir + CriFrr(0). (1.48)

This estimate for the obstruction tensor follows by taking the limit 7 — 0 in the low frequency
regime estimate above for each k£ > z, and using the expansion of &y at Z~.

The estimate (8.4) for b is more involved. We first notice that it suffices to show:

. 2| Pebat|[72 < CriDrr + CriFii(0), (1.49)
k>x
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where by = VMh —2(log V)VMO. According to the expansion of VM ®( at T~, we can prove the
above bound using energy estimates for the equations satisfied by the quantities £, = P, VM &g —
T]Og(QkT)PkVTVM ®q. To deal with the error terms obtained in this case, we use the previously

established bounds for the low frequency regime and the high frequency regime.

1.4 Outline of the Thesis

We outline the structure of the thesis. Chapter 2 consists of Sections 2-4. In Section 2 we
introduce the double null formalism adapted to the setting of straight self-similar spacetimes.
In Section 3 we prove the existence and uniqueness of scattering states, establishing the first
statement of Theorem 1.3. In Section 4 we prove asymptotic completeness, obtaining the second
statement of Theorem 1.3. Chapter 3 consists of Sections 5-8. In Section 5 we introduce the model
systems necessary for the top order estimates of the scattering map. In Section 6 we introduce the
geometric Littlewood-Paley projections used in the analysis of the model systems. In Section 7
we prove the top order estimates for the first model system. In Section 8 we prove the top order
estimates for the second model system. Chapter 4 consists of Sections 9-11. In Section 9 we
prove sharp estimates from {v = 0} to {v = —u}. In Section 10 to prove sharp estimates from to
{v = —u} to {v=0}. Finally, in Section 11 we combine our results to conclude the proof of the

third statement of Theorem 1.3.
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Chapter 2

Existence, Uniqueness of Scattering

States, and Asymptotic Completeness

2 Set Up

We introduce the double null formalism in an arbitrary dimension due to [RSR18] in Section 2.1.
We explain the fundamental simplifications obtained in the setting of straight self-similar vacuum
spacetimes in Section 2.2, which will play a crucial role in our analysis. We also introduce in
Section 2.3 the commutation formulas and the error term notation for future reference. This

section is based on [Cic24, Section 2].

2.1 Double Null Gauge

We introduce a double null gauge on the (n + 2)-dimensional manifold (/\/l, g) following the work
of [RSR18, Section 3]. In this section, we consider such a foliation in the general setting, in
order to define the relevant quantities and write down the system of Einstein vacuum equations
(1.14) in double null gauge. In the next section, we will use the additional assumptions of self-
similarity and straightness of the spacetime (/\/l, g), which simplify our equations significantly.
We assume for the purpose of this section that g is smooth, and we later define the notion of
regular vacuum solutions in Definition 2.3. Our introduction of the double null gauge will be brief,

and we encourage the reader to consult [RSR18, Section 3] for complete statements and proofs.
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We assume the background differentiable manifold to be ((—o0, 0] x [0,00)\{(0,0)}) x S™,
where the coordinates (u,v) parameterize (—oo, 0] x [0,00)\{(0,0)}. We consider the metric g in

double null gauge:
g=—20%(du®dv+ dv® du) + ¢ , ,(d0" — bdu) @ (d0” — bPdu), (2.1)

where {6} represent local coordinates on S™. We denote S, , = {u} x {v} x S™. We define the

normalized frame:
e3 = Q7 10, +b104), es = Q71D,, gles,eq) = —2. (2.2)

We denote by D the Levi-Civita connection of (./\/l, g). Following [RSR18, Section 3| and the
references therein, we introduce the notion of horizontal tensors on S, ,, with entries in the
tangent space of S, ., and we denote by V4, V3, V4 the projections of Dy, D3, Dy to the
tangent space of Sy ,, for any vector e4 tangent to Sy .

We define the Ricci coefficients denoted schematically by ¢ € {x, x,n,n,w,w, (} as:

1 1
xaB = g(Daes,ep), X, 5 = 9(Daes,ep), na = *59(D36A,64), Ny, = *59(D46A7€3)
1 1 1
w=—79(Daes, e1), w=—79(Dseq, e3), Ca = 59(Daes,e3).
We decompose the null second fundamental forms x and x into their trace-free and trace parts:
. 1 . 1
XAB = XAB + —00Xf 1o Xy = Xy + - 00XG 4 (2.3)
According to [RSR18, Lemma 3.2], we have the Ricci formulas:
Dyes = —2wey, Dyes = 2wes + 2QA6A, Dyes =n, 64+ Viea (2.4)
Dses = —2wes, Dseq = 2wey + 2ntes, Dsea = naes + Vsea (2.5)
1 1
DA€4 = —<A€4 + XﬁeB, DA€3 = <A63 +X§63, DAGB = 5&14364 + 5XAB€3 + VAQB. (26)

According to [RSR18, Proposition 3.1], we also have the metric equations:
1 1
Lag op =2x48, Lafp=2X 5 W= —§V4 logQ, w= —§V3 log Q2 (2.7)

1
Ca=—70 ' 5ea(”), ma=Ca+ValogQ, n, = —Ca+ ValogQ. (2.8)
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We define the curvature components' denoted schematically by ¥ € {a, a, 3, B,v,v,0,p,T}:

1
aap = Rasps, aap = Rasps, fa = 5Raass, B, = SRassa, vapo = Rapcs, Yapo = Rapes
1 1 1 1 1
0aB = s R3a4B — 5 R3paa, TAB = s R3aaB + 5 R3paa, p = _Razas.
2 2 2 2 4
According to [RSR18, Lemma 3.1], we have the formulas:
tra = Ricyy, tra = Ricss, tr7 = Ricgg — 2p

TaB = ¢~ Rcapp — Ricap, Ba =vap” + Ricas, B, = —vap~ — Ricas.

The Einstein vacuum equations for (M, g) are equivalent to a set of null structure equations
and constraint equations involving the Ricci coefficients and the curvature components. We state
the null structure equations according to [RSR18], and we refer the reader to [RSR18, Section 3.5]

for the derivation of the equations.

Proposition 2.1. [RSR18, Proposition 3.2] We have the null structure equations for the vacuum

spacetime (M, g):
1 2 ~12
Vatry + E(trx) = —|x|* — 2wtry
. 2, . N
Vaxas + H”XXAB = —QAB — 2WXAB T X - X
1 2 ~12
Vitry + —(irx)” = —[%I" — 2wtrx
. 2 . A
Vakyp+ XKy p = ~Qap — 20X, 5 + X X
. r, . . A r, N
VsXap + —trxXap = —Fap + 2Xap + (V&) 45 = — XX,y 1 0+ X X

1 . A
Vstry + ﬁt@trx = 2p + 2wtry + 2div(n) + 2/n|* + X - X

. 1 . 1 . .
ViX,p+ = ”XXAB —TAB + 2WX , p + (V®Q)AB_EWXXAB+Q'Q+X'X
Vatry + Etrxtrx = 2p + 2wtry + 2div(n) + 2> + X - X
Van=—-F+x-(n—n) (2.9)
Van=p5+x-(n-mn) (2.10)
1 1 2 1 2 2 2
Vaw = p+ 701" = 710l + 2ww + 3[¢|7 — [V1og O (2.11)

"We point out that in Sections 5.2,7, and 8 we will use 7 to denote a time coordinate, but it will be clear from
the context throughout the thesis when 7 is used as a curvature component.
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11 1
Viw = op - Z|g|2 + ZW + 2ww + 3|¢]2 — [V 1og Q. (2.12)

where 1 - Y is a schematic notation for certain contractions of Ricci coefficient terms.

Next, we state the constraint equations according to [RSR18], and we refer the reader to

[RSR18, Section 3.6] for the derivation of the equations.

Proposition 2.2. [RSR18, Propositions 3.3,3.5] We have the constraint equations for the vacuum

spacetime (M, g):

) 1
Rifmapcp = Rapep + 3 (XBCXAD T X4pXBC — X4 XBD — XBDXAC)

1

. 1
Rlicap = TaB — 5”7@/;3 - §t7XXAB + X(CAXB)C'

1—n o
R= *2P+T““X”X+X'X
VaxBc — VBxac = vaBc + xacCB — XBcGa
VaXpe = VBX 0 = YABC — X40CB T Xpota
VAap — Vatry = —Bp + trx(p — (*xan
VA p — Vatry = B, — trx(s + ¢y

1

Vang —Vpna = —Vang+Vpna=oap+ 5 ()ZE;XCB - XEXCA> (2.13)

VARapep =2VieTpip + X v+ X v+ (X X-

2.2 Self-Similar Straight Vacuum Spacetimes

The (n + 2)-dimensional vacuum spacetimes (M, g) are straight and self-similar, according to
Definition 1.1. In this section we derive the consequences of these properties, which simplify the
previous null structure equations and constraint equations. These simplifications are essential for
our analysis and play a fundamental role for the rest of the work. We also write down the system
of Bianchi equations in the case of self-similar straight vacuum spacetimes. Finally, we introduce
the notion of regular solutions, following [RSR18, Section 3].

We assume that (M, g) is self-similar, so for S = ud, + v0, we have:
Lsg = 2g. (2.14)
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We also assume that (M, g) is a straight spacetime, so according to Definition 1.1 it satisfies:
=1, b=0. (2.15)
Thus, the metric (2.1) in double null gauge takes the special form:
g=-2(du®dv+dv®du)+g,,d0" @do". (2.16)
Moreover, the frame {e4, es3, e4} is integrable, and (2.2) becomes:
€3 = Oy, €4 = Oy, €4 = Opa. (2.17)

As a consequence, we obtain that for self-similar straight vacuum spacetimes some of the

Ricci coefficients and curvature components vanish identically:

Proposition 2.3. Let (./\/l,g) be a self-similar straight vacuum spacetime in double null gauge
(2.16). The nontrivial Ricci coefficients are 1 € {trx, X, trx, X}, and the nontrivial curvature

components are ¥ € {a, v, T, R,v,a}. More specifically, we have the following equations:
UX g TVXAB = G 45 (2.18)
n=n=¢=0, w=w=0
c=0, p=0, B=p=0.

Proof. Equation (2.18) is proved in [RSR18, Appendix B] as a consequence of (2.14) and (2.15).
The metric equations (2.7)-(2.8), together with Q = 1, b = 0, imply the vanishing of the Ricci
coefficients 7,7, ¢, w,w. The null structure equations for (2.9)-(2.12) imply = 3 =0, and p = 0.

Finally, the constraint equation (2.13) implies that:

1 C o O
OAB = §<_XAXCB "‘XBXCA)-

However, we also have from (2.18) that —UX 45 = UXAB; which then gives o = 0. O

We simplify the null structure equations in Proposition 2.1 and the constraint equations in
Proposition 2.2 using the vanishing properties proved in Proposition 2.3. In particular, the null
structure equations (2.9)-(2.12) are trivial. Moreover, we notice that all the terms containing
angular derivatives in the null structure equations vanish. As a result, when treating these
equations as a system of transport equations we avoid the complications regarding the loss of

angular derivatives which one usually faces for a general metric in double null gauge.
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We record here the simplified null structure equations:

Proposition 2.4. We have the null structure equations for the self-similar straight vacuum space-

time (/\/l,g) :
1 2 ~12 1 A A
Vatrx + g(tr’x) = —IXI%, Vatrx+ —trxtry = X - X
. 2 . . 1 . . 1 o
VaXap + —trxXap = —aap + X - X, VaXap + —rxxap = —7aB — —trxX, 5 + X X
n n n
]. 2 ~12 ]- ~ ~
Vatrx + —(trx)” = —I&I, Vatry + —trxtre = % X
. 2 . . . 1 . 1 A
VX, p T ~IXX g = TQAB T XX VaX g T —IXXyp = —TAB — IrXXaB + X X,
where 1 - Y is a schematic notation for certain contractions of Ricci coefficient terms.

We also record here the simplified constraint equations:

Proposition 2.5. We have the constraint equations for the self-similar straight vacuum spacetime

(M. g):

. 1

Rifmapop = Rapep + 3 <KBCXAD + X pXBC — X4 XBD — KBDXAC) (2.19)
. 1 1 1—n A

Ricap = Tap = 51X, — 5 t7XXAB + X(axp Cs = ity + X X

Vaxsc — VBXAc = VABC, VAXpe — VBX o = YABC
VAXap = Vptry, VAXAB = Vptrx
VARABCD:QV[CTD]B‘FX‘Z"‘X'V“‘C’X'X' (2.20)
We note some further consequences of the self-similarity and straightness properties:
Lemma 2.1. The frame {ea,es3,e4} defined in (2.17) satisfies:
SN — x5 2.21
V4€A—;€A—;XA€B, Vzea = X, €B- (2.21)
Proof. Using Proposition 2.3 in the Ricci formulas (2.4)-(2.6), we have:

1 U
B B B
Vaea = Dyea = Daes = xaep = _ea— X €5, Vsea=Daes =x,ep.

Lemma 2.2. For any curvature component ¥ we have that VgW¥ = —2U.
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Proof. For ¥ € {a,7,a}, we have that LV p = 0 implies that u0,(Vap) + v0y(¥Yap) = 0 in
the canonical coordinate frame. Equation (2.21) then implies that VgW¥ 45 = —2W¥ 45. The proof
is similar in the case when ¥ € {v, v}, for which we have u9,(Vapc) + vy (Vapc) = Yapc and

for ¥ = R, for which we have ud,(Rapcp) + v0y(Rapcp) = 2RABcD- O

In our analysis, it is convenient to simplify notation by representing error terms schematically.

An essential tool for keeping track of error terms is the notion of signature of [RSR18, Section 3.3]:
Definition 2.1. For any ¢ € {1, ¥} we define the signature:

5(6) = Na(6) + 5 Na(6) ~ 1.

where N3 represents the number of es vectors used in the definition of ¢, and N4 represents the

number of e vectors used in the definition of ¢.

We state the results for signature in [RSR18, Section 3.3] in the case of self-similar straight

spacetimes:

Lemma 2.3. [RSR18, Section 3.3] The signatures of the nontrivial Ricci coefficients and curva-

ture components for a self-similar straight vacuum spacetime are:

Moreover, we have that for any horizontal tensors ¢, ¢1, Ps :

5(V3p) = s(¢) +1, s(Vag) = s(¢) + %» s(Vag) = 5(0), s(¢102) = s(¢1) + s(¢2).

Thus, the signature is preserved by covariant differentiation.

We use this notion of signature to introduce the schematic notation of [RSR18, Section 3.8]

for the error terms that we expect on the right hand side of the Bianchi equations:

Definition 2.2. [RSR18, Definition 3.2] For any s € {0, %, e %} we define the schematic error

terms:

85(3) - Z 7vbs1\Ijs2v 85(4) = Z wslq/sw

s1+s2=s, s1#1 s1+s2=s

where 15, denotes a Ricci coefficient with signature s1 and Vs, denotes a curvature component

with signature ss.
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Remark 2.1. We point out that in [RSR18, Definition 3.2/, the schematic error terms also

contain cubic terms of the form ¢ 9 Vs Vs, However, since ¢ = 0 according to Propo-

s1+s2=s—1/
sition 2.3, these terms are absent in the case of self-similar straight spacetimes, which further

stmplifies the structure of the error terms that we encounter.

We can now state the Bianchi equations for self-similar straight spacetimes. We point out that
the reader should consult [RSR18, Proposition 3.6] for the general system of Bianchi equations
for vacuum metrics in double null gauge (2.1), which for the sake of exposition we do not repeat
here. In our setting, due to the vanishing of certain Ricci coefficients and curvature components,

the Bianchi equations in [RSR18, Proposition 3.6] imply two sets of equations:

e Simplified Bianchi equations satisfied by the nontrivial curvature components «, v, 7, R, v,

and «.

e Constrain equations, obtained from the Bianchi equations for the vanishing curvature com-

ponents 3, 3, 0.

As a consequence of [RSR18, Proposition 3.6] and Proposition 2.3, we obtain the following

simplified Bianchi equations:

Proposition 2.6. We have the following Bianchi equations for the straight self-similar vacuum

spacetime (M, g):

1
Vsaup + trxaas = —Veiap) + ey (2.22)
Vavape = —2Vpapc + 51(4/% (2.23)
2 N
Vsvapc + ;t@VABC = —2VaT)c + 2KﬁV|D\B]C + 5363)2 (2.24)
ViRapep = —2Viavcopis) + €1 (2.25)
2 N
VsRapop + —trxRapep = —2VaViopip) + X pTe)B + Xpie™pja + QX[ZRB}ECD + &
(2.26)
Vv apc = —2V(aTpc + 5;;1)2 (2.27)
3 ~D «D (3)
V3vape + —IrXVapc = —2Viaapic + 2XyVBipc + 2X 3 epiB) T 5 (2.28)
V4QAB = _VCZC(AB) + 554), (229)
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where one can also derive equations for T using Tap = gCDRCADB.

Moreover, as a consequence of the Bianchi equations in [RSR18, Proposition 3.6] for the
vanishing curvature components {3, 3,0} and Proposition 2.3, we obtain the following additional

constraint equations:

Proposition 2.7. We have the following constraint equations for the straight self-similar vacuum
spacetime (M,g) :

Viaup =&\ Vovapo =&, Vovape =&Y, VPayp = &) (2.30)

We conclude this section by defining the notion of a regular solution to the Einstein vacuum
equations (1.14), according to [RSR18, Section 3.10]. We refer to the collection of horizontal

tensors ¢, x, x, @, v, 7, R, v, a introduced above as the set of double null unknowns.

Definition 2.3. [RSR18, Definition 3.5] The straight self-similar metric g defined on a subset of

the background differentiable manifold ((—o0,0] x [0,00)\{(0,0)}) x S™, is a regular solution of
(1.14) if:

e Forn > 4 even, the metric:
9=—2(du®dv+dv®du)+g,,d0" © "

is a classical C? solution of the Einstein vacuum equations (1.14). Equivalently, the double
null unknowns are classical solutions to the metric equations (2.7)-(2.8), the system of null
structure equations in Proposition 2.4, the Bianchi equations in Proposition 2.6, and the

system of constraint equations in Propositions 2.5 and 2.7.

e Forn = 4 the metric g defined as above is a classical C? solution of the Einstein vacuum
equations (1.14) for v > 0 and u < 0. Moreover, the corresponding double null unknowns
are classical solutions to the metric equations (2.7)-(2.8), the system of constraint equations
in Proposition 2.5 and weak solutions to the system of equations in Propositions 2.4, 2.6,

and 2.7.

The solutions that we construct in this work will be smooth in the region {v > 0, v < 0} and

extend as regular solutions to ((—oo, 0] x [0,00)\{(0,0)}) x S™. Moreover, the solutions will also
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satisfy the Fefferman—Graham expansions at v = 0 and u = 0 up to order 7. In the case of n = 4,
all the double null unknowns extend continuously to v = 0 and u = 0, with the exception of «
which has a logv singularity at v = 0 and a which has a logu singularity at v = 0. These mild
singularities allow us to conclude that for n = 4 a regular solution g solves the Einstein vacuum

equations (1.14) weakly in L2.

2.3 Commutation Formulas and Error Terms Notation

In this section, we introduce the commutation formulas and the schematic error term notation

that will play an essential role in our analysis and facilitate keeping track of nonlinear terms.

Lemma 2.4. For any horizontal tensor ¢, we have the commutation formulas:

[V, Vi + %trxvigé =S " Vix Vg4 x-Vie,
j=1

[Vs, Vi) + %t@v% =S " Vix Vg +x-Vie,

Jj=1

where V7 is a schematic notation for all the possible combinations of j angular derivatives.

Proof. We prove the first statement, since the second one statement is similar. A standard
computation, see for example [Lukl2, Section 4.4], together with the additional vanishing of

certain Ricci coefficients, implies that:

[Va,Va]¢ = (D4, Dalé = x5VBd = —x4VES +v -6 = —X4VES+ VX - ¢.
We can rewrite this as [V4, VA} o+ %trxVA(é =Vx ¢+ x- V¢, and conclude by induction. [
Lemma 2.5. For any horizontal tensor ¢, we have the commutation formulas:

[ViV]e= > V" -VVie+ > vV Vi,

i+jt+k=l—1 i+j+k=l—1
(Ve V]e= > VRMVVie+ DT VR Vg,
i+j+k=I—1 itjrk=l—-1

where Vixk“ is a schematic notation for all possible ways of distributing i derivatives in the ey

direction over a product of k + 1 x terms, and similarly in the es direction.
Proof. As before, we have that [V4, V] ¢=Vx-¢+ x- V¢ and we conclude by induction. O
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We recall the notation for differences of the Ricci coefficients and their Minkowski values, as

in the introduction:
Y* =9 — YMinkowski-
Similarly, we recall the notation for certain ”good” curvature components:
G e {v,7,R,v,a}, = {a,v,7,R,v}.

Our terminology is motivated by the fact that the good curvature components ¥ extend con-
tinuously to {v = 0} up to order 25%, whereas V:%a is mildly singular at {v = 0}. A similar
statement holds for ¥¢ and « at {u = 0}.

We conclude this section by introducing the schematic error term notation that will play an

fundamental role in keeping track of nonlinear error terms throughout the work. We adapt the

notation of [RSR18, Definition 5.15] to our setting by defining:

Definition 2.4. For any m + 1 < p, we introduce the schematic notation:

-lep Z Vkvl ¢j+1\11) mlp(\IIG) _ Z Vkvz (1/1j+1\I/G)
i+j+k<p i+j+k<p
i<lLk<m i<lLk<m

zmlp Z kaZ ¢]+1\P) mlp(\IjG Z kaZ (¢]+1\IIG)
i+j+k<p 1+7+k<p
i<lk<m i<l,k<m

where the terms Vkal (ij\Il) denote the sum of all the possible products obtained when dis-
tributing the V*Vi derivatives. We also define F'(¥) and F'(¥) as above, in the case when at
least one of the Ricci coefficients is 1*.

We identify the top order term in Fu,(¥) as being meVi\I/. We write:
Fonip(¥) = V" VLW + FloL (),

with the understanding that when we expand flOt (\If) using the product rule it does not contain

any top order terms. Similarly, we also define F'% (\I/G) .F%’Ep( ), and .Fffﬁp( 9.

Using the above commutation formulas in Lemmas 2.4 and 2.5, we can prove by induction

that:

Lemma 2.6. The error terms Fpup and F,,, satisfy:

V' VT min(Y) = Fontiyien orit))(L)s V'VEE () = Fimii gy ety (©):
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Similar results hold for Fpp(WF), Fpin(¥Y), Frap(¥) and F (D).

mlp mlp

Finally, we restate Lemmas 2.4 and 2.5 using the schematic error term notation:

Lemma 2.7. For any horizontal tensor ¢, we have the commutation formulas:
[V, Va]é = Famyoym) (@), [V VE]6 = Frny1)(m1)(9) (2.31)
(V3. V16 = Foyanym (@), [Vi Ao = Fayu-1yarn(9)- (2.32)
The same result holds if we replace eq4 by es and F by F.

Proof. The first three formulas follows directly from Lemmas 2.4 and 2.5 using the notation

introduced above. Applying the third formula, we also get the last formula. O

3 Existence and Uniqueness of Scattering States

The main result of this section is the proof of the first statement of Theorem 1.3, establishing
global existence and quantitative estimates for the solution in the region {u < 0, v > 0}, given
small scattering data at {v = 0}. In the original (n + 1)-dimensional formulation, this represents
the proof of the first statement of Theorem 1.1, by showing the stability of de Sitter space with

scattering data at Z~. This section is based on [Cic24, Section 3]. We prove the following result:

Theorem 3.1. For any N > 0 large enough there exist ¢g > 0 small enough, and a universal

constant cg > 0, such that for any € < €q, if the straight initial data (go, ﬁ) satisfies the smallness

assumption:
N .
Z H‘CégSHLQ(S”) + HhHHN(S") <6 (3.1)
=0

then the corresponding straight self-similar vacuum spacetime (/\/l, g) with data at {u=—1, v=

0} given by (go, B) exists globally on {u < 0,v > 0}, extends to {v =0} as a regular solution, and
satisfies quantitative estimates with reqularity N' = N — con, as made precise in Propositions 3.1,
3.2, and 3.8 (with N1, Ny, N3 = N').

Moreover, there exists a small constant v > 0, with € < v K 1, such that for small Cauchy
initial data on a spacelike hypersurface {v = —cu} with v < ¢ < v~1, as made precise in Remark

3.8, the corresponding straight self-similar vacuum spacetime (/\/l,g) exists globally on {u < 0,v >
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0} and satisfies quantitative estimates with reqularity N' = N —con, as made precise in Proposition
3.2 in region II, Proposition 3.8 in region III, and analogously to Proposition 3.8 in region I (with

Ny, N3y = N').

Remark 3.1. In (3.1) we denote by Eé all the possible combinations of i Lie angular derivatives

in a coordinate patch, and we sum over a family of coordinate patches that covers all of S™.

Remark 3.2. We notice that specifying initial data (go, ﬁ) is equivalent to specifying initial data
(go, h), where h is the term in the expansion (1.21) of a. This follows since h = h+ (1 + % +...+
%)(’), and O can be computed using n derivatives of Jo Unless explicitly noted, we shall refer to

(go, h) as tnitial data for the rest of the work.

Remark 3.3. We recall according to the introduction that the assumption on the asymptotic data
of e-smallness of order M implies (1.19). This also implies (3.1) with N = M and replacing € by
Ce (the proof follows from (3.48)).

Remark 3.4. The proof of Theorem 3.1 follows from Propositions 3.1, 3.2, and 3.8. At the the
end of this section we also prove Theorem 3.2, establishing propagation of reqularity. The proof
of the first statement of Theorem 1.3 then follows from Theorem 3.1, Theorem 3.2, and the above

remarks.

As explained in Section 1.3.1 of the introduction, the proof follows the steps of [RSR23]. For

small v > 0 with € < v < 1, we consider the following regions of the spacetime:

Iz{OSUSU}, u:{vg”gvl}, III:{0<|“§U}.
|ul |ul v
)

We also set 6 > 0 to be a small constant, and consider € > 0 small enough such that C(v) < e,
where C'(v) is a constant determined in the proof.
Notation. We make the convention that in Section 3 and Section 4 we write A < B for any
quantities A, B > 0, if there is a constant C' > 0 depending only on N such that A < CB.
Absolute value convention. We make the convention for the rest of the thesis that for
any horizontal tensor ¢ defined on S, ,, its absolute value |¢| is defined with respect to the metric

g(u,v) induced on Sy .
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Integration convention. We make the convention that in Section 3 and Section 4 the
volume forms used are dVool, dVol du, dVol dv, and dVol dudwv, as needed in each context, where
. : . _ 1
dV ol represents the volume form with respect to the round metric (gO)Minkowski = 1Jgn-
Error terms convention. We make the convention for the rest of the thesis that if an

index denoting the order of some derivative is negative, then that term is empty. For example

Fim)(=1)(p) = 0, and so on.

3.1 Regions I and II

Given straight initial data (go, h), [RSR18, Theorem 1.1] implies the existence of a unique regular
straight self-similar vacuum solution in region I. Under the additional smallness assumption (3.1)
for the data, one can repeat the argument of [RSR18, Theorem 1.1] with a few modifications to

prove:

Proposition 3.1. If the straight initial data (go, h) satisfies the smallness assumption (3.1), then
there exists a regular straight self-similar vacuum solution in region I with the given initial data.

Setting N1 = N — |co/4]n, we have the bounds in region I for all0 < i < Np, 0<j < ”7_4, 0<

k<
Hviviv’g (a — " T 0T log(—v/u)O/ ((n — 4) /2)!) HLOO(SW) <elu["TTE (3.2)
[V VIVEE s,y S elul 27 (3.3)
Hvivivgw*”po(sum) < ‘5|u|71ﬂ;j7’g (3.4)
i Tk <. lul\ | —imieme2 g
HV Vy* Vi HLO@(SM) S e-log " |ul 2 (3.5)
\\E’ég*HLw(sw) S 6|U|_i- (3.6)

Remark 3.5. We explain briefly how one can adapt the proof of [RSR18, Theorem 1.1] to obtain
Proposition 3.1. Firstly, we point out that [RSR18, Proposition 7.3] establishes the estimates
(3.2)-(3.6) without the € factor. Moreover, one can check that the smallness assumption (3.1)
implies that the initial data norms used in the proof of [RSR18, Theorem 1.1] are small in terms of
€. Therefore, one can repeat the proof of [RSR18, Theorem 1.1] and also propagate the smallness of

the initial data. The same argument as in [RSR18, Proposition 7.3] then implies Proposition 3.1.
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Remark 3.6. The proof of [RSR18, Theorem 1.1] implies the need to prove estimates for the
solution with angular reqularity at most N1, which is sufficiently small compared to the reqularity
of the initial data N. In this section we do not attempt to optimize the universal constant cg, and

for our purposes it suffices to take co = 100.

To obtain estimates in region II, one can adapt the argument of [RSR23, Section 7] to the

case of n > 4 and obtain the following bounds:

Proposition 3.2. The solution of Proposition 3.1 can be extended uniquely as a reqular straight
self-similar vacuum solution in region II. Setting No = N — 2|co/4|n, we have the bounds in

region II for all 0 < i < Na, and all 0 < j, k < 252:

IV VIVE || s, ) S €0l 720 (3.7)
Hvlvivlgw*“[{m(suyv) 5 6175|,U’71*7:*j*k‘ (38)
(V937 V50 | g,y S €]~ (3.9)

Hﬁlég*HLoo(sw) S el (3.10)

Remark 3.7. The argument of [RSR23, Section 7] is carried out in the case of n = 2. In order
to prove Proposition 3.2, one must adapt this argument to the case of n > 4 even, by making the
standard changes specific to working in higher dimensions. According to Definition 2.3, for (n+2)-
dimensional straight self-similar metrics the double null unknowns solve the metric equations
(2.7)-(2.8), the system of null structure equations in Proposition 2.4, the Bianchi equations in
Proposition 2.6, and the system of constraint equations in Propositions 2.5 and 2.7. The structure
of the equations satisfied by the double null unknowns is the same as in the case of n = 2, which

allows us to adapt the proof of [RSR23, Section 7] and establish Proposition 3.2.

Remark 3.8. With the same argument as in Remark 3.7, the conclusion of Proposition 3.2
also holds in the case of small Cauchy initial data on a spacelike hypersurface {v = —cu}, with
v < ¢ < vl We consider a set of double null unknowns 4,%, ¥ which satisfy the constraint

equations in Propositions 2.5, 2.7, and the following smallness conditions for all 0 < i < Ny, and

all 0 < j, k < 252:

HV"ViV’i\PHLm(S_w,v) < ¢lu| 2tk (3.11)
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V94956 sy S el (312)

S—cv,v
1£69" | o s,y S €Vl (3.13)

This is the precise notion in which the spacetime (M,g) determined by the initial data is close
to Minkowski space on the spacelike hypersurface {v = —cu}, as referred to in Theorem 1.3 and

Theorem 3.1.

3.2 Region III

We prove existence of the solution and self-similar bounds in region III using a bootstrap argument.
We first introduce the norms used in the bootstrap argument in Section 3.2.1. We then state the
bootstrap assumptions in Section 3.2.2. Under the bootstrap assumptions, we prove improved
estimates in Sections 3.2.3-3.2.6. In Section 3.2.7, we use the results of Propositions 3.3-3.6 to
complete the bootstrap argument in Proposition 3.7. As a result, we obtain the main statement
on the existence of the solution satisfying quantitative bounds in Proposition 3.8, which together
with Propositions 3.1 and 3.2 completes the proof of Theorem 3.1. Finally, we prove propagation

of regularity in Theorem 3.2.

3.2.1 Norms

We define the norms used in the bootstrap argument. We set N3 = N — 3|co/4|n and consider
p > 0 to be a small constant. We introduce the following sets of indices for high and low regularity

norms:

—4 —4
H—{(m,l): 0§Z§”2 ,0§m§N3+n2 —z}

4 _
L:{(m,l): 0§l§n2 ,0§m§N3+n26—l}.

We also define the characteristic triangles:
Py = {(u,v) C—w<u<y, v tu<o< U}. (3.14)

We define the high regularity curvature norms in region III with v < v, where wy;(u,v) =

vg+m+l*p\u|p_q for some constants 0 < ¢ < p < 1, and (m,l) € H. We recall our above

58



Figure 2.1: The characteristic triangle Py 3
conventions for absolute value and integration.

a2 (u.0) =luf /_ ’ /S w2 [V hal*avoldi

+ \u|2q/ /
—vU
For any U¥ # «, we define:

190, w0 =t [ [ e Pavo
™ —ov J ST

|u|2q/ / w?nl’VmV \IJG| dV oldd + |u\2q/ / / il |val VGV oldidi,
Sn —vy J =2 J SN

For a, we define:

o, (o) <t [
e [
—VU

We define the total high regularity curvature norm as:

Cio= s % (Jlall, o)+ |92, o)) (3.15)
(u,v)EPy & (m,)eH ’ ’

w2 1 2 ©°
/ —L |7Vl dV oldidi.
Sn v

\C\ﬁ

| \S’

/ w2, |V Vhal*dVoldd
Sn

|e \:

/ - ml| 7L ol *dV ol dodi.

| \ﬁ

We define the low regularity curvature norms in region III with v < v for (m,l) € L:
1962 () = /S o2 gt 6|2 gyl

Hg”im’l(u, v) = /Sn v4+2m+2l—2p‘u|2p}VmVéngVool.
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We define the total low regularity curvature norm as:

D S (A e g P e) (3.16)

(w0)€Pag (1 el
Remark 3.9. The curvature components represent the most important double null unknowns for
our argument. At top order, we use enerqgy estimates to bound the null flux terms and the spacetime
bulk terms in the total high regularity curvature norm (3.15). When dealing with nonlinear error
terms, it is practical to also keep track of the total low regularity curvature norm (3.16), which in

particular implies pointwise bounds for the curvature components via Sobolev inequalities.

We define the norms for Ricci coefficients in region III with v < v for (m,l) € H:

IVl (u’v):/ oHHE Ty Vol
Sn

m,l

We define the total Ricci coefficients norm as:

Ris= sup Z HwH%m,l(u,v). (3.17)

(va)epﬂ,ﬁ (m,l)EH

Finally, we define the norms for the metric coefficients for (m,0) € H:

HgHiAm,O(U, v) = /Sn VP Lt |Pavol.

We define the total metric coefficients norm as:

Mzz = sup Z Hg”i/lmyo(u,v). (3.18)

(u,v)E€Py 5 (m,0)eH
3.2.2 Bootstrap Assumptions

Let (./\/l, g) be a spacetime obtained in Proposition 3.2, which exists in the characteristic triangle
Py 5 contained in the region IIT with ¥ < v. We denote €’ = €!=20_ For a sufficiently large constant

A > 0, depending on N and n, we make the following bootstrap assumption:
Ca + Lap + Ry + May < A”. (3.19)

Our goal is to prove in Proposition 3.7 that we can improve the bootstrap assumption (3.19).
We remark that the bootstrap assumption holds initially on {(u,v): v = —vv, 0 < v < w}.

For all 0 < v < v, we have by Proposition 3.2 and the definitions (3.15)-(3.18):

Cowor +Lvor +Revow + My S €2 (3.20)
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We note some consequences of the bootstrap assumption (3.19). We have for all (u,v) € Pz

and (m,l) € L:

/ VPPl gl 2avel <1, (3.21)

/ V2| Ll *dvol < 1. (3.22)
Sn

Another essential consequence of the bootstrap assumption (3.19) is that we can use Sobolev
inequalities, which play a key role in bounding nonlinear error terms. We use the definition

[RSR23, Definition 6.11] for the weighted IA—I/'m(Su,v) Sobolev spaces:

1
m 3

Jollm s, = (0= ([ ¥ avet)” 523)

=0
According to [RSR23, Lemma 6.5], the bootstrap assumption (3.19) implies that for any (m,0) €

H we have the Sobolev inequalities:

|’¢HLw(su,v) N HQZ)HEIH(SH,U) (3.24)

(3.25)

16 %l sy S N8l zm s 191 s,y

3.2.3 Estimates for High Regularity Curvature Components

In this section, we show improved bounds on the high regularity curvature components (3.15) by

proving:

Proposition 3.3. Assuming that the bootstrap assumption (3.19) holds, there exists a constant
C < A, such that we have the improved estimate for the high regqularity curvature components
(3.15):

Cay < Ce?. (3.26)

Proof. Step 1. The Bianchi pair (v,a). We first rewrite the Bianchi equations (2.28)-(2.29) in
a form that is suitable for region III, noting that the error term notation in Definition 2.2 is
adapted to region I. By analogy to equations (2.22)-(2.23), the equations (2.28)-(2.29) can be

written schematically as:

Vsvapec = —2Viaapgic + Z Vs, Vs,
81+82=5/2
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1
Vaaup + Strxasp = ~Voan) + Z Vs, Vs
s1+s2=2, 81750

Using the signature properties in Lemma 2.3, we can rewrite the equations for (v, a) as:
Vavape = —2Vaagc + ¥, (3.27)
1 c G
Vaaap + 5ttx@ap = =V Loap) + YL (3.28)

Step 1a. The system of commuted equations. For any (m,l) € H, we commute equations (3.27)-

(3.28) with V4 using Lemma 2.7:

VsVivape = —2ViaViage + Faya-na (¥) + Foyoo (),

1
VaViaap + StixViaap == Vo Virop) + oo (¥)+

-1

+ Emya-1n 29 + Eyan (L) + Y V5 'trx V" Vi,
i=0
where we used the fact that V¢ = Vi*. We further commute the equations with V™ as well,

using Lemmas 2.4, 2.6, and 2.7:
VsV Vivape = — 2VAV" Viapio + Fimi1)i1)mn (¥)+

i . j+1
+£(m)(l)(m+l)(gG) + Z \Y% (Rz,ém]Jr Vég),
i+2j=m—1

1 m
Vi Vhaas + (5 2 V" Vhaas = ~VOV Ve + Eomen (1

-1

i . j+1 —1 my7t
A -1ty (D) + Eomymeny )+ Y VI(Ribm Viy) + Y V5 ey V" Via
i+2j=m—1 =0

We also recall that try = trx* +n/(v — ) and try = trx* —n/(v — u). The last term in the
second equation above can be written as:
Iiv”t V"Vha = F| S vmv
3 WX 3¢ = (m)(l)(m+l) z H—l
=0 1= 0
We define wy,; = vg+m+l*p|u|p_q and derive equations for w,, V™" Viv 4 g and w,, V" Via 4 5.

For the rest of the section we refer to this procedure as “conjugating the equations with w,,;”.

—q
V3w, V™ VV Ao + 2 2w V"V Ao = =2V qw V™" VgoaB]C + w Erre, (3.29)
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-3
2

Vawm V" Viaap + <n ) oy = —Vwn V" Viveap)+ (3.30)
+ wp Brry, + O <v : % . !V”‘Véao ;

where we have the error terms:

i . +1
Errty = iy mn(®) + Famsninmn (@) + > Vi(Rikm’ " Vha), (3.31)

i+2j=m—1
Brtsa =E myoem+9 (L) + Eonnya-16m e (L) + Eynytym- (V) (3.32)
-1 .
i Ribmi IO V"Vial
' i+2jgm—1v (Rlém V3g) + O(; m :

Step 1b. The energy estimates for (v,a). For simplicity, we denote D = wmlvmvg. We

notice that integration by parts and the bootstrap assumption (3.19) give:

/ ( — VuDago - Dv*P¢ — DatP - VCDZC(AB)>dV00l =

= VaDage - DZA[BC}dVOOZ + 0 (/ %}Dg‘ . ‘DV’dVOOZ>
Sn Sn

= o(u—l /S |Da - }Dy\dvzz).

We use this identity in order to prove energy estimates for the Bianchi pair (v, a). We contract
equation (3.29) with 3Dy, we contract equation (3.30) with Da, and add the resulting equations.

We integrate over S, , and use the integration by parts identity to obtain:

a/ Dy |2 aViol + 21 / Dy [2dVol +

2!
+av/ |Dal’dvol + <”_3—z+p)1/ |Dal’dVol =
Sn 2 v Sn

=0( [ v 1Dal  [Du] + | Du] - B | + wnlDa - [Brey |+ Dol Vol
Sn

We integrate this identity over the characteristic triangle P, , given by (3.14). We integrate by
parts, then multiply everything by |u|??. The first and third terms above yield flux terms on
{t = u}, {0 = v}, and boundary terms on {u = —vv}. The second and fourth terms above yield
positive sign bulk terms. Finally, we use Cauchy-Schwarz, the positive sign bulk terms, and the

fact that |u|/v < v < 1 in order to absorb some of the error terms. We obtain the energy estimate
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in region III for v < v:

|ul* /_u /Sn w2, Vol dVoldi + [uf* /_U//n wl%l\vmvgafdv"om@dm
Huf /
2p 2q’u|2q/
+w%1w/

We bound the data term on {u = —vv} using Proposition 3.2 by:

2p Zq‘u|2q/
v

S ,U2p—2q‘u’2q/ (6/)2ﬁ_1_2qd’f) S Q2p(€/)2-

2
/ w?nl‘vmv 1/‘ dVoldi + \u|2q/ / / “”57 ‘VmVé)g}?dVoldﬁda <
sn v a n

\C\R‘

/ p3+2m+2l—2q (‘VmVég|2 + ‘vaggf) (—vd, 8)dV oldi+
Sn

| \ﬁ

/ vwml‘ErT l’ —|—|u|wml}Er7’*l‘ )dVoldvdu

| \ﬁ

/ @3+2m+2l72q(‘vmvég‘2+ {vmvéZF)(_ ~ A~
qn

\d\ﬁ

(SIS

Here we notice the importance of the factor v™? in the definition of w,,;, needed to avoid loga-
rithmic degeneracy.

Step 1c. Bounding the error terms. We bound the error terms resulting from (3.31)-(3.32)
one by one. We remark that:

> Wt Emna-nmn (OIS Y il Enyaymen (O]
(ml)eH (ml)eH

so bounding the first terms in Errftfnl and Errfnl will also imply control of the second terms once

summing. For any 0 <1i <[ — 1, we have (m,i) € L and we get the bound:

2q vmv ’ /2 2q 2 A =2p s —5—2m—2l4+2p < 2
’u| o 7)wml )21 242 N ‘u| o ‘u| v ~ Av - €=

Next, we have the bound using the Sobolev inequalities:

)L

< s [ } / [ oV (0 e

| \:
[ \:

~ 2
/Sn DWat | E (my 0y oty (X" S

S \:

z+]+k<m+l
i<l,k<m
< ’u‘Qq/ / /| | §3+2io+2ko— 2p’ ‘Qp 2¢— 1’Vkovzo\I,G’H 24210 +2kq vkavgazp‘
u
||+J+|k|<m+l Ty
li]<l,|k|<m
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2q A3+2z 2p|~12p—2q—1 104, G A2+21a iq
sw [ L5 el T T U I L
BTy ko,zo YeH a=1 (kq,iq)€H
Sue Y 29, Su- At
(k,i)eH ’
Following the same steps, we also have that:
. 2 0
I B O e O
—vv % s
. , 2
s [ [ 5 oy, A5 oo,
TR Ty (ko,lo )eHd kasia)€
Sue Y e, Su-ae
(k,i)eH ’
Similarly to the first error term, we have the estimate:
R 20 o
—vy % sn
2q ~24-2i0—2p |5 12p—2q 10 ~2+27, z1 ~ 24214 ta
i [ S s, 3 e o, T oot

uvk

kayia

SRuw Y kuzk,ism
(k,i)eH

where the indices in the above sums satisfy (ko, o), (k1,%1), (ka,iq) € H. Next, we use the fact

that the constraint equation (2.19) implies Riém = R + 1), so we bound:
2
S VE(Ribm T VEEE)

o [C ] it
v k+2j=m—1

swi [ 2 et
—vv H 0
v

u,

dVolddda <

\C\F‘

DIl

co X O S
(ko,l)EH

ritnf, )
(ko 0)EL St

As before, a very simple modification of this argument allows us to also bound the corresponding
term with Rigm in Erril. This completes bounding the error terms for our first energy estimate.
In particular, we improved the bootstrap assumption for H a Hz,m’l and the last two terms in H v H(2:

We point out that we already have good control of the bulk term for v, which will help us in the

next energy estimate.
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Step 2. The Bianchi pair (R,v). Similarly to the derivation of equations (3.27)-(3.28), we
use the signature considerations in Lemma 2.3 to rewrite the Bianchi equations (2.26)-(2.27) as
VsRapep = —2Viavicpip + V¥, Vavape = —2Vatpc + 9 2°. (3.33)
Step 2a. The system of commuted equations. For any (m,l) € H, we commute the equations
(3.33) with V™V} using Lemmas 2.4, 2.6, and 2.7:
VsV ViRapen = — 2V V"™ Vaviepis + Fmi)i-1)msn () +

i . i+1
+ Eaywonny (@) + Y, V(Ritm”T V50,
i+2j=m—1

ViV Vivape = = 2VaV" V10 + F iy i-1)men (L) +

i . j+1
+ Emy@msn (X + Y V(RibmVREC).
i+2j=m—1

We conjugate the equations with the weight w,,; = v%+m+l_p\u|p*q :

Vawm V"V Rapon + =S, V"V Rapop = —2V AW V" Viviop g + wa Erriy, (3.34)

Jul
Vawm V™ Vv oo = =2V qwp V™ VSTB]C + wyy Erre, + O(w:)nl ‘VmVév‘), (3.35)

where we have the error terms:

Errly = Fommin(®) + Emina-nmn(®) + > Vi(Rikm’ VLS,
i+2j=m—1

v 3 . j+1
Erryy = FEemy@min () + Enina-nmin(E) + Y V(Ribm’ " Vi),
i+2j=m—1

Step 2b. The energy estimates for (R,v). We denote D = wlemVé. We notice that

integration by parts and the constraint equation (2.20) give:

/ n ( 2V 4Dy epyp - DRAPCD — 4DyABC ADTB]C) dVol =
= / 2DyABC . <VDDRDCAB - 2V[ADTB]C>dV°oz —i—O(v_l /S |DR| - \Du\dv“’ol)

— O(/ ‘Dg‘ . ( 1‘DR‘ —I—wml{Errml‘)dVOol>.
Sn
Proceeding as before, we obtain the energy estimate in region III for v < v:

|u2‘1/ / wh |V Viy| dVoldu—l—/
—vU Sn
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2q “ ! w12nl vmle 2 <
+|ul A = SR|° S
—vv J — S |u’

/ ,03+2m+2l—2q<|vmvé R + Wmvggf) (—vd, 0)dVoldo+

e |

v
S uf

SIS

0

2
+|u2q/u // <|ayw;I\Em~,§d\2+w3u\vmvgu|.|Err,”nl{+wml\vmvgu\2>dv°05d@da
—vv ,% Sn

U v
§Q2p6,2 —i—Q-AE/Z—i- ‘U‘Zq / )

—vv

/ (\a|w3nl|Err:;l}2 + dw| mﬁ,\z) dV olddda,
Sn

e |

where we used the fact that we already control the bulk term for v from the previous energy
estimate, and we bounded the data term as before. Moreover, we remark that each term
of @w?nl’m%ﬂlz is contained in the error terms of @w?nl}Err%ll‘Q, and similarly each term of
\ﬁ]wiAErrﬁl}z is contained in the error terms of |1l]w,,2nl‘ErrT£nl‘2. Therefore, the bounds on the
error terms in the previous energy estimate also allow us to bound the right hand side of the
above estimate by v - Ae’? + ¢2. This improves the bootstrap assumption for H v HZmJ and the last
two terms in HRHgm’l.

The same argument applies in the case of the Bianchi pairs (R, v) and (v, ), where at each
step we use the control of the bulk terms from the previous step and proceed as above. As a
result, we can improve the bootstrap assumption on the high regularity curvature norm (3.15)

and prove that:

<6/2+’U‘A6/2,

,ﬁN -

Ca

which implies the desired estimate (3.26). O

3.2.4 Estimates for Low Regularity Curvature Components

In this section, we show improved bounds on the low regularity curvature components (3.16) by

proving:

Proposition 3.4. Assuming that the bootstrap assumption (3.19) holds, there exists a constant
C < A, such that we have the improved estimate for the low regularity curvature components
(3.16):

Loz < Ce?. (3.36)
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Proof. Step 1. Improving the bounds for a. For any (m,l) € L, we consider the equation (3.30)

satisfied by a conjugated by x,,; = v>T™mTP|y|P

4 m
VitV Vha 4p + (2 — 1+ )xvlvmvgaAB = (3.37)
S -1 T
= 2, V"V + 2y Err,, 4 O < > Z“ IV"Via| +v- yvmvgao (3.38)
=0

where the implicit constant in the last term is independent of p, and the error term is defined by:
——a
Erto =F )@y m+) (ED) + Fmi 1)1y mn) (LF) (3.39)

i . i+1
+ Elaymn(®) + D V(Ribm’ " Viv).
i+2j—m—1

Step la. The energy estimates for a. We contract equation (3.37) by xlemVég, and
integrate in v. We use the good bulk term obtained and Cauchy-Schwarz, together with a brief
induction on ! argument needed to bound the second to last term in (3.38). Summing for all

(m,l) € L, we obtain the estimate in region III for v < v:

2
2/ 22|V Vha | (u, v)dVol + Z / /xi”l\vmv al*(u, )dVoldd <
(m,l)eL % m v
S Y [ atvrialf > / /wm\vmﬂvl\
(m,l)eL (m,l)eL
+ Z / / vmml’Err ‘

(m,l)eL

The data term is bounded using Proposition 3.2 by:

Z / ml‘VmV } v ) dVol < v?Pe?.
(m,l)eL
. 2 . . 2 . .
Since va?,; = |ul*w m+1)l, we notice that the second term is bounded by HEHCWH)N which is

controlled by v - A¢’? according to Proposition 3.3. We obtain the estimate:

Z / ml’VmV oz’ (u,v)dV ol + Z / /

(m,l)eL (m,)eL

<e'2+v Ae? + Z /

(m,)eL

+ Z /3/ vxmz‘}— ym0) ‘ + Z Z / / vxml‘vl Rzém”V )‘

(m,)eL (m,)eL i+2j=m—1

LVl (u, 0)dVoldd <

~ 2 ~ 2
/S ) <W3u\f(m><l>(m+z) @)+ 07| E g 1)1y omty ()| >+

u
v
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Step 1b. Bounding the error terms. As in the proof of Proposition 3.3, we remark that

> l“gnl\Z(m+1)(z_1)(m+z)(£0)\25 > xgnl‘z(m)(l)(m—i-l)(gG)‘z

(m,l)eL (m,l)eL

so bounding the first term in E\r/r%ll will also imply control of the second term. We bound the

first term:
z+]+k<m+l

[ /
i<l,k<m

< ’u‘2q/u Z §3+2i0— 2p’ ‘Qp 2quzo H H Z 212
v (k

|& \:

~ 2
/sn VWt | E iy om+) (D] S [uf* /

/ ~2 2 ‘vkvl (¢J+1\IJG)‘

S \ﬁ

iq
Vs,
0710 GL _1 kaﬂa
Gl|2 2
<Y EIE Su A
(kji)el
where we used the improved estimates from Proposition 3.3. Next, we have:
2 ~2 2 2 507 1 ga
‘u| q/ ; /‘;n/l} wml}zl(m)(l)(m+l)(\lj)| dVoldov g
v 2
) G2 2 2q ~342i—2p|, 12p—2q||v7i .
(kjg)eL (kji)el v ’

The second term can be absorbed on the left hand side of the estimate using the good bulk

term. We bound the last error term using the fact that the constraint equation (2.19) implies
Rifm = R+ ):

|u]2q/ / i ‘vz (Rikm’ 'V, )‘debzczag

i+2j=m—1

2 It 2
< ‘u|2q/u Z A3+2z—2p|m2p—2qHvlggGHﬁko H< Z @4HRi/émHﬁka>
v (ko,l)€L a=1 " (kq,0)€L
G2 2
S 20 I, S vae.
(k1)eL

Thus, we improved the bootstrap assumption for HQHZ l for any (m,l) € L.

Step 2. Improving the bounds for U&. Using the Bianchi equations in Proposition 2.6, the

signature considerations in Lemma 2.3, and the commutation Lemmas 2.4-2.7, we obtain that the

curvature components U satisfy the schematic equation:

Vo YL e = ot By, (3.40)
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where we have the error term:
Errmy = V" EYE + F oy iminy(¥) + FEms 1)1y my (9)-
We use [RSR23, Lemma 9.6] and the bounds in Proposition 3.2 to obtain the estimate:

sup / ,U4+2m+21 ‘vaégG ‘2dV00l ,S
(uw)EPg 5 J 5™

1 2
< 2 “ 24+m—+l 2 57 2o
Se“+  sup v ‘Errml‘ dVol | du
(u,’U)EPg’g —vV sn

5

j— o - -~ - 2 9 7

56/2+ sup p!—100p sup |u|100q/ / P +2m+2l 100p|u|100p 100!1‘E7«7«ml’ dV oldii.
(u,v)EPy UE[—vv,u] —vy J 57

Since W& # q, the first error term is bounded by:

21—100;) )

sup sup

4
_ ~ _ 2 _
100q/ / QP22 100p 1009100 | L gl G| 2 < 1-100p0,
(u,v)EPy & uE[—vu,u] —vv J 87

Arguing as before, bounding the second error term will also imply bounds for the third error term

once summing. We have the bound:

QlfIOOp )

sup
ﬁe[—vg,u]

i . o o
100q/ /n Y+ 2me+21=100p | ) 100p 100q‘£(m)(l)(m+l)(w)‘ IVoldi

U
5 ﬁu,v _Q1—10Op sup ‘ﬁ|100q/ ,U—1—98p’,&/‘98p—100qda S v- Eu,v S V- A6,2.
UE[—vv,u] —vy

As a result, we improve the bootstrap assumption on the low regularity curvature norm (3.16)

and prove that:
Loz S +u- A2,

which implies the desired estimate (3.36). O

3.2.5 Estimates for Ricci Coefficients

In this section, we show improved bounds on the Ricci coefficients (3.17) by proving:

Proposition 3.5. Assuming that the bootstrap assumption (3.19) holds, there exists a constant

C < A, such that we have the improved estimate for the Ricci coefficients (3.17):

Ras < Ce?. (3.41)
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Proof. We notice that according to Proposition 2.4, the Ricci coefficients satisfy schematic equa-

tions:
Vs(X,X) = TC + 9, Vs(trx*, trx*) = o™ (3.42)
We allow the curvature term on the right hand side in order to treat all the equations at the same

time. For any (m,[) € H, we commute the equations (3.42) with V"V} :
Vot oly* = ottt grr, (3.43)
where we have the error term:
Errmy = V™VEYC + F o iyomany (%),

and we define F ..y 1) (m1) (V") just as F 1) (m-) (¥) in Definition 2.4, but replacing ¥ with ¢*.

We integrate (3.43) and apply [RSR23, Lemma 9.6] as in the proof of Proposition 3.4 to obtain:

sup / U2+2m+2l ’vmvgw* lzdvool S
(u,v)ePy 5 J S™

2 Yoy l 2/ : 2
€+ sup </ pltmT </ ‘Errml‘ dVol) dﬁ)
(U,’U)Epﬂﬁ —vv Sn

@

- o - A . 2 02

<4 osup 0P gup |u|100q/ / p3t2m+2 100p|u|100p woq\ET?“mz’ dVoldi.
(’U‘,’U)Gpﬁyg ﬁe[—vy,u] —vv n

Since UE £ q, the first error term is bounded by:

p!—100p

U

sup sup

U
_ N — 2 _
100q/ / ,U3+2m+2l 100p|u’100p 100q|VmVé\I/G} gyl 100pcﬂ,5-
(u,’U)EP;Lg ’I:’LG[*’UQ,U] —vv n

We have the bound for the second error term:

— o i m--21— N — |2 5t 7 A
Ql 100p sup | |u|100q/ / U3+2 +21 IOOp‘u|lOOp 100q‘£(m)(l)(m+l) (d} )’ dV olda
—vv J S

wE[—vv,u

u
< R - 0710 syp ’ﬁ‘lﬂoq/ V™ 198P | 991000 gy < 4. A2,
UE[—vv,ul —ovv

As a result, we improve the bootstrap assumption on the Ricci coefficients norm (3.17) and prove

that:

12 12
Rauzg S € +uv-Ae”,

which implies (3.41). O
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n—2

Remark 3.10. We can also prove an estimate for V3% 1*, even though this term was not needed

in the bootstrap argument. For any i < N3 — 1, we have that (i, ”7_4) € L, and the equation:
. n—2 . n—4 . n—4
V'V,2 ¢* =V'V,2 U+ V'V,2 (Yy). (3.44)
Using the estimates in Proposition 3.4 and Proposition 3.5, we have that for all i < N3 —1:

|viv,® [l pags, ) S €Ul oI (3.45)

3.2.6 Estimates for Metric Coefficients

In this section, we show improved bounds on the metric coefficients (3.18) by proving:

Proposition 3.6. Assuming that the bootstrap assumption (3.19) holds, there exists a constant

C < A, such that we have the improved estimate for the metric coefficients (3.18):
Mgz < Ceé?. (3.46)

Proof. The metric equations (2.7)-(2.8) imply that £3L£5'¢* = L§'*. We denote by I the Christof-
fel symbols of the metric ¢g. We notice that the bootstrap assumption implies that for any
(m,0) € H:

oLy, S 1 (3.47)

~

For any horizontal tensor ¢ we have the formula L9 = V¢ + I' - ¢, which implies by induction

that:

Ly¢=V"o+ > Ly (3.48)
i+j+k=m—1

Thus, we obtain the equation:

LaLyg™ =V™yr+ > Ly VRt = Erry,.
i+j+k=m—1

We have the estimate for any (m,0) € H:

1
u . 5 2
sup UQWHEW"H;(SM) <eé?+  sup </ vm</ ‘Errm‘QdVol) dﬂ)
(u,0)EPg 5 ’ (u,v)EPy & —vu Sn

U

- ) —100p| ~ 1100p— 2 e

S s 7 s [ [ o g, aVolda
(u,v)EPg & UE[—vv,u] —vy JS™
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The first error term can be bounded as usual by v - A¢’?. For the second term we have:

Z QI—IOOp sup |&|100q /u / ’Ul+2k_100p|ﬂ|100p_100q’Vkﬂ}* ‘2v2+2i+2j "CZO (Fj+1) ‘2
it jtk=m—1 u€[—vu,ul —vy J 87

j+1

5 QI—IOOp sup |’L°L’100q /u Z vl—lOOp’mlOOp—lOOqu*H%k H Z / ,U2+2ka
—vy( Sn

ko|2
o EQ F‘ ’
we[—vv,ul k,0)€L a=1 (ka,0)€L

which is also bounded by v - A¢’?, allowing us to improve the bootstrap assumption on the metric

coefficients norm (3.18) and prove that:
Mzz S+ v Ae”,

which implies (3.46). O

3.2.7 Quantitative Bounds in Region III

In this section, we complete the bootstrap argument and we obtain the main result in region III
on the existence of the solution satisfying quantitative bounds. We then complete the proof of
Theorem 3.1 and we prove propagation of regularity in Theorem 3.2.

We first show that the bootstrap assumption (3.19) can be improved:

Proposition 3.7. Let (./\/l,g) be a spacetime obtained in Proposition 3.2, which exists in the
characteristic triangle Pyz contained in region III with v < v. We assume that the spacetime
satisfies the bootstrap assumption (3.19). There exists a constant C < A such that the spacetime

satisfies the improved bound:
Cag + [,g,a; + Rg;ﬁ + Ma,i < Ce?. (3.49)

Proof. Under the bootstrap assumption (3.19), we proved the improved estimates (3.26), (3.36),
(3.41), and (3.46) in Propositions 3.3-3.6. We combine these estimates to obtain (3.49). O

We are now in the position to prove the main result in region III, establishing the existence

of the solution satisfying quantitative bounds:

Proposition 3.8. The solution of Proposition 3.2 can be extended uniquely as a reqular straight
self-similar vacuum solution in region III. Setting N3 = N — 3|co/4|n, and taking p > 0 to be

a small constant, we have the bounds in region I with {v < v}, for all 0 < i < N3, and all
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~ ‘

< E1—26|u’—p . |U|—2—i—j+p

)N
K

IV 3all s,

< 61—2(5|,U|—2—i—j

HvivggGHLz(S@m)) ~

R P K
V957 6 s,y S € Rl o7, for i < Ny

i 1-281, |—i
||E§¢*HL2<SW) Se lv| ™"
In addition, we have control of more detailed norms as proved in Propositions 3.3,3.4,3.5, and

3.0.

Proof. We recall that on the hypersurface {(u,v) : u = —wvv, 0 < v < v} the solution satisfies
(3.20). Using standard local existence results and the fact that according to Proposition 3.7
we can improve the bootstrap assumption (3.19), we obtain global existence in the region III.

Moreover, the solution satisfies the bound (3.49) for all (&, v) in the region III with v < v. O

Proposition 3.8, together with Propositions 3.1 and 3.2, completes the proof of Theorem 3.1.

To conclude this section, we prove the following propagation of regularity result:

Theorem 3.2. Consider a global straight self-similar vacuum spacetime (/\/l,g) which satisfies
the hypothesis of Theorem 3.1. If the initial data (go, h) is smooth, the spacetime (M,g) 1s also

smooth.

Proof. We explain how a slight modification of our previous arguments implies the proof of this
result. We first consider smooth initial data (go,h) satisfying (3.1), and prove self-similar es-
timates on the double null quantities for any angular regularity. For any K > N3, 0 < ¢ <
p K1, 0 <wvr <1, we denote by 5[(, ZK, ﬁK, MVK the norms defined in Section 3.2.1 with
(N3, q,p,v) replaced by (K,q,p,vg), and without the * in the definitions of Ry and MK. We
prove by induction that for any K > Nj, there exist 0 < v < 1 small enough and C(K) > 0

large enough such that for any (@,0) € {0 <v < vy, —vvg <u<0}:

Cr(@,0) + L (0, 0) + Ry (@0, 0) + Mg (@,7) < C(K). (3.50)
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The base case K = N3 was proved in Proposition 3.8. We assume that the induction hypoth-
esis holds up to K — 1 and prove it for K. The strategy is to split the spacetime into regions
I, Ilg, I1lk, defined analogously to I, II, I1I but with v replaced by vy.

In the region Iy = { -1<u<0, 0<v< —ugK} we have propagation of regularity for
the local existence result of [RSR18, Theorem 1.1]. For 0 < vy < 1 small enough, we apply the
regular estimates of [RSR18, Proposition 7.3] and we obtain that the estimates of Proposition 3.1
hold up to K + 4cgn angular regularity, with the € on the right hand side replaced by a constant
C[[{ > 0 that is not assumed to be small.

In the region Il = { -1 <u <0, —uvry <v < —u/yK}, the propagation of regularity
follows by the argument of [RSR23, Section 7]. The idea is to conjugate the equations by exp(D -
v/u), for some large constant Dy . This argument is equivalent to using the Gronwall lemma. We
obtain that the estimates of Proposition 3.2 hold up to K + 3c¢on angular regularity, once again
with the € on the right hand side replaced by a constant C’II(I > () that is not assumed to be small.

As a result, there exists a constant C > 0 such that on {v = —U/QK} we have:
Cr (s —u/vg) + L (us —u/vge) + R (u, —ufve) + M (u, —ufvg) < C.

Moreover, we can assume that Cj > C(K —1). For some A > 0 large, depending on K, we make
the bootstrap assumption in the region I11x = { —1<u<0, —u/vg <v< QK}:

Crc (@0, 0) + L (i, 0) + R (i, 0) + M (i, ) < 2AC%. (3.51)
We briefly explain how to improve the bootstrap assumption (3.51) in order to prove that:

Crc (i, D) + L (@0, 0) + R (1, ) + M (i, 5) < ACh.
We repeat the proof of Proposition 3.7, with angular regularity given by K. Since all the quantities
with angular regularity up to K — 1 are already bounded by the induction hypothesis (3.50), the
equations are linear in the top order terms that need to be bounded. Thus, each error term is a
product of factors where at most one such factor is bounded using the bootstrap assumption (3.51),
while the remaining factors are bounded using the induction hypothesis (3.50). In particular, at
each step in the proof of Proposition 3.7 where we bounded an error term by < yéfloop CA- €2

1 _100p

we would now have the bound < C(C(K — 1)) + C(C(K — 1))vk - A - C%. We also notice

/

that we had O(n) top order error terms bounded by < A? - ¢4, which would now be bounded by
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< C(C(K —1))+€?-A-C) - O(n). Therefore, for 0 < vi < 1 small enough we can improve the
bootstrap assumption (3.51) as desired. This establishes the induction hypothesis (3.50) for K,
with C(K) = AC). Since the above bounds hold for all K > N3, we obtain that the spacetime

(M, g) is smooth. O

4 Asymptotic Completeness

In this section we prove the second statement of Theorem 1.3, establishing asymptotic com-
pleteness. Given suitably small Cauchy initial data on a spacelike hypersurface in the sense of
Remark 3.8, Theorem 3.1 implies global existence in the region {u < 0, v > 0}. We prove in
Theorem 4.1 the existence of induced smooth scattering data at {u = 0} and {v = 0}, which
completes the proof of the second statement of Theorem 1.3. In the original (n + 1)-dimensional
formulation, this represents the proof of the second statement of Theorem 1.1. This section is

based on [Cic24, Section 4].

Theorem 4.1. Consider a global straight self-similar vacuum spacetime (M,g) which satisfies
the conclusion of Theorem 3.1. There exists induced straight data (go,h) at (u,v) = (0,1), such
that (./\/l,g) is the unique straight self-similar vacuum spacetime determined by this initial data,

and moreover we have the estimates for 0 <1 < N':

}|£§(@—g5n)”Lz(Sn) 5 6/7 (41)
HVZQHLQ(S%) S./ 6/7 (42)
IVl o gmy S € (4.3)

where N' = N — con as in Theorem 3.1, ¢ = ¢!=20

&.

Moreover, if the spacetime (M,g) is smooth the induced data (go,ﬁ) s also smooth.

, and O is the obstruction tensor of the metric

We follow the strategy outlined in Section 1.3.2 of the introduction. We use the quantitative
estimates on the global solution obtained in Theorem 3.1 in order to recover the induced scattering
data at {u = 0} and {v = 0}. By time orientation reversal symmetry, it suffices to prove the
existence of induced asymptotic data at {u = 0}. We complete the proof Theorem 4.1 at the end

of this section, using Propositions 4.1 and 4.2 below.
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We first prove that certain regular quantities can be extended to {u = 0}. These correspond

to determining the first ”T_Q terms in the expansion of ¢ at {u = 0}.
Proposition 4.1. We have the following continuous extensions to {u = 0} :
1. ForcmyOSlS"T_"‘ andOSmSN’—i—%_G—l, we have:
VVLEEY € Wit ([-1,0]) LA(S™).
Moreover, for any A > 0 we have the self-similarity relations on {u = 0} :
V"'V (aap, 7aB) (0, ) = A\'V"V (aap, ag) (0,0),
VmVé (Z/AB(;,gABC) (0, \v) = )xlfleVé (VABc,gABC)(O,’U),
V™"V Rapcep(0, \v) = N2V VL Rapcp(0,v),
and the self-similar bounds:

Hv2+m+lvmvégGHL2(Sn)‘ < . (44)

u=0 ~
2. Forcmy()glgn?_6 andOﬁmﬁN’—l—”T_S—l, we have:
V™Vha € Wit ([-1,0]) L*(S™).
Moreover, for any A > 0 we have the self-similarity relation on {u = 0} :
V"Viasp(0, \0) = AV Va4 5(0,0),

and the self-similar bounds:

Y N B (4
24m || iyl o — (UMY 1% 1=p 4.6
v v 3 ('U SQ) ‘u:O £2(sn) ™ v ( ' )

3. Forcmy()ng”T_4 andOSmSN’—i—%_zl—l, we have:
V"V € Wit ([—1,0]) L*(S™).
Moreover, for any A > 0 we have the self-similarity relations on {u = 0} :

VmVé)(XAB,KAB)(O, \v) = Al—lvmvg(XAB,XAB)(o,v),
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and the self-similar bound:

o™ VI gy humo S € (47)

4. For(myoglg%2 andOﬁmSN’qL”T*‘lfl, we have:
Ly Lhg € Wit (-1,0]) L2(S™).
Moreover, for any A > 0 we have the self-similarity relation on {u = 0} :
L Lhg (0, 30) = NTILP Ly, 2(0,0),
and the self-similar bound:

[o™ L g HL2(S") luo S € (4.8)

Proof. We first restrict to the region {v < v}. Thus, we can use the estimates in Proposition 3.8.

We recall that in the proof of Proposition 3.4 we had for any (m,l) € L:
v3v2+m+lvmvé\I}G — U2+m+lET’rml

where the error term satisfies:

2+m-+l /
lo* ™ Brral| Ly o oprz(sm S €
We also have that 9, (v HVTVLEY) = V2 tmHymyL gl 4 p24mtly . ymyl g From the

proof of Proposition 3.5, we have that:

[0 VR Ly oy zagsmy S €

As a result, we obtain that v>"" V" VLEE € W, ([—vw, 0]) L2(S™) and that (4.4) holds. Using
self-similarity, we can extend these results from the region {v < v} to all v > 0. Moreover, by
continuity we obtain that the self-similarity relations also hold along u = 0.

In order to prove the second statement, we notice that for any 0 < [ < ”T_ﬁ and 0 < m <
N'+258 1

m
au (U2+m+lvmvl3g) — U¢ . U1+m+lvmvég+U2+m+lvmvé+1g+ § ,Ul-l-iviw "Ul+m_i+lvm_iVéQ.
=0

Since (m,l + 1) € L, we can bound the above terms using our previous estimates and we obtain:

H@u (vQJFmHVmVég)‘ <€ - ju|PoT P, (4.9)

~

L2(Sn)
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This implies that >t V" Via € W' ([—vw, 0]) L2(S™), that (4.5)-(4.6) hold. As before, the
self-similarity relation extends to u = 0 by continuity.

The proof of the third statement follows exactly as the first statement, but using the corre-
sponding estimates from the proof of Proposition 3.5.

We prove the fourth statement in the case of Eg"”ﬁéﬂ ¢, since the case of no L3 derivatives is
similar. We compute the commuted equation for any (m,l) € H using (3.48) and its analogue in

the e3 direction:

Ly(Ly L5 gY) = 2L L5 X" = L3 L5 (a+ o) = L5 (Vi + Foya-1ya-1)(@) + Eoyn oy ()

=V"Vha+ Y LoT)VVERa+ YT L(TT) Fayaonyge-n @)+

i+j+k=m—1 i+j+k=m—1
+E )1y mrt-1) (@) T Emyoomin @)+ > L) Egywygern (807).
itjtk=m—1

We denote the RHS by Err,,;. We have the bound:

2
“U1+m+lE7“7"mlHL}L([—’UE,U))LQ(SW) <

<

|

1—-100p sup |m100q /u / 1}3+2m+2l7100p|a’100p7100q’Errml|2da‘
UE[—vv,u] —vv J 8"

The first and fifth error terms were already bounded in the proof of Proposition 3.5. The fourth
error term was already bounded in the the proof of Proposition 3.4. As in the proof of Proposition
3.6, for the second error term we have the bound:
U
Z QI—IOOp D sup |m100q / / U3+2k+2l—100p|ﬂ|100p—100q‘vkvég|2v2+2z+2] ‘,Cé (Fj—i-l) |2
it jtk=m—1 wE[—vv,ul —vY

j+1

1-100p sup |u’100q/ Z 3+21— 100p|u’100p IOOqulaHHkH Z / 242k,

de€[~vo,u] (kl)eL a=1 (ko ,0)€L

S

<

which is bounded using the previous section and (3.47). Similarly, the third term is bounded by:

"
1-100p 21100g 3++2k+2[—100p| | 100p—100q 2 e
Z v _ Sup Jal / / v |l ‘z(]g)(lfl)(k+l,1)(g)‘ dVoldu,
(kD)€L 4e[~vy,u] —vy JSn

which is bounded as the fourth error term. Finally, the last error term can be similarly reduced
to the fifth error term. As a result, we obtain that v1+m+lﬁgl£é+1g € W&’l([—vy, 0])L?(S™) and
that (4.8) holds. Using self-similarity, we extend these results from the region {v < v} to all

v > 0. By continuity, we also obtain that the self-similarity relations hold along u = 0. O
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Next, we compute the induced obstruction tensor O and the remaining component of the

scattering data h :

Proposition 4.2. There exist symmetric traceless 2-tensors O and h, which are independent of

u and v such that for any 0 <m < N'—3 and {—vv <u <0} :

[v** VO] 12 gny S € (4.10)
24+mxm
HU v hHLQ(Sn) 5 6/7 (411)
n—a n—4 u wl7P
el | P V"V4? a—V"Olog ‘ —V™h <é-|- (4.12)
v LQ(S”) v

Proof. Step 1. Computing the induced obstruction tensor O. As usual, we first restrict to the
region {v < v} to prove the desired result, then we use self-similarity to extend to all v > 0. We

use self-similarity as in Lemma 2.2 to rewrite the Bianchi equation (3.28) for « as:

n—4

—uVsa + a— gtrxg = oV IO 4 o, (4.13)
We set [ = 24 for the remaining of the proof. We commute (4.13) to obtain:

|u|V3Vha = vV V5P +0-F )00y (¥ +0- iy o) (B9 + Fioya-1)0-1) (¥) + [ulE o)y 1) ()-
We notice that in the proof of Proposition 4.1, we also obtain the bound:

Thus, Proposition 4.1 implies that each term on the RHS of the above equation is in

uvaHVmVZQ’ <ty P, (4.14)

~

L2(S™)

Cg([—yv,O])ﬁm(S”). As a result, —uv'V3Via can be extended to {u = 0} as a symmetric

traceless 2-tensor which is independent of the v coordinate. We define:
Oup = (u'VsViaap)|,_, € H™(S™). (4.15)

For any 0 < m < N’ — 3, we have the equation:

m Vo v v
V3V Vha = mv VL 4 ] - Emy om0 (X) + Tl « Ema 1) (- 1)ty () +
1
1= Eany =1 (m+1—1) () + Ey 0y (mt1) (D)
|u|

Since lim,,_,o- u[V3, V*]Via = 0, we also obtain that:

V"0 5 = (w!'V3V"Vha )| (4.16)

u=0"
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Thus, we have the schematic equation:

=V =TIV 4 0 E @) (L) g 0 E ey -1y (mery (L) |t

u=0

0 () (1= 1) mr-1) (9) |-
We use the bounds in Proposition 4.1, together with the bounds in the proofs of Propositions 3.4
and 3.5, to control the RHS and get:
1
e P

Step 2. Computing the induced component of the scattering data h. Extending V™ O to be

independent of u and v, we can write the equation for VmVég as:

. 1 1 1
0,(y'V"Vha) = LB+ & = VIO + W<51 &) + & (4.17)

&1 = v VIO 4 0 ) ) may (B9 +
l+1f‘ \IIG l}‘ ]
U F 1) 1=1) (m+0) (L) + 0 F )y 1= 1) (mti—-1) (¥,

& = V" F () sty (9)-
The key part of our proof is to establish the claim that:

1
€= 1y (51 - El\u:o) + & € LL([~ww, 0 L2(S™). (4.18)
Step 2a. The proof of claim (4.18). In the proof of Proposition 3.4 we already bounded:
0
| el pagnydi s v,

(%

We also have the bound:

0
||51 - 51’u=oHL2(su,v) N / “HIHVZSVmHVégGHLZ(Sn) + UZ+IH£(m)(l+1)(m+z+1) (EG)HH(Sn)dthL

~

0
+ /u VI E @ mrir) D g2 sny + 0 IEm@ omn (D] g2 gnyd-

Using the estimates proved in region III, we have the bound for any (i,7) € L:
—3—j—7j —
IZy 45 (D p2ggmy S 077777 P lul Pe (4.19)

Since (m, 1), (m + 1,1) € L, we have the bound:

1—
U P

[

0
/ VN E iy @ m141) T 2 g5my + 0 I E ey (O 2 gmydd S € -2
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We have the schematic equation as in the proof of Proposition 3.4:
V?»UHZVmHVégG = UHZVmHVé‘I’ + Ul+l£(m+1)(l)(m+l+1)(‘1’) + U1+l£(m+2)(l—1)(m+l+1)(\I’)'

Since (m + 2,1) € L, we use Proposition 3.8 and (4.19) to get:

1—
U p

0
/u ,Ul+1vavm«#lvégGHL%‘sn)da SJ e . U*Qfm .

Using the Bianchi equations in Proposition 2.6, we can rewrite the error term:

Fuysomrir 1) ) = Foniny@marny (@) + > VH(EIVT).

i+j+k<m+i+1
i<I+1,k<m

The estimates in Proposition 3.4 and Proposition 3.5 imply the bound:

Z H p2RIgR GG L itk Lygke ¢j+1’ <. (4.20)

itj+ k| <ml+1
i<l |k|<m

L2(S™)

Similarly, we use the schematic equations (3.42) for Vst from Proposition 3.5 to get:

~

§ : vZ—HﬂvklgG . vl+1+j+k2+1vk2vé+1¢j+1
L2(S™)

JHEI<m JjH+k<m

/ / I+k+2v7kl+1
<€ +¢ Z Hv++vv3+¢‘

L2(S™)

St S oA (e + py))

k<m

< €|u| PP,
L2(57)

As a result, we obtain that the last remaining error term satisfies:

0 1-p
R Coem|u
/ Cal Hz(m)(l+1)(m+l+1)(iG)HLz(sn)dU Se v > (4.21)
We proved that:
1 aem|ul P
o €1 — 51\u:0||L2(Suyv) < v ~ (4.22)
which proves our claim (4.18) that £ € L] ([—vv,0])L?(S™).
Step 2b. The proof of (4.11) and (4.12). We integrate (4.17) from —vv to u:
'V Vha — V™ Olog Z‘ = lemVég‘u:_w —V"Ologv + Eda.
In particular, we obtain that:
W' VMVia — V™Olog Z’ € Wyt ([—uv, 0]) L*(S™). (4.23)

We can define the symmetric traceless two tensor h which is independent of v and v by:

). (4.24)

u
v

o u—0~

V"h := lim <vlvmvga—vm01og
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The above estimates imply that:
24+mxm /
[v* v @HH(Sn) Se.

Finally, we have that:

1-p
u
,U2+m

V'V Vha — VO log %

—th’

0
o & | i S -2
We can use the results proved so far in order to complete the proof of Theorem 4.1:
Proof of Theorem 4.1. Based on Proposition 4.1 and 4.2, we define ¢ and h on {u = 0}. We
prove that the spacetime (M, g) satisfies the required conditions needed in order to apply the
main result of [RSR18], which shows that the spacetime is determined by the induced asymptotic

data ¢, = h. For N’ large enough, we have:

9 twy=01):

e Forany 0 < [ < %_2, 0 < m < N’, the limit lim,_,o- Eg”ﬁfug exists and is uniformly

bounded (with appropriate self-similar v weights) by Proposition 4.1. Moreover, we remark
that Proposition 4.1 also implies that we can extend to {u = 0} the following equations: the
constraint equations, the V, null structure equations, the V4 Bianchi equations for ¥¢ when
commuted with up to 2 4 V3 derivatives; the V3 null structure equations, the V3 Bianchi
equations, the V4o Bianchi equation when commuted with up to 2 6 V3 derivatives. Using
these equations on {u = 0}, the argument in [RSR18, Proposition 4.3] implies that for
0 <1< 252 the limits £m£l g‘ () have certain prescribed values in terms of 9o and

satisfy the compatibility conditions.

e Proposition 4.1 implies that for any 0 <1 < %57 6 and 0 < m < N’, we have on {v = 1}:

vavga — (V"Vha)] < e fullP (4.25)

~

UZO‘ L2(S™)

We obtain a similar result for any 0 <1 < 7% and 0 < m < N/, on {v = 1}:

<€ |ultP. (4.26)

|cichg - i chg,

L2 (Sn)
e In Proposition 4.2 we define the obstruction tensor O in terms of ¢, (since all the curvature
components and Ricci coefficients appearing in our definition of O can be expressed in terms

of go). We remark that by construction O satisfies the compatibility condition in [RSR18,
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Proposition 4.3]. Moreover, we proved that for any 0 < m < N’ the limit:

n— n—4
V™h = lim <v24VmV32 a—Vm(’)log‘uD (4.27)
v

u—0~

exists and is uniformly bounded (with appropriate self-similar v weights).

e Proposition 4.2 implies that for any 0 < m < N’, we have on {v = 1}:

;4
HVmV32 a—V"Olog|u| — th‘ < e ultP. (4.28)

L2 (sm) ™

As a result, we obtain that on v =1 and —v < u < 0, the metric il induces a 1-parameter family
j(u) of conformal classes of metrics on 5™ admissible relative to ¢, according to the definitions
of [RSR18, Definition 1.2]. Thus, we can apply [RSR18, Theorem 1.1] to obtain that (M, g) is
the unique self-similar solution with data (go, h). Since we already know that (./\/l, g) is a straight
spacetime, we obtain that h must satisfy the straightness condition. Moreover, the estimates for
go*, O, and h were already proved in Proposition 4.1 and 4.2.

Finally, we establish the propagation of regularity statement. Continuing the argument in the
proof of Theorem 3.2, for any K > N3 we can use the bounds previously obtained to repeat the
proofs of Propositions 4.1 and 4.2, with (N’, ¢, p, v) replaced by (K, q, p, v) ), and the € on the right
hand side of the estimates replaced by C'(K). As a result, we obtain that 4oo O, h € HE=3(5m)
for all K > N’. We conclude that the straight data induced at (u,v) = (0,1) given by (go,ﬁ) is

smooth. O
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Chapter 3

Systems of Wave Equations on
Asymptotically de Sitter Vacuum

Spacetimes

5 The Model Systems

We derive the systems of commuted Bianchi equations along {u = —1} required for the analysis
of the scattering map. We also introduce the model systems, given by the principal part of the
commuted Bianchi equations at top order with a general inhomogeneous term. The systems that
we consider consist of wave equations that are singular at {v = 0}. This section is based on [Cic24,
Section 5].

Notation convention. We consider M > N large enough, where N > 0 is as in Theorem 3.1.
Unless otherwise noted, for the rest of the thesis we write A < B for some quantities A, B > 0 if
there exists a constant C' > 0 depending only on M such that A < CB.

Integration convention. For the remainder of the thesis we make the convention that the
volume form used on the sphere Sy, = {(u, v)} x 8™ with induced metric G 18 dV/Olﬂu,v’ in order
to be consistent with the notation in [Cic26]. We note that this convention is different from the

one in Section 3 and Section 4.
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5.1 Bianchi Equations

We write the Bianchi system along {u = —1} as a system of wave equations. Using the facts

that Vg¥ = —2W and try = vtry — n (according to Lemma 2.2 and (2.18)), we can rewrite the

equations in Proposition 2.6 for the Bianchi pairs on {u = —1} as follows:
vVaiaap + (2 - g + ;trx> aAB = —VCZ/C(AB) + 5{3) (5.1)
Vavape = —2Vpapc + 51(4;; (5.2)

2v _ D (3)
vVyvape + ;trXVABC = —QV[ATB]C + QX[AV\D\B}C + 53/2 (5.3)
V4Rapcp = _QV[AV|CD\B} + 51(4) (5.4)

2v

vWaRapop + —trxRapop = —2VaLiop|s) + X gpT1B T XpcTD)A (5.5)

+ 2%/, Rpjmop + &5
v — 2V + &) 5.6
4V ABC [ATB|C 3/2 (5.6)
3v N . 3
vValape + < -1+ ntTX) vapc = —2Vaapc + 2XﬁﬂB]DC + 2&&£|CD|B] + 5é/)2 (5.7)
Viap = _VCZC(AB) + 554) (5.8)

Using the commutation formulas in Lemma 2.7, we can rewrite the system of Bianchi equa-

tions on {u = —1} as a system of wave equations:
Proposition 5.1. We have the system of wave equations on {u = —1} for any 0 < m < M,
0<i< % —2:

VAV + (3 - g)wvmvga — AV"Vha = Vv HIVLG 4 Brr?

VVAVIVLGG 4 (2 . g)wvmvgxpf" — AVPVATC = e $VTHIVLE + B
(5.9)

where we have the error term notation:
Err = vF ) 1) tm+1)(¥) + 0F i1y 0 m+1) (¥) + Fagm) 1) @rmr1) (V) +
FF im0 (P) + Floei @y iy () + VIV (8- 09) 4
+ > VH(RikmT VD) + VYLV (4) + VTV (i)

1+2j=m
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and we point out that in the RHS of (5.9) we sum the terms for all V. Similarly, using the
schematic equation:
ViV Y = vV 4 Brr (5.10)
we also have the system of wave equations on {u = —1} for any 0 <m < M,0<1< 5 —2:
vVIVTVia + <3 +1 - %)V4VmV£loz — AV™Via = pVmHviv + Err%l ( )
5.11
vVIVTVL UG (3 +1- g)wvmvgw — AVVLUE = vV HIVLE + Bl
Remark 5.1. We rewrite the system of Bianchi equations in two ways since for the good cur-
vature components WC we have flexibility on which equations to use when proving estimates. In
particular, (5.11) is easier to use when evolving forward from {v = 0}, whereas it is convenient
to use (5.9) when evolving towards {v = 0}. On the other hand, we notice that for the curvature

component o we always work with the same equation.
Proof. Using equations (5.1)-(5.2) satisfied by the Bianchi pair («,v), we obtain:
vViaap + (3 - Z)V4aAB = —VaVueap) + Va(¥) + Vi (vyp¥) =
= Aaap + Rim - a + V4 (pT°) + V4 (vipl) + V (0%) =
= Aaap + YV + WO + FIS(T) + 0 Forn (V)

where we also used the other Bianchi equations in Proposition 2.6 and the null structure equations

in Proposition 2.4 on {u = —1}. We commute with V}:
n
vV3iV4aap + <3 +1- 2>v4v£1aAB — AVhaap = YVVLY + Foyg-1 0 (V)

+ F S ey (W) + vF o) aanaan (¥) + Vi (0T9).

Commuting with V™, we obtain the equation for V"V/a. Next, we compute the wave equation

satisfied by v:
UV?U/ABC = —2V[AUV4QB}C + UV(lﬁ\I/) +vVy (10\116;) =

n
= VaVPrppo) = VEV rpac) — <2 - 2>V4VABC + Fr01(¥F) + vFi01(¥) + vFo1n (D).
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Using the constraint equations vapc = 2V[4xpjc and VAxap = Vptry in Proposition 2.5, we

can rewrite the first two terms on the RHS as Avage + V(Riém . x). As a result, we get:
n
vVivasc = Avape — <2 - 2) Vavape + VI + Fi5 (W) + vFi01(V) + 0Fo11 (¥) + V(y).

We remark that the term ¢Va does not appear on the RHS. We commute as before to get the
equation for V™V4v, which does not contain 9 V"1V« on the RHS.

We use a similar argument for the remaining curvature components, and we briefly note here
the structure of the equations that we use to rule out the dangerous term wvaVﬁla on the
RHS. For R we consider (5.5) and note by signature considerations that «,v are absent. We
differentiate the equation in v and use the fact that (5.6),(5.8) do not contain «, while (5.4) does
not contain Va. For v we use the same argument, starting with (5.7). We use a similar argument
for o, starting with (5.8) and using the fact that « is absent in (5.7). Thus, we proved (5.9).

Finally, we note that (5.10) follows from the commutation formulas in Lemma 2.7. Thus,

using this in (5.9) we obtain (5.11) as well. O

5.2 Model Systems

In this section we introduce two systems of linear wave equations on the background spacetime
obtained in Theorem 3.1. These systems will model the linear part of the commuted Bianchi
equations on {u = —1} from the previous section, with the nonlinear part being contained in an
inhomogeneous term. In Section 7 and Section 8, we provide a detailed study of solutions to the
model systems.

As inspired by our treatment of the linear wave equation on the background of de Sitter space

in [Cic23], we consider the new time variable!:

1
T = \/5, €4 = —67.
2T
We recall that all the tensors along {u = —1} are expressed in a Lie propagated frame with respect

to e4 = J,. We notice that L4e4 = 0 is equivalent to L;e4q = 0, so we can extend any tensors

defined only at {7 = 0} to be independent of 7. For any horizontal k-tensor ® we compute that:

Vb =L0+7y (5.12)

IWe point out that the time variable 7 should not be confused with the curvature component 74p introduced
in Section 2.1.
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1
v‘rv‘rq)AlA..Ak = v‘r (VTCI))Al...Ak - ;VT(I)Al.A.Ak-

We consider the following model system:

Definition 5.1 (First Model System). We assume that the smooth horizontal tensors ®q, ..., P
defined on the hypersurface {u = —1} x {7 € (0,1)} x S™ of the spacetime (M, g) obtained in
Theorem 3.1 satisfy the expansions for all 1 < ¢ < I:

20
®o =201log 7 + h+ O(7?|log 7[*), V, &y = —+ O(r|log7|?) in C™(S™),

;=Y + 0(7'2\ 10g7'|2), V.0 = O(7| 10g7'|2) in C°(S™),
and the model system of wave equations on {u = —1} for any 0 < m < M:

Vo (V, VM) + LV Vmd) — AAVT D) = VLD + FD 5.13)
5.13

VA (V-V"®;) + 1V, V"d; — AAV™E; = V™ + FL
where the inhomogeneous terms satisfy FO., FL € L}([O, 1])0“(5"), and the covariant angular

derivatives are with respect to the metric ¢ =g _ _ , induced on S; = {u = —1} x {T} x S".

Based on equation (5.11), we obtain that:

n—4 n—4 .
Oo=V,> a, &;=V,> V¢ B\ =ErY ., F,,=Erm? .,
? 2 )

2

satisfy the first model system, where the desired asymptotic expansions follow by Section 4, or
similarly by [RSR18]. We prove estimates for this system in Section 7, and use these in Section 9
to obtain estimates for the commuted Bianchi system at finite times in terms of the asymptotic
data at {v = 0}.

Similarly, we also consider the following model system:

Definition 5.2 (Second Model System). We assume that the smooth horizontal tensors @, ..., Py
defined on the hypersurface {u = —1} x {7 € (0,1)} x S™ of the spacetime (M, g) obtained in
Theorem 3.1 satisfy the expansions for all 1 < i < I:

2
Py =201log 7 + h+ O(?|log 7|?), V, &y = 20 +O(r]log 7?) in C>(S™),
T

®; = @) + O(7?|log 7?), V,®; = O(r|log|?) in C>°(S™),
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and the model system of wave equations on {u = —1} for any 0 < m < M:

Vo (V V™m®)) 4+ 1V, VmO) — AAV™ D) = V™ T1O + FY) 5.1
5.14

Vo (V. V70;) — LV, U, — AAVTD, = Y0 VD 4 F
where the inhomogeneous terms satisfy FO., Fi € Li([O, 1])000(5’"), and the covariant angular

derivatives are with respect to the metric §_:=¢ _ _ , induced on S; = {u = —1} x {7} x ™.

As before, equation (5.9) implies that:

n—4 n—4 .
D)=V, o, &, =V,> ¥¢ FY = Erri,%z;, Fi = Erri’n;;
satisfy the second model system. We prove estimates for this system in Section 8, and use these
in Section 10 to obtain estimates for the asymptotic data at {v = 0}, {u = 0} to the commuted

Bianchi system in terms of initial data at finite times.

Remark 5.2. By writing the estimates in Theorem 3.1 using the T coordinate, we get that the

background metric ¢ satisfies the following bounds:

N
> _sup|Li(g, —g,6)| S (5.15)
i=0 M

re(01) Il + re(0] VXl vgs,y S 1 (5.16)

Remark 5.3. It is practical to introduce two model systems, since in the case of the reqular
quantities ®; we have flexibility on which equations to use when proving estimates. In particular,
(5.13) is easier to use when evolving forward from {T = 0}, whereas it is convenient to use (5.14)
when evolving towards {T = 0}. On the other hand, we point out that for the singular quantity ®g

we always use the same equation.

Remark 5.4. In [Cic26] we give an equivalent definition of the model systems using the fact that
4 = ;jf(log(QT)), where;j is defined in (1.3) and 7 = el /2, as in Remark 1.7. We also remark that

the necessary assumptions on the background spacetime required in [Cic26] follow by (5.15)-(5.16).

6 Geometric Littlewood-Paley Theory

We introduce the geometric Littlewood-Paley theory of Klainerman-Rodnianski [KR06]. We also

use the methods of [KR06, KRO5] to prove additional new results that are needed in the proofs
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of the sharp estimates in Theorems 7.1 and 8.1, as explained in the Introduction. This section is

based on [Cic26, Section 2].

6.1 Bounds for the Heat Equation

The geometric Littlewood-Paley projections are defined using the heat flow. In this section, we
introduce some standard properties of the heat equation based on [KR06], and we prove additional
commutation estimates. We point out that while the results stated here hold under more general
assumptions, it suffices for our purposes to use the bounds (5.15) and (5.16) on the background

spacetime.

For any tensor field F' on S;, we denote by U(z)F the solution on [0,00) X S; to the heat

equation:
0, U(z)F —AU(2)F =0, U(O)F = F, (6.1)

where A is the Laplace-Beltrami operator on (ST,g), for some 7 € [0,1]. We notice that the
operators U are self-adjoint and form a semigroup.

We use the following estimates for the heat kernel of [KRO6]:

Proposition ([KR06, Proposition 4.1]). We have the estimates for the operator U(z):
[UF| < 1Fll 2
IVUGF|| 2 < IVF 2
IVU)F|| 2 + |U()VF|| . < V2272 ||F) 2
V2

|AU(2)F|| . < 7z—1|yF||L2.

We prove additional estimates using the methods of [KR06, KR05]. In particular, we notice

the importance of proving estimates for the commutation of the operator U(z) and the e4 vector

field.

Lemma 6.1. We have the estimates for the operator U(z):
[V"U)F| . S C(I|Ribm|| gm—2) - | F | e (6.2)
[U(2), VIF]| 2 S (Vz+2) - |[F 2 (6:3)
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910G, D1F]| 2 S L+ 3) - | F]] (6.4)

[[U(2), VIF|| 2 £ (Vz + 2)C(I|Ribml grm—1) - || F|| g s (6.5)
IVIU), V™F| 2 S (Vz+ 2)C(|Riem| zm) - ||F|| g (6.6)
IUG), GIF 2 5 (4 V2G| | 2 (6.7)
IVIU (), GIF] 2 < 1+ V2| Gllyoe | F 2 (6.8)
|[U(2), V4lF|| 1o S (14 2) - | F|| 12 (6.9)
|VIU2), VAl F|| ;o S (1 +2) - [|F| (6.10)
VUG s (1 =7) (| Fl| oo (6.11)

Proof. We prove (6.2) by induction, while considering separately the cases m < 2n and m > 2n.
The case m = 1 is proved in [KR06]. We assume at first that (6.2) holds up to m < 2n, and prove

it for m + 1. We notice that for any tensor ¢ we have:
IV20ll2 S 1Al 2 + | Ribml| L= | 6] 11
As a result, we get:
IV U () F| 2 S IAV™ U () F | g2 + | Rim]| oo [V U (2) F | g1

Since ||Rifm||r~ < 1 by the bound on the background spacetime in (5.15), the second term is

controlled using the induction hypothesis. For the first term, we write using [A, U(z)]F = 0:
AV U (2)Fl 2 S IV PAU(2)Fll 2 + [|[A, VU R)F|

SIVPTWEAF |+ > |[VI(Ribm T U () F)|| o S IF [ pms,
i+2j=m—1

by using (5.15) again. This completes the first induction argument, and establishes (6.2) for all
m < 2n. Next, for some m > 2n we assume that (6.2) holds up to m, and prove it for m + 1. As

before, we have:

IV U () F 2 S IV U R)AF| 2 + [[[A, VU (2)E|| o + C(|Riml| gm-2) - [|F ||

C(|Ribm gpm—2) - | Fllgms + Y |[VI(Ribm! T U)F)|) -
i+2j=m—1
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The second term in the above can be written as:

2. 2

i+2j:m—1 ’i0+...+ij+1:i

Jj+1
(VU (2)F) [ ] (V" Riém)

=1

L2
For each terms of the sum, we bound the factor with the most number of angular derivatives in
L?. The other factors have at most (m — 1)/2 derivatives, so we bound them in L> and apply

the Sobolev inequality to get:
IV U () Fl e € C(IRibml| gm-1) - |F || prmsa.

This completes the proof of (6.2). Next, we prove (6.3). By Duhamel’s formula as in [KRO5]
we have:
[U(z),V]|F = / Uz —2)A, VU () Fd'.
0
Using the standard estimates for the heat kernel in [KRO06], we get (6.3). The proof of (6.4) is

similar. We also have using [A, V™] = V[A, V™1 + [A, V]V L

[U(z), V" |F = /0 Uz — 2)[A, VMU (2 )Fdz' =

= / Uz — 2 )V(RikmV™ 1 + [A, V" NU(VF +U(z — 2') (VRikm - V" U () F)d7.

This implies (6.5) using the bounds in (6.2), and by estimating the commutator term as in the
proof of (6.2). The proof of (6.6) is similar. The proofs of (6.7) and (6.8) follow, since according
to [KRO6]:

U(2), GIF = / U(z — #/)(AG - U(')F + 2VG - VU()F)d=.
0
By Duhamel’s formula as in [KR05] we have:
[U(z), V4|F = / Uz — 2)[A, VU (2 Fd'.
0
Using (6.13) and the standard estimates for the heat kernel in [KR06], we get (6.9). The proof of
(6.10) is similar. Finally, to prove (6.11):

[V2U(2)F |72 S D |IPVPU)F| 1 S (14 27| Fl|7. + D [IV2RU () F| S
keZ k>0

<At F+ S VU RFIL £ (42 F]R+ 30 = Bk o= 2 [V R
k>0 k>0

S (2 FIGe + 7 222 | PF | o] PFll e S (0 e DN + 272 F e
k>0
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We note that the proof of the last statement uses parts of Lemma 6.3. We included its statement

in the heat equation bounds section for future convenience. O

In our proofs we will repeatedly use the commutation formulas which follow from Lemmas 2.5

and 2.7.

Lemma 6.2. We have the commutation formulas:
V.Vl =Vx- ¢+ x-Vo, (6.12)

[A, V)¢ = V(xV®) + O(lIxllwze (V] + [¢]))- (6.13)

6.2 Bounds for the LP Projections

In this section, we follow [KRO06] to define the LP projections using the heat flow. We then prove
a series of additional bounds for the LP projections that are needed in our analysis.
The class M, of smooth symbols defined in [KR06] consists of smooth functions m : [0, c0) —

R, which decay at infinity and satisfy the vanishing moments property:

o
/ MO m(z)dz =0, |ki| + |ko| < K,
0

for large enough order K > 0. We set my,(z) = 22¥m(2%2) for any k € Z.
Each symbol m € M, gives rise to an LP projection operator. For any tensor field F' on

Sr, we define the LP projections corresponding to the symbol m for k € Z:
o
P.F = / mg(2)U(z)Fdz.
0

We refer the reader to Theorem 5.5 in [KR06] for the fundamental properties of these operators,
similar to the standard LP projections. We use the following estimates for the LP projections of

[KROG6]:

Proposition ([KR06, Theorem 5.5, Remark 5.6]). For an arbitrary LP projection, and any

smooth tensor ' we have:

1. Bessel inequality.

DI < [P
keZ
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2. Finite band property.

IVPE 2 S 2oy [P6E] 2 S 275V E s

~

|ARF] 2 S 2 F] a0 [BFle S 22 AP

3. L?-almost orthogonality. For any two families of LP projections Py, ]Sk with symbols m, m €

Mop we have:

1P F p S 27 Pl

Our main use of the geometric LP projections is to define fractional Sobolev spaces H®
for a > 0. These are defined in [KR06, Definition 7.9] using fractional powers of the operator
I — A. We can give an equivalent characterization of the fractional Sobolev norms according to

the following result of [KRO6]:

Proposition ([KR06, Corollary 7.12]). For an arbitrary LP projection, a > 0 and any smooth

tensor F, we have:

> 2| PeF || S || F e
k>0

Moreover, if >, P2 = I, then:
P15 < D22 P F [l + (|77
k>0

We use this result to give an equivalent definition of fractional Sobolev spaces:

Definition 6.1. Let Py be a family of projections with ), P,? = 1. We write any a > 0 as
a = [a] + {a}, with {a} € [0,1). For any smooth tensor F we define its Sobolev norm of order a

as:
1F e = 1E e + IV F [y

where we define the H@ and H{® Sobolev norms by:

[a]

1F i = DNV Flges 1Ny = Do 2P PeF e + ([P
1=0 k>0

Following the ideas of [KR06], we prove additional commutation bounds. As before, we

highlight the importance of proving estimates for the commutation with e4, which allow us to
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control the change of the projection operators in terms of the time 7. Moreover, we notice that

the following bounds rely on our previous estimates for the heat flow in Lemma 6.1.

Lemma 6.3. The LP projection operators satisfy the following bounds for k > 0:
Vi, Py = ﬁm, Py, where t = 257
V™, PilF| > S 27 C (| Rikm ) gms) - | F || s
IVIV™, PAF| » S 25O (| Ribml| ) - || F| yon
[V, PAF| 2 < (|1 2
VIV, P 2 S (| F| 0

1Pk GIF 2 S 27 M |Gl |11

IVIPe GIF || 2 S 1G e I F] 2

(6.14)

(6.15)
(6.16)
(6.17)
(6.18)
(6.19)

(6.20)

Proof. The first formula follows since V; = 27¢V, = 27k+17V, = 2726+14Vv, . In order to prove

(6.15), we notice that using the bound in (6.5) we have that:

V™, P |2 < /O mi - [V U (2)]F| 2dz S 27 C([|Riém| g - || F | s

Similarly, we also have that:

|VIV™, BF||,, < /OOO imi| - |VIV™, U(2)|F|| 2z S 27FC (| Riém) gm) - || F| -

Next, we have that:
9 PPl < [ bl (94 UL < 1]
Similarly, we also have that:
V(9 PF s < [ el [V, U] < ]

The proofs of (6.19) and (6.20) follow from (6.7) and (6.8).

O]

One disadvantage of the estimates (6.17)-(6.18) is that the right hand side cannot be summed

in k, whereas the left hand side can be summed because of the presence of the Py operator. We

address this by proving a refined version of these estimates, which contains a different projection

operator on the right hand side. The presence of different projection operators poses additional
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difficulties in the analysis of the model systems. We notice that this issue is a consequence of the
nontrivial time dependence of the metrics ¢.

We define the symbol m € Moy, given by m(z) = zm(z), and we denote by P, the associated
projection operator. Moreover, we also introduce the projection operator Ek which satisfies

P - B,

Lemma 6.4. We have the following estimates for k > 0:

[Va, BJF = 27 V2BF + O (27| F| ) (6.21)

V4, PIF 2 S |1 PF o+ 27 P 2 (6.22)
VIVi, BF = 273V B,V F + O (27| F| ) (6.23)
IVIVa, PF | 2 < PRV F |2 + 27 1F ] (6.24)

Proof. In order to prove (6.21), we compute the following:

Vs, PP / mp(2)[Va, U(2)] Fdz — /0 — /O Uz — )V, AU P2 d
_ / ) / Uz - YV (VU F) +
0 0

+/Ooo mi(2) /OZ Uz - Z/)([V‘*’A]U(Z,)F B V(XVU(Z/)F))'

We can bound the second term in L? by:

/O ]mk(z)|/0 HU(z’)FHHldz’dzgHFHLQ/O Iz y/ ) 12dlde < 2 F|F.

Next, we write the first term as:

/mk /VUZ—Z VU (z /mk / U(z—2),VI(xVU(Z)F).  (6.25)

The second term in (6.25) can be bounded in L? by:
/ \mk(z)\/ (z — 1/QHXVU FHLde dz
0 0

SIPls [l [ 6= VR R < 2

We write the first term in (6.25) as

/Ooomk(Z)/OZ (X Uz — 2)\VU(z / mg(z /V z—2) ](VU(z’)F).
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The latter term in the above is bounded in L? by:

| @) [V P e | [ ) [ e 2

As a result, we proved that:
Va4, P)F = X/ my(z /VUz—z)VU( )Fdzdz—i—O( kHFHB)
:X.VQ/oozmk(z) Fdz+x/ mg(z /V z—2 V]U(z')Fdz'dz+O<2_kHFHL2>
0

=227 [ iU + 0274 ) = 2R R + O (2 )

The proof of (6.22) follows from (6.21), since Ei =P,

We now prove (6.23). We notice that using (6.13) we can write:

VI[Vy, Py]F / my(z / VU(z — 2)[V4, AlU(Z)Fd2' dz

/ mi(z /VUz—z XVQU( "F)+

+/OOO mk(z)/o VU(z — Z’)<[V4aMU(2,)F* XV2U(Z,)F)'

The second term can be bounded in L? by:

/OO |m(2)] /z(z - z’)_l/QHU(z’)FHHldz’dz < 2_kHFHH1.
0 0

The first term in the above expression can be written as:

z
/ my(z /VU VU (2 )Fdz'dz+VX/ my(z /U(zz')V2U(2')Fdz’dz+
0

—i—/ mk(z)/ V[U(z — 2, X\|V?U(Z)FdZ dz.
0 0
To complete the proof of (6.23), we need to write this expression as 2726\ V2P,.VF +

O(27%||F||#1). Indeed, we can bound the last two terms in L? by:

/ ]mk(z)|/ HVQU(z’)FHL2dz’dz§
0 0

< /0 jmi(2)] /0 VIV, UEF|| o + /0 jmi(2)| /0 VUG VE|,

S| + 27V e
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Finally, the leading term can be written as:
X/ mk(z)/ VU(z — 2 )VU(Z)VF + X/ mk(z)/ VU(z — 2 \VIV,U(Z)|F =
0 0 0 0

_ X/Oo mi(2) / VU(z = Z)VU()VF + O(27|[F| o) = 272X V2BV F + O (27| F| . ).
0 0

where in the last step we used the same argument as in the proof of (6.21). This completes the

proof of (6.23). Moreover, the proof of (6.24) follows from (6.23) as before. O

We also prove estimates where we trade 1/2 derivatives on F' for 2k/2 growth, which simplify
certain error terms in the analysis of the top order singular component of the first model system

in the low frequency regime:

Lemma 6.5. We have the following estimates for k > 0:
[V, PVE| 12 S 252||F|| ) (6.26)
IVIVa PIF 2 S 22 F ] o (6.27)
Proof. In the previous proof we obtained the identity:

Vo, PVE = /0 — /0 Uz — YV (VU VF) +

+/ mg(2) / U(z—2") ([V4, AJU(Z)VF — V(xVU(z')VF)>.
0 0
As a result, we get from Lemma 6.1:

|92 PVl S 17+ [ et [ (=724 1) [P0l
0 0
SHFHL2+/O !m(z)l/o ((z = )7V £ 1) ()34 F|| o pd='d

o0
SF e (1 + /0 |mk(2)|2_1/4dz).

A similar proof also gives:
O A e e A L T

O]
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Convention. For the remainder of the thesis, we fix the projection operator Py to satisfy
> P2 = I. We notice that all the estimates established above in this section are valid for any
LP projections with symbols in M.

In order to control a top order bulk term with bad sign in the high frequency estimate for the
second model system, we need a refined Poincaré inequality for LP projections. The key aspect
of this result is that the projection operators on the right hand side have the same symbol as the
one on the left hand side. Moreover, all the frequencies higher than k are contained in the last

term, which is lower order.

Lemma 6.6. For any k > 0, and 6 > 0, we have the inequality:

1
|PFI S 52 VRE]f, +8 3 2 VR, + a2 ¥ F|. (628)
0<i<k

Proof. Let P be the projection operator with symbol given by (z) = — [2¥m(2")dz". According
to the proof of [KR06, Theorem 5.5 (v)] we have that 22 P, F' = AP, F. This implies the Poincaré
inequality:

1 __
R\

Also, for alll > k > 0 we have the following estimate, according to the proof of [KR06, Theorem 5.5

(ii)]:

HPkFHLQ S \/SQ%HVPkFHIﬂ +

HPZP’CFHH S 2_2(Z_k)HP/fFHL2' (6.29)
We use these two bounds, together with the other usual bounds for LP projections, to get:

1
S vRE

kN 1 1 __
S VBT H AT+ S R+ S TR,

. 1 1
SV 27N PRV, + —=27||F|| . + —=27F|| VP F | L

For the first term on the RHS we have by the L?-almost orthogonality, (6.29), and (6.15):

1PeF 2 5 Vo2 M|V RF o +

> 2 HPPAYVE] . <
LeZ

< D 2 NAVE|| L + 27 MR VE| 4 Y2 PRV E
0<i<k >k
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S2HVAF| o427 Pl e+ 3 27 RV E .

0<i<k
As a result, we obtain that:
1 1
PPl § S VRl V5 3 2k ket P+
0<i<k
We square this inequality and use Cauchy-Schwarz in order to conclude. O

We introduce the (log V) operator, essential for the renormalization of h to h. We define for
any smooth tensor F' on Sy and k£ > 0:

(log V)F = > P’F-log?2'.
>0

We prove the following bound on the (log V) operator, used in lower order estimates:

Lemma 6.7. Set? n = 1/10. For any smooth horizontal tensor F, and any s > 0, we have the

estimate:
1Gog V) E| ;7 S 1 F o
Proof. We first notice that we have the inequality:

2
0 %)}, 5 (X 102 F - os2").

k>0

2
S (S2IRFl) S S PAF < I
k>0 k>0

Using this, we can also bound the following;:

Qg V)F . < | Goa V)E L2 + >~ 2| A(log V) F [,
>0

< Qog V)F|[o + Y2 |Qog V) A2 S [|F ],y + D 222 || PP
1>0 1,k>0

k !
SNl + 30 D2 AR + 303 22 [ PR,
k>0 1=0 1>0 k=0

SNEl g+ D22 MBS
k>0

Hs+n*®

O]

2This result holds for any > 0, with implicit constant depending on 7. For our purposes it suffices to fix
n=1/10.
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Next, we define the following operator for k > 0:

RyF = 2P (log V)F — 2log2" - P,F =2 "log2- (I — k) - PuPPF —2) log2* - P.P’F. (6.30)
>0 <0

The operator Ry appears as a commutation error term when projecting the expansion at {7 = 0}
of the singular component of ®( in the analysis of the first model system.
We consider the projection operator P, which satisfies P2 = P,,. We have the estimates for

Ry :

Lemma 6.8. Let F' be any smooth tensor on Sy. We extend RiF to (0,1] x S™ to be independent

of . We also denote t = 287, Then, for any k > 0 we have:

189, BeF |25,y S 2°N2RF 11 sy (6.31)
IVRRE || 125,y S 1 26F s (6.32)
2N ReF | s,y S N sy (6.33)
HvtRkFHLz(ST) S 2 P (6:34)

IVVeRKF || 26y S 27 25| PLF| s, - (6.35)

Proof. For the purpose of this proof we denote by Ag and A% the Laplace-Beltrami operators

on (ST’g-r) and (So,go). Because of (5.15), we can express the LHS of (6.31) using derivatives at
{r =0}
Q_kHAngkFHm(ST) N 2_kHRkFHH2(ST)
S Q_kHRkFHH2(So) S TkHA%RkFHB(SO) + 2_kHRk’FHHI(SO)'
Using (5.15) and the finite band property of [KR06] we have:

QkHRkFHLQ(ST) N QkHRkFHp(sO)

S 2= k|- [Py PP | paggyy + D K25 | PLPPPLF | o) S
>0 <0

k—1
|l — _
~Z S IVEF gy + 3R F sy S (2l s
<0

27F|Ag BiF || o5, S D27 =kl | PRPAg PPLF|| o + > k27" || Py PAg PPLFY|
>0 1<0
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2l k‘l B
N Z 92[1— k;| ‘VPkFHLQ )Jr Z/ﬁ e HkaFHL2(SO) S HBkFHHl(SO)'
<0
Combining these two estimates (again using (5.15) as well), we also have that:

HVRkFHm(sT) S HRkFHHl(sO) S HBkFHHl(SO)

So far we proved (6.31), (6.32), and (6.33). In order to prove (6.34) and (6.35), we recall formula

(5.12). Using this and the fact that Ry F is independent of 7, we get:
t t
HVtRkFHp(s,) N H(Vt - ﬁt)RkFHp(s,) N 2TkHRkFHL2(ST) N QWHBkFHHl(SO)'
Finally, again using that Ry F' is independent of 7, we have:
t t
vatRkFHp(sT) N HV(Vt - ‘Ct)RkFHL2(ST) N QWHR'CFHHI(ST) N ﬁHBkFHm(S )

O]

Finally, we prove the following result which implies that it is equivalent whether we project

the expansions at 7 = 0 with respect to g, = ¢(0) or g_= ¢(7).

Lemma 6.9. We consider F to be a smooth tensor on Sy, extended to be independent of T.
Denote by (ﬂo)Pk the projection with respect to (Sg,go) and by (gr)Pk the projection with respect

) (Sﬁ,gT). Then we have the estimate for any s > 0, k > 0:

(9P, = BOPY Py S PP e (6.30)
Proof. The bound follows using Duhamel’s formula as in [KRO5]:

H( (40) p, — (ﬂf)pk)FHHs < /OO |y - H (ﬂo)U(Z)F_ (ﬂf)U(z)FHHSdZ
0
~ N @Oy (s — _ @)y (s /
5/0 ]mk]/o H U (z z)(AgT A?fo) U(z )FHHst dz
<s /00|mk|/z7_2H (gT)U(z')FHHHde'dz,
0 0

where we also used the expansion of ¢_at 7 = 0. The last term is bounded by TZHFH stz O

7 Estimates for the First Model System

One of the central parts of our argument is proving estimates for the first model system (5.13),

in terms of the asymptotic data at {7 = 0}. This system includes the commuted Bianchi system
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n—4 n—4
(5.11), where ®( and ®; correspond to the commuted curvature components V,? « and V,? ¥,

The analysis of the first model system (5.13) implies estimates on the solution (/\/l, g) at finite
self-similar times in terms of the data at {v = 0}.

In the present section, we prove in Theorem 7.1 the main estimates for the system (5.13).
This section is based on [Cic24, Section 7] and [Cic26, Section 3]. We encourage the reader to

return to Section 1.3.3 of the introduction for an outline of the proof.

Theorem 7.1. Let M > N be large enough. We assume that ®q, ..., Pr satisfy the first model
system on the hypersurface {u = —1} x {7 € (0,1)} x S™ of the spacetime (M,g) obtained in
Theorem 3.1.

For all T € (0,1], we define the energy of the solution on S to be:

81(7') :TQHVTVM(I)OHZUZ(ST) + TQHVMCI)O||12LI3/2(ST +

)
! 2 2 2
+ Z (THVTVM(I)iHHl/Z(sT) + THVMJFI‘I)@'HHW(ST) + H(I)iHHM+1(ST)>'
i=1

We define the asymptotic data norm and the inhomogeneous norm as:

I
Dy = HOHZMH(Sn) + Hbe’{MH(S") +Y H(I)?HZMH(S”)’

i=1
Mo T , I .. -
Filr) = 3002 [ ls e+ 32 [ 71,y
The solution of the first model system satisfies the estimates for T € (0,1] and a constant C; > 0:
&r(t) < CrDy + CrFi(7), (7.1)
2 2
‘}(I)O“HJVI+1(ST) < CIDI + CI]:I(T) + CI| 10gT|2HOHHM+1(S")’ (72)

where the constant Ct depends on M > N, the bounds on HRz}ém(go)HHM, and the bounds satisfied

by the background (M,g) according to Theorem 3.1.

In order to prove this result, we follow a similar strategy to [Cic23] and we decompose ®g

into its singular and regular components. We have for each m < M :

V®g = (mebo)y + (qu)o)J, (73)
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where we define the singular component (Vm@o)y to be the horizontal tensor that solves the

linear equation:
1
V- (VA (V")) + ;VT(V’”%)Y —4AA(V™ D), = pV (V") (7.4)

(qu)U)Y(T) =2V™Olog(7) + 2(log V)V O + O(T2| log(7’)|2),

VT(Vm‘I)O)Y(T) = ZV;WO + O(T| log(T)\Q),

and we also define as above (log V)V O = Zkzo P,?VmO -log 2%, b, = V"h — 2(log V)V™O.
We define the regular component of V"®q by (VmCDO)J = V"o, — (Vmcbg)y. This satisfies the
equations:
I
1
. . m(I) il v m(b _ 4A m(b — m® m(p FO .
Vo (Vo (V" ®0) ;) + — V- (V") (V"®) , =V (V 0)J+j;wv i+ FY (7.5)

(V™ ®0) ,(7) = b + O(73[log(7)[?), V- (V™®) ,(1) = O(r|log(7)[*) in C=(5™).  (7.6)

The notation for the regular and singular components is based on the similarities to the first and
second Bessel functions Jy, Yp, as in the case of [Cic23].
Since the singular component of ®y decouples from the rest of the system, an essential step

in our argument consists of establishing the following top order estimates:

Theorem 7.2. For any M > 0 large enough, the singular component satisfies the estimates for

all 7 € (0,1):
Ve (T 20)y e + 79 (T 20)y sz S O] rarss (7.7)
M ) )
2 (V7 @0)y [l < (14 [og 7) [ Ol zpars- (7.8)
m=0

We outline the structure of the rest of the section. In Section 7.1 we prove in Proposition 7.1
a general result for the existence of solutions of (7.9) with asymptotic data at Z—, which in
particular implies the decomposition (7.3). In Section 7.2 we prove lower order estimates. We
prove in Section 7.2.1 in Propositions 7.2 and 7.3 the lower order estimates (1.39) and (1.40).
We also prove estimates for the commutator term C = (VM<I>0)Y — V(VM_l(Do)Y and H'/2
estimates for V(VM~1®q)y and V,(VM~1d()y in Section 7.2.2. The goal of Section 7.3 is to
prove Theorem 7.2 for the singular component. At top order, we consider each Py projection

of the solution, and we treat separately the low frequency regime in Section 7.3.1 and the high
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frequency regime in Section 7.3.2. In Section 7.3.3 we combine the low frequency regime and the
high frequency regime estimates to prove Theorem 7.2. In Section 7.4 we prove the top order
estimates for the regular quantities. We prove the low frequency regime estimates for the regular
quantities in Section 7.4.1, and the corresponding high frequency regime estimates in Section 7.4.2.

Finally, we combine the estimates in Section 7.4.3 to complete the proof of Theorem 7.1.

7.1 Construction of the Singular Component

In this section, we prove an existence and uniqueness result for solutions of (7.9) with asymptotic
data at Z—. In particular, this implies the existence and uniqueness of the singular component
defined by (7.4).

We first remark that we frequently use V., as a multiplier to obtain energy estimates. The
following lemma implies that the additional terms resulting from differentiating the volume form
or the metric can be controlled using Grénwall for 7 € (0, 1]. We point out that we usually bound

these terms implicitly.

Lemma 7.1. For any smooth horizontal tensor F' defined on M, we have:

1d
5Pl = [ FVoPavely+0(r| Py,

Proof. We denote v = /7, and compute that 9, = 2709, and e4 = 9,. Since x = L., ¢, we use the

standard formula for % Jn |F\2(v)dV0lg and the bounds on the background in (5.16) to get:

2617/57 |F| :2/57 V. |F| —|—/ST7'trx|F| :/STF.VTF+O(THFHL2(ST)).

O]

The following result implies that we can decompose the solution V" ®y into its regular and

singular components, for each m < M.

Proposition 7.1. For any ®°, &' € C°°(S™) smooth tensors, there exists a unique solution on
M of:
1
V: (V@) + =V, 0 —4Ad = VD, (7.9)
T

satisfying the following asymptotic expansion as T — 0 :

0
(1) = ®%log(r) + @' + 0(7'2] log(7)|2), V(1) = % + O(T! log(T)|2) in C*°(S™).
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Proof. 1t suffices to prove that for any K > 0 there exists a unique solution of (7.9) such that
the above expansions hold in HX(S™). We introduce the quantity ® = ® — ®°log(7) — ®!, which

satisfies the equation:
~ 1 ~ ~ ~
V. (V@) + —Vr® —4AD = §VO + F1(®°, @) - log(1) + Fy(®°, ®1). (7.10)

where Fy and F; are bounded functions of ®°, !, and their angular derivatives. To obtain this
equation we use the fact that ® and ®! are Lie transported in time, so by (5.12) we have

V,®% =7y - &g and V,®! = 7y - ®;. For any k > 0 we obtain the commuted equation:
V. (VEV.®) + %vkv@ —AAVFD = pVV*D + FF(D°,0") - log(r) + FE(2°, ®1) + FF (D),
where we denote the error terms:
FF (2%, @) = VF(Fy(2°,9Y)), F3(2°, @) = V*(Fy(2%, @),
F¥(®) = [V, VFV,.® — 4]A, VF® — [V, VF]D
We remark that using the smoothness of ®°, ®!, and the background metric ¢, we obtain that:
FF(@°, @) -log(7) + FF(®% ®') = Oy (1 + |log 7).

We define (56 to be the solution to (7.10) on [, 1] x S™ with initial data 5€|T:€ = VT<T>€\T:€ =0.

Contracting the commuted equation for <AIV>6 with VkVT&%, we obtain the standard energy estimate:

V59 8+ VY4B 51 [ IV [Vt
S ITT 75T+ [ 0w V498l Fi 0,2

[TV B B @0, @0 o [0 | FE @)

We notice that in the above estimate we dropped the bulk term with a favorable sign. Also, it
is essential that E)e vanishes to sufficiently high order at 7 = 0 in order to not have any initial
data contribution. Moreover, due to Lemma 7.1, we also have the terms [7 7' ||VV’“<I>E||%2 and
Ir T'||VkVT<T>EH%2 on the RHS, but these can be bounded using Grénwall.

Using the higher order version of the commutation formula (6.12), the smoothness of the

background metric ¢, and the Gronwall inequality, we obtain the estimate:
V¥V + [Vl ff2 S

107



T . T ~ T .
<k / [ +/ [V ||2,dr’ +/ IV @ ||,y - (1+ | log 7'|)dr.
€ € €
where the implicit constant depends on k > 0. On the other hand, using Lemma 7.1, Grénwall,

and the commutation formulas, we also have:
~ 12 T2 , T ~ 12 ,
[l i [ 1Bl + [ 19
We use our previous two estimates and Gronwall to obtain that for any 7 € [e, 1]:
~ ~ T ~
[958l e+ el S [ 198l (1 g
By taking the supremum on [e, 7] in the above inequality for each 7 € [e, 1], we obtain that:
V@[ i = Ok (T(1 + |log 7])).
We use this and a similar argument for H&%H b0 obtain the bound:
|1c ]l i = Ok(72(1 + [ log 71)%).

Using the Banach-Alaoglu theorem and compactness, we obtain that for K < k there exists P a

solution of (7.10) on M such that:
HVT:I;HHK = OK(T(l + |log7\)2), H:I;HHK = OK(T2(1 + ]logﬂ)z).

As a result, we obtain that ® = & + @9 log(7) + @ is a solution of (7.9) and satisfies the desired
expansions. Finally, we remark that uniqueness follows by using our standard energy estimate on

[0, 7] for the difference of two solutions with the same asymptotic expansion. O]

7.2 Lower Order Estimates

The goal of this section is to establish estimates that are lower order in terms of the number
of angular derivatives. We point out that the estimates of this section are not sharp, but it is
essential that we use only the quantities that appear on the right hand side of the estimates in
Theorem 7.1.

The lower order estimates are carried out in two parts. First, we prove estimates for an
integer number of angular derivatives m < M, and the bounds for the commutator term C. We

then also prove estimates for M — % derivatives of the singular component (@0)Y.
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7.2.1 Standard Estimates

We first prove the lower order estimates for the singular component using the strategy outlined

in Section 1.3.3. We further decompose for every m < M:
(V7 ®o)y = V" Py + V" Dy,
where using Proposition 7.1 we have that V"'®},,, V™®2,. are the solutions of (7.4) such that:

2 m
V" Bly () = 20" Olog(r) + O (7| loa(r)), V9" 0y (7) = 2O 1+ 0 (r/log(r)]?).

V"2 (1) = 2(log V)V™O + O(T2| log(T)\Q), V. V"®L, (1) = O(T| log(v-)]Q).
Using this decomposition, we prove the following lower order estimates on the singular component:

Proposition 7.2. Set n = 1/10. The singular component satisfies the following estimates for

any m < M:

HVT V" gy

2
N Vol
log T

2
2 1
| Ol fore (03]

2

L2
1
199" @by 32 + 70 < [0 mes for e |51
IV, 97y |+ 978y S O] ey for 7 € 0.1
In particular, the singular component satisfies the following estimate for any m < M:
9700 [ 5 (1+ 108 P[0 )

Proof. We start with the estimate for V™®2,.. Using the standard V, multiplier in (7.4), we get

for 7 € (0,1]:

:
V-V ady|lze + Vo edy |1, SHVV%?M\ELﬁ/O IV V7" @y || [V V" R | 2+

+ /0 V02, || L[V, VIV B2y | adr.

We notice that due to Lemma 7.1, we have the terms [ 7'||[VV"®Z,[|3. and [] 7/||VV"®3[|7.
on the RHS, but these can be bounded using Gronwall. By the commutation formula (6.12),

Lemma 6.7, and Gronwall, we get:

R R A R < Py R T
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On the other hand, we also have the estimate:
T T
M A e N e P A Y P O R P

-
<10/ e + /0 A TN
Combining the last two bounds, we obtain the desired estimate for (Vm(ﬁo)f,.

We notice that Vm<I>(1)Y satisfies the equation:

mq)l 1 9 m(pl m(bl m@l
VT<VTV0Y> L <1+ >VTV o AV Py oV Poy

log T T log T

log T log T log

We use V; as a multiplier to obtain the estimate for any 7 € (0,1/2]:

SR NS e Iy e
L2 =0 0 7',‘ log 7',’

log 7 log T log T
T m(I)l
dr’ + / Y% v, v,
L2 0

log T
VTVmCD(l)Y/logTHiZ - 111/10,1/2] appears on the right

2 2 2

VoL,

log 7

Vol
log T

dr'+

<[

2R

vvmq>5y
log T

L2 L2

+ [
0

We point out that the error term

vl
log T

\Y

T

L2 L2 L2

1
Tlog 7]
hand side because for 7 € [0,1/10] we have 1+2/log7 2 1, so the bulk term has a favorable sign.

The error terms are estimated as usual, and we use Gronwall to obtain:

2 2 2
v VAR N vvmq)[l)y < HOHZ N /r Vel n
log7 |2 log7 |27 Hme ol log || e
We also have the estimate:
vm(I)(l)Y 2 < HOH2 N /T qu)(l)y qu)(l)y N /‘r qu)(l)y 2
log7 |[;2 7 Hm™ 0 log7 |2 log7 |2 0 log7T || 2
2 "o Vb |
SN0l + [ V|
0 og7T |12

Combining the last two bounds, we obtain the desired estimate for (qu)o); on T € (0,1/2].
In the case of V™®ly. for 7 € [1/2,1], we use the same estimates as for V™®Z,., but with

data at 7 = 1/2. This allows us to obtain the desired estimates for V" ®}, on 7 € [1/2,1]. O

Remark 7.1. We notice that the only place in the above proof where we use an inequality that
is not sharp is when bounding the (log V) operator using Lemma 6.7. In order to prove top order

estimates, we will take a different approach to avoid this issue in Section 7.4.

Next, we prove the following lower order estimates for the regular components, establishing

(1.39):
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Proposition 7.3. Set n = 1/10. For any m < M, we have the following estimate:

I I
990 22 + [ 970+ 3 (V7702 + 3 [0 <
=1 i=1

I I e
S Ilmes + S0 190 s+ 10N s + 3= [ 1
i=1 =0

Proof. Using V. as a multiplier in the equations satisfied by the regular quantities, we get:

9,970, 3 + [V 9700, 3. <
2 L e Lo P T 2
Soallin + 30 [ IERG+ 30 [ 19+ [ 970,
1=0 =1

I I
Do [[Vevrenp + 3 [V el S
i=1 i=1

I I T ) T I T T
S s + 3 [ IER + [T o e+ 3 [T+ [V
i=1 i=0 70 0 i=170 0

In the second estimate, we dropped the bulk term with a favorable sign obtained from (5.13).

Using the above two bounds, together with Lemma 7.2 and Gronwall, we obtain:

I I
99" s [2 [ V9 B0 22 + D [V 2 S [0
i=1 1=1

1
< 0l + 1N s + 1O i+
i=1

I . I . -
e 2 2
SN M LA RS O A XA A L Y
i=0 70 =170 0
We can estimate the last two error terms on the RHS as before, which implies the conclusion. [J
In the above proof, we used the following bound on b,,:

Lemma 7.2. We have the estimate for any m < M:
16m S 6] s + (1Ol
Proof. We can write:

b = V™h —2(log V)V™O = V"h — 2[(log V), V"]O.
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Using (6.15) and (6.16) applied to the projection operator P2, we get for all k > 0:
|19, B0 0 275 (| Rikmg 1) - O] -

~

As a result, we have that:

[(og V), V™ O|| ;1 S C(IRibmgllerm) - || O]y > 2 Flog 2F.
E>0

< 1 by our bounds on the background spacetime

~

Moreover, we notice that ||Rimg|| gr-1 < Cy

in Theorem 7.1. t
We combine the above results to obtain the following lower order version of (7.2):

Corollary 7.1. Set n =1/10. We have the lower order estimate for V™ ®q, with m < M :

I I
IV @03 < (14 Nog ) 10] Zmssen + [0 5+ D 18| mss + Z/O [
i=1 i=0

We also need estimates for the commutator term C = (VM(PO) v -V (VM_IQO)Y. To compute
the equation satisfied by C, we first need to commute the equation of (VM _1<I)0)Y using the

commutation formula (6.12):
VA (V-V(VY®g), ) + %VTV(VM”(I)O)Y —4AV(VM19g) = 9V V (VM 1dg)  +

+O([(VM@0)y | + [V (V¥ @0), | + |1V, (VM 00), | + |19,V (V" 0), ).
where we used (5.15) and (5.16). As a result, we obtain that C satisfies the equation:

V. (V.C) + %vTc —4ac = yve +0(|rv.cl)+

+O(I(VY7190) |+ [V(VY 1 0) | + |7V (VY1 00), | + |7V (Vo) ).
Moreover, we notice that C is a regular quantity at T = 0, satisfying the expansion:
C =2[log V, VIVY 10 + O(%| log(7)|?), V-C = O(r] log(7)\2>.
Note that as in the proof of Lemma 7.2 we get:
1og v, VIVH 10| 1 S |0 o

We conclude the section by proving the estimate:
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Proposition 7.4. Set n = 1/10. The commutator term C = (VMCIDO)Y — V(VM_1<I>O)Y satisfies

the estimate:
V-1 + s 5 1O scea + [ 799" 0. (.12)
Additionally, for any k >0 and 7 € (0,275 we have:
€1 S 1O ucsn + 27 [ 1797 0oy [ (7.13)
Proof. Using the standard V, multiplier and the previous lower order estimates we get:

IV-C: + el <
S0l + [ IV o 3+ [ 9T+ [0 a0

SN0l + [ 1797 00

As before, we can also estimate H(Z’Hi2 in order to obtain the conclusion. O

7.2.2 Fractional Estimates

In this section, we prove estimates in HY? for V(VM=1d4)y and V. (VM~1dg)y. As explained
in Section 1.3.3, the error terms obtained in Section 7.3 in the proof of the top order estimates for
the singular component (VM <I>0)Y can be simplified significantly using the fractional estimates
proved in this section.

For the rest of the section we prove the following result:

Proposition 7.5. Set = 1/10. The singular component (VM=1®q)y satisfies the estimates:
— 2 2
IVVH = R0)y (3712 S (14 Nog 7) O] assa o

1
HVT(VM_l‘I)O)YH?{m S ﬁHOH?{MH/Hn'

In order to prove this result we treat separately the components V _1(1)(1)}/ and VM _1(1)(2))/-
The above fractional estimates will be a consequence of Propositions 7.6 and 7.7. We start
with the component A := VM_lq)gy, defined using Proposition 7.1 with asymptotic data

(0,2(log V)VM~10). Thus, A satisfies the equation:

Vo (Vo) + 1V A~ 4MA= YV A,
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and the following asymptotic expansions hold as 7 — 0 :
A(r) = 2(1og V)VM L0 + O (7% log(7)|?), V,A(T) = O(7|log(7)[?).
Proposition 7.6. Set n = 1/10. A satisfies the estimate:
HVTAHZW + HVAHEIN S HOHZM""1/2+7I‘
Proof. For any k > 0, we apply Py to the equation satisfied by A to get:
V. (PV,A) + %PkVTA — 4APLA = YV P A + [P, Y]VA + [Py, VIA+ [V, PV, A.
We contract this equation with P,V ;A and integrate by parts to obtain the energy estimate:

BTl + [VPAls S VP Aol + [ 7 I9PAl - VP VAt
[ IV PAl s IV VaPAl s+ [ ITPAl -7 t
+ [ NPT - [PTAla + [1P VA - [PV

o [ T8 Pl A
We use Gronwall:

BT AL + [V AA < VR Aol + [ VR bt

+ [ vanAL+ [ Penvall + [PV + [ v Al

We use the bounds in Lemma 6.3 and Lemma 6.4 to control the commutation terms:

| Al + [V PAls S IVPAb—olffa+ [ IBLVAL + [ 27 Al

= [Pl + 1B A+ [ 29l

As a result, we get that:

BT A+ BV AL S [P Al + 2 Al + [ B0+

[ al s 1Rl [ 1Bl [ 2V Al

We multiply by 2* and sum over all £ > 0. This amounts to taking half of a derivative.

> 2 (P A + [ PVAlL) £
k>0
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S lemallls+ [ 1AL+ [T 190 AL + 302 BT Aol

k>0

[ BT+ [ 2 RALL+ [ B Al

k>0 0 k>0 0 k>0

We recall that from the standard lower order estimates we have:
2 2 2
VAl + [ Al S O aren-
Since Y, P? = I, we obtain using our definition of fractional Sobolev spaces in Section 6:

IV Az + 19 Al /2 S 10N gaesn + 1V Alr=0ll771/2 +/0 V- All /2 + [V Al 7 27

SO snsaen + [ IV Al + [V A3

Finally, we obtain the desired conclusion by Gronwall. O

Next, we consider the component B := VM _lq)(l]y, defined using Proposition 7.1 with asymp-

totic data (QVM_lO, 0). Thus, B satisfies the equation:
1
VvV, (VTB) + ;VTB —4AB = ¢yVB,

and the following asymptotic expansions hold as 7 — 0 :

M—1
B(T) = 2VM_1010g(T) + 0(72\ 10g(7’)’2), V. B(T) = 2V 0 + O(T| log(7)|2).

T

Proposition 7.7. B satisfies the estimates:
HVBHZUZ S (1 + ]log7'|2) HOH;{MH/%
1
V512 < 25101

Proof. We denote D = B/log 7. Then D satisfies the equation:

1 2
V-(V:D) + = (1 + >VTD —4AD = VD,
T log T

D(1) = 2VM10 + O(7?|log(7)[?), V.D(7) = O(r|log()]?).

This has the same properties needed to do energy estimates as the equation satisfied by A. Thus,

an analogous proof gives for 7 € (0,1/2] and any k > 0:

|- Dl + VAP S [VEDI—olfa+ [ IBIDIS + [ 27D,
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T T ~ T T1
+ [P0l + [ NB DI+ [ 29Dl + [ R pv D

/| log 7/|

We point out that the error term m PkVTDHiQ ~111/10,1/2) appears on the RHS because for

7 € [0,1/10] we have 1+2/log T 2 1. This can be estimated as usual using Gronwall. We multiply

by 2% and sum over k :

S ([Pv.D|f7. + | PVD|3.) <
k>0

S Il + [ 120+ [ 1921 + 2RVl
k>0

T - T T .
D SEI AL IRRY A SEX SRR AD e A/ ¥

k>0 k>0 k>0
We recall that from the standard lower order estimates we have for 7 € (0,1/2]:
[V-2lz2 + [Pl S 10050

Since ), P,? = I, we obtain using our definition of fractional Sobolev spaces in Section 6:

i
[Vl + IVPl2 S [Olas + [ 9Ple=o 2 +/0 VD512 + 9P 2

SN0l pessi+ [ 19Dl + 9Dl
We obtain by Gronwall that for any = € (0,1/2]:
IV -2 s + 192 < 1O
This implies that for any 7 € (0,1/2]:

HVBHZUQ S UogT‘QHOHi]MH/Qa

1
V=Bl 2 < Nog 7 2|0l fgarsas2 + Bl < Nog 7|0l gars1/2 + 51O 7

7'2|10g7'|2’

In particular, this also implies that:

1V-Bll5g172L 12 + 1VB ]2 S 10N e

Using the equation for B on the time interval 7 € [1/2,1], we repeat the energy estimate that we

did for A :

> 2 (I1PeV B2 + | PeVB2) <
k>0
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T T
S8yt 18+ [ 1908l + 3 2 RevBl
2 2 k>0

k>0 2 k>0 2 k>0 2 k>0

T ~ T T —
s MR8y [ S HIBVEL + [ sl [ S|SB
We recall that from the standard lower order estimates we have for 7 € [1/2, 1]:
V=Bl + 1Blls < 10/
As a result, we have that for 7 € [1/2,1]:
2 2 2 T 2 ! 2
9813+ 1981372 S 1O+ [ IV Bl + [ 198 e
2 3

We combine the estimates for 7 € (0,1/2] and 7 € [1/2, 1] to obtain the conclusion. O

7.3 Top Order Estimates for the Singular Component

To prove top order estimates, we need a precise understanding of the behavior of the P, projections
of (VM <I)0) y- Asin the case of the linear wave equation on de Sitter background studied in [Cic23],
we need to treat differently the low frequency regime 7 € (0,27%1] and the high frequency regime

e 27k

7.3.1 Low Frequency Regime Estimates
For every k > 0 we have the following expansions:
P,(VM®g), (1) = 2P, VM Olog(2"7) + R, VM O + O(7%|log(7)[?), (7.14)
PV gry, (VM) (1) = 2kaM0% + O(|log(7)]?), (7.15)

where we defined R, VMO by (6.30). We point out that VMO, P.VMO, R.,VMO on the right
hand side of (7.14)-(7.15) are defined at 7 = 0 and extended by Lie transport. This can be done
since the difference between projecting with respect to goord. is O(7?) according to Lemma 6.9.

We prove the main low frequency regime estimates in Proposition 7.9. Our goal is to prove
energy estimates on 7 € (0,27%71] for the singular component P (VM@))Y/ log(2¥7), renormal-
ized to account for the contribution of R,V O. According to the expansions (7.14)-(7.15), the

asymptotic data will be given by 2P, VMO.
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It is convenient to consider the new time variable ¢ = 2¥7. When using V; below as a
multiplier, we can control the error terms resulting from time derivatives of the volume form and

apply Gronwall on the interval ¢ € (0, 2’“} since for any tensor F' we have:

— 7|5 :/ F-V.F+ 02 %|F|3.). (7.16)
St

We prove a preliminary low frequency regime estimate:

Proposition 7.8. For any k >0 and 7 < 2751 we have that (VM<I>0)Y satisfies the estimate:

VM 1 VYo R,VMO
( O)Y _ RkvMoaT ( O)Y _ kv
log 2k log 2k log 2k log 2k

2 2

N

ka‘,-

+v(r

L2 L2

(VM(I)U)Y ?

log 2k

M |2 M |2 T(T')Q
S IR0l + 2ol + |

T (2 2 T
o +
0o 2 2z Jo

Proof. We first rewrite the equation (7.4) using the time variable ¢ = 287 < 1/2. We have that:

1 4 1
VTV 0), ) + LV (V) o A(T), = SV (V)

V[Pk7v4]

L2

(VMCI)O)Y 2

log 2k

(VM(I)O)Y
log 2k

[Py, V4]V .
L2

Moreover, we compute that for any tensor F' we have:

F 1 2 F 1 1
Vi| Vi— -{1 \Y = Vi(ViF) + ——VF.
t< tlogt) * t< + logt> tlogt logt t( ! )+ tlogt K

As a result, we can rewrite (7.4) as:

M M M M
(VIO;I);))Y>+1<1+12t> t(v (I)O)Y 4 A(v (I)O)Y 1 (V (I)O)Y. (7.17)

t

Ve <vt logt 2% logt ﬁz/) logt

We apply Py to the equation (7.17):

(Vo)) 1 2 (V¥Mo)y 4, (VV20)y
logt >+t<1+ )kat logt 22k b logt

2 (Pk v, gl

(VM(I)O)Y (VM(I)O)Y 1 w(qu)O)Y
W + [vtapk]vtw + W[kav]T

1 (VM) \ 1 (VM)
_QTkPk (W/J : logt> + ﬁ[vpkﬂﬁ]v-

We introduce the notation:

1
= ﬁﬂ)vpk

vMp
X = kat(io)y — R.VMO0,
logt

)

VMo M
1 ’Y:Pk( o)y RVMO
logt logt logt

p— AARVM O + VR, VMO V(R VMO)
B logt t|log t|?
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Our definitions imply the following relation between X and Y :
(VM®g), Vi RVMO

X=VY+ I[P,V 7.18
Using the notation introduced, we rewrite the above equation as:
VX—i—l 1+ 2 X 4AY E (7.19)
- — - =% = FErr .
¢ t logt 22k ’
where we denote the error terms:
1 (VM(I)O)Y 1 ¢(VM¢O)Y
Err =—yYVY P -+ — P, V|———— 2
rr 92k YVY + [vt7 k]vt log ¢ + 22k[ v] log t (7 O)
(VM(I)()) 1 (VM‘I’O)
Z— PV ~—Y) 4 [VP, ] 7.21
+ 2= gen (Vo S )+ VRl S (7.21)

To obtain an energy estimate, we contract (7.19) with X and use (7.16), (7.18) to get:

ld, 2 1 2 2 A (VM®o), ViR, VMO
0 (1 o I — g [ 8 (9o tmwa B SRR ) <

X - Err + 027 %) X|2.).
St

We use the divergence theorem for the AY term, then use (7.16) to integrate in time, also using

(7.14)-(7.15) to compute the boundary terms at t = 0:

b2 2 4
XU+ [ 2 (1+ g 1K1 + gzl 9Y I

1 2 t (VM(I)O)
gﬂ\}vpkvMOHLﬁ/o 2 [ VY| V[Pk,vt]Tt,Y ,
t b1 VV:R,VMO
+ [ Tl 90 + [ gl o¥ls |

t t t
s Il B+ [ 221Xz + [ 2k oy
0 0 0

We notice that 1+2/logt > 1 for t € [0,1/10], but this quantity changes sign for ¢ € [1/10,1/2].
Thus, we can drop the second term on the LHS, at the cost of introducing the error term
fg | X||3.dt" on the RHS. Using Gronwall, the definition of the error term in (7.20)-(7.21), and

the fact that V; =t - 272#¥1V,, we obtain the energy estimate:

9 1 9 1 9 t (t/)2 (VM(I)O) 2
1022 + 52 IV 122 S 5 [VRVY O +/0 o ||V [P Val == L
t (41\2 t M 2 t (41\2 M 2
t) 9 1 || VV,R, VMO (t) (VM)
+/0 96k H[v’v‘l]YHLQ—i_/O ﬁ tloT L2+/0 94k [v47P]€]vtTt,Y L2
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w(vM(I)O)Y ?

t t
2 1
A — || P,V
L+ [ g me =
t (VM) \ 2 1 (VM®y), ||
—lp Y Ty —ivp. Vx|
+/0 ST k<vw og 1 ) L2+/O o7 || [V P ¥ gt | .

Using the bounds (6.15) and (6.19) in Lemma 6.3 for the last three terms, we obtain:

, 1 , 1 2 b (t)2 (VM) |12
X152 + sl 9Y 132 < llvAv ol + [ G| v va =
t N2 t M 2 t N2 M 2
(") 2 1 (V (I)O)Y (t') (V q)O)Y
+/0 96k |HV7V4]YHL2 +/0 93k log L2 +/0 94k V4, P] Ve log t/ Lo
t o t 1| VV R, VMO |2
N A A e IR

Finally, using the estimates (6.31)-(6.34) in Lemma 6.8 for the last two terms, we get for P} = Py:

(VM(I)O)Y
logt

1 2

1 1 1 t
X1+ g9V s < gl VAT Ol + 2V Ol + [ i

2
+/t (t/)2 +/t (tl)Q
0 26k 12 0 924k

Changing coordinates back to 7 we obtain the desired estimate. O

L2

(VM(I)O)Y ?

logt

(VM(I)O)Y
logt

V[P, V4]

[V4, Pk]vt

L2

The right hand side of the estimate in Proposition 7.8 cannot be bounded using the top
order terms on the left hand side. However, as explained in Section 1.3.3 of the introduction, we
can bound these terms using the lower order estimates (including the fractional estimates) and
the commutator estimate in Section 7.2. We obtain our main low frequency regime estimates in

Proposition 7.9.

Proposition 7.9. For any k >0 and 7 < 2751 we have that (VM<I>0)Y satisfies the estimate:

2 2

(VM(I)O)Y M 1 (VM(I)U)Y RyVMO
e = 00 (g )+ [0 (o - e |5 o
SIVRTHOL, + B0l + 22Ol + 27 [ 79, (7400), .

Moreover, we also have the estimate:
(VMag),  R,VMO|? 2 2
22%| P, on T o7 |, SIVAYMO| L+ |2 VYO + (7.23)

+ 2O a2 [ [T (THB0) [

120



Proof. We start with the proof of the estimate (7.22). We recall the notation C = (VM<I>0)Y —

V(VM_1<I>0)Y in Section 7.2. We can rewrite the estimate in Proposition 7.8 as:

2 2

(VM) 1 (VMdg),,  R,VMO
PV, ~——2Y _pvMoy, [ ——— V(P y
‘ F log 2k g <log 2’“7’) 12 * H < " log 2F7 log 2k /|2~
2
M |2 M |2 7(7_/)2 C
SIVRTOl + 20l + [ G ViR Vi
T (7_/)2 C 2 /T C 2
P, V4|V —r— _—
+/0 2k [Pe: V) log 2F77 || ;2 + o ||log2k7|| ;-
e R IR A = IR
P _ L P
+/0 2k [P, Val log 2k7 o + 0 2k [Pk, V]V log 2k 7/ L2+
T N2 v7v7_ val(I) 2 TV VMfl(b 2
+/ (Tk) [Pk>V4][ I — oy +/ VT %)y - ,°)Y .
0o 2 log 2% 1 12 0 log 2% 7 12

We use the estimates (6.17)-(6.18) in Lemma 6.3 for the terms with C and Lemma 6.5 for the

terms with (VM_lq)o)Y:

(VM) 1 2 (VMg),  R,VMO\ |
PV, ~——Y — R, VM 00 V(P Y _
‘ FYT og 2k 7 F T<log2k7'> L2+ H ( " og 2F 1 log 2k ) |2~
T V (VM 1dg), |12
< ||VPVMO|, + |2 VMO / "2 y
S P e N e
Y VT(VMil(I)O)Y ? T (vMil(I)O)Y ?
+ [ - N
0 10g2 T /2 0 ]Og2 T 1l
T (12 C 2 T (12 Vv.C 2 T C 2
Y I T
0 2 10g2 T .2 0 2 10g2 T .2 0 10g2 T .2
We then use the lower order estimates in Proposition 7.2 to get:
(VM) 1 2 (VMag),  R,VMON |2
PV, ~——Y — R, VMO0 V(P Y <
‘ FYT og 2F 7 k T<10g2k7'> L2+ H < " og 2F 1 log 287 ) ||;2 ™

S VEIYO 12 + |2V Ol + 27210 gpar o+

T (,7_/)2 2 T (7_/)2 2 T
+/ 5 ||V + +
0 L2 0 L2 0

Finally, we use the commutator estimates (7.12)-(7.13) to conclude the proof of (7.22).

C 2

log 2k 7/

V.C
log 2k

_C
log 2k

L2

Next, we prove the estimate (7.23). Using (7.16) and (7.14), we have that:

p (VM) RVVO (VM®),  R,VMO
¥ og 2k 7 log 2k1 log 27/ log 2k

2

2 T
5\\P,NMOHEQ+2’“/ HVT<Pk
L2 0

L2
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(VM) R,VMO|?

log 2k7/ log 2k7/

-
—}—Qk/ Pk
0

We get by the already established estimate (7.22) and Gronwall:

VY®),  RVMO
log 2k 7 log 2k 7

L2

2
22k

Pk(

2
< 2BV O | + VBV YOl + | BV O + 2720 e

T T 2 T
w22 [ ov (v, |+ 2 [ w2t
0 0 L2 0

We conclude the proof of (7.23) using the lower order estimate (7.11) and the commutator estimate

(7.13). O

C 2

log 2k 7

(VM_I(I)O)Y
log 2k T

Hl.

We conclude this subsection by using the above results in order to obtain bounds at 7 =
27F=1 These will serve as estimates on the initial data in the high frequency regime 7 € [Q_k_l, 1]

in Section 7.3.2.

Corollary 7.2. For any k > 0 and 7 = 2751 we have the estimate:

(157 (7100) 2+ 2 (7 0), [+ IV RTM00), )|
9—k—1
< [VRIYOl 2 + [PV YOl + 2720 frara + 2_%/0 |7V (VM @o)
Proof. The low frequency estimates in Proposition 7.9 imply for 7 = 27%~1:
(157900, [+ 2 M) [ TR a0) )]
S [VAVYO L + | Ba MOl + 27| O et
2—k—1
+2% | Ry VMO|2, + | VR.VM O, + 2—%/0 |7V (VM D) ||
We conclude using estimates (6.32)-(6.33) in Lemma 6.8. O

7.3.2 High Frequency Regime Estimates

In this section, we prove a high frequency regime estimate for the singular component (VM éo)y.
As in the case of [Cic23], according to the Bessel function type asymptotics, we prove an energy
estimate for vV2k7 . P, (VM Qo)y, which implies the 1/2 gain of regularity at 7 = 1 compared to
—k—1.

T=2
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Proposition 7.10. For any k >0, 7 € [Q_k_l, 1} we have the estimate for the singular compo-

nent:

1
| PV (VM 20).y |72 + P (V Y @0) y[[72 + 7|V PV @0) y |f72 S

1
S g (BT (74 0) 32 + 24 PV 00), |3+ [ VP (T0)

T=2—k-1

S A =X CAR O R N COR A A M

—k—1

T Nl o 9 T e o 9 T (TI)B M 9
+ i (') HBkVT(V (I)O)YHL2+ 2_k_lﬁH(v (I)O)YHH1+ 92k HVT(V (I)O)YHL2'

—k—1 92—k
Proof. We denote & = (VM CIJO)Y and we introduce the new time variable t = 2¢7. We rewrite

(7.4):

1 4 1
Vi(Vi€) + gvtf - ﬁAf = ﬁwvf-

We multiply by v/ to get:

1

2V Q%Agﬁ = %wv&/ﬁ (7.24)

Vi (Vt (f\/i)) +

For any k > 0, we apply Py to (7.24) to obtain the equation:

4 Py (¢ VEVE)

ipk‘f\/i - 22k: APkf\/i = T + [Vt, Pk]Vtéﬁ (7.25)

Vi(PVi(EVE)) + v

We contract the equation (7.25) with P,V;(£v/t) and integrate by parts to obtain the energy

estimate:
1

1 1 t
Bevie vl + PVl + el TRVl + [ Pl <

' 1
t=1/2 i /1/2 /S" W‘Pké\/ﬂ |[Px, VeJeVY|

1
< (1Al + 1Pl + gzl 92l
¢ 1 t 1
+/ / W\vpkgx/ﬂ-W[Pk,vt]gWH/ / ﬁ\vpkgx/ﬂ'\[v,vtmg\/ﬂ
1/2 Jsn 1/2 Jsn
t t
+/ / ;|kat§\/t7]~yvpk§ﬁ}+/ / %\kat@/ﬂ-\[Pk,V]fx/ﬂ
1/2 Jsn 2 1/2 Jsn 2

t 1 t
+/1/2 /Sn ﬁ‘Pkth\/ﬂ . ‘[Pka@b]Vﬁ\/ﬂ + /1/2 /S" |katg\/ﬂ ) Hvt’pk]vtg\/ﬂ.

We point out that the good bulk term simplifies our analysis significantly, unlike the case of the

second model system studied in Section 8. We use the bounds (6.22), (6.24) in Lemma 6.4 and
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Gronwall for ¢ € [1/2,2F] to get:

1 1
|PeveevElze + 5 [PVl + gl VREVE: S

< (NPl + 1Pl + sl 9 e

t=1/2

v / o 1BV o (IBEV o+ 276V 2) +
|
I LA Y 2 R
1/2 2
o [ Sl TR (BT + 2 eV )+
| |
v [ gl el 6+ [ sl Bl |9V

+ [ ATV (BT v+ 2 i),
We use Gronwall again for t € [1 /2, 2"7} to get the estimate:

1 t
t|PeVeell7a + SRl + gl VR <

1
< (1wl + IRl + elvnells )|+ [ el Bl
-2

to(2 o to(2 o
o] Sl | /Qgglupkvmuiﬁ

o gelelin+ [ SEIme

We change variables to 7 and we obtain the conclusion.

7.3.3 Main Result for the Singular Component

In this section we combine the low frequency regime and the high frequency regime estimates for

the singular component (VM <I>0)Y in order to prove Theorem 7.2. As remarked in Section 1.3.3

of the introduction, due to presence of different projection operators in the estimates established

above, we must sum the estimates obtained for each LP projection before being able to bound

the error terms.

124



Proof of Theorem 7.2. Step 1. The tmproved high frequency regime estimate. The result in

Proposition 7.10 implies that for 7 € [Z_k_l, 1]:

2k
25| PeV - (VM @0) [ + || Pe (VM @0) y |12 + 27| VPL (VDo) |1 S

S (1P (97 00) I, + 24 P9 00), [+ VAT 00), )

T=2—k-1

w2t [ I ) 2 [ CPIBT (7 00),

—k—1

Lok /2 ()| B (VM @) |12,

—k—1

T ()
+/2“2,€H(VM<I>0)YH21+/2“ o IV (VM @), ||,

Using the low frequency regime estimates (7.22)-(7.23) in Proposition 7.9 to bound the boundary

term at 7 = 27571, we get the improved high frequency regime estimate for 7 € [2*’“*1, 1]:

2k’
25| Pev - (VM @0) y 172 + || P (VM @0) y |1 + 27| VPL (W @0) y [

9—k—1

S IVATYO|: + B Ol + 2720l +27% [ [[9-(0), [+

T

02 [ IR ) 2 [ B (9 R0,

—k—1 —k—1

. /2 (73| BV, (VM By)., |2,

—k—1

T T
A (LT N AR A LG ON 8

Step 2. Bounding the non-negative frequencies. We define the following energy for all £ > 0:
2B (r) = 27| PV (Vo) [ + 27| P (Vo) |+
27|V P (VM @0) |72 + 7|V P (T @0) |

For any 7 € (0, 1] we can write:

S ENr) = Y 2PER(m)+ Y. 2"ER(n). (7.26)

k>0 r<2-k-1 T>2-k-1
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We use our previous estimates to bound (7.26). The improved high frequency regime estimate

implies the bound:

S B O+ [ ERITATI )y e+ [ PTGt

T>2-k-1 0

s [T ) [t [ 0)

The low frequency regime estimates (7.22)-(7.23) in Proposition 7.9 imply:

> 2EVR(VYB)y S D0 TIVE(T ), [ S

T<2-k-1 T<2-k-1
VM), R, VMO
< VRVM(’)2+ V<P( y 1k >
~T<;1TH k HL2 T<;1 k log 2k 7 log 2kt 12
T
SN0l + [ 1792 (77 00)
Similarly, we also have the bound:
> 2RV (VYo e <
T<2-k-1
VMo, |17 Py (VM) |1
< 2k21 2k 2’Pv( 0)y 2k Y
NT§;_1 T ‘ og( T)‘ EVrT log 2k 2 T§;_1 log 2k 12
2 (VM‘I’O) 1 2
S ) 2% log(2F7)] .‘kaTbg%Y—RkvMoaT<bg%> p
T<2-k-1
P (VM) |12
LD IR LAl PR WA E s
r<2-k-1 T<2—k-1 L
T
SN0l + [ 179 (7 00)
Next, we have the bound:
> 2|Bu(VV B, [ <
T<2-k-1
(VM®g),  R,VMO|? 2
S Z 2t Py longTY B log 2k 7 L2+ Z 2kHRkv]\/[OHL?

T7<2-k=-1

T7<2—k-1

SN0l + [ 179 (7 00)
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As a result, we obtain the following bound for the sum in (7.26):

SR B2 S| e + /0 2|V (VM) |2 et (7.27)
k>0

b [P @), e+ [T ) [0
Step 3. Bounding the negative frequencies. In order to prove (7.7), we also need to deal
with the negative frequencies. According to [KR06, Theorem 5.5], for any k& < 0 we also have
|PeVF| 2 < 2F||F| 2. Thus, we have:
> 2BV (VM ®o), |1 4 7| PV (VY @0) [ £ D 25 (VV o)y
k<0 k<0

< 7llellze + IV (v o)y e

> 27| Pe(V M 20), |12 S 7l[C]f7e + [V (T o)
k<0

2
yllze:

> 2PV (Vo) 72 <
k<0

STVl + Y2V AV R0) 1 + D 2% VA (Vo) 2
k<0 k<0

We proved that for the negative frequencies we have:

> 252 | PV (VY @)
k<0

ylze + 71 PV (94 20),, 7ot

4247 P (V0), [ + 2472 P9 (V1 0),
S P9I el + (T )+ 7V (7 0),
SOl + [ 17974 0), |

Step 4. The proof of (7.7) and (7.8). We obtain that:

9 (VM @0)y [ + 7l (VY @0)y [z + T2V (V7 20)y [0/ + 7V (Y 20), 172 <

S 7700}y 72+ 3 2B+ [l + [ 1795 (7o),
k>0

S 100+ [ CPIT (T B0)y [+ T (T 00), [

7|V (V7 20),y |7 + 1V @0) y [l
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By Gronwall, we obtain (7.7). Next, we notice that for any k& > 0 using the high frequency

estimate we get:

> IRV R0)y e SIClGe + V(T R0)y e+ Do 2 VAV R0)y |12 <

T>27k—1 T>27k—1

< @+ o) Ol + [ PRIV 80) e+ [ @RI 700y [t

+ IR )+ [T B0 e S (104 1057 O]

As before, we also have for any k > 0:

> VRV ®), |1 <

T7<2-k-1

2
<Y VRO Y lloarf

T<2-k-1 T<2-k-1

VI B (VM(I)O)Y _ R, VMO
" og 2k 1 log 2kT

L2
< (1+[logT[?) HOHEMH.

We get the same bound for 7 _o-r1 HPkV(VMq)o)YHiQ by commutation. For the negative

frequencies we have:

SOV (VM @0) |2 < [[(T ), |12 <
k<0

S llellze + [V (v~ o)y |72 < (1+ [10g7)[Ol[fyaren-

This completes the proof of (7.8). O

7.4 Top order Estimates for the Regular Components

We prove top order estimates for the regular quantities (VM <I>0) 70 VM, ...VMP; as outlined
in Section 1.3.3. Similarly to the case of the singular component (VM éo)y, the analysis requires
a precise understanding of the behavior of the P, projections of each component. We treat
separately the low frequency regime 7 € (0,27%71] in Section 7.4.1 and the high frequency regime
7 € [27%71,1] in Section 7.4.2. Finally, we combine the estimates in Section 7.4.3 to complete the

proof of Theorem 7.1.
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7.4.1 Low Frequency Regime Estimates

We prove a low frequency regime estimate for the regular components for each k& > 0
Pk(VMq)o)J,PkVMQJl,..., P.VM®;. The main idea is to propagate for 7 € (0,2_k_1] the
L? bounds satisfied by the asymptotic data at Z~, using V, as a multiplier.

Proposition 7.11. For any k > 0 and 7 < 27571, we have the estimate:

| Pev (V4 @0) j|[72 + [V P( o) 72 + 22| P (T o) |7+

I
3 <Hp,chqu>iH; VRV a2, + 22’“HPkVM<I>z-Hiz) <
=1

1 1
< VP2 + 2% Pibaal |72 + D7 VRT3 22| Bev @l +
i=1 i=1

/2
3 [ (el i+ e v e Jar [ G (0 s

T 1 T 1 ; T 1
o [ el0a0 3 [ R+ [ IR e (9 e, )
=0

Proof. We denote &y = (qu)O)J and for 1 < i < I we denote & = VM ®;. We introduce the new

time variable ¢ = 2¥7. Equations (5.13) and (7.5) with m = M can be written as follows for all

0<e < I
1 4 L1 1 o
Vi(Vi&i) + ;thz' ~ g2k Ag; = Z 52k VE + w55 Fir + 2%k PV (VY 0),.
7=0
For any k£ > 0, we apply Pi to each equation:
S| L1
Vi(PeVi&) + Pkm oor AP =) oo VPG + Y ot P Vg
j=0 j=0

I
1 1 1
+ D 5 P ¥IVE + 5o - Py + [Ve, PIViG + 57 - Po(6V (V @0),,).
7=0

We contract each equation with P, V; and integrate by parts to obtain the energy estimate:

I I
1
E Hkatfz'HiQ + § :22k vakgiui? S
i=0

I

S 3l oAl + 3 [ lvncl, ¥R Vil

=0
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I t 1 I t 1
+Z/0 2 VPRl 2 - [[IV, Vil Pt 2 +Z/O 3 VPRl 2 - | PVl o+
i=0 1=0
I tq I tq
i=0 /0 i=0 /0
I t
s / PVl 2 - [V, PV o+
=0

I |
3 [ gl (IPF s+ Rw (700, ) . ot
i=0
We note that we dropped the bulk term with a favorable sign in the above estimate. We use

Gronwall for ¢ € [0,1/2] :

T I I ) —
1 1 1
S IAvel+ Y el VRel < 3 el VAl + 3 [ lvin viel
=0 1=0 1=0 =0

I t I t I t
1 1 1
+Z/o ZTkH[Vavt]Pk‘SiHi2 +Z/O TTkH[PmV]&H; +Z/o WH[PkﬂMv&Hi2+
=0 i—0 i—0

It It tq
3 [Iveravieli+ X [ sl Al + [ grlp@v e, )|
=0 1=0

We use Lemma 6.3 in order to bound the commutation terms. Thus, we get:

I I I I
1 1 t 1
DBVl + > sl VP&l S gl VR e + /0 swlléilin+
i=0 =0 1=0

1=0

I t(t/)Z ) I t 1 2 tq o )
+Z/O i || Ve[ +Z/O i [ PeFie |2 +/0 57 [PV (V@) ) |2
i=0 i=0

We change variables to 7 and get for all 7 € [0,27F71] :

1 1 1
1
S NPTl + 9Pl < IR+ Y [ gl
=0

1=0 1=0

I T AV ! T T
T 1 i 1
+ Z/O (213 HVT&'H; +Z/o QTHP’CFMH; +/0 ﬁ“Pk(wv(vM%)Y)HiQ'
i=0 =0

Next, using Lemma 7.1 and (6.22), we also have the bound for all 7 € [0,27%~1] :

I I I - I -
STl < SR +Z2"“/ IV, Pt 7. +22k/ | Pt 2
i=0 i=0 i=0 0 i—0 0

I , I - )
ML Sy ML AP
i=0 i=0
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I r I -
+302% [elfa+ 2 [ IRl
=0 1=0

Using Gronwall and the previous estimate, we conclude that:

I I I I .
1
S|Pl s 3 PRl + S IVREla+ S [ gl
1=0 1=0 =0 =0

L) 2 Lo i 12 1 M 2
3 [ GEIal 3 [ InEl + [ IR w (e e, )
=0 1=0

7.4.2 High Frequency Regime Estimates

We prove a high frequency regime estimate for P (VMCIJO)J,PkVM@l, ., PVM®;, for each
k > 0. The idea of the proof is to use 287V, as a multiplier for 7 € [2*’“*1, 1]. As in the previous
section, our estimates are simplified by the presence of bulk terms with favorable signs. We point
out that the argument is entirely analogous to the proof of the high frequency regime estimate

for the singular component Py (VMCDO)Y in Section 7.3.2.

Proposition 7.12. For any k >0, 7 € [2_k_1, 1] we have the estimate for the regular compo-

nents:

1
|| P (VM ®o) 72 + [ Pe (VY o) |72 + 7|V P(V M R0) |7+

I I I
1
S LA At 1 PR I Nl PR W N2 A ] RS
i=1 i=1 i=1

_l’_

1
< g (IR (V00) [+ 2 P9V 00) [+ VAT 00) )|
T=2"F=

T I T
- ) ~ )
+/2k17JHPk(vM(I)O)JHL2 +;/HIT'HP,€VM@HL2

T=2—k-1

1
1
+ 3 g (1T 74+ 2 PV, + [ VRV,
i=1

T — T ~ T /
[ BT )t [ EPIBT0) + [ l(TM),

k—1

I - N N
+Z/2k1 ((T/)?)HPkVMH(I,iHiQ + (T/)SHPkVTVMq)iHQL2>dT/
i=1
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I r , N3
T (")
=1

T (7_/)3 T I r .
= 3 AN N Ry R AL ORI D 3y AR LT

Proof. We denote & = (VMQO)J and for 1 < i < I we denote & = VM®,;. We introduce the new
time variable ¢t = 287, As before, equations (5.13) and (7.5) with m = M can be written for all

0<: <
1

1 4 1 1 1
Vi (thi) + thfi T 9% A& = Z 92k “PVE; + FM + 22k 1/}V(VM(I)0)
7=0

We multiply by v/% to get for all 0 <4 < I:

Ve(VulEvD) + grpivi— oap A&V = Z S UVEVE+ s BV o 0V (V) VE

For any k£ > 0, we apply Pk to obtain the equations for all 0 < < I:

I I
Vi (BVUEND) + 13 PtV — sy APENE = 3 b VREVE+ Y s ol Vg Vi
7=0 J=0
+> 2; [Pe, W] VEVE + H M\/EJFU;Z(V o)y V1) + Vi, BIVi&ivt
7=0

We contract each equation with P,V,(&;1/t) and integrate by parts to obtain the following energy

estimate:
Vill? 1 Vill? 1 Vill? | 2
BVl + Bl + el VRVl + [ Gl Bl <
1
< (Il + Inslis + glvacii)| -+
t=1/2

o ; N I e
t 1 / / I 1 , /
# o fon VRV 9 VARGV + Z// [ P&Vl (VR VT
I ) .o 1
+jzo/m [ gl i v el + jzo/l/z [ gl AV [PV Vel

t
—I—/l/z /Sn ‘PkVt&\/ﬂ . \[Vt,Pk]Vt&.\/yH
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+ /1; /S T;\katfi\/ﬂ | Pe(Fi VY + 0V (VM) V).
We point out that the bulk term with a favorable sign provides a significant simplification for our
analysis. On the other hand, in the analysis of the second model system the corresponding term
will create several complications. We use Gronwall for ¢ € [1 /2, 2’“], and the bounds in Lemma

6.4 to get for all 0 <1 < I:

1 1
|1PeVeves + 5 I Preavillys + e IV PEVE7s S

1
< (ATl + 1R + gl v Rl

t ~
+ [ gl PPl (1Bl e 274+
Lo
+jz_; |l P&l [Vt
bt / D / —k /
+ [ gl VPPl (BT + 27 )+
I t 1
+2 [ lTe a JVTlt

+ [ BT (BT e+ 2 T2+

b ; |
+ [l ATl PVt [ S|P Pl 0 (9 00), )V
Once again we use Gronwall for ¢ € [1/2, 2’“] to get for all 0 < < I:

1 1
Hkatgi\/iHiz + t*QHPkéi\/%Hiz + ﬁHVPk&\/ina S

_l’_

1
< (1Al + Imsls + glvAsi.)

t 1 S . 112 t (t/)2 . ‘ 112 t (t/)2 . A 112
e O AR e S TR R I S A P
+Z [, allvnen HL2+Z [ el P+ [ S I

Lo , b
+ [ sl AR+ [ PV (9 E0), )V
1/2 2 1/2 2
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Finally, we sum the above estimates for all 0 < ¢ < I to obtain:
I

I I
1 13
> tIPeViillza + 3 1Bl + 3 gl VRl <
=0 i=0 i=0

I I
1 1~
S <HPNt&Hi2 + [Pl 2 + 2%\\VPk&I!iz> +> / aw | Ve |10+
i—0 t=1/2 i=0 1/2

I t (t/)2 " \/» ) I t (t/)Q . \/» ) I toq \/» )
S 7 . / N7 . / . . /
DI REN RSV RS DY IS S LALYG RS oY L L

It ()2 Sl L - toy u )
N/ S v i v
+;/1/2 Vi HL2+§/1/2 i | PLEL +/1/2 P v (9 a0), ) 2

We change variables to 7 in order to obtain the conclusion. O

7.4.3 The Proof of Theorem 7.1

In this section, we combine the low frequency regime and the high frequency regime estimates
for the regular components to establish top order estimates. Together with (7.7), (7.8), and the
lower order estimates, these complete the proof of Theorem 7.1.

We recall the definitions of &7, Dy, and Fr in the statement of Theorem 7.1:

_l’_

5[(7’) :T2HVTVM‘I>0H21/2(ST) + 7_2HVM(I)OHiB/?(ST)

I
E 3 (I 2+ T sy 1 s ).
=1

I
Dy = HOHIQ’{M‘H(S") + HbHiIM'H(S”) +> H‘I’?||§1M+l(5n)’
=1

M T . I .
;12 P2
Fite) = 33 [ 1ot + 3 [ i e, i

m=0i=0 V0 i=0 70
Proof of Theorem 7.1. Using (7.7), (7.8), and the lower order estimates in Propositions 7.2 and

7.3, we notice that in order to establish Theorem 7.1 it suffices to prove the estimate for all

7€ (0,1]:

1
(V2 (9 0) [ Gyusz + 7V (VY @0) /2 + DIV @it
i=1

I I
+ 2 IV s + (Vo) [ + D 9 @il

=1 =1
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I I
SO0+ 100+ S 1080 + 3 [ IR+ 7Nl
i=1 i=0
For the rest of the proof we show this estimate. The first step is to combine the high frequency
regime estimate in Proposition 7.12 with the low frequency regime estimate in Proposition 7.11.
We denote & = (VM(IDO)J and & = VM®; for 1 < i < I. Using the high frequency regime
estimate in Proposition 7.12, we get that for £ > 0 and 7 € [2*’“*1 1]:

22’“7\\&%&\&2 + Z e + Z2kf\\VPk€zHL2 S

=0

I -
w3 [0 2Bl
=27k /2

1
3> (HPNT&HE + 2| P + vak»sz-uiz)
=0

+Z/ B |kagz>>Lz+Z/ || Bv Tauwz/ el

I T "3 I T T
(T ) 2 i 112 2
3 [ Il 2 L 2 [ 2 v (o), )
We use the low frequency regime estimate in Proposition 7.11 and the bound (7.8) for the singular

component. Thus, we get for £ > 0 and 7 € [Q_k_l, 1] the following high frequency regime

estimate:

22’“7\\PNT&HL2 + Z Pl + 22’“T\WPkszLz S

=0

1
< IIVEE +Z22k\\P &llz2 + 27Ol fyaren +Z/ 23k\\€i}lfql+
1=0 1=0

2k1

+Z/ % Hmuwz/ anPkFMHLﬁZ/ el

Y T
+ 3 [ (IS + 2P IR + 2P| BT )
1=0

I T N3 I T T
T 2 112 2
S Rl e [ AR [ 2R ),
i—0 2—k—1 i—0 2—k—1 2—k—1
The second step is to prove a bound for the sum of the non-negative frequencies. We define
the following energy for all k£ > 0:

2" Bi(7) ZQkTHPNT&HLz + Z2k}|Pk€z\\Lz + 22’“T!\VPk&HL2 + Z IV P&l

1=0 =0 1=0 1=0
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Using the singular component high frequency regime estimate, we get that for all £ > 0:

> [ IR ) s [ VAT 0), e S O

T>2-k=1 T/>2 k=1

As a result, the above high frequency regime estimate implies the bound:

I I . I .
> 2B SO+ LN+ X [ Ml + 3 [ P IVl
1=0 =0 =0

T>2k—1
Lo 2 " 2 ! i 112
o3 [ e+ [Pl + X [ @ 2 P
i—0 /0 0 i=0 k>0 70

The low frequency estimates in Proposition 7.3 and (7.8) imply the bound:

I
S 2B <O + D N0+

TSZ_k_l =0
I . , I . ) I T .
3 [l + 3 [ @RIl + XX [ g lnFils
i=0 "0 i=0 70 i=0 k>0 0
As a result, we completed the second step of the proof and showed that:
I I . I .
S 2B S 100 + €0l + 3 [N+ [ @RIl t
k>0 i=0 i=0 70 i=0 70

1 r I - ' ‘
£ [ @IVl + 3 [N + il
=0 i=0

The final step of the proof is dealing with the negative frequencies k£ < 0. We remark that
we can repeat the proof of Proposition 7.3 for m = M and use (7.8) in order to deal with the

singular component. Thus, to get:

I I I I
SVl + el S 10N + 216015 + 3 [ i
=0 =0 =0 1=0

We notice that by [KR06], we have that ||PyVF| 2 < 2F||F|/;2 for any k < 0. We obtain the

following bound for the negative frequencies:

1 1
> (2 Peve&ile + 28 P72 + 2 [ VR + VP& ) S D 6l + 19067
1=0 k<0 1=0

I I
SOl + 6005+ 3 [ 1Fislaar
=0 =0
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To conclude the proof of Theorem 7.1, we combine the estimates proved for non-negative

frequencies and negative frequencies. We then apply Gronwall to obtain:
I

1 1
DTVl + D il + D 7lIVE e <

=0 1=0 =0

SOl + 6805+ 32 [ 1l + il
=0 =0

8 Estimates for the Second Model System

An essential part of our argument is to prove estimates on the second model system (5.14), in
terms of the initial data at {7 = 1}. This system includes the commuted Bianchi system, where
dy and P; correspond to the commuted curvature components V47 « and V4 7 \IJG

In the present section, we prove in Theorem 8.1 the main estimates for the system (5.14).

This section is based on [Cic24, Section 9] and [Cic26, Section 4]. We encourage the reader to

return to Section 1.3.3 of the introduction for an outline of the proof.

Theorem 8.1. Let M > N be large enough. We assume that ®q, ..., P satisfy the second model
system (5.14) on the hypersurface {u = —1} x {7 € (0,1)} x S™ of the spacetime (M, g) obtained
in Theorem 3.1.

For all 7 € (0,1], we denote by Er1(7) the energy of the solution at time T:

Err(7) _TH(I)OHHMH/?(S ) +T2H(I)0HHM+3/2( + TzHV VM(I)OHHU?(S )T (8.1)
= 2 ! 2 2
3 I+ [l + 3 [ s ¢
m=0 T =1
I M ) 1 1 )
i=1 m=0 T

We deﬁne the initial data norm and the inhomogeneous norm as:

I M 1 '
D= Z HQ HHM+3/2(51) +Z HV ®; HHM+1/2(31)’ Frr(r Z Z/T T/“Fﬁrz“?{l/i’(sT,)dT/'

i=0 i=0 m=0

~.

0
The solution of the second model system satisfies the estimate for T € (0,1] and a constant Cry > 0:
& (1) < CuDrr + CrFru(r), (8.2)
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where the constant Crr depends on M > N, the bound on ||1/}||HM+1‘ and the bounds satisfied

=1’

by the background (/\/l,g) according to Theorem 3.1.

Moreover, the asymptotic data at T~ given by ®Y, O, and b satisfies the estimates:

I
HOHZMH(SH) + Z H‘I’?HEMH(SH) < Cr1Dir + Cr1Fi1(0), (8.3)
i=1
HhHi{MJrl(Sn) < CII : (DII +~FII(0) + Hhuiﬂ(sn)) (8'4)

We outline the structure of the rest of the section. In Section 8.1, we prove estimates for
the regular quantities ®1,...,®; which satisfy (5.14) and decouple from the singular quantity
®y. We prove (1.44) and (1.45) in Proposition 8.1. In Section 8.2, we prove the preliminary
bound (1.46) in Proposition 8.2. In Section 8.3, we prove the low frequency regime estimates in
Propositions 8.3 and 8.4. In Section 8.4, we prove the preliminary high frequency regime estimate
in Proposition 8.5. We improve this in Section 8.5 to obtain the high frequency regime estimate
in Proposition 8.6. Combining the previous estimates in Section 8.6, we complete the proof of
the main estimate (8.2) in Theorem 8.1. Finally, we establish the estimates (8.3) and (8.4) for
the asymptotic data at Z~ in Section 8.7. We prove (1.48) in Proposition 8.7 and (1.49) in
Proposition 8.8.

We point out that the main difficulty in our argument is dealing with the top order quantity
¢ = VM. For this part we use as a guideline the toy problem considered in [Cic24, Section 9],
where we studied the equation satisfied by ¢ = VM ®g, but we dropped the terms F}, = F& +

S VML, for simplicity.

8.1 Estimates for the Regular Quantities

In this section, we prove the main estimates for all the regular quantities ®;, with 1 <¢ < I :
Proposition 8.1. For all0 < m < M and 1 <1i <1 we have:

1
1
Y P e R A L

m 1 )
3 (19 sl + 19 el + 2 [ 1) S Dir o+ Fu)
k=0"T

7j=1
Remark 8.1. As pointed out in Section 1.3.3 of the Introduction, we recall that the second model

system (5.14) has a favorable structure for proving estimates backwards in time for the regular
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quantities ®1,...,Pr. In particular, when using the V., multiplier we obtain good bulk terms,

allowing us to prove top order estimates.

Proof. For the purpose of this proof we fix 0 < m < M and we denote & = V™ ®;. We can rewrite

(5.14) forall 1 <¢ < I:

1
VA (V&) — %VT& — AN =) PV + F. (8.5)

j=1
Preliminary estimates. We first prove the following preliminary estimates for all 1 <4 < I :

1
1
9797+ 9705 + [ 997

1 .
ot [ IR )
T

To prove this, we contract each equation (8.5) by V.&;. Using Lemma 7.1, we obtain the energy

1
3 (1 me oy + 240
j=1
estimate:

_l’_

T=1

1
IV+&l72 + (| V&l +/T SVl < (H&-Hip + IWT&Hig)

1 1 ‘
HVéjHLzHVT&HLﬁ/T [Vill o[ Frl 2"

1 I
S R\ P AT RS oY |

j=1"T

We use Cauchy-Schwarz, Gronwall, and the bulk term to obtain:

_l’_

=1

1
V-6l 72 + IV&l 72 +/T SVeillaar < (H&Hip + IWT&H;)

1 I n 1 _
[Pl + Y [ Ve e+ [ E

]:1 T T

On the other hand, we also have the bound:

1 1 1
lediz: < llial _, + [ el sl Vesilsar’ < lelia] _ + [ el + [ I9esilaar

We sum the last two inequalities for all 1 <¢ < [:

I I L1 I
S IV&l5s + el + X [ SIvaliaar < 3 (il + 96117
i=1 =1 =17 i=1

T=1

! 1 I 1 I 1 '
3 [l + Y [ 196l Y [ e
i=1 T =1 T i=1 T
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We use Gronwall to complete the proof of the above preliminary estimate. For the data terms
at 7 = 1 we also use the commutation formula (6.12) and the assumption on the background

spacetime |9 gart1g,) < Co.

The main estimates. For each k > 0, we apply P to equation (8.5) to obtain:

1

1 )
Vo (PiVr&) = —PuV& — AAP = > Pe(¥V&) + PoFy, + [Vr, Pl V-4
j=1

We contract each equation by P,V &;, in order to obtain the energy estimate:

_|_

T=1

11
1PV 2 + |V Pt +/ 1PVl < (HVPk&Hiz + HPWT&-Hig)
1 1
+/ T'HVPk&HLzHV[Pk,Vd&HdeT/+/ T'HVPk&'HLQH[V,V4]Pk§iHdeT/

I 1 '
30 [ IR NPT il + [ IPT el | P+
le T T

1
+ [ 1B all IV PV o

We use Cauchy-Schwarz and Gronwall to obtain:

+

T=1

I
|6l + VR + [ STl < (I9A&] + 1A

! "2 2 / ! ) 2 / ! ! 2 /
+/T (T ||V[Pr, Val&i| 2dr +/T (7")?|| Pr&il| a7 +Z/ | [Pe, VIV ||} 2d7'+

j=1"7

I 1 1 , 1
+Z/ (A +/ || B F |2 +/ ()| [V, PRV 7 odr.
]:1 T T T
We use Lemma 6.3 and Lemma 6.4 to get:

1
1
IRVl + VP& + [ 1Al

< (IVR&IE: + 16132

1 - 1
Tl—i—/T (7-’)2HP;€V§¢HiZd7-’+/T (7'/)2HPlc§iHisz/+
I 1 ) I 1 , ) -
+Z/ 2_2kH§jHH1dTI+Z/ HpkvémedT/—i_/ TIHPkFanHde/-i-
Jj=1 T j=1 T e

1 _ 1
+/ (T/)SHkaTfiHisz/-i-/ 272k (7)3||V & |2 dr
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We multiply each inequality by 2* and sum for all 1 <4 < I :

I I I r19k
2
> 2PVt e + D 2H | VR + D :/ 1 LA S
i=1 i=1 =177

I
s S 2 (Ivasl + 1Al )
=1

+
1

T=

I 1 _ ) 1 1 ) 1 1 )
+ 302 [@PIBValaar + 302 [ @R IPelaar + 3 [ 2 el ar+
=1 =177

T =1 T
I 1 . I 1 _ ) I n )
#3028 [ IR far+ 32 [@PNBY A + 3 [ ] e
i=1 T i=1 T =177
We then sum for all k£ > 0, using the preliminary estimate as well to obtain:

I I L1y I
DNVl + D lléillpara + Z/ ;Hvr&Hipde/ S (Hfiﬂiﬂ/a + Hvr&'Hipm)
i=1 i=1 =177

i=1

+

=1

1 1 I 1 ' 1 1 )
30 [ el + 3 [ 7 IFaladr + 3 [ @RV 6lade
i=17T i=17T =177

We use Gronwall and we bound the initial data term at 7 = 1 as before (using C3) to obtain the

conclusion. OJ

8.2 Preliminary Estimates for the Singular Quantities
For every 0 < m < M, we write the equation (5.14) for V"'®, as:
1
V. (V, V™) + —V, V"0 — AV D) = YV Oy + FL (8.6)

where we denote F, = 1 ZLI V™, + FY . We prove the preliminary estimate (1.46) as outlined

in Section 1.3.3 of the Introduction:

Proposition 8.2. For all0 < m < M and 7 € [0,1] we have the estimates:

1
|79V ol[a + 7V o7 + 7] o +/ A RS
i

1
+/ (|| En |20 dr
T=1 T

S (10l + 120l

Proof. For the purpose of this proof, we denote &, = V"'®y. We can rewrite equation (8.6) as:

V- (TVTfm) —4TAE, = TYVE, + TF,%.
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Using Lemma 7.1, we obtain the energy estimate:

1
796l + Pl + [ 7 ITEnl3adr” S (ol + 19763

T=1

1 1
+ [ 71Vl (7l + R Vel ) ae' + [ 02 e

Using Gronwall, we obtain:

1
79l + 96l + |+ 6[ade' 5

T

1 1
L el [ @I

(el + 19603

Similarly, we have the estimate:

T=

1
4 [ el o196l

1€m]|72 S 116m][-

T=

In particular, this implies:

1
ot [

™ éml[52 S 1ém|3

which gives in the above inequality:

+

=1

1
79 tmllz2 + 7V Emll 72 +/T |V [Fadr' S (leml 7 + HngmHiQ)

1 1
+ [V nlade + [ @R
T T
By Gronwall, we obtain:

1 1
R N R A ey (A A A T GOk T

Using this, we also have:

1
Y I A

7lléml 72 < lém|l72

< émll2

1 1
ot [ VPl [l

1 1
o+ [ @RI+ [ VTl

We obtain the conclusion using Gronwall and bounding the initial data term at 7 = 1. O

< (el + 1976l

T=
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8.3 Low Frequency Regime Estimates
For the rest of Section 8, we denote the top order term & = VM &,. We write (5.14) as:
1
% (Vrg) + ;ng —4AE = YVE+ FJ/\47 (87)

where we denote F}, = 21‘1:1 VMg, + FY,.
As outlined in Section 1.3.3 of the Introduction, we consider X = 2**! to be a large constant
(so x > 0 is large as well), to be chosen later depending only on M, Cy,Ca. We consider the

following regimes:
e Negative frequencies k < 0;
e Low frequency regime 0 < k < z for all 7 € [0, 1];
e Low frequency regime k > x for 7 € [0, X27%71];
e High frequency regime k > x for 7 € [X27F=1 1].

Notation. In addition to our previous notation convention, we write A <x B for some quantities

A, B > 0 if there exists a constant C' > 0 depending only on the constants M, Cy, Co and X, such

that A < CB. Otherwise, if we write A < B then the implicit constant C' is independent of X.
In order to deal with the negative frequencies, we can simply use the preliminary estimate

(1.46). Similarly, we have the following bound in the low frequency regime 0 < k < x:
Proposition 8.3. For 0 < k < z, we have the low frequency regime estimate for all T € [0, 1]:
7PV €][7 + | TV P[5 Sx 273Dy + 2_3k/1(7'/)2“F],\/[HiQdT/.
T
Proof. Since 0 < k < x, we have using the preliminary estimate in Proposition 8.2:

179 + (17 Pevoe 7 Sx 27 ([l7¢][72 + 794¢]15)

1
<x 273D + 2_3k/ (T')QHF]'\/[H;dT’.

T

O]

We prove the main estimate in the low frequency regime k > x for 7 € [0, X 2*’“*1]. The idea
is to prove a similar estimate to (1.46) for Pr£. We note that we follow the argument for the toy

problem in [Cic24, Section 9], while keeping track of the inhomogeneous terms.
143



Proposition 8.4. For any 0 < 7 < X27*=1 <1 we have the low frequency regime estimate:

+ Cx273%D+

T=X2"k-1

I Pev €l + 79 Pie]72 < X227 (|2l + [V Picl )

X2 k-1 1
Loyt / (2| Py |2 + Cx 2% / (2| |2
Proof. We apply Py to (8.7) to obtain for any k > x:
V-, (TPkVTf) —4T7APE = TP (¢V§) + 7P Fyy + [V, PV E.

We contract the equation with 7P,V £ and integrate by parts to obtain the following energy
estimate:

[PVt + 7V Pie]e <

9—k—1

X
< X2 (| Pveg|n + VR ) | L+ / (VI VP| o - [V [P, V€ o'+

ngkfl X27k71
[ @R N9 AR e+ [ @A €] |7 '+

X2k-1 X9o—k-1
o A R P R R ey A LU R PR L

We point out that similarly to the proof of Proposition 8.2, we obtain a bulk term with a favorable

sign, which we drop. We use Lemma 6.3 to bound the commutation terms:

|7 Pev-ela + VP72

26—2k 2 2 xame "3
S X227 (|| v, + IV P ) + / (T NV Pt | 2 18] s

X2-k-1

X2

X2-k-1 —ket
L A g O Ty e P T s
—k—1

X2 k-1 X2
[ PRIl et [ P IRT ] P

Using Cauchy-Schwarz, we obtain the bound:

|7 Pev g2 + 1PV Pielffe £ X227 ([ Bl + V€2

Xszfl
X27k-1 5k X2 k-1

X27k712k ’ 2 / 2 / 2 / 3k N2 2
+/ 17V B[ 2 +/ I PeVrg | adr +CX/ 270 )?[|€ || +
X2—k-1 Xx92—k-1
+Cx / 2R (7)Y Vg Fadr’ + 27ROy / (72| PLFiy || 2odr
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Using the Groénwall inequality for 7 < X27%71 < 1 we get:

|7V PLE||s + |7 PV S
) ) X2 k-1
sx%f%(W%V4mp+HV&duﬁhy%d+Ck/m 27 ()2 le 7
X2—k-1

X27k-1
+CX/ 27KV +2kCX/ ()| PeFia -

T

Finally, we use the above estimate to complete the proof. O

8.4 High Frequency Regime Estimates

In this section, we prove a high frequency regime estimate for the top order term ¢ = VM®.
The proof is similar to that of Proposition 7.10, but in the current case the bulk term has an
unfavorable sign, which creates several complications in Section 8.5. Moreover, it is essential that
the implicit constant in the estimate obtained is independent of the parameter X.

Proposition 8.5. & satisfies the high frequency regime estimate for any T € [XQ_k_l, 1] :

2k
25| PeV €| o+ | Ptlya + 27|V P S

< (Z1B7ells + 2Pl + 2 7Rl

12k 1 - 1 -~ 1 ~
+ [ aplpeliie+ [ 2Bl + [ 2B+ [ eIl

b Qd/ 1(7—/)3V 2d/ 12k/PF/2d/

+ i ﬁMHm T+ ok [V 2dr’ + i || PrFag|[ 27"
Proof. We introduce the new time variable t = X~12F7 ¢ [1/2, X~12*]. The equation (8.7)
becomes:

1 x? x? X2
Vi(Vi€) + Vs Ao AL = gok UVEF o

We multiply by v/ to get:

Vi(TiEVD) + Vi 4 Awﬁgﬁwa+ Fivi

We apply P to the equation:

Vi (PeVi(eVE ))+ Pkéxf 4 APkE\f = kap,g\/ + %u}[Pk, VeVt
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X2 X2PFi vt

22k [Pk) ]vé\/g + 22k + [vh Pk]th\/i

We contract the equation with P,V.(£v/t) and integrate by parts. We notice that using the
analogue of Lemma 7.1 for the new time variable ¢ does not introduce any constants that depend

on X. We obtain the energy estimate:

1 X?
|1PeV vt }a + Sl PVl s + el VPEVE e S

712k

< ek 2 X 2 X 2 X 1 2
S (X2 PV [ e + Sl Petlle + Sl VPR L2 + vz | Pet [t
t=X—12k t (t)

X~ 1ok 1ok =
<[00 [ gEnevil-pevaevilae+ [T [ SlvRee]- VIR VileViar
X 19k X2 x—19k X2
+/ /s ﬂ‘vp’“g‘/ﬂ'}[V’Vt]Pkf\/?\dt'+/ /S S| PeVie Ve - [V PV ar
t n ] .
X 19k X2 X1k X2
T A e [ [ Sl e el

Xlak X2 X—lak
+ / / | PV P VTl + / / PV - [[V, PV EVE]dE.
t Sn t S
We use Lemma 6.4, and Gronwall for ¢ € [1/2, X~'2¥] (to deal with the fifth and sixth error
terms):

1 X?
[PVl + PVl + S IV PV <

—12k

ek 2 X 2 X 2 X 1 2
< (x 2Pl + S mel + S v, e[ lmelars
X—192k t (t)

—19k

X D k
[ Pl (IBVE s+ 2 e )ar+
X 12k X4/ " e
R NNV R (PR PR TG
xX-19 k
H[0 SRV e
){712k

X712k x2 X2
s [ IR P Vet + [ S PV ol P
t t

—19k )( »
O = R R (T AR I A Y2

22k
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We use Grénwall for ¢ € [1/2, X712%] to get:

1 X?
|1PeVeevt]l}a + PVl s + e VPEVE s S

—19k
21

X X X
< (Xl + gelnsli+ glvneln)| [ Galnelar
t=X—19k t (t)

.
)
t
—1gk X3¢ X3( X 12k X3¢
L e s [ o [T S e

We change variables to 7 and we obtain the conclusion. O

19k —19k X5(t, X109k

X3 X
et [ X pevi+ [T S B

8.5 Improved High Frequency Estimates

The goal of this section is to improve the high frequency regime estimate of Proposition 8.5 in
order to prove estimates in the high frequency regime only in terms of data and the inhomogeneous

terms.

Proposition 8.6. We denote by 1, the characteristic function of {1 > 7 > X271 and we

denote:
2 1 2 2
ar(7) = 7| PV 12 + [ Putl 2 + 7|V PR L2

We have the improved high frequency estimate for any 7 € (0,1]:
1
S 2ap(r) 1k, S D+ / N E e (8.8)
r>X2-k-1
The rest of this section is dedicated to the proof of this proposition. We follow the detailed
outline of the proof from Section 1.3.3 of the Introduction, and we divide the proof into multiple
steps. We note that the proof is very similar to the toy problem considered in [Cic24, Section 9],
but in the current case we also need to keep track of the inhomogeneous terms.
Throughout the proof we use the schematic notation {dj},>¢ for data terms at 7 = 1 which

satisfy:

> dy S Dir

k>0
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Consequences of Proposition 8.5. The starting point is the preliminary high frequency

regime estimate in Proposition 8.5. Using the above notation, we have for all 7 € [X27*~1 1]

1 k
2 2
Pl S 20D +1ir [ gl Pt +
T

1 1 1
i [ al) + 1 [ @)+ [ 27 RE,
T T T
where we define the energies:

€L = szgHEkv‘SHi2 + 2k7’3”£kv‘r£Hi2a

o = ] BytlZ + el + Vel

The error term containing ey, is similar to the error terms with different projection operators
of Section 7, as explained in Section 1.3.3. We deal with these terms towards the end of our
argument, when summing the estimates obtained for all £ > z. In the meantime we simply keep
track of these terms, similarly to the inhomogeneous terms.

On the other hand, we can already bound the error terms containing € using the preliminary
estimate in Proposition 8.2. We can bound the first term in €; by the second term, using the
finite band property for LP projections. We then apply (1.46) to get:

/1 ex(Tdr Sx dip + 2k /1(7/)2“FJ/\4HiQdT’.
T ™
As a consequence, we proved that for all 7 € [X27%~1 1] we have the high frequency regime
estimate:
ok

1
Qkak(T)]_kﬂ—,SCXdk‘i’lk,T/T WHP’fin2+

1 1 1
1, [ al) s ox2 [ @PFL+ [ 2P
T T T

Applying the refined Poincaré inequality. According to Section 1.3.3 of the Introduction,
the second error term in the above estimate causes significant challenges. We also explained in
Section 1.3.3 that we could not bound this term directly using the finite band property for LP
projections. Instead, we use the refined Poincaré inequality for LP projections (6.28). As a result,

we have for all 7 € [X27%~1 1] and § > 0:
1 2k 9 1 1 2—k 9
| plpeliar <5 [ v+
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o[ o 222 S enfar + 5 [ el

The last term in this inequality is bounded using the preliminary estimate (1.46):

1 9—3k 2 ’ —k —k ! N2 ]]2 ’
| Glieliiaar sx 2 ou+ 27k [ (PR e
i

T

As a result, there exist constants C’,Cx, C'x,s > 0 such that for all £ > z and 7 € [(X27k=1 1]

22]€

k—
2%y, (1) < Cx ) + 5/ 2 ay(r')dr! +C”5/ Z ST VP2, dr'+
=0

1 1 1
+Cxs [ en)ar'+ Cxs2 ™ [ @PIFGdr + Cxs [ 2| PFy .
T T T

We can deal with the second error term by using Grénwall for 7 € [X27%~1 1]. We compute:

c’ o [ta?k 1
exp<5/T (T)d7')<exp<(S X2>§2,
where we fix X > 0 large enough, depending on C” and §, such that:
1
5 x2S < log(2). (8.9)

Therefore, we have for all 7 € [X27%~1 1]:

k—
2%ay, (1) <Csdy + 2C 5/ Z ST T P, +
=0

1 1
+C; / ex(7) + Cs / 27 (72| Fa |5 + 257 | PeFi | 7
T T

Bounding the low frequency regime error terms. As a consequence of the refined Poincaré
inequality, the second term in the above has both a low frequency regime and a high frequency
regime part. We want to separate these two, and apply the low frequency regime estimates in
Section 8.3. This process creates a sum of discrete error terms which pose additional difficulties.

We notice that we can write:

1 k—1 1 k—1
1 —8k+71_1 2 .y 1 _8ka6l ol , .
1k77/7' ()3 ;2 ||V B[ ad < 1 r ANEE ;2 2y (7)1 dT'+

1 1 r—1 1 1
+1k‘,7'/7: W 22—8k+7lHTIVPl£Hi2dT/ + 1k77_/7— (7_/)4 Z 2_8k+7l”7-/v-Pl§HiQd7—/,
=0

r<X2-l-1<1
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where the first term is in the high frequency regime and the last two terms are in the low frequency

regime. We use Proposition 8.3 to obtain:

1 2—8’“ 28k 1 2
1k,T/ ) 22 ST PV P 72 SxDir - Lir— + Lor— /(T/)QHFJIWHL?

1
Sx dk+2_k/ (T/)QHFMH;-
T

Similarly, we use Proposition 8.4 to obtain:

1
1
116,7/7_ (') § : 278k+7lHTIVPI§Hi?dTI =

r<X2-l-1<1

X2— -1
=L > / 2 ST g P2 dr

T<X2--1<1
2—8k+6l 1 2—8k
S 1k,7—X Z -3 al(X2 ) + C){D[[ : 1k,7—7+
r<X2-1-1<1
2—8k 2—8k , L2 ,
+Cx 1y 7 HFMHLZ’dT +CX1’” HFMHH1/2dT'
We notice that in the above estimate the last term is obtained by bounding:
X271 X277t )
> 3ok [ 2 Ry |
7—l

T<X2-1-1<1
U sprar [ oo P2 s
S S e e LT
r<X2-1-1<1 T

As a result, we proved that there exist constants C”, Cs > 0 such that for all 7 € [X27%~1 1]:
1 1 k—1
Zkak(T) S Cédk + C//5 . 1k377'/ W Z 2—8k+6[ . 2lal(7-/)1l77-/d7_,+
r \7 =z

278k+6l 1

—|—C”5X1k77- Z

1
- 2
3 a;(X2 t 1)—}—05/ ek(T’)dT/—i—C(g/ 2’“7’}|P;€F]’\4”L2d7'
r<X2-l-1<1

T T
1 1
—I—C(;Q_k/ (7")2HF{WHiZdT’—|—C§2_k/ TlHF]’WHZl/QdT'.
T T

Gronwall-like inequality. Our next goal is to deal with the second term in the above estimate
using a suitable Gronwall-like inequality. We set-up the problem in order to isolate this error

term. We consider d > 0 to be small enough, so that:

1
1!
"5 < 4. (8.10)
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We introduce some notation for the error terms on the right hand side of the above estimate:

278k+6l

Sp(r) = 1;,,C"6X > (X277,

r<X2-l-1<1

3
1

Ek(T) = lkﬂ—Cg/ €k(7/)d7’/,

T

1 1
Ih(7) = 1,.,C52 7" / PN El P 2’ + 15,7 / 2| PuFY |2 dr'.
T T

Ag(1) = Cody, + Si(7) + Eg(7) + Ii (7).
Using this notation, we have that for all k > z and 7 € [X27%"1 1]
k 1 DS ke o
— / /
2%ay (7)1, - SAk(T)—i‘lO'lk,f/T (7_,)312_;2 2ay(7") 1 dT (8.11)
This motivates us to prove the following Gronwall-like lemma:

Lemma 8.1. We consider the functions u, A,b,c: N x [0,1] — [0,00), which for allk > z, T €

(0, 1] satisfy the inequality:

1 k-1
w(k, 7) < Ak, ™) + b(k) / S el 7 )ull, 7)dr’ (8.12)
T =z
Then, we have that for all k >z, T € (0,1]:
1 k-1 k—1 -
wlk, 7) < Ak, 7) + b(k) / S e, AL ] (1 + / b(j)e(i, T">d7"> dr'. (313)
T =z j=l+1 T

Proof. We prove this by induction on k. In the case k = z, we have from (8.12) that u(x,7) <

A(z,T) as desired. Next, we assume that (8.13) holds for z,x +1,...,k and we prove it for k + 1.

We have:
u(k—l—l,T)SA(k—i—l,T)—i-b(k—i—l)/Z (1,7 Ndr' < Ak +1,7)+
1 k 11-1 -1 —
b(k+1) / > el T { (1, 7") + b(l /Z c(i, ™) AG ) ] <1+/ b(j)c(j,%))dT”}
T =g j=i+1 ™

§A(k+1,7)+b(k+1)/ Z (1L, 7)A(l, 7")dr'+

bk + 1) / / 'Sty 1{ (L)1), ) A, ) ﬁ <1+ / b(j)c(j,%)d%) }dT"dT'
T j=i+1 T

l=x i=x
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1 k

< A(k+1,7) + b(k + 1)/ " e, 7V AL 7+

T =z

1"

bk + 1) / /kzl 3 { (1,7 ) A, ") lHll(H/; b(j)c(j,%)d%) }dr’dT"

1=z [=i+1 Jj=i+

A(k:+1r)+bk:—|—1/z (1,7 A(l, ")dr'+
1 k-1 -1 -

+b(k +1) / ZCW (i, 7' { / Z 7w ] <1+ / b(j)C(jﬁ)d?)dT’}dr”

l=i+1 J=i+1

gA(k+1,r)+b(k+1)/ Z L YA(L 7 dr' +

-1 "

bk +1) / Z (i, 7 A, 7 {/T Z @7 I] <1+/TT b(j)c(j,%)d%)df’}df”

I=i+1 j=i+1
We conclude, since we have:
-1 7 k 1
1+ Z/ e(l, 7' ol <1+/ b(j)c(j,%)d%) = 1] <1+/ b(j)c(j,%)d%).
I=i+1 j=i+1 T j=i+1 T

Consequences of Lemma 8.1. We use the Gronwall lemma established above for the inequal-

ity (8.11).

Corollary 8.1. For all k > x and 7 € [X27%71 1], we have the high frequency regime estimate:

1k‘ L 551
2
2P an(T) 1y, < Ap(r +2—7’f/ A1y edr! (8.14)
T

Proof. We apply Lemma, 8.1 for the inequality (8.11), where:

1
u(k, ) = 2%ap (7)1, b(k) = o 278 ek, ) = 773201, .

From (8.13) we obtain for 7 € [X27%~1 1]:

1 k-1 k—1 -
2kak(7')1k,r < Ak + 2” Sk/ Z Al 1; e H <1 + / b(])c(j, T//)dT”> dr'.
T =z j=l+1 T

In order to bound the above, we first note that:

!

T 1 ‘ - 1 ‘ .
/ b(3)e(d, 7")dr" = 10 2_2J/ ( //) gt < min (X_Q, 2_297_2) < min (1, 2_237-_2).
T T T

152



In this bound we used the good control of the constant in the definition of b(k), obtained using

the smallness of § in (8.10). As a result, we obtain for all 7 € [X27%~1 1]:

k—1 - k—1
H <1 + / b(j)c(d, 7’”)d’7’”> < H (min (2, 1+ 2_2]7'_2)) <1427
j=l+1 T j=l+1

where we bounded the terms with 277 < 7 using the inequality z + 1 < e®. Finally, we conclude

by noticing that:

9-8kbl 9=l ~1 < o=Thosl ﬁ < 9 Thol . 2 < 9= Thobl.

2
T = X
O

We use the definition of Ag(7) to compute the new error terms obtained on the RHS of (8.14).

For the data terms we compute:

1k 1 25l k—1
dy. + 2_7k/ dlll 7-/dT Sedi + Z 25(= k)dl < d.
T =z l=x

In this inequality, we used the fact that 3", 3=, 275%!d; < Dyp, so the term 3, 27°*~!ld; can be
written schematically as di. We will use similar bounds implicitly for the rest of the proof.

Additionally, we have the following bound for the discrete error terms Sy, :

+2 7k/

1 k-1 9—3l+6m

,SS]C(T)—F(SXQ_WC/T Z Z W

l=z /< X2-m-1<1

1k 1 251

(71 dr" <

am (X271 dr!

X2-—m—1 2 3l4+6m

< Sp(r) +0X2” 7kz > / am (X271 dr!
X

-1
=2 r<Xx2-m-1 2
z<m<lI

k—1
4 —T7k 21+6 —m—1 d —5k 6 —m—1
S k() + 552 > > 22H0mg, (x27m ) S 32 ) 267 g (X271,

=z r<Xx2—m—1 T<X2-m-1<1
z<m<lI

Discrete Gronwall inequality. We deal with the sum of discrete error terms obtained in
(8.14) using the discrete Gronwall inequality. We first write the estimate in a convenient form by

defining;:

5
Sp(r) =27 Y 20 (x2mmh),

T<X2-m=1<]
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lk 1 251

Ek(T>: + 27 7k/ >1lT’dT7

Tk 1k . 5l
Ik( )= Ip(7) + 27 / 3Il(7'/)1177./d7'/.
T

l=x

Thus, (8.14) implies that for all 7 € [X27%~1 1]:
2%ay(1)1k,r S Csdy, + Si(T) + Cs By (1) + CsIip(T).
In particular, there exist constants C"”, Cs > 0 such that for any k > z :
P an (X271 < Csdy + CsER(X27% 1) 4+ CsI(X27% 1) + C”’ ;27 %k Z 26",

We fix the parameters X, > 0 satisfying (8.9), (8.10), and :

1) 1
C"— < —.
X2 10
We also introduce the notation:

be = Cydy, + CsEp(X275 1) + CsI (X275 1).

Using this notation, we have for any k > x :
1 k—1
k —k—1 —5k 5m  om —m—1
2Pa(X27H) < b+ 152 > 2 2ma,, (X2 ).
m=x
We apply the discrete Gronwall inequality according to [Jon64]:
k—1

(8.15)

2m1)

k—1

(8.16)

k—1
1 . .
2Fap(X27F 1) < by + EQ_% E (25mbm- H (1+1/10-275 -25J)> <bp+27% § 24mp, ..
m=x

j=m+1

As a consequence, we have the following bound for all &k > x:

2Pap(X2751) Sady, + ER(X27F) + T(x27 )

k—1
+ 3 grtkrim (Em(Xzfmfl) + fm(XTm*l)).

m=x

(8.17)

Notation. We used the parameters X > 0 and § > 0 to apply Gronwall-like inequalities in

the above proof. We now fixed these parameters (depending on M, Cy, Cs), so we return to our

usual notation convention that we write A < B if there exists a constant C' > 0 depending only

on the constants M, Cy, Co such that A < CB.
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Consequences of the discrete Gronwall inequality. We use the estimate (8.17) in the high

frequency regime estimate (8.15). From (8.17) we obtain for all 7 € [X27*~1 1]:

gk(,]_) 5 Z 2—5k:+5mdm + Z 2—4k+4m (Em(XQ—m—l) + fm(Xz—m—1)>

r<X2-m-1<1 r<X2-m-1<1
S Z 2—5k+5mdm + Z 2—4k+4m (Em (X2—m—1) + Im (X2—m—1)) ’
r<X2-m=1<1 r<X2-m—-1<1

where the second bound follows by:

Z o—dktdm o 7mz/ Ey()dr < Z gkt (xo-l-1y

-1
T<X2-m-1<1 X2~ T<X2-1-1<1

and we have a similar inequality for the inhomogeneous terms I;. We also bound the remaining

terms of (8.15):

~ 25l
Ek(T):Ek(T)—I—Z_m/ Z—E( N1y pdr’ < Ep(r) +272F —22/ el

(7_/)3 >z 77

1
S B + 27202 [ (€l + 19oE] )

1k1
Ii(7) = +27’“/

We combine these estimates and we obtain that (8.15) implies for all 7 € [X27*~1 1]:

25l —2k_—2 ! N (12 /
(T pdr’ S I(r) + 2757 / || Far|| 7 dr’
T

Pap(r)lyr Sdt Yy 2G4 30 o (g (xomm ) g, (X2 )
T<X2-m=1<] T<X2-m-1<1

1 1
+Ek(7')-|—fk(7')—|—22k7'2/ (T')3<H§H§{3/2—l—HVT§Hip/2)dT'+2%7'2/ T'HFJI\/[Hzl/QdT’.

Summing the high frequency estimates. For each 7 € (0,1], we sum the above high fre-

quency regime estimates for all k£ > x such that X251 < r:

Y Fan) D+ Y (Em(Xz—m—1)+Im(X2—m—1))+
r>X2-k-1 r<X2-m-1<1

b (B ) + [ (e + IVeeln)ar [ e

T>X2-k-1
Additionally, we have the estimates:

1

Yo B+ > Em(X2m1)§Z/ en(r")

T>X2-k-1 T<X2-m~-1<] k>x
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1
S [ @ (el +1950) '

1
S o+ Y L(x2mh g / PN EL | i

>X2-k-1 T<X2-m=1<1 T
Therefore, we obtain the following high frequency regime estimate:
1 1
2 2 2
S a0 00+ [P (lelnt 19t [ 7 @15)
T>X2-k-1 T T

Proof of Proposition 8.6. The final step in the proof of the optimal high frequency regime
estimate (8.8) consists of bounding the second error term on the RHS of (8.18).

We first notice that we have the estimate for all 7 € (0, 1]:

Nl + 195€l52) S 7 (el + 197117 ) + 3272 (| VA€o + [ P€ll2)

k>x

Pl +1v-62) + X P (IVRE + [AT-ElL) + 7 Y )

T<X2_k_1§1 TZXQ_k_l

<Pl +Iv-e2) + Y (IR PVel) Y 2

T<X2-k=-1<1 T>X2-"k-1

ST (leln +1v-elZe) +7 X 2.

T>X2-k-1

We use the preliminary estimates in Proposition 8.2 and (8.18) to get:

1 1
Nl + 194€l5012) SDH+/ COR( P vaiHim)dT’+/ o PR

T

Using Gronwall, we proved that for all = € (0, 1]:

1
73(H£H§,3/2 - vang{l/z) ,SDH+/ || Fh|| 2 (8.19)

Finally, we use this estimate in (8.18) to obtain the optimal high frequency estimate (8.8).

8.6 The Main Estimate in Theorem 8.1

In this section, we prove the main estimate (8.2) in Theorem 8.1. For this, we first establish the

following top order estimate for the singular component @ :

M
SHCEETESD S e A (.20)
m=0""T
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where we define the top order energy for the singular component:

E01(7) = Tl|@ollgarsnse + 7| 2ol garsare + 7% VoI Bol 10+

M-—1 1
+) 72|V V@[3, +/ 7| ®o]|% arr 7.
T

m=0

Using Propositions 8.2, 8.4 and the estimate (8.8), we have the bound for all 7 € (0, 1]:

7 (el + 1V 7805072) < 7 (el + 197 072) + D272 (VB2 + 11Pev €17 )

k>x

ST(lelin +19-€li2) + > P22 (IVAEle + 1PVee]f) +7 D 2Faln)
r<X2-k-1<1 >X2-k—1

1
SOu+ [ 7 Flpad Y Pz,
T r<X2-k-1<1

We use the bound (8.17) for 2¥a;(X27%~1) to get:

Z 2kak(X2*k*1) SJ Drr + Z E[AXQikil) + Z Tk(X27k71)
T<X2-k-1L1 T<X2-k-1<1 r<X2-k-1<1

1
SDu+ Y. EJ(X2Mh+ o ) [k(XQk1)§D11+/7/HF]’\4H§{1/2d7‘/.

r<X2-k-1<1 r<X2-k-1<1

We note that we used (8.19) in the last inequality. As a result, we proved that:

1
(el +19€l5012) S P+ [ il
T

As usual, we also get for all T € (0,1]:
1
el S P+ [ PUel e 197l
1 1
SO+ [ Vleluadr + [ P e

1 1
St [+ [ el

Applying Gronwall, we proved that:

1
el + 5 E s+ el P+ [ il
T

We recall that ¢ = VM®,. Combining the above estimate with the preliminary estimates in

Proposition 8.2, we proved (8.20).
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Proof of (8.2). We use the estimates for the regular quantities in Section 8.1 and the top order

estimate for the singular quantities (8.20) to get:
M 1 )
5]](7') g Drr + .7:]](7') + Z / TIHFA”LHHl/ZdTI-
m=0"T

We also recall our notation F), =1 Zle VmHle,; + FO . Using again the estimates for the regular

quantities proved in Section 8.1, we conclude. O

8.7 Estimates for the Asymptotic Quantities

In this section we prove the estimates (8.3) and (8.4) for the asymptotic quantities O, b, and <I>?
with 1 <4 < I, in order to complete the proof of Theorem 8.1. We notice that the estimates for
the regular quantities in Proposition 8.1 already imply the bound (1.45) for ®? with 1 < i < I.

As a result, we only need to prove the estimates (1.48) and (8.4) for O and b.

Proposition 8.7. The obstruction tensor O satisfies the estimate (1.48):
2
10581 S Dir + Frr(0).
Proof. As a consequence of the preliminary estimates in Proposition 8.2, we obtain for all 0 <
m < M:

1
+/ (| EL e’ < Dis + Fra(0),
T= 0

19701 % (120l + 1920

so it remains to prove the above bound for HVMHOH;.
Forany k >z and 0 < 7 < X275~ < 1, the low frequency regime estimate in Proposition 8.4
implies:

22kHTPkV7—VMq)0Hi2 < 2kak(X2_k_1) + 2_kD[]+

1 1
+2’“/ (T’)QHPkFMHiQdT’ + 2"“/ (r’)2HFJ’wHiQdT’.
T T
Using the expansion of V.VM®q at 7, we get that for all k > x :

1 1
P AVVO|}, S (X2 ) 27D 12 [ (R RFy | w2 [P F
0 0

~

Together with our previous estimate for ||O|| gm, we obtain that:

HVMOHZl SDirr+ Frr(0) + Z 2kak;(X2_k_1).

k>x
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We complete the proof since we already proved in Section 8.6:

1
Y 2Fap(x27F) <Dy +/ || Fogl 50 2d7" < Dir + Fra(0).
k>x 0

O]

In order to prove the estimate (8.4) for b, we first prove that it can be reduced to the proof of

(1.49). We recall the notation hy; = VMh — 2(log V)VM O, and notice that we have the bounds:
9141 < (101172 + [[[Gog V), V¥ Ol + V0

< 013 + O (IRitmo 5 ) ONSpae + D2 21 Pibiae 72 + [l 172

k>x

S 0050 + C (1 Ribmo [ 10N s + 3 22| Pebiaa [
k>x

where we used the proof of Lemma 7.2 to bound the commutator term. We use the interpolation
inequalities of [KR06, Proposition 7.7] and the weighted AM-GM inequality for the first term to

obtain:

19017acs < 10172 + € ([ Ribrno 30 )10l ae + D7 22| b7
k>x

To deal with the first term, we use the bound in Lemma 6.7:

191031 S 1A% + € (| RiEmolFyae IO par + D= 2% [ Pebyae] |7

k>x

Using the already established bound for O, we showed that it suffices to prove (1.49):

Z 22kHPkbMHiz < Drr + Frr(0).
k>x

We recall our notation £ = VM ®, and we consider the renormalized quantities for all k& > x:
&), = Pef — 7log(2"7) P V€.
Using the expansion for £ at Z—, we get:
lim &, = lim (kaM Oy — 7log(2¥7) PV, VM @0) = P.VMN — 210g(2F) P, VM O.

Recalling the definition of the operator Ry in (6.30), we can write:

P.VMh —210g(2%)P.VM O = Py 4 2P, (log V)VM O — 210g(2¥) P, VM O = Puhy + RL.VMO.
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Thus, we obtain using (6.33):
2| Peb]|7e < 2% lim €172 + 2| RV M O||72 < 2% tim €17 + |2V O| 7
Summing for all £ > x, we get that:

> 2| Piba |72 < (Ol + D 2% lim [[E [
k>x k>x

According to the above estimate and (1.48), in order to prove (1.49) we need to establish the

following result:

Proposition 8.8. We have the following estimate:

]; 22k lim HEkHiz < Dir + Frr(0).

As a result, (8.4) holds, completing the proof of Theorem 8.1.

Proof. Using (8.7) as in the proof of Proposition 8.4, we get that &, satisfies the equation on
7€ (0, X2+ 1

V& = [Vr, Pil€ = 1og(2°T) V- (1P, V-€) =

— 7V, B¢ — log(257) <4TAPk§ + 7P ($VE) + 7[Va, PTVAE + TPkF]’M) .

We contract by &, to obtain the energy estimate:
—k—1

— X —
PG (IR + ATyt [ 2l 2070 Pt

X27k-1 _
+/ 25||€x |, - 1257 log (28 7)| - || AP o+
X2 k-1 B
[ s 2 dor@ ) [P (V) | o
X27k-1 _
[ el 2 g @) (T, POk

XQ*kfl
H [ 12 a0 P
T
We use Lemma 6.3, Gronwall, and the notation in Section 8.5 to obtain:

g X2 k-1 ) X2—k-1 )
22| €x L2 S 2Fan(X27F ) + / 25(r")?)|¢]| L2 + / 25 (7')?| log (2" 7') ||| APk | »
T T

X2kt ) X2kt )
w0 e P lel + [ 2ot PY R
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X2~k-1 ) X2~k-1 )
w0 gl [ 2 log(2h P Py

We use the preliminary estimates in Proposition 8.2 to get:

22kszHiQ S 27 D + 2Fap (X274

X2kt 1 1
w [T 2P AR e + 27 [P Flar+ [P

Using the finite band property of the LP projections for P, = Ez, we have the bound:
X2—k—1 x92—Fk-1
2 2
/ 2k(7/)2|log(2k7")|2HAPk£HL2dT' §/ 23k(2k7')2|log(2k7")|2H£kaL2dT'. (8.21)
T T
Once we established the above estimate for 2|/, || 2, the idea of the proof is to decompose

the error term in (8.21) into its low frequency and high frequency regime parts, in order to use

our previous estimates. For each 7/ € [r, X27%~1] we have:

k—1
1Pl () S DO NPPPREN e + DN PPPtlpa+ D [PPPeE]] e + Y L[| PPPRE] o
I<x l=x 1>k 1>k
r<Xx2i1
(8.22)

The first three terms in (8.22) are in the low frequency regime, and the last term is in the high
frequency regime.

We bound the first term in (8.22) using the L? almost orthogonality of the LP projections:

STNPEPe|| () £ 275 | Pe | L (7) S 277 g o ().

<z <z
The corresponding term in (8.21) is bounded using Proposition 8.2:

X2 k-1
/ 276k (2% | log(287))? - T’\\g\\im’ < 27FDr 4+ 27K Frp ().
.

For the second term in (8.22) we use Cauchy-Schwarz and we consider a projection operator

— ~2 2 kol B ) k-1 ,
(TIrBe()) £ X2 EDBnelar) £ X2 22 0|9 rg s
= I=z =z
=
& (7')2 Z 2 2R 5D (2720 9lgy (X271 1) + 278Dy + 27 Fiu (7)),
T
l=x
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where we used Proposition 8.4 in the second line. The corresponding term in (8.21) is bounded

by:
x9o—k-1k-1
/ Z2k|log (2877|2230 <2l (X277 + 27Dy +2—lfH(T’)>dT’ <
k—1
S27 D+ 27 R Fru(r) + ) 278 ol (X271,
l=x

For the third term in (8.22), we have similarly from Proposition 8.4:

~ 2 ~
< > HBQPifHLz(TU) S Y 2B AL

>k 1>k
r<X2 -1 r<X27i-t
5 Z 2_2k2_5(l_k)HvPl§Hig (7_/
1>k
T<Xx2-l-1

1
: ()2 Y. 2727 2y (X2 + 27Dy + 27 Fip ().
>k

< Xxo-l-1

As a result, the corresponding term in (8.21) is bounded using Proposition 8.4:

X2— -1
> / 2% log(287")[227707R (2l gy (X271 71) + 27Dy + 27 F (7)) dr'
1>k T
r<X2 -1

X2t
S D Qaxeh 427Dy + 27 Fy () - / 2k log(2F+)|227 TR g7’ <
1>k T
T<X2-l-1

< 27Dy + 27K Fpp () +Z2 TU=k) olg, (X277,
>k

For the high frequency regime fourth term in (8.22), we have using our notation in Section

8.5:

(Z 1.

>k

2Pk§HL2(T/)> <3 1,270 P2 S 7S 1,270 gy,

1>k >k

The corresponding term in (8.21) is bounded in Lemma 8.2 at the end of the section.

We combine the previous bounds and we get from (8.21) that for all 7 € (0, X27%~1]:

2| €x |7, S di + 702Dy + 2Ray (X27E ) 4N 273kl ol (X271

1>x

702 Fir(r) + 3270 [0l L+ Bxa ) 4 R
1>k
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1
+ Y 2—4k—m|(Em(X2—m—1)+Im(X2—m—1))+22—6(1—k)/ ey(7)dr.

r<X2-m-1<1 1>k T

We take the limit 7 — 0 and sum for all £ > x :

Z (2% 113% Hng;) < D1+ Frr(0) + Z 2ka(X27F 1)

k>x k>x
1
= —k— = ke 2 2
k>x 0
For the last three terms, we use the estimates in Section 8.5 and we obtain the conclusion. O

We conclude the section by proving the additional estimate used in the previous proof:

Lemma 8.2. We have the bound for all 7 € (0, X27*1]:

X27k71
/ 2%(2)3) log(257') 2 3 1;,,2780) . 2lgy (') dr’ <
T 1>k

Sd+ 2% (D + Fu(n) + Y 2 (2T o L (X27 )+
T<X2-m-1<1

. . 1
+ER(X27F) + Tp(x27h ) 4 ) o7 00h) ( / el(Tdr + /

1

QITIHPIFMHisz/> + 275 Fp (7).
1>k T
Proof. We use the estimate (8.15) as a starting point. We also use the bound on gl in Section 8.5,

and the definitions of E; and I;. Thus, we have for all 7 € [X271=1,1]:
2ay ()1, <dy+ Si(7) + Ei(1) + I(7)
5 dy + Z 275l+5mdm + Z 274l+4m (Em(X2fmfl) —i—Im(XQfmil))—i-
r<X2-m-1<1 r<X2-m-1<1

1 -1 5m
VE(r) + T(r) + 27 / 3 (27/)3(Em(7-’) F L)) Ly

We use this bound to obtain a total of 8 error terms that control our main integral. We notice
that the first two terms can be dealt with in a straightforward way. For the third and fourth
terms we compute that:

x92—k-1
/ 2k Z Z 11,7’2_6(l_k)2_4l+4m (Em(XQ_m_l) + Im(XQ_m_l))d’T, 5
T >k r'<X2-m-1<1

S Z 2—4|k—m| (Em(X2—m—1) —|—Im(X2_m_1)),
r<X2-m-1<]
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where we used the fact that [ > m and | > k in the first line. For the fifth and sixth terms we

have:

X2k—1
/ 28y "1, 27 807R) (EI(T/) - IZ(T’))dT’ <

>k

1 1
< 3o "”(/ @r'+ [ 7| REar) 42 [

1>k

For the seventh and eight terms we can write:

Xo—k-1 1= 25m
/ 26371, 2 00R). (2—71/ Z ( (") + I (7 ))1m77,,> <T+II+1II1,

1>k m=x

where we introduce the notation:

X2-k-1 1 95m
_[ = / 2k Z 1[ /2 l k 2 7 </ < (T”) + Im(T”)) 1m77_//d7'//> dT/,
T 1>k m=x

11 = /TXM 1 2y "1y, P (/Tl (2:,:3 (Em(T”) + Im(T")> 1m77~>,

k—1

>k r<X2—m-1<]
k<m<l
e 6(1—k) Tl b oghm
— — — ! 1 " /
]]]:/T 2 E 1,2 ) E </T/ W(Em(T )+ L (T ))dr )dr.

>k >X2-m-1
m<l

We first notice that in the inner integral of I we have 7/ > X2-™=1 > X27%=1 Thus, we have

the bound:
25m

1g27™ Z ( /X . 17)3(137,1(7”) +Im(7/’))1m77,,dr"> S Ep(X27F 1) 4 T (x27+ ),

where in the second inequality we used the definitions of E’k and I, k- Next, we have the bound:

X2k-1 L 95m
1< / UYL [[Em(x2—m—1)+1m(x2—m—1)} / . 317,”,/]
T lzk’ T<X27'm71§1 T/ (T )
k<m<l
X27k71
< / NS T L D (Em(Xz—m—l) +Im(X2_m_1))dT’
T 1>k r<X2-m-1<1
k<m<l
< Z 27m(Em(X2—m—1)+I (X2~m~ 1) ZQGk 131
r<X2-m—-1< x2-k-1 I>m
< 3 27 0m bl ([ (X271 4 L (X277 7)),

T<X2-m-1<X2-k-1

where we used again 7" > X271 to compute the inner integral in the first line.
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Finally, we notice that the last error term III must vanish as 7 — 0, since the inner sum

would be empty. We prove a bound consistent with this expectation:

L 95m X2kl
s Y ([ G nan)a) [T 2 sy
>X2-m—1 o <T ) T m<l
LU 2‘8’”( / 1 %(Em(#)um(f’))da)
T>X2-m-1 - ()

1
S [ (B + Ol + Tl )ar' 2% 3 2o
T

T>X2-m—1
1
< 7020 <DH + / TlHFJ,\/[Hi]lMdT/) < 7020k (D11 + Fir(7)).
T

Collecting all the bounds proved for the error terms, we conclude the proof. ]
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Chapter 4

The Scattering Map

9 Estimates from {v =0} to {v = —u}

In this section we prove optimal estimates on the smooth spacetime (M, g) obtained in Theorem
3.1 in terms of the asymptotic data at {u = —1, v = 0}. Using the ambient metric construction,
in the original (n + 1)-dimensional formulation these correspond to proving estimates at finite
times in terms of the asymptotic data at Z~. This section is based on [Cic24, Section 8§].

We first introduce the notion of asymptotic data set at {u = —1, v = 0}:

Definition 9.1. Let (go,h) be smooth straight initial data at {u = —1, v = 0}. We define the

corresponding asymptotic data set at {u = —1, v =0} by:

"y 4
(g, h) = {go,{vw: 0§1§”2 },{vgqﬁ; 0§1g”2 }

{Via: 0§l§";6},0,h},

where we have that for all admissible | the tensors Vi, ViWC Via, and O are defined in terms

of ¢, by the compatibility relations in the Fefferman-Graham ezpansion as in [RSR18, Propo-
sition 4.3/, and we define h = h — 2(logV)O. We also denote by Yrinkowski = Z(gSn,O) the

Minkowski data set.
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For M > 0 large enough, we define the asymptotic data norm of order M, measuring closeness

to the Minkowski data:
nt a2gt g

2 1 n—4_
[2G@e | = el + SV 0| Fe > S [V [+
k=0 =0 m=0

oA M425A - 220 M2z
20 > IR+ 30 D0 IVl + 1Ol ars + 0] aesa
=0 m=0 =0 m=0
where HM*1 is the Sobolev space with respect to I ons and the other Sobolev spaces are defined
with respect to ¢.

For every € > 0 small enough, we denote the set of e—small asymptotic data by:

2y < e}

Béw (EMinkowski) = {E(go, h) : (go, h) smooth straight initial data,

Remark 9.1. For (go,ﬁ) asymptotic data at {u = 0,v = 1}, the precise notion of asymptotic data
norm is obtained via the transformation (u,v) — (—v, —u) in the above definition. In particular,
we notice that we replace VC o, O,h by % o, 0, b, and all V4 derivatives by V3 derivatives.
However, in view of the compatibility relations, the quantities in E(go,ﬁ) are expressed in terms

of (g70’ ﬁ) using the same formulas as the ones satisfied by E(go, h) i terms of (go, h).
The main result of this section is the following estimate:

Theorem 9.1. For any M > 0 large enough and € > 0 small enough we consider the smooth
straight initial data (go,h) such that E(go, h) € BM (EMinkowski). The smooth spacetime (M, g)
obtained in Theorem 3.1 with asymptotic initial data given by (go, h) satisfies the following esti-

mate on S(_y1) :

== D IVEVEY G+ D VY VRV
i+j=0  m=0 i+j=0

n—2
+ 2 VYRV e+ g e + D2 D0 (9 TEVEVI e
i+75=0 k:0i+j:”T*47k
nEE MArgt—ieg )
2
D DD DI A A0 S (PR

i+j=0  m=0
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We remark that by self-similarity, this result follows from the corresponding estimates along
{u = —1}, where we replace all V3 derivatives by V4. We restrict our analysis to {u = —1} for
the rest of the section.

We briefly outline the structure of the argument for the rest of the section. The idea of the
proof is to define suitable norms in Section 9.1 for the curvature components and Ricci coeflicients,
which we then estimate one at a time in Sections 9.2 and 9.3. Finally, we combine our estimates
to complete the proof of Theorem 9.1 in Section 9.4.

We further outline the steps of our proof in more detail to assist the reader throughout
the section. We define the top order curvature norms 7 in (9.1) and S in (9.2). We estimate
these in Corollary 9.1 in Section 9.2 as a consequence of Theorem 7.1. We define the lower order
curvature norms £ in (9.3) and M; in (9.4). We estimate these in Propositions 9.1 and 9.2 in
Section 9.2. We define the Ricci coefficients norm R in (9.5) and estimate it in Proposition 9.3 in
Section 9.2. The estimates outlined so far introduce certain nonlinear error terms. We estimate
these in Propositions 9.4 and 9.5 in Section 9.3. A key part in controlling the error terms is the
estimate (9.10) for the lower order pointwise norms P in (9.6) and SP in (9.7), which follows from

Section 3. In Section 9.4 we combine all these estimates to complete the proof of Theorem 9.1.

9.1 Norms

Following the above outline, we define the following norms on {u =-1,0<v< 1} :

Top order energy 7 = T (—1,v):

n—d n—d n—4
T = RO, W+ ol [P R + 90 WO (0)

Mildly singular top order energy S = S(—1,v):

n-d 9
S=|Vy? all g (9.2)
e Lower order energy £ = L(—1,v):
26 pMynstog
=3 > ollVE G+ VA (9:3)
=0 m=0

Fractional lower order energy M; = M;(—1,v) for any 0 <1 < "T76:

M, = |[VMLW 2. (9.4)
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Ricci coefficients norm R = R(—1,v):

n—4 n—4
1 4 e M+l
R = Z HVM+1+]€V42 kw*Hme + Z Z Hviw*Hszrl' (9-5)
k=0 =0  m=0
e Lower order pointwise norm P = P(—1,v) for N = & + 2.
"3 N ) A )
P=2 2 V"Vt + > > V"V (9.6)
1=0 m=0 1=0 m=0

Mildly singular pointwise norm SP = SP(—1,v):

N’ nd ) N’ w2 )
SP =2 IV"VaZ 9+ 3 V7V [ (97)

Initial data norm D:

D= Hz(go,h)HL. 9.8)

9.2 Estimates for the Norms

We start with some preliminary estimates for the pointwise norms P and SP which follow from
the estimates of Section 3. Since H%HFIMH < €, we get by (3.48) that:

> 11£ ol aomy S € (9.9)
m<M+1
Additionally, since HOHHMH < € we also have that H(log V)OHHM < ¢. Thus, H[]HHMH < ¢

~

~

implies that HhH pyv S 6 so the smallness condition (3.1) holds. As a result, we can apply

Propositions 3.1 and 3.2 for Ny, Ny = N’ = % + 7 to get that:
P <e, SP <e(l+|log(v)]?). (9.10)

The bounds for the top order energies 7 and S rely on the refined estimates in Theorem 7.1.
Once we established these, we can bound the remaining norms £, M, and R using standard
estimates.

As a consequence of Theorem 7.1, we obtain the following estimates for the top order energies:

Corollary 9.1. The top order energy T and the mildly singular top order energy S satisfy the

2 v
dv' + /
L2 0
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estimates for 0 < v <1:

M v L
TED+ Y [
m=0"0

2

ErrY

M, dv’, (9.11)

ErrY .,
m,72

H1/2



2

E?“T‘fr:’n% Err]\%’J’nT,AL dv'. (9.12)

2

M v L 2 v
S < (1+|logv|*)D + E/ V' dv’ —I—/
=00 L 0

Proof. We recall that according to Section 5 and Remark 5.4:

H1/2

n—4 n—4 .
0=V," o, &;=V,> V¢ B\ =ErY ., F,=Erm? .,
’ 2 ’ 2

satisfy the first model system as defined in (5.13) and also [Cic26, Definition 1.1]. The bounds
on the background (M, g) required in [Cic26, Theorem 1.1] follow by Theorem 3.1. We also have
that HRi”ém(go)HHM <D <1, so we can apply Theorem 7.1 with an implicit constant depending

only on M. We change coordinates to v = 72 to obtain:

2 Mo |12 Mo 5 2 2 2
V[VaVV, T ol e o[V o s SO + 1[0l ar
n— M v v
+HV424‘1’€H2MH+Z/ o3 22dvf+/
m=0"0 L 0
na 12 N ol : G2
V47 ol faren (14 Nog o) |0 garss + 10 parss + [Va? G| fars+
M v 1 ) , v
+,7;)/0 V2 L2dv —|—/0
n—d n—d n—4
V3|V VMV, 2 OO+ VO VYT 0L+ V47 O SO s + 9]

n—4 a 2 M v 1 2 v v
= -1 /
+HV42 Wy HHM+1 + E / Vo2 LQdU +/ HETTM,n_Al
m=0+0 0 2

Using the notation (9.8) for the initial data norm D, we obtain the conclusion. O

2

Err¥Y .,
Mzt

T
Errm7 nd

3 H1/2

2

ErrY 4
M4

N7
Errm N4

B) H1l/2

2

W
Errmvﬂ

3 H1l/2

We prove the following result for the lower order energy £ defined in (9.3):

Proposition 9.1. The lower order energy L satisfies the estimate for 0 <v < 1:
zgp+e7z+/ R+T+8)d' +Y S / |0 (9.13)
0 =0 m=0 7O

Proof. We recall that by (5.11), for every 0 < < ”T_6 and 0 <m < M + ”7_4 — [ we have that all

curvature components ¥ satisfy the commuted equation:

vVAVTVLT 4 (3 +1- ;L) ViVVLT — AAVTVLE = VIV D, + Brr
"
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We contract each equation with V4Vmel\Il, then sum over all m,! in the admissible range and

all curvature components ¥ to obtain:
28 Mg e M
OED SRR\ A TR N TR DI DI A AR s
=0 m=0 — — 0

nGM_,’_n 4_[ n6M+n 4—l

DI A LA TR L TR DD ol N A

We also have the estimate:
v v n— v
A7 §D+/ Vw2, g.._gD+/ |97 w2, §D+/ T+8.
0

We use the commutation formulas in Lemma 2.7 and Gronwall to obtain:
S5 Mg

S5OY Va2, + [V S

e e n6 )iy

<D+Z Z / T+S+vale\IIHH+H¢V4WHHW+Z Z / HErrmle

Once again, we use Gronwall and bound the other terms using 7, S , and R:
T
2 3 ollVav R+ [V S

n— 6M+n 47[

0

Using this bound and the lower order pointwise estimate (9.10), we get;:

26 Myt
> > Vil
=0  m=0
M+”24 220 M4nzd—
S 2 Il Z!\V4\P\\Wwfm+z Z ][ [

m=N'

n n—=6 M+"—4—l

SR+D+ [ (T+5+R) +z DO R
0

We obtain the conclusion by using the commutation formulas in Lemma 2.7:

—6 —4 —6 —4
to M e Mt

£53 > olevivlp 30 30 ol VeV Vil + Vi
=0 m=0 =0 m=0
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We prove the following result for the fractional lower order energy defined in (9.4):

e . . . _6
Proposition 9.2. The fractional lower order energy M, satisfies the estimate for any 0 <1 < *52

and 0 <ov<1:

M ST +S+LAR+|Brrfy |5 (9.14)
Proof. We have the estimate for any 0 < [ < 255:
IV e S VA arra + AV VR
S LA ViV + [ VaVM VR + [V VR 1B s
S L+ [oVa VM| 4 [[ova VY (o) |2 + [V V2,
HIVM @VED) 13 + 1Bkl

SLAT+S+RA+ [0VaVMIVEI|2,, + [[oVa VM (VL) |12 + | Errl 3 e

For | = %58 we have the bound by (9.1):
A AR

For 0 <1 < 258 we have:

[V AT e S oV R o () e ST+ S+ L4 R,
So far, we proved that:

My ST+ 8+ LA R+ |[oVaVM (VW) |20 + || Bredy || 5 e-

We can conclude since we also have the bounds using the null structure equations in Proposi-

tion 2.4:
[0V (@I) [/ < oV Ta(@VEE) e + [0V (£2V50) G2 <
S VM V) G + [0V (8 + 00)VED) [Ge + LA RS T + S+ L+ R.

We prove the following result for the Ricci coefficients norm R defined in (9.5):
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Proposition 9.3. The Ricci coefficients norm R satisfies the estimate for any 0 <v < 1:
v
R§D+/ () V2T 48+ L+ R+ ()2 Mas)dv. (9.15)
0 2

Proof. For every 0 < [ < "774 and 0 < m < M + "774 — [, the Ricci coefficients ¢* satisfy the

commuted equation:
VAVt = VL 4 VY (pgt) 4 [V, VTV (9.16)

We obtain the estimate:

—4 —4
ty Mgl

Z Z “Vi”‘/’*||i1m+1 S D+
=0 m=0

nd Myt v
£33 [T s + 900 s + 070 e
=0 m=0

,§D+/ (T+S+L+R)dv'.
0

Using the LP projections in Section 6 and Gronwall, we also obtain the following fractional

estimate:

HVM“V?WHZI/Q §D+/ T+8+£+R+/ (v’)l/zﬂvﬁlvM“V?WH?{w
0 0
M+1

v v me *\ (12 N1/2||om 2 ul2
§D+/0 T+S+L+R+ E/O V79,2 () e + 02V, 0
m=0

vT
§D—I—/ ——= +S+L+R.
0 (U’)1/2
Similarly, we also get the estimate:
n—6 2 v v n—6 2
V29,7 g2, <D+ /0 T+S+L+R+ /0 CONGI AR S [
M+2

v v m "T*G £\ 12 N1/2||om nTifj 2
§D+/O T+S+L+R+ E,/O V732 (00") [ + () VY20
m=0

§D+/ T+S+£+R+(v’)1/2/\/l%6.
0
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9.3 Error Term Estimates

In this section, we bound the error terms that appear in the above estimates in terms of the norms
introduced in Section 9.1. We notice that similarly to Section 3, these do not create significant
difficulties since we commuted the equations with a high number of angular derivatives. We recall

thatforany0<l<” and0<m<M—|———lwehave
Erryy = vFumy ) (emt1) () + 0F niny 0 am+1) (¥) + Formy 1) (tmr1) () + Fm) @) (mry (¥)
a0 (msi) () + V7V (0 -9
+ > VH(Rikm T VD) + VYLV (41) + VLY (p).

i+2j=m

We also recall the error term notation in Definition 2.4:

]:mlp(\p) == Z kaZ(w]Jrl\I/)
i+j+k<p
i<l,k<m

We start with a general result for the error terms F,,, :
Lemma 9.1. For any 0 <s<1, [ < ”T_Q, m < M+ 5, p=m+1 we have the estimate:
ki |2 ki, *||2
1ot (O S (14 og(@)?) - D D7 VAV + [ VFVher 5. (9-17)
i<l k<m
Similarly, for any 0 < s <1, [ < 74, m < M+ 5, p=m+1 we have the estimate:

[Fnan(@) . £ 32 30 VYRR |G + [ 9595w .. (9-18)
i<l k<m

Proof. Using the definition of F,,;,,, we get that forall0 < s <1, 1 < ”772, m< M+5, p=m+l:

1P s 30 IHVE@ D) S [voview H vyl
ihtksp i |+J+|k|<P
i<l,k<m li|<1,|k|<m

We use the fact that VViy = VViy* to get:

Hfmlp(\I/)H?{s ~ HV’“OVZO\II Vklvzlw H vkqv qu
lé \+J+\k\<P
[i]<L,|k|<m
o3 e,
lil+5+|kI<p
i <l,|k|<m
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The second term can be bounded using (9.10) for the P and SP pointwise norms:

3 Hv’fv \IIHV q,z)H (1+ log()?) - 3° % [VEVLE ..

|i[+5+|k|<p i<l k<m
|| <L,|k|<m
For the first term, we can assume that k1| = max(|k1],...,|kj+1]). In particular, we have |kq| <

1+ % + 7 for all 2 < ¢ < j+ 1, so we can control these factors using the lower order pointwise

norm P and the mildly singular pointwise norm SP. Thus, we get that the first term is bounded

by:
(1 + ]log(v)]z) . Z Hvkovio\l, . vkql V4
[i]+j41k|<p
i <L,|k|<m
< (14 Nog@)P) - 30 3 VRV, + VATl
i<l k<m

This completes the proof of (9.17). We remark that we can prove (9.18) by following the exact

same steps, but we only use the lower order pointwise norm P when [ < ”7_4. ]

Proposition 9.4. For any 0 <1 < "5=, the error terms Erer satisfy the estimate:
HETT%/”HZI/Q < (1 + 10g(v)\2) ('T—i— S+ L+ R) (9.19)

Proof. The proof of (9.19) will follow from the fractional lower order energy estimates (9.14), once

we prove the claim:
1B 3 S (14 [og(0)[2) (T + S + L +R) + My_1. (9.20)

Using (9.17)-(9.18), the Bianchi equations in Proposition 2.6, and the null structure equations in

Proposition 2.4, we obtain:

[oFoanaenaeasn () |5z S (L4 Tog@)?) - 30 > [oVEVEE |1 + [0V V0" |y
i<l4+1 k<M

n=2 n—2 n—2
§T+S+£+R+(1+|log(v)|2)-[Z [oV* 2 ¥ || 30+ [0V, W[+ [0V, 2 qf\\;]
k<M

< (1+]log(v)| )<T+S+£+R+ Z |vV® V4 (\Ir+1/n/; HH1/2+||V4 V\IJ+1/)\I'+\IJ)H§{1>
k<M

< (1 +|10g(v)|2) (T+S+£+R).
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Similarly, we use (9.17)-(9.18) to get that:

v Farenwasssn @z S0 S0 [0VEVEE| 5 + [[0VEVie* ([
i<l k<M+1

LR+ oV, 6 |Be + [0VFV,T Uy ST+S+L+R.
k<M

We use the fractional lower order energy (9.4) and (9.18):

[ Foarsyimnywenen(@|he < 30 S ([VEVE|[ e + [VEVES |70
i<l—1k<M+2

SLAR+ Y VIV 3 + D (VI T S £+ R+ My,
k<M k<M

Next, we have by (9.18):

1Fan@@ean @5 S0 S IVEVAE| e + VIV G ST+S+L+R. (921)
i<l k<M

We can prove a similar result to the Lemma 9.1 for the error terms F*¢, and we obtain:

(B yaRnt (][ N vak v 4 oA S [ v v S N v v R [

i<l i<i—1 i<l
k<M E<M4+1 E<M+1

ST+HS+L+R.
We also use the definitions of the curvature norms (9.1)-(9.3) to get:
VM (0 - 0C) |20 S (1 + [1og(0)2) (T + S + £). (9.22)

Using (9.22), (9.21), and the formula Rifm = ¥+ 1) (implied by the constraint equation (2.19)),

we also obtain:

ST ViR V)2 ST+S+L+R.
i+2j=M

Finally, we use the commutation formula in Lemma 2.5 to get:

VAV (@) s SR+ D0 D7 9V e SR

k<M1 <nt

Combining the estimates proved so far, we establish (9.20). Using (9.14), we get:
1B |2 S (14 [Tog(0)[?) (T + S + £ +R) + My

S (1 + log@))(T+S+L+R)+ HETT]\{}/[,Z—luijl/Q'
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By induction, we obtain the conclusion, since:

|Brrd 3 S (L4 1og(@) ) (T + 8+ L+R) + || Brriol i S (1+|log(@) ) (T +S+ L +R)

O

Proposition 9.5. For any 0 <1< 254 and 0 < m < M + 22 —1, the error terms Err¥ il satisfy
the estimate:

B |2, S (1+ [log(0)?) (T +8 + L+ R). (9.23)

Proof. As in the proof of Proposition 9.4, we use (9.17)-(9.18), the Bianchi equations in Proposi-

tion 2.6, and the null structure equations in Proposition 2.4:

[0 Fmy @y rmen (D72 S (1+ [Tog@)?) Y >~ [oVEViw||, + [oVEVigr ||, <
i<l4+1k<m

S (Ut og(o)) (748 + L4 R+ o037 07+ 9,7 W) <

S 1+ log(0)P) (T+ 8+ £+ R+ (|09, (¥+69) )
HU+og)P) (9,7 (V2 +60) |2 + [o727"9,7 w]2,)

< (14 |log()?) (T +S+ L+ R).
Since I < 5%, we use (9.18) to get the bound:

2 (2 P x|2
loFmenoarmen @z D Y [0V V| + [0V Vg [ ST+ S+ L+ R.
i<l k<m+1
Similarly, we have that [ —1 < ”T_G, so we only need to use the lower order curvature norm £ and
the Ricci coefficients norm R to bound:

1Fonsmanarmn@l S D5 > [VEVER||, + [ VEViw*|[7. S £+ R.
1<l—1 k<m+2

Analogously to (9.21), we use (9.18) to obtain:

1 Femy@aem @72 £ DD (IVEVAE| L. + [ VEV . ST+ S+ L+ R. (9:24)

i<l k<m
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As in the proof of Proposition 9.4, we recall that we have a similar result to Lemma 9.1 for the
error terms F'°*, which implies:
| warmen @5 £ D0 IVVER[G + D0 (IVVAR[+ D [[VEvie|L,
i<l i<l—1 i<l

E<m k<m-+1 k<m-+1

STH+S+L+R.

As in the proof of (9.22), we use the definitions of the curvature norms (9.1)-(9.3) to get the

bound:
[V VL (@ - 09)|17, < (1 + [1og(v)|?) (T + S + £). (9.25)

We use (9.24), (9.25), and the formula Riém = ¥ +11) (implied by the constraint equation (2.19))

to get that:

ST |IViR#ET V)L ST S+ LR
i+2j=m

Finally, to conclude the proof of (9.23), we use the commutation formulas in Lemma 2.5:

VL (w2, S R.

9.4 The Proof of Theorem 9.1

We combine the estimates established in Sections 9.2 and 9.3 to complete the proof of Theorem 9.1:
Proof of Theorem 9.1. We use the estimates (9.11), (9.12), (9.13), (9.15) for the norms
T, S, L, and R, and the estimates (9.19), (9.23) for the error terms. Adding these together, we

obtain that for all v < 1:

1 v 2 , 1 1
LAR+————-8 S D+eR 1+|logv'|?) v — —S+LH+R |dV'. (9.26
T+L+ +1+|logv|2 < D+e —i—/o (1+]logv'|*) v 2<T+1+]logv’\2 +L+ ) v’. (9.26)

We first take € > 0 small enough to absorb the R term, then apply Gronwall’s inequality:

1
L+R+—F5SID. 9.27
THLA +14—|10gv]2 ~ (9:27)

By self-similarity, (9.27) implies the desired estimates for the Ricci coefficients and curvature
components in the statement of Theorem 9.1. To complete the proof of the theorem, we also

show that Hg*HiM+1 < D. We first need to prove this on the sphere S_; . Similarly to the

~
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derivation of (9.9), we use (3.48) to get:

S 18 gl e s S gl S P
m<IM+1

We then use (3.48) for covariant derivatives with respect to 4, and prove by induction on m <
M + 1 that:

Vg5l < 2.

The conclusion follows by using the metric equation £,¢* = ¢* and the estimate R < D. O

10 Estimates from {v = —u} to {v =0}

In this section we consider the smooth straight self-similar vacuum spacetime (M, g) obtained
from small initial data on the sphere S(_; ;) and we prove optimal estimates on the induced
asymptotic data set X(g,,h) at {u = —1, v = 0}. Using the ambient metric formulation, in the
original (n+ 1)-dimensional formulation these correspond to proving estimates on the asymptotic

data at Z~ in terms of initial data at a finite time. This section is based on [Cic24, Section 10].

Theorem 10.1. For any M > 0 large enough and € > 0 small enough we consider the smooth

straight initial data on the sphere S(_y 1y, with the initial data norm:

2t aenpic o3¢ &
= = VSV G + D VMV + D (VY VAV
i+j=0  m=0 i+j=0 i+j=0

n—4 n—4 . -
g Mt iy

1
SO DRED DI LA 50 VAR WD S|4 [ [V veee
k=0 i+j:nT_4—k i+7=0 m=0
We assume that the initial data satisfy the smallness assumption Zpr < €. We denote by (M, g)

the smooth vacuum spacetime obtained using Theorems 3.1, 3.2, and 4.1, with induced asymptotic

data (go, h) at S(_1 ). The corresponding asymptotic data set E(go, h) satisfies the estimate:

1=(go: Wl 5s < B, (10.1)
where the asymptotic data norm of order HEH?M 1s given in Definition 9.1.

We follow the strategy outlined in Section 1.3.3 of the introduction. Using self-similarity as
in Section 9, it suffices to work on the null hypersurface {u = —1}. The idea of the proof is to

define suitable norms in Section 10.1 for the curvature components and Ricci coefficients, which
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we then estimate one at a time in Section 10.2. Finally, we combine the estimates to complete
the proof of Theorem 10.1 in Section 10.3.

Similarly to Section 9, we outline the steps of the proof in detail to assist the reader through-
out the section. We define the top order curvature norm 7 in (10.2), which we estimate in
Corollary 10.1 as a consequence of Theorem 8.1. We define the lower order curvature norms £ in
(10.3) and M; in (10.4), which we estimate in Propositions 10.1 and 10.2. We define the Ricci
coefficients norm R in (10.5) and estimate it in Proposition 10.3. As in Section 9, these estimates
introduce nonlinear error terms, which we estimate in Propositions 10.4 and 10.5 in Section 10.2.
Once again, in controlling the error terms we also use the estimate (10.9) for the lower order
pointwise norms P in (10.6) and SP in (10.7), which follows from Section 3. In Section 10.3 we

combine all these estimates to complete the proof of Theorem 10.1.
10.1 Norms
Following the above outline, we define the following norms on {u =-1,0<v< 1} :

e Top order energy T = T (—1,v):

n—d M n—d M n—4
T =R ViV Y, ol + 3 oYVl + 3 VATV Rt (102

m=0 m=0
M n—4d G112 M n—4 G112
+ ) VYT UG+ Y 0| VAV P Y|
m=0 m=0

e Lower order energy £ = L(—1,v):

nb Mt
=3 > Vil + IVE (10.3)
=0 m=0
e Fractional lower order energy M; = M;(—1,v) for any 0 <1 < ”Tfﬁz

M, = |V 2. (10.4)

e Ricci coefficients norm R = R(—1,v):

4 4
g Mgl

! n-a_
R= VT 4> S VR G (10.5)
k=0 =0 m=0

180



e Lower order pointwise norm P = P(—1,v) for N’ = & 4 2
30N , ot N ,
P=2 2 V"Vt + > > IV Vier |- (10.6)
=0 m=0 =0 m=0

e Mildly singular pointwise norm SP = SP(—1,v):

N/ ned ) N’ s ,
SP = Z V"V e + Z V"V, 2 ||} (10.7)
m=0 m=0

e Initial data norm D at (u,v) = (—1,1):

n—4 n—4 n—4 n—2
nd pppnsdog n-d n-2

2 2
Di=) > Hvi‘l"@mﬂ +> HVMVZ‘I’HZM +Y HVMVQ‘I’HZUQJF (10.8)
=0 m=0 1=0 1=0

1 7L;4M+nT—4_l
£33 IV e+ > D VA e + g s
k=0j=n-4_f I=0 m=0

We remark that using self-similarity, we can replace V3 derivatives with V4 derivatives. Thus,

we obtain that E?\/[ ~ D, so it suffices to consider D as the initial data norm.

10.2 Estimates for the Norms

We start with some preliminary estimates for the pointwise norms P and SP which follow from
the estimates of Section 3. Using Theorems 3.1, 4.1, and 3.2, we get that for N’ = % + 7 we

have the estimates:
P <e SP <e(l+|logv)]?). (10.9)

The bound for the top order energy T follows from the refined estimates in Theorem 8.1. We
can then bound the remaining norms using standard estimates. We note that as in Section 9, the
nonlinear error terms ErrY do not create significant difficulties.

As a consequence of Theorem 8.1, we obtain the following estimate for the top order energy

(10.2):
Corollary 10.1. The top order energy T satisfies the estimate for 0 < v <1:
Mo
TS DJsz_:O/v 1BrrY, sl e (10.10)
Proof. We recall that according to Section 5 and Remark 5.4:

n—4 n—4
G 0 v i 4
<I>0:V42 o, ‘I%-:V42 \\ s F;n:E‘T?”m"n;;;7 FT’n:E’rTm’nfz;

2
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satisfy the second model system as defined in (5.14) and also [Cic26, Definition 1.1]. The bounds on
the background (/\/l, g) required in [Cic26, Theorem 1.2] follow by Theorem 3.1. Moreover, since
D < €%, we have in particular that |9 gvi1(—1,1) < 1, so the implicit constant in Theorem 8.1
depends only on M. Thus, we apply Theorem 8.1 to obtain the following estimate:

3 2 o2 S S aIE: 2 Moz |2
Zﬁ”vmv42 O‘HHI/2+ Z”vav42 aHH3/2+U HV4V V,? aHH1/2

m=0 m=0

! et 2 / U 232 G2
IV s’ + 2[99
v

m=0

M et G2 M 1 ned anz
IR LD S B A et Ll
m=0""Y

m=0

M
D Dl I L-Va i
1 m=0"" n 2

We bound the initial data term using D to obtain the conclusion. O

M n—4 n—2
£ (197927 Wl + 19700 )
0

m=

v=

We prove the following result for the lower order energy £ defined in (10.3):
Proposition 10.1. The lower order energy L satisfies the estimate for 0 < v <1:
1 s
csprert [Ty Y |
v =0 m=0 v

Proof. As in the proof of Proposition 9.1 in Section 9, we contract (5.11) with 2V,V"V{¥ and

2
‘Errg’%ledv’. (10.11)

sum for all 0 <[ < ”T_6, 0<m< M+ %‘4 — [, and every curvature component ¥. We obtain a

good bulk term since n — 2l — 5> 1:

—6 —4
258 M 27

1
DN DL ARE TR At TP I LA ]
=0 m=0 v
o N4t e

1 1
SD+Y > / [V, Vi V|7, + [V e|fde + > S / 1B |[5..
=0 m=0 v =0 m=0 v
We also have the estimate:
1 1 e 1
VL2, < D+/ Ve, < ... < D+/ 1V, v, < D+/ (") VAT

We use the commutation formulas in Lemma 2.7 and Gronwall to obtain:
Mt
n—=6 2 2
S VeV L + [V (10.12)
=0 m=0
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e e

1
§D+/( )V T dy! +Z Z / HEW%JH;'

Next, we use the commutation formulas in Lemma 2.7 to obtain:

5t MR g Mty
£<yY Y ofuvy \y}|Hm+z>+/ ()T +Z > / |Brr® ||, (10.13)
=0 m=0
Similarly to the proof of Proposition 9.1, we bound the first term in (10.13) by using the lower
order pointwise bound (10.9) and the bound in (10.12) for HVi\I/HZm 41 in order to conclude
(10.11). O

The bounds for the remaining terms are similar to Section 9. We notice that the norms
defined in Section 10.1 control the same terms as the norms of Section 9.1, the only difference

being the bound:
M n—4
STV, a5 SvTYRT. (10.14)

Due to the structure of the error terms it suffices to control only M + 1/2 angular derivatives of
n—4

V,? ain (10.14), since the terms with more angular derivatives also have better v weights. Thus,

the bound (10.14) replaces the use of the mildly singular top order energy (9.2) in Section 9. We

briefly explain the proofs for the remaining terms:

Proposition 10.2. The fractional lower order energy M; satisfies the estimate for any 0 <1 <

”T_Gandogvglz

My ST + L4+ R+ || Errdy |3 (10.15)
Proof. As in the proof of Proposition 9.2 in Section 9, we have the estimate for any 0 < [ < 256:
VM52 S £+ [[oVa VYV e+ [0Va Y (V) [0t
HIVHIE e + 9 V) [Grae + [ Brrialre
S LA VT 4 R+ [[ova VI3 + [ oVa VM (0V40) || + | Err 5o
6

Considering separately the cases | = "5~ and 0 <[ < ”ng, the same proof as in Proposition 9.2

implies:

[0V VM5, ST+ L+ R
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Finally, we conclude since we have the bound similarly to the proof of Proposition 9.2:
[0V (VD) |50 < [0V ($TE ) sz + [0V (2 +00)VED) [0 + £+ R
SvTVPT 4+ L4+ R,

O

Next, we follow the same steps as in Section 9 to prove the result for the Ricci coefficients R

defined in (10.5):

Proposition 10.3. The Ricci coefficients norm R satisfies the estimate for any 0 < v < 1:
1
R§D+/(WYWT+£+R+@T”MWQMC (10.16)
2
v

Proof. Using the commuted equations (9.16) for the Ricci coefficients 1)*, we obtain the estimate:

—4 —4 —4 —4
Sz MA iy MArg -l

1
> X IV s X [ ) [’
=0 =0 =0 =0

v

—4 —4 —4 —4
o MArSl e MRl

1
1D DD DI INCOTE T CHRAVEES DI SR (NCIRS (o7 e
=0 =0

v I=0 m=0 v
1
§D+/’WA*WT+£+RMM

As in the proof of Proposition 9.3, we use the LP projections in Section 6 and Gronwall to obtain

the following fractional estimate:
n—d 1 v n—4
HVM-HV42 ¢*H§{1/2 <D+ / ((’U’)—l/?’]'—l— L+ R)dv’ _|_/ (v/)1/2HV4VM+1V42 Q/)*Hzlﬂ

v 0
M+1

1 1 n—4 n—4
S+ [ BT R+ Y [T ) [+ ) O
v m=0 v

1
§D+/‘Wﬁ4ﬂT+E+Rﬂd
v
Similarly to Proposition 9.3, we also get the estimate in the case when n > 6:

9 e 5 D+ [ (@ T+ LR+ [T
v 0

1 M2 v n—6 9 n-6 9
gp+/ () V2T + L+ R)dv' + Z/ V™V 2 (W) oe + @)YV 00
v m=0"0
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1
<D+ / W)Y YT+ L+ R+ (v’)l/QM%.

v

O]

For the rest of the section, we explain how to control the error terms from the above estimates.
Since the lower order pointwise norms P and SP satisfy the same bounds as in Section 9 (see
(9.10) and (10.9)), we get that Lemma 9.1 applies in the current situation. We adapt the proof

of Proposition 9.4 to prove the following result for the error terms:

Proposition 10.4. For any 0 < | < "774, 0 < m < M, the error terms E’I“T;I;LJ satisfy the

estimate:

HETT‘%ZHEI/Q < (1 + |log(v)]?) (v_1/27+ L+TR). (10.17)

~

Proof. As in the proof of Proposition 9.4 in Section 9, the proof of (10.17) follows from the

fractional lower order energy estimate (10.15), once we prove the claim:
HETTT\%JH?{W < (1 + log(v)\z) (v_1/2’7'+ L+ R) + M;_1. (10.18)

However, the proof of this estimate follows the exact same steps as in the proof of Proposition 9.4
once we replace all the mildly singular norms S by v~/27 using (10.14), so we omit repeating

the proof here. We then use the fractional lower order energy estimate (9.14) to obtain:
1B |52 S (14 [log(0)?) (v V2T + £+ R) + M
< (14 log(0)]?) (v 2T + L+ R) + || Err 1|2 -
By induction, we obtain that:
1B 2 S (14 [og(0)]?) (02T + L+ R) + || Brrd oo 2
< (14 [log(0)?) (02T + L+ R),
completing the proof of (10.17). 0

Similarly, we can repeat the proof of Proposition 9.5 and replace the mildly singular norms

S by v~ 1/2T using (10.14) in order to establish the following result for the remaining error terms:
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Proposition 10.5. For any for any 0 <1 < "774 and 0 <m < M + an4 — 1, the error terms

Errg’%l satisfy the estimate:
1B |52 < (14 [log(0)?) (v V2T + £+ R). (10.19)

Proof. The proof follows the same steps as Proposition 9.5, so we omit repeating it here. O

10.3 The Proof of Theorem 10.1

We combine the estimates established in Section 10.2 to complete the proof of Theorem 10.1:
Proof of Theorem 10.1. We use the estimates (10.10), (10.11), (10.16) for the norms T, L,
and R, and the estimates (10.17), (10.19) for the error terms. Adding these together, we obtain

that for all 0 < v < 1:
TH+L+RSD+eR+ /1 (1+ [log /) (W) Y2T + L+ R)dv'. (10.20)
Taking € > 0 small enough and using Gronwall’s inequality, we show that:
T+L+RSD. (10.21)

By self-similarity, (10.21) implies the desired estimates for the Ricci coefficients and curvature
components in the statement of Theorem 10.1. In order to complete the proof of Theorem 10.1,

we prove the bound:
g5l aess + 100z + 10 ] 5raess S D (10.22)

Using the estimates on the asymptotic data in Theorem 8.3 we obtain:
2 M ! U 2
O 5D+ 3 [ B
m=0"0

dv.
H1/2

72

We then use the estimates (10.17), (10.19) on the error terms and (10.21):
1
O] 720 S +/ (1+ | log(v)[?) (v /2T + L + R)dv < D. (10.23)
0

Using the metric equation £,¢* = ¢* and the estimate R < D, we obtain that Hg* Hi{MH <D.
We use this, together with the estimates in Proposition 3.8 and (3.48) in order to prove by

induction on m < M 4+ 1 that HE@” < e. In particular, this allows us to bound the

w12
Foll2sm) S
Christoffel symbols terms in (3.48) and prove:

> s gilliasn S -
m<M+1
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We can then use (3.48) for covariant derivatives with respect to ¢ gn and prove by induction on

m < M + 1 that:
[VmgEl|2, < D. (10.24)

~

In order to complete the proof of (10.22), we must bound HhHHMH. By Theorem 8.1 we get:

2 2
H1/2dv 5 D+ HhHL2’

M 1
905 2+ 1l + C (R MO + 2 [ [0
m=0

where we used the constraint equation (2.19), the bound (10.23) for O, and the estimates (10.17),

(10.19) on the error terms. For the rest of the proof we prove a suitable lower order estimate for
n—4 _

HhHi2 As in the proof of Theorem 8.1, we define { = V,? a and { = { —vlogvV,4§. We compute

using (5.9):
Vi€ = —logv - Vi(vV4€) = logu - (Av?a A Errgn%).
Therefore, we get using the estimates (10.10) and (10.19):
IRll;> = lim [[E]]7. S+ /Ol(logv)2 ' (HV?‘I’HEZ +|[Brrg o |72 )dv S D.

This completes the proof of Theorem 10.1. O

11 The Scattering Map

In this section, we follow the outline in Section 1.3.3 of the introduction and we put together
our previous results in order to complete the proof of the third statement in Theorem 1.3. This
section is based on [Cic24, Section 11]. For any M > 0 large enough and ¢ > 0 small enough
we consider smooth straight initial data (go,h) such that the corresponding asymptotic data
set satisfies E(go, h) S Bé‘/f (EMinkowski). By Theorem 3.1 there exists a unique smooth straight
self-similar vacuum solution (M, g) in double null coordinates defined in {u < 0, v > 0} with
asymptotic initial data at {v = 0} given by (go, h). Moreover, this induces smooth asymptotic

data (go,ﬁ) at {u = 0} by Theorem 4.1. The estimates in Theorem 9.1 imply that:

= 5 =y 1],
We also have by Theorem 10.1 that the reverse inequality holds. We use this inequality for the

spacetime obtained by reversing the time orientation, namely by replacing (u,v) with (—v, —u).
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We obtain the estimate:
[(o.2)],, <=0

where Z(go, @) is defined according to Remark 9.1. Therefore, there exists a constant Cp; > 0

depending only on M such that:

[(o1)], < ][50, (11)

We obtain that E(go, h) S B% IE(EMinkOWSki), so we can define the scattering map:
S+ BM (Stinkowski) = BEL o« (Sntinkowski) S(Z(gy h) = %(gy h)-

Using the uniqueness of scattering states statement from Theorem 3.1, we obtain that S is in-
jective. Moreover, we can apply the existence and uniqueness results, together with the esti-
mate (1.17) in the reverse time direction to obtain that ByCM (EMinkowski) cS (Bé” (EMinkOWSki)).
Therefore, S is locally invertible at Xnfinkowski- Finally, the estimate (11.1) implies that S is locally
Lipschitz at X ninkowski-
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