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We consider general initial data for the Einstein scalar-field system on a closed 3-manifold (M, y) which is
close to data for a Friedman—Lemaitre—Robertson—Walker solution with homogeneous scalar field matter
and a negative Einstein metric y as spatial geometry. We prove that the maximal globally hyperbolic
development of such initial data in the Finstein scalar-field system is past incomplete in the contracting
direction and exhibits stable collapse into a big bang curvature singularity. Under an additional condition
on the first positive eigenvalue of —A,, satisfied, for example, by closed hyperbolic 3-manifolds of small
diameter, we prove that the data evolves to a future complete spacetime in the expanding direction which
asymptotes to a vacuum Friedman solution with (M, y) as the expansion normalized spatial geometry. In
particular, the strong cosmic censorship conjecture holds for this class of solutions in the C2-sense.
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1. Introduction

1.1. Setting and main results. We consider the Einstein scalar-field system

Ric[gl,w — S RI818,00 = 87 T2, 4], (1-1a)
Ty =V, 9V — 12,V $V,0, (1-1b)
Oz =0, (1-1c)
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with initial data (go, ko, 7o, Yo) on a closed 3-manifold M that admits a negative Einstein metric y.l In
this paper, we determine the maximal globally hyperbolic development emanating from such initial data
given that it is sufficiently close to the initial data of a homogeneous solution with a nontrivial scalar field.

In the collapsing direction, we prove a stable big bang formation and curvature blow-up result, which
requires the presence of a nontrivial scalar field. The results complement those in [Rodnianski and Speck
2018b; Speck 2018], which cover flat and spherical spatial geometry. In the expanding direction, we
prove a nonlinear future stability result of the corresponding vacuum background solution, which is the
Milne model, under a mild condition for the first positive eigenvalue of —A,, (see Definition 9.2). As
discussed in more detail in Remark 9.3, numerical studies (see [Cornish and Spergel 1999; Inoue 2001])
show that this condition holds for an analogue of Weeks space, and suggest that this may hold for all
closed hyperbolic 3-manifolds with sectional curvature — 3.

9
Connecting the two regions, we prove the global stability (i.e., past and future stability) of the spacetime

([0, 00) x M, —dt* +a(t)?y), (1-2a)

given a negative Einstein manifold (M, y) obeying the aforementioned spectral condition, with
a0 =0, a=vi+Zc?a™ (1-2b)
for some given constant C > 0, and the scalar field given by
¢ =Ca3, V¢=0. (1-2¢)
The scale factor consequently exhibits the following asymptotic behaviour:
a)~t"3ast\ 0 and a(r)~rtast / oo. (1-2d)
The main result can be split into two parts:

Theorem 1.1 (big bang stability: rough version). Let (M, go, ko, 7o, Vo) be initial data for the Einstein
scalar-field system that is sufficiently close to (M, a(to)zy, —a(ty)a(ty)y, 0, Ca(ty)™3), where C > 0 and
(M, y) is a closed Riemannian 3-manifold with Ric[y] = —%y (i.e., a closed negative Einstein manifold
with scalar curvature — %)

Then, the past maximal globally hyperbolic development ((0, to] x M, g, ¢) of the initial data within
the Einstein scalar-field system (1-1a)—(1-1c) admits a foliation by CMC hypersurfaces Xy =t~ ({s})
with zero shift. This development remains close to the FLRW solution described in (1-2a)—(1-2c) in the
past of the initial data slice ¥,,. In particular, the solution exhibits curvature blow-up of order t~* and
every causal geodesic becomes incomplete as t approaches 0.

Theorem 1.2 (global stability). Let (M, go, ko, 7o, Vo) be initial data as in Theorem 1.1. In addition, we
suppose that the smallest positive eigenvalue of — A, acting on scalar functions is strictly greater than %.

Then, the initial data admits a maximal globally hyperbolic development ((0, 0c0) X M, g, @) solving the
Einstein scalar-field system that, in addition to the results of Theorem 1.1, is future (causally) complete. As

'Here and throughout, g and ¥ prescribe data for V¢ |y o and dp@|x 0 respectively.
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t /' o0, the solution is attracted by Milne spacetime in the sense that the expansion normalized variables
(g, k, Vo, ¢') (see Definition 9.4) converge toward (y, %y, 0, O).

A more detailed statement of Theorem 1.1 is provided in Theorem 8.2. The additional spectral condition
in Theorem 1.2 is discussed at the end of Section 1.3, and the statement itself is proven in Section 10 to
be an extension of the Milne future stability result in Theorem 9.1.

1.2. Background material. We now provide context for the previously discussed setting and the results
in Theorems 1.1-1.2:

1.2.1. Initial data to the Einstein scalar-field equations. It is well known that the Einstein equations
can, via the 3+1 decomposition, be viewed as an elliptic-hyperbolic system of PDEs (see, for example,
[Andersson and Moncrief 2003]). This reduces solving the Einstein equations to two problems: finding
admissible Einstein initial data in physical space, and then solving the corresponding initial value problem.
Regarding the former, initial data to the Einstein scalar-field system takes the form

(M, &, k, %, 9),
where ¢ and k are symmetric (0, 2)-tensors on M, 7 is a (0, 1)-tensor (corresponding to V¢) and w isa

scalar function (corresponding to the future-directed normal derivative dg¢ of the scalar field). The initial
data must satisfy the Hamiltonian and momentum constraints

RIG1+ (K%)* — (kK" = 8 (19> + 17211, (1-3a)
divgk = —87 -7 - (1-3b)

(see (2-16a) and (2-16b)), where the indices of k in the first line are raised with respect to g.

We note that, in our argument, we will additionally assume that our initial data has constant mean
curvature so that our gauges can be satisfied initially — this is enforced on the level of initial data by
requiring
a(to)
a(to)

(see (2-10)). We will argue in Remark 8.1 why the initial data being near-FLRW allows us to assume the
initial hypersurface to be CMC without loss of generality.

The results of [Foures-Bruhat 1952; Choquet-Bruhat and Geroch 1969] show that there exists an
embedding2 t: M < (M) C M and a maximal solution (M, g, V¢, d9¢) to the Einstein scalar-field
equations such that «(M) = %, is a Cauchy hypersurface and such that

trg,/;: -3

Fg=¢, k= k, cm=# and ("9 = .
We will perturb around initial data corresponding to data for an FLRW spacetime at time # = fo, i.€.,
(M = 3y, a(to)’y. —a(to)a(to)y. 0, Calto) ™).

ZWe usually ignore the embedding in notation.
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Furthermore, the maximal globally hyperbolic development (MGHD) is unique (up to diffeomorphism),
and thus we can assume (M, g, Vé, dp¢) to be globally hyperbolic. However, these statements provide
little information on the properties of the MGHD in the future and past of the initial data slice.

1.2.2. Strong cosmic censorship. In their groundbreaking papers on singularity theorems, Hawking
[1967] and Penrose [1965] established very general criteria for the MGHD of spacetimes to become
causally geodesically incomplete. Many spacetimes of physical relevance satisfy these criteria, including
the spacetimes considered in this article. While giving us more information on the MGHD than the
existence and uniqueness results mentioned above, a key issue in the application of this mathematical
result to general relativity is that no statement is made on how precisely the singularity comes about: In
particular, such incompleteness (within a given regularity class) could either mean that the geodesic is
inextendible — which must be caused by the blow-up of some geometric quantity — or that there exist
multiple inequivalent extensions. While the latter behaviour is exhibited even for some cosmological
spacetimes (see, for example, the Taub solutions discussed in [Chrusciel and Isenberg 1993]), such
behaviour is usually considered to be unphysical since it would imply a breakdown of determinism. The
strong cosmic censorship conjecture (SCCC) posits in its most general form that, for generic solutions
to the Einstein equations, this incompleteness instead manifests as inextendibility at a given level of
regularity (e.g., C°, C%, C*>,...).

In certain frameworks in the homogeneous cosmological setting—i.e., for homogeneous initial data on a
closed spatial hypersurface — it was shown in fundamental works [Chrusciel and Rendall 1995; Ringstrom
2009] that the so-called Kretschmann scalar Ryg, 5 R*PY? is unbounded where incompleteness manifests.
Thus, it is the driving force behind geodesic incompleteness in these cases, forcing C2-inextendibility of
the MGHD. For the purposes of analyzing cosmologically relevant spacetimes, the SCCC is hence often
rephrased as follows:

Conjecture 1.3 (cosmological SCCC; see, e.g., [Ringstrom 2009, Chapter 17]). For generic initial data,
the Kretschmann scalar is unbounded where causal geodesics become incomplete.

Theorem 1.1, in short, shows that this conjecture is rigorously supported in the case of FLRW spacetimes
with negative spatial curvature. More precisely, the past asymptotics of such spacetimes, determined
by initial data on X;, as discussed above, are generic in the following sense: There exists an open
neighbourhood of said FLRW data within the set of Einstein scalar-field initial data such that the solutions
past-directed causal geodesics become incomplete, and the incompleteness is driven by blow-up of
Kretschmann scalar with the same asymptotics as the FLRW solution. The global result in Theorem 1.2
portrays the other side of cosmic censorship — as with the past evolution, near-FLRW data fully determines
the future of the spacetime in the sense that the MGHD is future complete, again showing that this feature
of FLRW spacetimes with negative spatial sectional curvature is generic.

1.2.3. FLRW and generalized Kasner spacetimes with scalar fields. On a large scale, the universe is often
viewed as spatially homogeneous and isotropic, i.e., no point in space and no direction are distinguishable
from any other point and direction (referred to as the “cosmological principle”). In 1935, it was shown by
Robertson and Walker that, under a few very natural additional assumptions, this restricts the class of
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potential spacetimes to the FLRW class
(I x M, grrw = —dt* +a(t)*p),

where (Z\Z , ) is a manifold of constant sectional curvature « and where the scale factor @ depends
smoothly on #. This holds before taking the Einstein equations into consideration — when doing so, the
matter model determines how space expands within the cosmological model via a. We refer to Lemma 2.3
for the scalar-field solution for ¥k = —%, but note that the scale factor behaves like ¢!/3 for scalar-field
matter, regardless of spatial geometry, and that the Kretschmann scalar blows up at order O(t ~*) toward
the big bang (¢ | 0).

Spatially flat FLRW spacetimes are a subclass of the closely related generalized Kasner spacetimes,
which are still spatially homogeneous but anisotropic in general. For scalar field matter, the spacetime
metric is given by

D —
pi = 1, Z p,z =1- 877142, d)Kasner(t) =A log(t)

D . .
8Kasner = —dt? + Z 12Pi dx’ Rdx',
] i=1 i=1

D
i=1 i=
The standard Kasner family is obtained by considering the vacuum case (A = 0), and the spatially flat
FLRW spacetime by setting D =3, p; = %, A= \/g . If more than one of the Kasner exponents
is nonzero, the generalized Kasner family satisfies the SCCC, also by exhibiting Kretschmann scalar
blow-up of order t~*as t | 0 (see [Rodnianski and Speck 2018b, (1.8)]).

Kasner spacetimes are of particular relevance to cosmology due to their relationship with the BKL
conjecture: Heuristically, this conjecture states that the dynamics of cosmological spacetimes near a
spacelike singularity generically exhibit chaotic and highly oscillatory behaviour, often referred to as
“mixmaster” behaviour. This behaviour is driven by velocity terms within the Einstein equations and
is locally comparable to that of (vacuum) Kasner solutions. However, even if the BKL picture is to be
believed in general, scalar-field (or, more generally, stiff-fluid) solutions seem to form an exception to it:
They have a dampening effect on said oscillations, thus generating big bang stability as shown rigorously
in [Rodnianski and Speck 2018b; Fournodavlos et al. 2023] for Kasner spacetimes (for more details,
see Section 1.3). This scenario, often referred to as quiescent cosmology, was studied in, for example,
[Belinskii and Khalatnikov 1973; Barrow 1978; Andersson and Rendall 2001]. With this in mind, both
the aforementioned Kasner results and the results within this article, along with the prior FLRW results
[Rodnianski and Speck 2018b; Speck 2018], confirm this quiescent effect of scalar fields in cosmology.

We note that one can view this as a scalar field ensuring a specific scenario in the very early universe
given a class of initial data, namely matching the asymptotic behaviour of the big bang singularity. This fits
into the recent use of nonlinear scalar fields in string cosmology, where specific choices of field are made to
specific behaviours (e.g., inflation) in the early universe. For a recent review, we refer to [Cicoli et al. 2024].

1.3. Relation to previous work. Theorem 1.2 is the first theorem about the full global structure of FLRW
spacetimes with negatively curved spatial geometry. For such solutions, prior results exclusively concern
future stability, which we further discuss below. Besides [Speck 2018] covering the S*-case, it is the only
open set of initial data for cosmological spacetimes (i.e., without symmetry assumptions) with A =0
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and in absence of accelerated expansion for which the global (future and past) dynamics are now fully
understood.

Scalar field matter (and, more generally, matter obeying semilinear wave equations or fluid matter) and
their asymptotic behaviour on fixed cosmological backgrounds have been studied extensively, for example
in [Allen and Rendall 2010; Alho et al. 2019; Bachelot 2019; Beyer and Oliynyk 2024b; Ringstrom 2019;
2020; 2021; Wang 2021]. While many of the results, in particular [Ringstrom 2020], manage to analyze
very general classes of equations and spacetime geometries, including the wave equation on the FLRW
backgrounds studied in [Alho et al. 2019; Fajman and Urban 2022], the methods used are often difficult
to apply to the full Einstein scalar-field system. In [Fajman and Urban 2022], we extended the approach
of [Alho et al. 2019] to be able to deal with various warped product spacetimes, and in particular FLRW
spacetimes with negatively curved spatial geometry, by using the spatial Laplace operator to control
high-order derivatives. The perturbation-adapted analogue of this strategy is at the basis of the energy
method in this paper.

We also note that, by the results of [Girdo et al. 2019], there are nontrivial waves on fixed FLRW
backgrounds that converge toward the big bang singularity, even if, as demonstrated in [Alho et al.
2019; Fajman and Urban 2022], this behaviour is nongeneric. Such waves can give rise to convergent
asymptotics on cosmological backgrounds, as studied in [Ringstrom 2020]. Thus, it will likely be difficult
to replace (1-2c) with an arbitrary nontrivial reference wave, while keeping past stability intact. However,
by restricting to an open neighbourhood near the solution described in (1-2a)—(1-2c), potential nongeneric
solutions of this type are excluded. For the more general conditions on initial data that lead to quiescent
asymptotics, we refer to [Oude Groeniger et al. 2023], which will be discussed further below.

Theorem 1.1 forms the counterpart to the pioneering works [Rodnianski and Speck 2018a; 2018b;
Speck 2018], which cover nonlinear big bang stability for FLRW spacetimes with spatial geometry T3
and S? respectively. These results were extended to Kasner spacetimes in [Rodnianski and Speck 2022]
with |g;| < é, and to the full subcritical regime in [Fournodavlos et al. 2023], i.e., (generalized) Kasner

spacetimes as discussed in Section 1.2.3 with max; j«—1,.. p(pi + pj — pi) < 1. The former necessitates

considering (1+D)-dimensional Kasner spacetimes with D > 38, while the latter result also can be
satisfied in D = 3 for generalized Kasner spacetimes. Recall that this means, in contrast to our setting,
that the reference spacetime can be anisotropic, even if the conditions on Kasner exponents rule out
extremely anisotropic regimes. As a result, the analysis therein becomes significantly more involved,
especially at top order, since approximately monotonic energy identities as used in our work, as well as
in [Rodnianski and Speck 2018b; Speck 2018], have not been found in these anisotropic settings.

We note that the argument in [Fournodavlos et al. 2023] relies on identifying an almost-diagonal
structure for the asymptotics of (combined) connection coefficients for an adapted frame that is carried
along by Fermi—Walker transport; this is precisely where subcriticality enters. Given that these no longer
can vanish in a reference frame adapted to near-hyperbolic spatial geometry, it is a priori unclear whether
this structure is sufficiently maintained.

3For a related future stability result in accelerated expansion, see [Ringstrém 2008], which considers scalar fields with a
nontrivial potential.
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The impressive recent preprint of Oude Groeniger, Petersen and Ringstrom [Oude Groeniger et al.
2023] circumvents this issue and uses the equations considered in [Fournodavlos et al. 2023] to establish
general conditions for initial data to the Einstein (nonlinear) scalar-field equations to give rise to quiescent
singularities (see [Oude Groeniger et al. 2023, Theorem 12]). Additionally, they show that a large class
of cosmological model solutions exhibit stable big bang formation (see [Oude Groeniger et al. 2023,
Theorem 49]). In particular, by only requiring that the mean curvature is sufficiently large compared to
the expansion-normalized data, the rescaled connection coefficients can be made to be sufficiently small
even if they are nontrivial in the reference. However, this high level of generality comes at the cost of
no longer being able to ensure that the expansion-normalized solution variables themselves, in particular
the generalized Kasner exponents, remain close to the reference solution, in contrast to our asymptotic
results in Theorem 8.2.

Furthermore, Beyer and Oliynyk [2024a] have recently shown that, over T3, the big bang formation
can be localized in the sense that data given solely on a ball within the initial hypersurface must also
cause stable blow-up on a (smaller) ball on the big bang hypersurface. While this result further indicates
that blow-up behaviour of near-FLRW spacetimes might be, at least, independent of global geometric
properties as it seems to be a localizable, we note that proof of localized stability crucially relies on the
flatness of the conformal reference spacetime. To be more precise, the proof relies on extending the
local initial data to global data for a Fuchsian system of metric and matter quantities as well as, again,
connection coefficients for an adapted, Fermi—Walker transported frame. However, the derivation of the
system for the former explicitly seems to use flat spatial geometry to obtain the necessary Fuchsian form.
This form seems to similarly be broken as soon as the connection coefficients are not perturbed around 0,
since this would lead to inhomogeneous error terms of order t~! for the rescaled variables which are
stronger than what the method, so far, accounts for.

By contrast, in [Rodnianski and Speck 2018b; Speck 2018], the reference frame itself is used in the
commutator method to obtain the necessary energy identities at high orders. In all of these works, it
hence is a priori unclear how one could extend these methods to the negative spatial Einstein geometry
of (M, y). We provide an alternative approach that, besides establishing the complementary stability
result to [Rodnianski and Speck 2018b; Speck 2018], does not rely on any information on the spatial
geometry of the reference manifold in its methodology (although it is of course relevant in determining
the FLRW reference solution that we are studying). Instead, we rely on differential operators adapted
to the evolved spatial metric. Hence, we believe that our approach may also prove useful for stability
problems in spatially inhomogeneous (and hence also anisotropic) settings. In light of [Rodnianski and
Speck 2022; Fournodavlos et al. 2023] in particular, the main challenge in achieving this would either be
to find approximately monotonic energy identities with our Bel-Robinson approach that have not been
observed previously, or to also find ways to circumvent the lack thereof.

To obtain Theorem 1.1, we use the Laplace—Beltrami operator (acting, respectively, on scalar functions
and tensor fields) with respect to the (rescaled) evolved metric as our commutating operator instead of a
fixed reference frame. This, in turn, leads us to replacing the wave-like system for metric and second
fundamental form exploited in [Rodnianski and Speck 2018b; Speck 2018] by an evolutionary system
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in the second fundamental form and Bel-Robinson variables. The latter technique dates back to the
fundamental works [Christodoulou and Klainerman 1990; 1993], where it was used to analyse field
equations on Minkowski space and then to show global stability of Minkowski space itself. It has also
been applied to the future stability of Milne spacetimes in the vacuum Einstein equations in [Andersson
and Moncrief 2004] and, more recently, within the massive Einstein—Klein—Gordon system in [Wang
2019]. As far as we are aware, this method has not yet been applied to solutions that are not near-vacuum
or in the context of big bang singularity formation.

Toward the big bang, the solutions exhibit asymptotically velocity dominated (AVTD) behaviour in
the sense that they behave, to leading order, like solutions to the Einstein scalar-field equations in CMC
gauge with zero shift with all terms involving spatial derivatives set to zero (the “velocity term dominated”
(VTD) equations). This behaviour also matches results obtained by studying high-regularity solutions
(e.g., [Andersson and Rendall 2001]), or related works using Fuchsian methods that prescribe a behaviour
at the singularity and then develop it locally, often under additional symmetry assumptions (e.g., [Damour
et al. 2002; Choquet-Bruhat et al. 2004; Isenberg and Moncrief 2002; Fournodavlos and Luk 2023]). In
particular, this asymptotic behaviour leads to the same types of “Kasner footprint states” as in [Rodnianski
and Speck 2018a; 2018b]: As one approaches the big bang, the rescaled variables converge toward tensor
fields on the big bang hypersurface that precisely solve the truncated VTD equations. Further, the distance
between the footprints of the FLRW and the perturbed solution are controlled by the initial data. For
example, the rescaled Weingarten map a3k, converges to (Kpang)”,, on the big bang hypersurface, which
is close to @C I, the rescaled FLRW footprint (see (8-3¢) and (8-5c¢)).

What remains to be considered to obtain Theorem 1.2 is future stability, which we can reduce to
future stability of the vacuum solution in the Einstein scalar-field system. This solution, called the Milne
spacetime, has been shown to be stable within the set of vacuum solutions — see [Andersson and Moncrief
2011]—and a range of other Einstein systems — see, for example, [Wang 2019; Andersson and Fajman
2020; Fajman and Wyatt 2021; Fajman et al. 2024; Barzegar and Fajman 2022; Branding et al. 2019]
and related work in lower dimensions, e.g., [Andersson et al. 1997; Moncrief 2008; Fajman 2017; 2020;
Mondal 2023]. As such, our contribution to the study of future stability of Milne spacetimes is that we
deal with the massless scalar field matter via corrected energy estimates which are inspired by work in
[Choquet-Bruhat and Moncrief 2001] for vacuum Einstein equations with U (1)-symmetry. Out of the
works listed above, only [Wang 2019; Fajman and Wyatt 2021] deal with scalar field matter at all, namely
the massive case. These fields exhibit stronger decay toward the future, making the matter components
easier to deal with than in our analysis.

The additional spectral condition is needed to ensure coercivity of the corrected scalar field energy.
Numerical work, e.g., [Cornish and Spergel 1999; Inoue 2001], does not suggest that this condition
is violated by any closed 3-manifold with constant sectional curvature k = —%, and verifies that it is
satisfied, for example, by an analogue of Weeks space in which the metric is appropriately scaled to have
the required sectional curvature. The latter is also verified by the recent result [Bonifacio et al. 2025] that,
amongst considering more general related settings, sufficiently constrains the spectrum of the Laplacian

on Weeks space. We refer to Remark 9.3 where this is discussed in more detail.
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1.4. Challenges in the proof. The contracting and expanding regimes of near-FLRW spacetime are
analyzed in two separate and methodologically independent parts. Before providing an overview of both
arguments, we summarize the challenges that arise:

1.4.1. Big bang stability. The main difficulties in establishing big bang stability are three-fold:

Firstly, we have to expect that the solutions are asymptotically velocity term dominated (as argued in
Remark 8.3, we end up proving that this is the case), and thus that rescaled variables at best exhibit the
same asymptotic behaviour as their counterparts in FLRW spacetime, up to a small perturbation in the
asymptotic footprint. For example, note that, in the reference FLRW spacetime, one has

i Al 1y
(krLrw)' j = —35|]j ~ _tnj'
At best, the shear 12’] of the perturbed solution then behaves like /7. In fact, we show that this is the case
in (4-2b). This implies that the contraction rescaled metric G;; = a‘zgi ; can only be controlled up to

O(17V?) (see (4-4c)), since one has 0:8ij ~ _2gilklj and thus

0 Gij~ Guk'; ~

~|M™m

*G.

However, to be able to use the structure of the evolution equations to cancel terms in our energy
arguments, we have to work with adapted quantities. For example, we need to use integration by parts
with respect to (X;, G,) to cancel high-order scalar field terms with help of the (rescaled) wave equation
that contains A, or to obtain elliptic estimates from the lapse equation via the operator A or from the
adapted div-curl-system for ¥ arising from the constraint equations.

As aresult, even the rescaled solution variables will diverge at order O(1~V?) toward the singularity,
so we need to track and control their rate of divergence within the bootstrap argument. This significantly
complicates dealing with nonlinear terms, where the bootstrap assumptions often cannot be inserted naively.
This in turn makes coercivity of the energies more involved to establish (see Lemma 4.5 and Remark 4.6),
since this only holds up to curvature errors that also diverge and thus need to be carefully tracked.

Secondly, and in contrast to [Rodnianski and Speck 2018b; Speck 2018], replacing the wave structure
of the geometric evolution in the Einstein equations with our less geometry dependent Bel-Robinson
framework seems to lose regularity at first glance: The energy estimates for the evolution system for the
scalar field energy and the geometric energies can be caricatured as follows:

~detrg, ) S e g, ) 4 DS 14

1/8 —1/8
—%[5@(2, DHEPW )+ S EPE )+ EP W+ e @ )+

Herein, the superscript refers to the order of derivatives, while £ (¢, ), EL(Z, -) and EL (W, -) refer
to energies for the scalar field, the rescaled tracefree part X of the second fundamental form and the
Bel-Robinson variables respectively. Thus, it seems that we lose derivatives in the scalar field and are not

able to close the argument. This is remedied using the div-curl-system in X, see (2-36a) and (2-36b),
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which yields a weak estimate of the form
atet () e g ) +EPW ) +EP(E D+

Combining these estimates to improve the bootstrap assumptions then necessitates an intricately con-
structed total energy to balance these different types of estimates against one another.

Finally, given (1-2c), the rescaled time derivative of the scalar field is not small and does not become
so toward the big bang. This leads to various terms within the core linearized evolutionary system of both
matter and geometry that, if estimated naively, could lead to exponential blow-up toward the singularity.
When such terms occur in the scalar field energy evolution, this can be dealt with along similar lines
as in [Rodnianski and Speck 2018b; Speck 2018], but we incur additional large terms in our geometric
evolution that only cancel using the explicit form of the Friedman equations, which we highlight in
Lemma 7.1 and its proof.

1.4.2. Future and global stability. For Milne stability, the canonical Sobolev energies for the scalar field
variables, i.e.,

72 2
[ 19 +1991; vol,

and higher-order analogues, do not obey useful energy estimates. This can be overcome by adding an
indefinite correction term of the type

[, 9@ ol
M

to the canonical energy; see Definition 9.6. This is similar to what was done in [Choquet-Bruhat and
Moncrief 2001] in a 2+1-dimensional setting, as well as similar to the indefinite terms we introduce in
our geometric energy to control the wave system in the metric variables, as in previous work on Milne
stability in different matter models, including [Andersson and Fajman 2020; Fajman and Wyatt 2021].
That this corrected energy controls Sobolev norms relies on the aforementioned spectral condition. As
a result, and unlike for past stability, the specific spatial geometry is crucial in generating decay from
energy estimates, even before considering the geometric evolution.

Moreover, we need to transition from the near-FLRW data used to analyze the contracting regime to
data in the expanding regime on a distant enough future hypersurface such that it is near-Milne and the
future stability result applies. This requires a gauge switch from CMC gauge with zero shift to CMCSH
gauge, as well as careful control of the solution variables over a finite time interval using continuous
dependence on initial data. For the former, close inspection of [Fajman and Kroncke 2020] gives us a
diffeomorphism close to the identity that maps the initial data for the metric to new data satisfying the
spatially harmonic gauge condition, thus allowing us to switch gauges without losing proximity to the
reference solution. This is discussed in detail in Section 10.

1.5. Proof outline.
1.5.1. Big bang stability.

The big picture: The key argument in our big bang stability proof is a hierarchized series of energy
estimates that establishes the asymptotic behaviour of solution variables toward the singularity. We rely
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on a bootstrap argument which establishes that energies £/ (see Definition 3.9) for the scalar field, the
rescaled shear, the Bel-Robinson variables, the lapse and the curvature at worst only diverge slightly.
Here, 0 < L < 18 denotes the order of derivatives considered. To this end, we make a bootstrap assumption
on the solution norm C (see Definition 3.6) which controls the distance of these rescaled variables, as well
as the metric itself, to their FLRW counterparts in terms of supremum norms with respect to G, where
G = a~2g is the rescaled adapted spatial metric (see Definition 2.9). We refer to Assumption 3.16 and
Remark 3.19 for the detailed bootstrap assumptions and improvements, as well as to Lemma 3.14 for
the underpinning local well-posedness result. That this bootstrap argument implies Theorem 1.1 follows
from a straightforward adaptation of the arguments in [Rodnianski and Speck 2018b, Theorem 15.1].

We work with evolution-adapted norms even though G (¢, x) degenerates toward the big bang singularity.
Indeed, since we need to exploit the structure of the evolutionary equations, it is more convenient to
have these adapted quantities controlled by the solution norms A and C directly instead of having to
perform changes of metric at that point. Once the improved energy estimates are shown, a (time-scaled)
coercivity notion (see Lemma 4.5 and the proof of Corollary 7.3) and Sobolev embeddings with respect
to the reference metric y then ensure that these improved estimates translate to 7 and C. This then closes
the bootstrap. To actually achieve this improved energy behaviour, we derive elliptic energy estimates
or integral-type estimates that, once suitably combined and scaled, yield the desired improvements
by straightforwardly applying the Gronwall lemma. Additionally, note that we assume that the initial
data is close to FLRW data not just in ‘H, which contains precisely the norms needed to control C by
Sobolev embedding, but also scaled smallness assumptions at one order higher, contained in the top-order
seminorm Hop (see Assumption 3.10). This is needed to ensure that the top-order energy is small initially,
and thus to close the bootstrap.

Scale factor a(t): The precise structure of the Friedman equations (2-3)—(2-4) is crucial not only to
control time integral quantities up to the big bang hypersurface (see Lemma 2.4), but also to ensure that
certain terms in the evolution that would otherwise cause large divergences contribute with favourable
sign (see the arguments in Lemma 6.2, as well as Lemma 7.1). It turns out that the sectional curvature
entering the Friedman equations actually is not of key importance to large parts of the big bang stability
analysis: The leading-order behaviour of the scale factor toward the big bang singularity is determined
via the Friedman equation (1-2b) by the matter term, not the sectional curvature. This indicates that our
method might extend to different settings.

Gauge choice, commutation method and Bel-Robinson variables: We commute the resulting elliptic-
hyperbolic Einstein system with the Laplace—Beltrami operator A with respect to the rescaled evolved
spatial metric G(¢, x) to obtain higher-order energy control. Commuting with this operator has the
advantage of leaving many integration-by-parts identities intact. These are needed to provide specific
cancellations, e.g., to cancel AL/2*1¢-terms arising from the wave equation when computing 3,€ (¢, - ).
We also note that the only feature of the adapted metric we use is that it is close to y, and do not use any fur-
ther information on the geometry, e.g., by choosing a specific reference frame in our commutation method.
Further, we employ CMC gauge with zero shift to avoid badly behaved shift terms (see Remark 1.4).
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We still, however, need to deal with the Ricci term in the evolution equation for the second fundamental
form. To this end, we consider the Bel-Robinson variables E and B, which are ¥;-tangent symmetric
tracefree (0, 2)-tensors and contain all information of the spacetime Weyl tensor W|[g] (see Section 2.4).
Suitably projecting the Gauss—Codazzi equations admits additional constraint equations in terms of E
and B that allow us to replace the Ricci tensor at the “cost” of introducing Bel-Robinson energies into
the formalism; see (2-24a) and the rescaled version (2-29c). Further, E and B satisfy a Maxwell-type
system (see Lemma 2.7) that can be exploited to obtain energy estimates and, as with the other evolution
equations, is well adapted to commutation with Ag.

A priori low-order Cg-control: By applying the bootstrap assumptions on C to the evolution equations,
we can immediately deduce improved low-order estimates in CIG for [ > 10 for the solution variables
by inserting them into the respective evolution equations (see Lemma 4.3), as well as via the maximum
principle for the lapse (see Lemma 4.1). These usually still diverge slightly, mostly due to the asymptotic
behaviour of G. However and crucially to our argument, at order 0, the renormalized time derivative W
of the wave, the rescaled tracefree part ¥ of the second fundamental form and the rescaled Bel-Robinson
variable E are in fact Ke¢-small in C g on the bootstrap interval (see Lemma 4.2). If these estimates did
not hold, it would lead to terms that diverge at order O(a=3V?) in the differential inequalities, and thus
cause exponential energy blow-up of order (’)(e“icﬁ) that we could no longer control. This behaviour is
closely related to the fact that W and X converge toward footprint states on the big bang hypersurface
that remain K e-small (see (8-3c) and (8-3e)), and then pass this convergence on to |E|s (see (8-8a)).

Energy estimates and hierarchy: The main part of the analysis is establishing various energy estimates.

» For the lapse (see Section 5), the relevant estimates are direct results of the elliptic lapse equations
(2-30a)—(2-30b). The nonlapse terms on the right-hand side of (2-30a) only diverge slightly toward the
big bang, in contrast to the divergence at order ¢~ in (2-30a), and thus allows one to show that, at lower
derivative order, the lapse converges to 1. However, since the right-hand side of (2-30b) contains the
scalar curvature of G, this estimate loses derivatives. On the other hand, (2-30a) does not lose derivatives,
and the elliptic nature in fact allows one to estimate lapse energies of order L + 2 by energies in X and
the scalar field of order L. This makes it possible to control the higher-order lapse term occurring, for
example, in (2-28c), without losing regularity. Conversely, both of these gains in regularity are at the cost
of losing powers of a. In short, (2-30b) is needed to establish the asymptotic behaviour of the lapse, and
(2-30a) to obtain improved energy bounds as a whole.

o The core matter energy estimate (see Lemma 6.2) relies on delicate cancellations when computing the
time derivative of £ (¢, - ). While we derive this in a fashion that differs from the energy flux method
used in [Speck 2018], the necessary cancellations to arrive at Lemma 6.2 are similar.

e The (rescaled) tracefree component of the second fundamental form ¥ (see Lemma 6.8) and the
(rescaled) Bel-Robinson variables E and B (see Lemma 6.6) need to be treated simultaneously to deal
with the leading curvature term in the evolution of the former by inserting a constraint equation in which
E occurs as the leading term (see (2-36d)). However, the matter terms within the evolution of E and B
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contain, firstly, terms where we again need very precise estimates to show that they do not contribute
large a—3-divergences, and, secondly, matter terms that lose one order of derivative.

This order of regularity can be regained using the momentum constraint equation (2-36a) and its Bel—
Robinson counterpart (2-36b) containing B, which leads to a div-curl-system for ¥ (see Lemma 6.10).
This is, again, at the cost of losing powers of a.

o As a result, the core Gronwall argument performed in Proposition 7.2 combines energies for the
matter variables, ¥ and the Bel-Robinson variables, as well as energies for Ric[G]. In particular, the
curvature energies are necessary to handle commutation errors within the energy estimates, and improved
bounds on them need to be obtained to apply the coercivity results in Lemma 4.5 — else, none of energy
improvements would extend to improved Sobolev norm bounds and the bootstrap argument would not
close.

As many of the a priori Cg-norm estimates add small additional divergences, it is necessary to perform
an induction over derivative orders within this mechanism to deal with lower-order error terms. Since
Ag is elliptic, it is sufficient to perform this for even orders. Along with energies at order L € 2N, the
total energy also includes the energy controlling X, as well as the scalar field and curvature energies at
order L + 1, appropriately scaled to account for the degenerate elliptic estimate for ¥ from Lemma 6.10.
This remedies the derivative loss in the Bel-Robinson energy and allows one to improve the total energy
at each order until reaching L = 18, at which point the bootstrap argument can be closed.

o Note that the metric itself does not enter the core energy mechanism. In fact, trying to replace control
of the Ricci tensor by control of G is likely too imprecise in dealing with high-order curvature errors.
Instead, control of G — y and I'[G] — f‘\[y] is a consequence of a simple integral energy inequality and
the improvements achieved for ¥ and matter variables (see Lemma 6.14 and Corollary 7.3). Since we
cannot utilize any additional structure in dealing with the metric, we have to construct our argument
carefully to allow for the metric control to be weaker than what one gets for the core variables, while still
being sufficiently strong to constitute an improvement and allowing to switch between Hg and H, (and,
respectively, Cg and C,, ) norms.

We also point to Remark 6.1 for a more detailed sketch of how the integral inequalities for the core
Gronwall argument are structured and how this leads to the bootstrap improvement for the energies.

1.5.2. Future stability and connecting the regions. We follow similar lines as in [Andersson and Fajman
2020; Fajman and Wyatt 2021] to prove that near-FLRW spacetimes in negative spatial geometry are
future stable. Since 9;¢ decays like a3 ~ ¢~ in the reference spacetime, the sectional curvature
becomes dominant in the Friedman equations and the scale factor approaches that of Milne spacetime
as t approaches co. Hence, if one moves sufficiently far to the future, choosing near-FLRW data with
a homogeneous scalar field is equivalent to choosing near-vacuum data. Thus, what we prove first in
Section 9 is future stability of near-Milne spacetimes under the Einstein scalar-field system. Once this is
established, we argue in Section 10 how early near-FLRW initial data evolves to data that is sufficiently
close to Milne for large enough times, which is essentially a consequence of the scale factor and the
(physical) mean curvature approaching that of Milne, up to a multiplicative constant.
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In terms of dealing with geometric and elliptic estimates, we can essentially carry over the results of
[Andersson and Fajman 2020], as was also done in [Fajman and Wyatt 2021], by working in CMCSH gauge
and verifying that the matter components are indeed only perturbative terms within the geometric evolution.

This leaves only the scalar field to be examined. Here, we introduce corrective terms to the energies
(see Definition 9.6) which yield decay estimates for the corrected scalar field energy (see Lemmas 9.16
and 9.17). That these energies are coercive (see Lemmas 9.12 and 9.13) requires the aforementioned
lower bound for the first positive eigenvalue of —A,,.

Remark 1.4 (Why not use CMCSH gauge to prove big bang stability?). One might consider applying
this gauge to big bang stability as well since this is precisely the choice of gauge turning the geometric
evolution into a wave-like system in (g, k), which seems simpler than our chosen approach in CMC gauge
with zero shift. In particular, this would also not rely on any choice of reference frame, and keep the wave
structure of the geometric evolution intact, unlike when using Bel-Robinson variables. However, the
issue with this approach lies in the shift equation, which would take the following form for the rescaled
shift vector X = a3X:

AgX'+Ric[G], X" = —2(N+1) (G H™(G~ /"y, (T —T y+2(G~H"v, x" (1! ~T! )

mn

+ (error terms in lapse and matter). (1-4)

As a result, the first term has to be expected to diverge at the same rate as the metric, i.e., we expect
even low-order norms of X to behave like a—37¢V¥ at best up to small prefactors. However, computing
the time derivative of an integral over |G — y |é (or derivatives thereof) becomes the integral over the
(0; — L5)-derivative of this quantity, and hence we get explicit terms of the form L5y, which always exist
at highest order and diverge worse than ¢ ~!. In short, the fact that the metric cannot be expected to converge
to a footprint state leads to leading-order terms in the differential energy estimates to carry strongly
divergent prefactors in CMCSH gauge. This obstructs improvements in a tentative bootstrap argument.

1.6. Paper outline.
o Sections 2—8 cover the proof of big bang stability:

— In Section 2, we introduce notation and provide the necessary information on the FLRW background
solution, as well as the equations relevant to the subsequent analysis.

— Then, in Section 3, we discuss the solution norms and energies and state the initial data and bootstrap
assumptions.

— In Section 4, improved low-order Cg-norm estimates that follow directly from the bootstrap assump-
tions are established, along with additional formulas and a priori estimates.

— Section 5 concerns the elliptic estimates for the lapse.

— In Section 6, we discuss the energy and Sobolev norm estimates for all other variables, all of which
are integral estimates except for the aforementioned elliptic estimate for X, as well as a norm bound
for V¢ that is not needed for the energy improvement.
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o These are all combined in Section 7 to improve the bootstrap assumptions — first for the energies,
then for A and finally C.

« In Section 8, we show how this bootstrap argument implies the main big bang stability result (see
Theorem 8.2, which is the formal version of Theorem 1.1).

o Section 9 contains the proof of near-Milne future stability.

o In Section 10, we show that this is sufficient for future stability of near-FLRW spacetimes, proving
Theorem 1.2.

» Appendices A and B collect various basic formulas and commutator expressions, as well as error terms
and how these can be estimated.

2. Big bang stability: preliminaries
2.1. Notation.

2.1.1. Foliations. On a spacetime manifold (M, g), we assume the existence of a spacelike Cauchy
hypersurface ¥, that is diffeomorphic to M. As we argue in Remark 8.1, we can assume without loss of
generality that it has constant mean curvature. We will ultimately show that there exists a time function ¢
such that the past of X, = t~(ty) can be foliated by =, = t~1(s) for s € (0, 1), and that where the
solution exists, this is at least possible up to some T € (0, fp). These constant time surfaces are then also
spacelike Cauchy hypersurfaces diffeomorphic to M and CMC. We will use this notation throughout with
little comment and often simply view X as {s} x M.

2.1.2. Metrics. The spacetime metric g on M takes the general form
g =—n>dt* 4 gup dx“ dx?,

where n = n(t, x) is the lapse function and g|x, = g|x, (¢, x) is a Riemannian metric on ;. We will often
simply denote the spatial metric by g. Furthermore, we denote the rescaled spatial metric by G;; = a"’g; j
(see Definition 2.9) and the tensor field induced by the matrix inverse of (G;;) by G~ L. Similarly, det g
and det G are also meant as the determinants in the matrix sense. Finally, we define vol, and 1, as the
volume form and volume element with regard to g, and the same for y and G.

2.1.3. Indices and coordinates. Greek indices «, B, ..., i, v, ... run from O to 3, lowercase Latin indices
a,b,...,1i,j,... from 1 to 3. The spatial indices on some coordinate neighbourhood V C M are always
with regard to the local frame induced by coordinates (x!, x?, x*) on M, applied to each V N X, by the
standard embedding where this intersection is nonempty. The index 0 always denotes components relative
to dp = n—'9,, where 9, is the derivative associate to the time function 7. The Levi-Civita connections
associated to g, respectively g and G, are denoted by V, respectively V.* Additionally, for the hyperbolic
spatial reference metric y on M (see Definition 2.1), we write the Levi-Civita connection as V.

4Note that g and G have the same Levi-Civita connection since, on every hypersurface ¥, they are related by a scalar
multiple.
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Whenever we raise or lower Greek (resp. Latin) indices without additional notation, it is with regard to
g (resp. g). When we raise indices of a tensor T with regard to the rescaled spatial metric G, we flag this
by writing T*. We never raise or lower with respect to y. Refer to Section 2.1.9 as to how we distinguish
taking multiple covariant derivatives from index raising.

2.1.4. %;-tangent tensors. For any ¥;-tangent tensor £*"% 5 g . we write §(1)*", ., for the g-
orthogonal projection of & onto the hypersurface ;. When clear from context, we will drop the
time-dependency in notation.

2.1.5. Sign conventions. Within this paper, the second fundamental form with regard to X, is defined as
the (0, 2)-tensor k given by
k(X,Y)=—§(Vxd, Y),

where X and Y are X;-tangent vectors. The Riemann curvature tensor of g is taken to be

VoVsZ, — VgV, Z, = Riem[glus,’ Zs
for the covariant vector field (Z,), and the analogous convention holds for all other Riemann curvature
tensors that appear.

2.1.6. Constants. For two nonnegative scalar functions ¢y, &, we write £; < ¢ if and only if there exists
a constant K > 0 such that {; < K¢,. This implicit constant may depend on information from the FLRW
reference solution at the starting point of the evolution (in particular on y and a(#y), see Definition 2.1)
and combinatorial quantities. We extend this notation to a real function ¢{ by

(S = max, 0 <o
Additionally, we write ¢ =~ ¢ if and only if ¢ < & < ¢ is satisfied.

2.1.7. Tensor contractions. We denote by €., s the Levi-Civita tensor with regard to g and define
Levi-Civita tensor on spatial hypersurfaces ¥, by €[gl;jx = €o;jx. Notice that this corresponds to the
Levi-Civita tensor associated to g. Further, [G];jx = a‘3e[g] ijk 1s the Levi-Civita tensor with respect to
the rescaled metric G (see (2-27a)).

For ¥;-tangent (0, 2)-tensors A, A and vector field v, we define the following objects as in [Andersson
and Moncrief 2004, Section A.2]:

A-A=ALA% = (A, A),,
(AQg A);j = AikAkj,
(ANA) =¢ePAjTA,,,
WA Ay = &0 Ay + €5 Ve Aa,
(Ax A)ij =P AgpApg + 5(A- A)gij — §(try A-trg A)gij,
(curl A);j = (curly A);; = 3[e;“/VyAcj + €V Au],
(divg A); = VP Ay
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The operations Og, (-, - )¢ and divg are defined analogously, with all indices raised and lowered by G
instead of g. Finally, for two (0, 1)-tensors 7, 7, we denote their symmetrized product by

~ 1 ~ ~
(mr @m)ij = 5 (Wi j +7;7;).
For pointwise estimates of these quantities, refer to Lemma A.3.

2.1.8. Schematic term notation. We will denote as T| * - - - % ‘T;, where ¥; are X;-tangent tensors, any
multiple of (F;), with regard to the rescaled adapted spatial metric G or as standard multiplication if no
summation over indices occurs between factors. Constant prefactors and contractions with regard to G
are also suppressed in this notation.

When working with terms where such notation is used, we will estimate these inner products by
< ]_[f:1 |Tilg, making any constant in front irrelevant, and further we can view any contraction with
regard to G as a product of the noncontracted tensor T with G or G~!, and estimate that up to constant
by |G|g|%¥|c, where the first factor is simply V3.

For similar products with respect to y, we denote them by *,,.

2.1.9. On multiple derivatives of variables. For a scalar function ¢, an (r, s)-tensor field ¥ and capitalized
integers 1, J, ... € Ny, we denote by V/¢ and V/T the tensors V;, -+ V;,¢ and V, -+ - V;, T, We
extend this notation to other covariant derivatives analogously. To avoid potential ambiguity with an index
raised by g, we will apply the following convention:

o If a covariant derivative carries an uppercase letter, a formula with more than one symbol or a positive
integer in its superscript, this refers to taking a derivative of that order.

« If a covariant derivative carries a lowercase letter or O in its superscript, this refers to an index.

Further, we will only apply this notation where the precise distribution of indices is not important (e.g., in
schematic notation, see Section 2.1.8).

2.2. FLRW spacetimes and the Friedman equations. Herein, we collect the properties of the reference
FLRW solution to the Einstein scalar-field system in CMC-transported coordinates. Our main focus will
lie on the behaviour of the scale factor as determined by the Friedman equations. Before moving on to
that, we collect the information on the spatial geometry we will need:

Definition 2.1 (hyperbolic reference geometry). (M, y) is a three-dimensional, connected, closed, ori-

entable Riemannian manifold with constant sectional curvature — %,
and scalar curvature R[y] = —%.

and hence Ricci tensor Ric[y ] =— % Yij

Remark 2.2 (Orientability is not a restriction.). We assume that M is orientable for the sake of simplicity.
If M should be nonorientable, we may pass the initial data to the oriented double cover and solve the
problem there. Since the result is equivariant with respect to the double covering map, this then solves
the original problem.

With this in hand, we can express our classical family of solutions to the Einstein scalar-field system
as follows:
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Lemma 2.3 (FLRW solutions and Friedman equations). Consider FLRW spacetimes (M, grLrw) With
M= (0, 00) X M, where (M, y) is as in Definition 2.1 and where

- _ 2 2

grLRw = —dt” +a(t)“y (2-1)

holds for some a € C*((0, 00)), with the conventions a(0) = 0 and a(T) > 0 for some arbitrary T > 0.
Further, choose a (smooth) scalar function ¢rrw such that

qdrrw = C-a()>, Voprw =0, gy pw®FrLrw = 0. (2-2)

Such a pair (geLrw, OFLRW) Solves the Einstein scalar-field system (1-1a)—(1-1b) on M if and only if a

satisfies the Friedman equation
a=vV3§+2C%a (2-3)

In particular, one has

i=—5C%. (2-4)

Proof. The first statement follows from explicitly computing Ric[g] as in [O’Neill 1983, p. 345]. That
(2-3) implies (2-4) follows simply by computing the derivative of 2. U

In the subsequent analysis, the following properties of a that follow from (2-3) will be crucial for our
analysis:

Lemma 2.4 (scale factor analysis). Let a solve (2-3) with a(0) = 0. Then a is analytic on (0, 00) and
extends to a continuous function on [0, 00) with a(t) ~ t'/3 being satisfied near t = 0. Further, for any
p > 0, there exist constants ¢ > 0 and K, > 0, where c is independent of p and K, depends analytically
on p, such that, for anyt € (t, ty], one has

exp(p /t “a(s)3 ds) < Kpa(t)™ (2-5)

and

1 i1
[ "as) P ds < Law) v, ) “a@s)y P as < L. (2-6)
' P t p

Moreover, for any t € (0, tg] and any q > 0, there exist constants ¢ > 0 and K > 0 which both are
independent of q such that one has

i1
f ‘a(s) 3 ds < ga(r)*% 2-7)
t
Finally, (2-3) also implies
V#cCa? <a. (2-8)

Remark 2.5. We will use the estimates in Lemma 2.4 where p is a positive power of ¢ up to algebraic
constants. Then, we can simply replace K, in (2-5) by a uniform constant.
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Proof. For the first statement, we refer to [Fajman and Urban 2022, Lemma 2.1] with y = 2. We also
collect from there’ that, for ¢ < 1o,

/ttoa(s)_3 ds <1+ |10g<é>‘

is satisfied. Hence, there exists some ¢’ > 0 such that

I /
exp(p/t Oa(s)_3 ds> < K, exp(c’- plog(t)) -exp(—c'- p) < K;,t_c P,

13

Then (2-5) follows by applying a(t) ~ t'/3. Noting that a=> ~ i /a holds, one further has

1 a(ty)
[Fawrass [Ty ray = L@ - at) ) = Sa@) (2-9)
t a(r) p p

and the other inequality in (2-6) follows analogously. Finally, (2-7) follows directly from (2-6) when
assuming without loss of generality that a| 4, only takes values in (0, 1). U

2.3. Solutions to the Einstein scalar-field equations in CMC gauge. From here on out, we impose the

CMC condition® a()
ki, ) =t()=-3—. (2-10)
a(r)
We use (2-3) and (2-4) to collect the following formulas for the mean curvature:
ht=121C*a""+ a2, (2-11)
-2
r2=9Z—2 = 127C%a "+ a2 (2-12)

We consequently define the trace-free component k of k as
kij = kij — 1tgij, (2-13)
and recall that the future-directed unit normal to our foliation is written as
d=n""9,. (2-14)
With this, we can express the Einstein scalar-field equations in our gauge as follows:

Proposition 2.6 (the Einstein scalar-field system in CMC gauge). A pair (g, ¢) solves the Einstein
scalar-field equations (1-1a)-(1-1c) on I x M in CMC gauge (2-10) for some interval I < (0, ty], where
the scale factor satisfies (2-3), if and only if the following equations are satisfied on I x M:

5 In [Fajman and Urban 2022, Lemma 2.1], one at first only has f,’o a(s)3ds < log(tg) — log(t) for ty small enough that
we can estimate a(t) by 3 up to constant. However, assuming this inequality were to hold up to 7 > 0 and one had 7y > 7, the
contribution f-lo (/z(s)f3 ds only adds a constant that we can absorb into our notation. Similarly, a(f) ~ t1/3 can be assumed to
hold on (0, 7g] for any fixed #y > 0, and we can ignore this technicality in proving the integral formulas in Lemma 2.4.

ORecall that k is negative in our sign convention; see Section 2.1.5.
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The metric evolution equations

3,gij = —2nk;; = —2nk;; + ZnZgij, (2-15a)

A

dukij = —ViVin+ n[RiC[g],-j — Ly — 2k, 8nv,-¢vj¢]
+47C*a"%(n — Dgi; + §Bn— Da?g;;, (2-15b)

the Hamiltonian and momentum constraint equations

R[gl+ 37 — (k. kg = 8[|d0]* + V], (2-16a)
Vikj = —87V;¢- 8¢, (2-16b)
the lapse equation
Agn=—121C%a™% = La2 + n[1a™ + 47 C%a™0 + (k, k), + 871309 |*]. (2-17a)
or equivalently by (2-16a)
Agn=—121C%a"%— La= +n[R[g] - 87|V¢|} + 127C%a ® +a?], (2-17b)
and the wave equation
Ozp = —03¢ +n"'g"VinV,¢p + Agp + 109 = 0. (2-18)

Proof. These are standard equations that follow from [Rendall 2008, Chapter 2.3] and applying
(2-10)—(2-12). 0

2.4. Bel-Robinson variables. In this subsection, we briefly (re-)establish Bel-Robinson variables and
how they behave within the Einstein scalar-field system.

Recall that the Weyl tensor W = W|g] is the trace-free component of the spacetime curvature and, in
the Einstein scalar-field system, takes the form

Weapys = Riem[glygys — Plglapys,
P[glagys = 3 (8ay Riclglps — Zpy RiclZlas — Zus Riclglyp + 8ps RiclZlay) — ¢ RIZ1(Zay 8ps — ZasZpy)
=477 (Zay Vo Vs — 8oy Va®Vsd — 8usVsdVy & + 25 Vad V, @)
— B (V°9V,0)(Ray 85 — BasZpy)-
We define the dual W* of the Weyl tensor as

* 1 nv
Wapys = 2€apiv W' ys.

The electric and magnetic components of the Weyl tensor, referred to as the Bel-Robinson variables from
here on, are now defined as

E(W)ap = Woupu 05 = Waopo,  B(W)ap = We,5,05 05 = Weiogo-

We note that, conversely, the Weyl tensor can be fully reconstructed from E and B since the following
identities hold:

Waoco = Eac, Wabeo = _eabm Bue, Wabea = _eabiecdjEij- (2’19)
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By the symmetries of the Weyl tensor as a whole, E and B are symmetric and one has Eog =0 = Bog.
Hence, E and B are symmetric, tracefree ¥;-tangent (0, 2)-tensors, which we shall simply denote as E;;
and B,‘j.

Further, we define

Jﬂyg = @a ch,ByS, JEVB = @a jﬂy&‘ (2—20)

By applying the Bianchi identity for Riem[g], we gain the explicit expression
Jpys = 3(Vy Riclglss — Vs Riclglyp) — 15(8ps Vy RG] — Zpy Vs RIED. (2-21)
Using (1-1a), we collect

Jioj =4n[Vi (@) VP + K iVipVid — dop ViV — kij(@op) —n”' Vin - V¢ - dop]
— F00(V*¢Vap)lgij. (2-22)
o) = 47Emj (V'Vip+ k' i00p) V" b+ Feimi V" (VP Va). (2-23)
Note that expressions containing V*¢V,¢ can be ignored throughout our analysis since they are either
pure trace or antisymmetric and thus will cancel in inner products with E, B, k and their rescaled

analogues.
The Bel-Robinson variables then behave as follows:

Lemma 2.7 (constraint and evolution equations for Bel-Robinson variables). If (g, ¢) is a classical
solution to the Einstein scalar-field system (1-1a)—(1-1b) in CMC gauge (see (2-10)), E and B satisfy the
following constraint equations:

E =Riclgl+§1°¢ + jth —k Oy k —4n (Vo ® V§) — (¥ loog* + F V41 g, (2-24a)
B =—curlk. (2-24b)

Further, they satisfy the following evolution equations:

& Eij=ncurl B;j—(VnAB);;—3n(E xk);j—3n(E-k)gij—3tn-Ejj—3n(Jioj+J joi), (2-25a)
3 Bij = —ncurl E;j+(VnAE);j—3n(Bxk)ij—3n(B-k)gij—3tn-Bij—3n(Jih +1%). (2-25b)

Proof. For (2-25a)—(2-25b), we refer to [Andersson and Moncrief 2004, (3.11a)—(3.11b)].” Equations
(2-24a)—(2-24b) follow as in [Wang 2019, (3.63a)—(3.63b)] from contracting the Gauss—Codazzi con-
straints. O

Remark 2.8 (initial data for Bel-Robinson variables). Since the Weyl tensor vanishes over FLRW space-
times, so do E(W[grLrw]) and B(W[grLrw]). Furthermore, note that given initial data (M, g, 12, 7T, 1,00)

"Note that there is a minor error in the statement in [Andersson and Moncrief 2004], where the authors forget to symmetrize
the J-tensors when applying the symmetrization to (3.14) of that work. This error seems to also occur in [Christodoulou and
Klainerman 1993, (7.2.2jk)].
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on X, in the sense discussed in Section 1.2.1, and defining k=Fk— %r £, we can use (2-24a) and (2-24b)
to define the following (0, 2)-tensors:

E =Ric[g]+ 312+ th—koghk—an( @) — (1013 + Z1712)8, (2-26a)
B =—curlg k. (2-26b)
These are easily seen to be symmetric, and the constraints (1-3a) and (1-3b) on the initial data ensure
that they are also tracefree. Hence, any choice of initial data for the Cauchy problem immediately also

contains a unique choice of initial data for the Bel-Robinson variables that is consistent with solutions to
the Einstein scalar-field equations in CMC gauge.

2.5. Rescaled variables and equations. It will be more convenient to work the rescaled and shifted solu-
tion variables to measure their distance from the FLRW reference solution. In this subsection, we introduce
the renormalized solution variables and restate the Einstein scalar-field system in terms of these variables.

Definition 2.9 (rescaled variables for big bang stability). We will consider the rescaled variables

Gij=a g, (G =ag" x;=aky, (2-27a)
N=n—1, (2-27b)

Eij = a*- Eij, Bij= at. Bij, (2-27¢)

U =a’dyp — C. (2-274d)

We note that the scaling of B in (2-27c) is not the asymptotic rescaling of B —in fact, we expect B to
have (approximate) leading order a2 as one can see in (4-4g). However, keeping this scaling parallel to
that of E makes the structurally very similar evolution equations significantly easier to deal with. We
also do not rescale N asymptotically, unlike [Rodnianski and Speck 2018b; Speck 2018], but note that N

converges to 0 at an order slightly below a* at low orders (see (3-17h) and (8-3a)).

Proposition 2.10 (the rescaled Einstein scalar-field system). The Einstein scalar-field system in CMC gauge

as in Proposition 2.6 are solved by (g, IE, n, Vo, do@) if the rescaled variables (G, X, N,V¢, ¥V, E, B)

as in Definition 2.9 solve the following set of equations:3

The rescaled metric evolution equations
3Gij=—2(N+1)a>%; +2N%Gij, (2-28a)
(G H =2(N+ a3 (zH — 2N%(G—1)U, (2-28b)
i) = —aV;V;N + (N + D[aRic[G;j —2a (X Og £)ij — 8maVi¢V;4|
+47C% 7 NGy + LGN +2)aGyy + NExy5, (2-280)

% (ZHy = TN(EH)) —aV*V,N + (N + Da[(Ric[G]P)j + 31¢]
— 87 (N + 1)aV*¢V,p + N (4 C%a > + §a)lf, (2-28d)

8We refer to Lemma A.3 for the scalings that occur when switching between tensor field operations like A and Ag.
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the rescaled Hamiltonian and momentum constraints

RIG1+2%—a (2, £)¢ =8nla W2 +2Ca W + V|2, (2-29a)
VIS, = =87 Vi (Y + C), (2-29b)

with their Bel-Robinson analogues

E;; =a*(Ric[Glij + 3Gij) + 31a’i; — (2 Og X)ij —4ma*Vip V¢

—[#a*|Velg + v+ B2 Cw]Gy;, (2-29¢)
Bij = —a*curlg &5, (2-29d)
the rescaled lapse equation
AN = (127C%a™* + )N + (N + Da *[(Z, T)g + 87 W* + 167 C V], (2-30a)
or equivalently
AN = (127C%a™* + })N + (N + D[RIG]1+ % — 87| Vol¢ ], (2-30b)

the rescaled evolution equations for the Bel-Robinson variables

WEij =3 —N)ZQEU —a "(VN AG B)jj + (N + 1)a™ ' curlg B;
—(N+D[3a7(E x¢ X)ij + ;a7 (E, £)¢Gjj]
+47(N + Da (W + C)?%;j — 4 (N + aaVigpV,¢ +4waViNVj)d (¥ + C)
—4ma(N + D[V, WV, + VWV + (Z),VpVip — (W + C)V; V]
+ (N + D[Za3(a * (VU +C)> +a2|Velg) + 47 L(¥ + C)*]Gy;, (2-31a)
3B = 3(3 —N)B;j+a "(VN Ag E)ij — (N + Da ™ curlg Ej;
—(N+1D)[3a7>(B x¢ X)ij + a7 (B, £)6Gjj]
— 47 (N + D)e[Glin; (@’ VI V;¢ V"¢ +a~ (9, V"¢ (¥ + C)), (2-31b)
and the rescaled wave equation
&V =a(VN, Vo)g +a(N+1)A¢—3%N(\I!+C), (2-32a)
along with the evolution equation
Vo =a>(N+1)V¥ 4+a3(W+C)VN. (2-32b)
Finally, we collect the rescaled Ricci evolution equation
3 Ric[Glap = a>(N + D) (AGZap — V4V, Syp — V9V, S40)
+a V¥ NQVyZap — VaZab — Vo Zda)

— a3 (VN (divg B)p + Vi (dive £)a) + AN (a7 Tap + 357G )
—a(V¥V,N - Zgp + V¥V,N - Bg0) + 11V, VN, (2-33)
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as well as (in a coordinate neighbourhood) the Christoffel evolution equation
TG = 3(G™HY(Vi(3,G 1)+ V;(3:Gip) — Vi(3,Gij))
= —(N+1a[V;(ZH 4+ V;(2HY, - v¥ 5]
—a P [ViN(EH +V;N(EDHF, - VENT; 1+ ‘Z’[V,-N-u’; +V,N-IE—V*AN.G;;1. (2-34)

Proof. For the first identity in (2-34), we refer to [Chow et al. 2006, Lemma 2.27] and insert the
evolution equation (2-28a). Otherwise, all equations simply follow by computing the effects of rescaling
on the equations from Proposition 2.6 (respectively the Ricci evolution equation as in [Rendall 2008,
Chapter 2.3, (2.32)]), as well as the Bel-Robinson evolution equations (2-25a)—(2-25b) and constraint
equations (2-24a)—(2-24b). Notice that one already finds a solution to the system in Proposition 2.6 with
the rescaled variables excluding (2-31a), (2-31b), (2-29¢) and (2-29d). Conversely, all of the rescaled
equations are satisfied by a solution to Proposition 2.6 at sufficiently high regularity. Hence, solving
the full rescaled system is always sufficient to solve the Einstein system in Proposition 2.6 and they are
equivalent if the initial data is regular enough to ensure sufficiently high regularity of solutions. U

2.6. Commuted equations. We collect Laplace-commuted versions of the equations for the rescaled
variables in Proposition 2.10 in this subsection. For the sake of brevity, we will not state all possible
commutations for every equation, but restrict ourselves to the ones we actually need within the bootstrap
argument. We also refer to Section A.2 for expressions for commutators of spatial differential operators
with each other and with 9;.

The terms written down explicitly in Lemma 2.11 are ones that dominate the evolution behaviour
or that are the largest higher-order terms, both of which require careful treatment within the bootstrap
argument. The error terms are broadly categorized into three groups:

» “Borderline” terms are terms that critically contribute to the fact that the energies diverge toward the
big bang singularity. This almost always takes the form of adding energy terms at the same order as the

3

evolved variable scaled by factors of the type ea > or a3V, which causes the energies to slightly

diverge since a3 is barely not integrable (see (2-6)).

o “Junk” terms are terms that are subcritical in the sense that they lead to integrable error terms, or terms
that only contain lower-order derivatives of the solution variables.

o “Top” order terms (which only appear in (2-38a) and (2-38b)) are terms that are junk terms for low-order
energies, but become borderline terms at top order.

All of these error terms are tracked schematically in Section A.3. Since we will only need Lé—bounds on
these error terms, which are given in Section A.4, we will treat them as notational “black boxes” outside
of the appendix.

Lemma 2.11 (Laplace-commuted rescaled equations). Let L € 2N, L > 2. With error terms as defined in
Appendix A.3, the system in Proposition 2.10 leads to the following Laplace-commuted equations:
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The Laplace-commuted rescaled evolution equations for the second fundamental form
AL = —aVPALEN +a(N + DAY RiclG1+ S order + S junk

the Laplace-commuted rescaled momentum constraint equations

1639

(2-35)

divg AY2S = 87 (W +CO)[VAL 2+ AL Ric[G1% Vo |+ VAL Ric[Gl+ Z+M junk (2-362)

and
curlg AY?S = —a 2 AY?B 4 €[G] % VAL> I Ric[G] % = + ML junk»

the Laplace-commuted rescaled Hamiltonian constraint equations
AL2RIG14+a™* Y ViiZxVEy

L+L=L
e = 167Ca ‘ALY 4 g~ > [V“\IJ « V2w 4+ VI|+1¢ *V’2+1¢]
I1+IL=L

and
AL/Z RIC[G] = d_4AL/2E — %Ta_l AL/ZZ +57JL,B0rder +5;:)L,Junka

the Laplace-commuted rescaled lapse equations

APPHIN = (127C%a* + ) ALEN + 167 Ca™ - AW + 0Ny, Border + N junks
VAMPHIN = (127 C*a™ 4+ ) VAL PN + 167 Ca™ - VAW + N 41 Border + MNL41,Junks
the Laplace-commuted rescaled Bel-Robinson evolution equations
o ALPE = 2(3 — N)AY2E + (N + Da ' curlg A'?B —a'VAY?N Ag B
+47C%a 3 (N + DAL?E 4+ dma(W + CO)VALPN @ Vo
+47a(V + C)(N + DHVZAL2p —87a(N + 1) (Vo @ VAL2W)
+ €L Border T €L top + €L Junks
»ALPB = 3(3 —N)AL2B — (N +1D)a'curlg AL?E +a7'VALY?N AG E
+a’e[G* VPAL24 %V + B, porder + B top + B junks
the Laplace-commuted rescaled matter evolution equations
yAMPW =a(VALPN, V)6 +a(N +1)AM>g - 3C§AL/2N +BL.Border + BL Junk
HVALPY =a (N +1DVAL2W + CaVALEN + Q1 porder + Q1 junks
as well as (also allowing L =0 for (2-39d))
»VIALPY = aV ) VI ALPNV ¢ +a(N + 1)V, AT g — 3cgv,AL/2N

+ CBL+1.Border)! + CBL+1,Junk)1
HAL P = 3N+ DAL 4 Ca3 AL N 4+ Q141 Border + Q1+ 13unks

(2-36b)

(2-36¢)

(2-36d)

(2-37a)
(2-37b)

(2-38a)

(2-38b)

(2-39a)
(2-39b)

(2-39¢)
(2-39d)
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and the Laplace-commuted rescaled Ricci evolution equations
3 AL?Ric[G);; =a > (ALF S, 2V v AL2S )
4G,V AN+ AYIN.G )+ (R (R % 2-40
a( ivj + : lj)+( L,Border)tj+( L,Junk)zj, ( - a)
& Vi AMPRic[G)y; =a (Vi AY P g -2V V'V AP ) )
—;—l(vkvivjAL/zkaA”“‘N-Gij)+(9%L+1,Border),-,-k+<9%L+1,Junk)i,-k. (2-40b)

Proof. The equations (2-36¢),(2-36d) and (2-37a) are obtained by simply applying AZ/? on both sides of
(2-29a), (2-29¢) and (2-30a) respectively. For (2-36a) and (2-36b), we additionally use the commutator
formulas (A-7e) and (A-7f), while for the evolution equations, we apply the respective commutator of 9,
and spatial derivatives as collected in Lemma A.7 and commute Laplacians past V and curl where needed
(see the commutators in Lemma A.5). The commutators with d; only cause additional borderline and
junk terms that do not substantially influence the behaviour, while the spatial commutators often lead
to high-order curvature terms, for example the Ricci terms in (2-36a), that need to be more carefully
tracked. O

Remark 2.12 (simplified junk term notation). For junk terms that occur in an inner product with a
tracefree symmetric tensor, any terms that are pure trace will immediately cancel and thus do not need to
be taken into consideration for the following estimates, even if they have to be written down in the junk
terms. Hence, we will denote with a superscript *

|”” (for example ﬁg Junk) ©ON @ schematic error term the
expressions that arise when dropping all terms of the form ¢ - G for some scalar function ¢ that occur in
this term’s definition (see, for example, (A-11d)).

3. Big bang stability: norms, energies and bootstrap assumptions

Herein, we state the norms and energies we use to control the solution variables. These will allow us
to state our initial data and bootstrap assumptions, and we then provide which improvement we aim to
achieve for the latter. Note that we do not provide the coerciveness of our energies immediately (and
actually cannot, at least not in a manner useful to our analysis), but will establish Sobolev norm control
in the proof of Corollary 7.3, the key ingredient being Lemma 4.5. Furthermore, we collect a local
well-posedness statement from previous work in Section 3.4.

3.1. Norms. Recall that y is the hyperbolic spatial reference metric on M introduced in Definition 2.1,
which we view as a metric on any foliation hypersurface X; (see Section 1.2.1), and G is the rescaled
spatial metric arising from the evolution (see Definition 2.9).

Definition 3.1 (pointwise norms and volume forms). We denote by |- |, (resp. | - [G(,.)) the pointwise
norm with regard to y (resp. G(t, -)). For the sake of simplicity, we define ¢ |, = [¢|G¢,.) = |¢ (¢, - )] for
any scalar function ¢ on %;. The volume forms on ¥; with respect to y and G(z, -) are written as vol,,
and volg(,.) (or just volg).
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Definition 3.2 (L?-norms). Let T be a Y., -tangent (r, s)-tensor field (for r, s > 0). Then, we define

1913 5, = 15 a5,y 2= [ 150 Vol (3-1a)
2 2 — 2
19152 5, = IS 5 2= [ 150, volae. (3-1b)
Definition 3.3 (Sobolev norms). Let ‘€ be as above and J € Ny. We define
1% (5, = 156 I, = /z, IV (e, ) vol,, (3-2a)
1905,y = 15 s = [ 19750 5. volae. (3-2b)
2 2 ! 2
1515 = 1500 D = 2 1T (3-20)
2 2 / 2
151 gz = W50 D = X 1T, (3-2d)
Definition 3.4 (supremum norms). For ¥ as above and J € N, we set
. J
1l s,y = 1T, Dl = sup [VIE@, )1y, 1%y = 2 1% lers,)s (3-3a)
7 T pex ’ k=0 v
J
”T”Cé(z,) = ||T(, )”cé = ;gg v/, DIl ||(Z||cé(2,) = kg() ”T”Cé(E,)' (3-3b)

Remark 3.5 (time-dependence is suppressed in notation). When the choice of ¢ and ¥ is clear from
context, we will often drop time-dependences of G, |- |, volg and ‘T, suppress the hypersurface %, in
the Sobolev and supremum norms, and simply write | » instead of /A s, - For example, we write

113, = /1515 volo.

Definition 3.6 (solution norms). We define the following norms to measure the size of near-FLRW
solutions:

H =Wl + IVl o +a* IVl s + I Z ] s + IE | gas + 1 Bl s
+1G =¥l + IRICIGT+ §G s +a IN s +a 2 IN g + IN I ggs, (3-4)
Hiop = a*[| ¥ g2 +a4IIV¢||H(1}9 +d’||Z 0 + @ |IRic[G1+ 5G|l 74 (3-4b)
C= Wl + 1Vl + ISl + I Ell e + 1Bl s
+11G =yl + IRic[Gl+ 3Gl +a HINllcps +a 2Nl es + [N [l ¢gs, (3-4c)
Cy = 1¥llcis +IVlicis + I Zllcps + I Ellcis + 1Bl cis
+1G =¥l +IRic[Gl+ §Glcie +a [Nl +a7?[Nlless + [N | ¢ys. (3-4d)

Remark 3.7 (choice of metric and controlling Christoffel symbols). We could equivalently also phrase H
in terms of y-norms, or predominately use C, instead of C, since we include the norms on G — y and
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Ric[G] + %G = (RiC[G] + %y) + %(G —y). We will demonstrate in Lemma 7.4 how Hg and C,, norms
can be used to control H, and Cg norms. We will also indicate how the initial data and bootstrap
assumptions for C,, and C are equivalent in Remarks 3.11 and 3.18. The main reason for this is that, by
successively replacing local coordinates in the expressions of I' — T by V, one has

IT =Tl S PG = yllcyans 167" =y ey any)- (3-5)

We choose to work predominately with norms in terms of the rescaled metric since quantities appearing

in the Einstein system are naturally contracted by G, not y, and we commute with differential operators
associated with G.
Remark 3.8 (redundancies in the solution norms). The solution norms H, C and C,, are not “optimal” in
the sense that controlling the norms of ¥, V¢, ¥ and G — y is entirely sufficient to gain the claimed
control (up to constant) on N via the lapse equation, E and B via to the constraint equations and
Ric[G] + %G via local coordinates. We choose to include all variables in the norms and subsequent
assumptions mainly for the sake of convenience.

3.2. Energies. The fundamental objects used to control the solution variables are the energies that take
the following form:

Definition 3.9 (energies). Let/ € Ng. We define

D@, 1) = (—1) /Mm’w —d* ¢ A pvolg

S| AT2E 0t VA2 volg, [ even, (3-62)
S, IVAED2WIL 4 gt AHD2g12 volg, 1 odd,
EDW, 1) = (=1 /M(E, A'E)g + (B, A'B)¢ volg, (3-6b)
£, 1) = (=1 fM(E,AlZ})GvolG, (3-6¢)
£ORic. ) = (= 1) /M(Ric[G] +2G, A'(Ric[G] + 2G)),; volg, (3-6d)
EON, )= (=1 /M(N, A'N)g volg. (3-6¢)

Usually, we will use integration by parts to distribute derivatives within the energies as in (3-6a). Further,
we introduce the notation

g=h — Xl: v (3-7)
i=0
for any of the energies above.
For any [ € Ny and any smooth functions fi, f> € C*°(R.), we have
fi- fr- €D < S f7ECD 4 ] [, (3-8)

Performing the calculation for ¥ as an example, we have

gz, )= —/ (Al's, A1E) 6 volg S/ IA'S |61 AR G volg < VEOD(Z, ) EAHD(T, ).
M M
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Now, (3-8) then follows from the Young inequality. As a consequence, we also have

i I+1
S(SZI) S_, Z 5(2m)’ 5(52[+1) S Z g(zm) (3_9)

This allows us to largely restrict our analysis to even-order energies, outside of how we close the bootstrap
argument at top order.

3.3. Assumptions on the initial data. With the necessary solution norms and energies now defined, we
can now state what we assume near-FLRW initial data to satisfy:

Assumption 3.10 (near-FLRW initial data). For some small enough ¢ € (0, 1) and the solution norms
H, Hiop and C as in Definition 3.6, we assume the rescaled initial data to be close to that of the FLRW
solution in Lemma 2.3 in the following sense:

H(10) + Hiop(10) +C(10) < £”. (3-10)
The assumptions on H + Hyop also imply

EE® (@, 10) + (D, 10) + EED W, 19) + £SO (Ric, 1)
VI, s +EMV N, 10) +a(to) N (N, 10) +a(to) £SOV, 10)
G
+a(te)* €1, t0) + alto)* (T, 1) + a(to)* €V (Ric, 19) Se*. (3-11)

Remark 3.11 (initial data size in C, (p)). Notice that by (3-5), (3-10) implies that

IT=Tliesss,) S (3-12a)
and arguing along similar lines and using L? — L>-estimates, also

IT =Ty, S et (3-12b)

In particular, since moving from C )l/ toC IG only requires control on Christoffel symbols to order /—1 for gen-
eral tensors and [ —2 for scalar functions, as well as zero order control on G — y, it follows from (3-10) that

Cy(t0) S &2 (3-13)

We refer to the proof of Lemma 7.4 for a more detailed term analysis and how a similar argument also
applies to the Sobolev norms.

Remark 3.12 (redundancies in the initial data assumptions). Similar to Remark 3.8, one could also
reduce the initial data assumptions in (3-10), especially at top order. In particular, we highlight that the
Bel-Robinson energy can be entirely controlled by the other terms that occur due to the additional scaled
Y -energy at order 19, or vice versa we could drop the latter in favour of the former. This will be reflected
in Lemma 6.10.

Remark 3.13 (the volume form). Let 1 and u, denote the volume elements of G and y respectively.
Since the determinant is a smooth map on invertible matrices, the initial data assumptions on G — y also
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imply
kG =ty lco ) = kG — tyllcos,) S € (3-14)
Consequently, we have

-1 2
lvolg —voly llcocs, ) = w,, " IVoly lcoz ) G0 ) — My llco (s, Se

and, since |[G~! —y ! ||C3(2[0) < &2 also follows by a von Neumann series argument from the initial data
assumption on G — v,

Ivolg —voly llco(x, ) S &2, (3-15)

3.4. Local well-posedness and continuation criteria. For everything that follows, we need to establish
that the initial data assumptions above also ensure local well-posedness. For the core system, we translate
the local well-posedness result for stiff fluids in [Rodnianski and Speck 2018b] to the subcase of the
scalar field system. While statement and proof there are for vanishing spatial sectional curvature and
what corresponds to choosing C = \/Z , the arguments for our setting are completely analogous.

Lemma 3.14 (local well-posedness and continuation criteria for the Einstein scalar-field system (big bang
version); see [Rodnianski and Speck 2018b, Theorem 14.1]). Let N > 4 be an integer and (M, g, k, 7, 1})
be geometric initial data to the Einstein scalar-field system (see Section 1.2.1) and assume that one has

1§ — att0)*y Il gyt gy + 1K + 57 (00) - @)y iy ony + 15t Lz oy + 1 = Calto) 2y any < 00,

as well as, for some sufficiently small ' > 0,
W = Cato) llcon <1

Then, the CMC-transported Einstein scalar-field system (respectively the rescaled system) is locally
well-posed in the following sense: The initial data (g, k,#, iﬂ) launches a unique classical solution
(g,k,n, Vo, 0,¢) to (2-16a)—(2-16b), (2-15a)—(2-15b), (2-18) and (2-17a) on [t1, tg] X M for some
t1 € (0, ty) that satisfies k'; = =3aa=' and n > 0, launches a solution to the Einstein scalar-field system
and such that the variables enjoy the following regularity:

g € Cyi (I, 10] x MYNCO ([, 10), H)' T (M),

ke CZz_fy([tl, ol x M)N CO([tl, o], H]fV(M)),

Vo e Chil (n o] x M)NCO(ln, 10, H)' (M),

dp € Col (s 1] x M) N CO (. 10, HY' (M),

neCl., (n, ] x M)NC(In, 1], HY (M),

The rescaled variables (G, X, N, V¢, V) enjoy the analogous regularity. If ({, ty] is the maximal interval
on which the above statements hold, then one either has t = 0 or one of the following blow-up criteria are
satisfied:

(1) The smallest eigenvalue of g(t,,, - ) converges to 0 for some sequence (t,,, X)) C (t, to] x M with t,, | t.

(2) n(ty, xm) converges to 0O for some sequence (t,, x) < (4, tg] x M with t,, | t.
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3) (|80d>|2 + |V¢|§,)(tm, Xm) converges to 0 for some sequence (ty,, xpn) < (, to] X M with t,, | t.
@) s et ol lglcas,) + klicis,) + Inllcz s,y + 10 bllcis,) +1VOlcl(s,) is unbounded.

A note on the proof. Note that the additional initial data requirement in the stiff-fluid setting that the
pressure is strictly positive is covered by the smallness assumption on Jr — Ca(ty)?, since the pressure
corresponds to |z/°/ 1>+ |7 |§, and the assumptions on d,¢ and V¢ ensure that (after embedding) this quantity
behaves like C2a(ty)~® + O(') at - O

Corollary 3.15 (local well-posedness for the Bel-Robinson variables). Under the assumptions of
Lemma 3.14, the Bel-Robinson variables E and B corresponding to the Lorentzian metric g = —n> dt>+g
satisfy (2-24a)—(2-24b), are the unique classical solutions to the evolution equations (2-25a)—(2-25b), and
satisfy

E, B e CN (1. 10l x M)NC([t1, to], HY ™' (M)).

Proof. That E and B satisfy the constraint equations, solve the evolution equations and have the stated
regularity on the interval of existence is a direct consequence of Lemma 3.14 and the computations in
Section 2.4. Furthermore, with initial data derived from the constraint equations as in Remark 2.8, the
hyperbolic system (2-24a)—(2-24b) launches a unique solution satisfying the regularity above that must
then be (E, B). O

For sufficiently regular initial data (N > 21), it follows that
=g, ), S W, ), EEP(E, ), e5PRic, ), G~y € CH(ln, 1)),

and similarly the square of any supremum norm occurring in C is continuously differentiable on [#1, #y].
Strictly speaking, we would need to assume this additional regularity on our initial data for the computations
in the following sections (especially Section 6) to hold. However, since smooth functions are dense in
H'(M) for any / € Ny, any bounds on #(¢) and C(¢) that we prove assuming sufficient regularity at X,
then immediately extend to data only satisfying the regularity implied by (3-10).

Thus, from here on out, we will assume without loss of generality that all energies and squared norms
are continuously differentiable on the domain of existence, and similarly all variables are continuously
differentiable for the lower-order Cg-norm improvements in Section 4.2.

3.5. Bootstrap assumption. To keep an overview of the entire bootstrap argument, we state all of the
assumptions and comprehensively list how we intend to improve them.

Assumption 3.16 (bootstrap assumption). Fix some tpoot € [0, to). Further, let co > 0, let 0 € (€8 1]
be suitably small such that coo < 1, and K¢y > 0 a suitable constant. For any t € (tgoot, to], we assume

C(t) < Koea(t) . (3-16)

Remark 3.17. More explicitly, (3-16) means
W llcre < Koga™7, (3-17a)

IVollcis < Koga™7, (3-17b)
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1=l < Koga™7, (3-17¢)

IEllcis < Koga™7, (3-17d)

IBllcis < Koga™7, (3-17¢)

|IRic[G1+ 3G | cus < Koga™", (3-17f)

IG =y lcis < Koga™?, (3-17g)

INlics +a*INlleys +a* N | ce < Koea® ™7, (3-17h)
IT—Tllcis < Koga™ . (3-17i)

Remark 3.18 (bootstrap assumptions with respect to y). Note again that we could equivalently make the
above bootstrap assumptions with respect to H,, - and C,-norms: For example, the assumptions (3-171)
and (3-17g) imply

1Ellcy S a™ N ller, + 18l ca-nmea™?,

< —COo —Co
ey Sa 1%, + 1%l cpaea

for any smooth function ¢ € C*°(%;), any X,-tangent tensor ‘T and a constant ¢ > 0. This is essentially
a direct consequence of (3-5), and we will prove an improved version of this rigorously in Lemma 7.4.
Applying this to each norm in C, we get

C, <ea (3-18)

for some updated constant ¢ > cy.

Remark 3.19 (strategy for the bootstrap improvement). Our goal is to improve the C-norm estimate to
C< K]s9/8a*“€l/8

where c1, K| > 0 are positive constants independent of o and ¢. Notice how this is actually an improvement

if we choose o suitably and then choose ¢ sufficiently small: Any update between Ky and K; can be

1/8 in each estimate, which we can then

8. 6-1 < co/cy. If

1/16 __

balanced out since we gain at least the additional prefactor &
choose to have been suitably small. Similarly, we improve the power of a if we have ¢
we then retroactively choose o large enough compared to ¢ but small overall — for example o = ¢

1/16 1/16

and then ensure that max{cg, c|}& < 1, as well as cj& < ¢y, are satisfied by choosing ¢ to have

been small enough, we have strictly improved the bootstrap assumptions.

Remark 3.20 (conventions within the bootstrap argument). Throughout the rest of the argument, we
tacitly assume ¢ € (¢Boot, fo] if not stated otherwise, and we assume ¢ and o to be sufficiently small. In
the proof of Theorem 8.2, we will choose o = £!/16, but this explicit choice will not be used or needed
up to that point. Finally, we allow ¢ > ¢y be a constant that we may update from line to line, and will
similarly deal with prefactors by “<”-notation where the constant may change in each line. These updates
will always be independent of o and &, but may depend on #y, and the quantities arising from the FLRW
reference solution. Hence, we not only assume cpo < 1, but co < 1 throughout the argument.
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4. Big bang stability: a priori estimates

In this section, we collect strong low-order Cg-norm estimates that follow as an immediate consequence
from the bootstrap assumptions, starting with key estimates at the base level and followed by weaker,
but still improved estimates at higher levels. Finally, we collect a differentiation formula for integrals
with respect to volg, as well as a Sobolev estimate that lays the groundwork for energy coercivity. In
particular, using the strong Cs-norm estimates, said estimate proves that moving between energies and
norms at most incurs an error involving lower-order energies of the controlled variable and curvature
energies, scaled by a—ovE,

4.1. Strong Cg-estimates. First, we establish a pointwise bound on the lapse that actually holds irre-
spective of the bootstrap assumptions:

Lemma 4.1 (maximum principle for the lapse). The lapse remains positive and bounded throughout the

evolution:
n=N+1¢€(0,3]. 4-1)

Proof. Let t € Ry be arbitrary and n;, be the minimum of n over X, at (¢, Xiin). Then, (Agn)(t, Xpin) >0
holds. If npi, were nonpositive, (2-17a) would lead to the following contradiction:

0> —127C*a™% — La™ + npin[ a2 +47C*a 0 + (k. k) + 871809 1*] = Agn(t, Xmin) > 0.
This shows n > 0, and the upper bound follows analogously. O

The following estimate will be essential in dealing with borderline terms throughout the bootstrap
argument:

Lemma 4.2 (strong C g estimates). The following estimates hold:

Wl Se. (4-2a)
IZleo Se, (4-2b)
IElco Se. (4-20)

Proof. (4-2a): From (2-32a), we obtain the following using Lemma 4.1 for n, the bootstrap assumptions
(3-17h) and (3-17b) and that & ~ a2 by (2-3):

|at\p| 5 8a5—ca +8a1—ca +8a1—c0|\p| +8a1—ca.

After integration, we thus obtain using the initial data assumption (3-10):
1 1
WOIS W)+ [ ea) ™ ds+ [ea) W)l ds
1 t
fo 1—co fo l—co
58(1+/ a(s) ds)-l—/ ea(s) ¢ |W(s)| ds.
t t

By (2-6), the integral over a' ~° is bounded since co < 1, so the Gronwall lemma now yields (4-2a).

(4-2b): Notice that
HEZIG = BN, (EH +(EH 0, 2H™, =23, 2 ()" <208, Z6IZlg.  (4-3)
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Now, we consider (2-28d) and, using the bootstrap assumptions (3-17h), (3-17f) and (3-17b), get

8,216 S TINIIZ% |G + VPV N|ga + [N +1la|Ric[GF + 5G| ;

+IN +1]a|V*¢p V|G +/3IN| - (4 C?a™> + La)
5 8a1—00|E|G +8a1—ca.

We can now apply Lemma A.2 with f = |X |ZG, and thus have along with (3-10) and (4-3)

1o
Zl6() < [Zl6 () + [ 1% |6(s) ds Se.
(4-2c¢): Using the constraint equation (2-29¢) and that (G, E)g = trg E =0, one sees
|E|g = (a*(Ric[G]+ 3G) —da’E — £ O¢g £ —4na*V¢Ve, E),.

Then, applying the bootstrap assumptions (3-17f) and (3-17b) shows the Ricci and matter terms are
bounded by €a*~°|E|q, and the a priori estimate (4-2b) along with aa*~1 by (2-3) bounds the remaining
terms by €| E|g. The statement then follows by dividing by |E|s and taking the supremum. O

Note that, in the proof of (4-2b), it was essential that we used (2-28d) instead of (2-28c), since using
the latter would incur terms of the type |9;G|g|Z |2G and a 3|2 |3G when computing the time derivative
of | X |ZG, which, at this point, behave like ea 37| £ |%, and thus not yield the sharp estimate (or even an
improved estimate) that we will need to control borderline terms.

4.2. Strong low-order Cg-norm estimates. Now, we can prove the main supremum norm estimates in
this section:

Lemma 4.3 (strong low-order Cg-norm estimates). The following estimates hold:

Wl S ea™ev", (4-4a)

IZllep S ea™V, (4-4b)

IG =y licp S Vea™ Ve, (4-4c)

IG™" =y Mep S Vea™VF, (4-4d)
IV@licr S Vea Ve, (4-4e)
|RiclG]+5G o S Vea™ V", (4-40)
IBllen S sa® V7, (4-4g)

IE e S sa™VF. (4-4h)

Proof. Before going into the individual estimates, we collect the following commutator term estimates
from the expressions in (A-10a)-(A-10b):

7 -3 a
I6:, V' 1¢llco Sa™ IIN + g1 1=l g1 + EllNllcéfl Il ezt (4-5)

_ a
30 V1S leg, S a ™ IN + 1l IV Slleg I1Tey + I lez 1T ez + 2NN e ISl (46)
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With this in hand, we will prove each estimate by iterating over the derivative order as long as the bootstrap
assumptions can be applied. In each step, we use the previously obtained estimates at lower order to
control the commutator term (with some additional care for ‘€ = ¥ which we need to consider first), while
we can use similar arguments to those at order O to control the “core” of the evolution equations.

To start out, we apply (4-2b) on X and the bootstrap assumption (3-17h) on N to the rescaled evolution
equations (2-28a)—(2-28b) and deduce

18,G* |6 = 18,(GF' =y g Sea +ea' ™ Sea™. (4-7)
(4-4b): We assume
12l S ea™V* (4-8)

to be satisfied for some J € {1, ..., 12} (for J =1, this is true by (4-2b)). Observe the following:
HIV'ZE=2(8,V'E, V)6 +8,6 %V ZxV/ 3.

Now, we commute (2-28d) with V”/: As before, V79, % is bounded by ea~“ for any admissible J. Hence
and using (4-7),

0V Blg S eaIVIZIG + (ea' ™ + 18, VIIZ] )|V Bl
is satisfied. Looking at the commutator term using (4-6), we have with (4-2b) that
100, V1Bl ey Sea™IBlley +a> IBlg,- +ea' =12 g
Altogether, we obtain
UV G S (a7 Zlley +ea” +6%a VIV D6,

With Lemma A.2 as well as the initial data assumption (3-10) and the integral formula (2-6) with p = c4/e,
this implies

1
V! 216(1) < / "ea S lle s, ds +e(1+ Vea" V)
t
and consequently, after taking the supremum on the left and applying the Gronwall lemma,
1T les s, S sa Ve

Combining this with (4-8) proves the statement up to order J, and hence shows (4-4b) by iterating the
argument up to J = 12.

(4-4a): We again assume that
Wy Sea™" (4-9)

holds for J € {1, 2, ..., 13}. Observe that

a
18,V W|g SallN + Hicgr Vel e+ IVNIcg T+ 11l cg) + 1119, VJ]‘I’Ilcg-
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By (3-17h), (3-17b) and (3-17a), the first two summands can be bounded (up to constant) by eal=c. By
(4-9), (4-4b) and (3-17h) and using (4-5), the commutator term is bounded (up to constant) by g2a3eVE,
Altogether,

10,V W|g < ga' =0 + &2a3 V"

follows. Inserting this and (4-7) into
10:(IV/ W) < 10,G7 6|V WIG +200,V WG - [V WG
implies, with Lemma A.2,
IV WG (t) < |v’w|<ro>+/tt°(%|atG—1||vf\v|G+ 10: V' W|G)(s) ds
<24 /IZO(Sa(S)_3|VJ\I/(S, e +ea(s)! 7 +e2a(s)3VE) ds.
We obtain using (2-6)

I
|vfxp|(,~(t)5ea(z)*‘fﬁ+/Oea(s)*3|vf\p(s,-)|c ds.
t

The Gronwall lemma, applying (2-5) and taking the supremum over ¥; then implies |V’ | ¢l < ea=oVE,
This proves (4-2a) by iterating over J and adding up the individual seminorms.

(4-4c)—(4-4d): Note that (4-7) implies (4-4c) at order O since one has
131G —¥16)*| S 18,G 161G — v 15 +18,(G — I6IG —ylc Sea (1 +1G - y16)IG — yl6,

which we can apply the Gronwall lemma to after integrating, along with (2-7) for the error term, as in the
proof of (4-4b).
For higher orders, commuting (2-28a) with V’ and inserting (4-4b) and (3-17h) implies
18,97 (G = V)llco S ea™ "V +2a' =7 +|[8,, V/I(G = p)llco,
with
113, V711G = P)lley S (a7~ VE +ea )G =yl s
Once again doing the same iterative argument over J < 12 and assuming the estimate to hold up to J — 1,
this altogether becomes
18,V (G =)o S ea™ ",
implying with (2-6)

I
IV (G =l S e+ e/ Ya(s) Ve ds < Jea~VE.
t

1

The argument for G~! — y ! is completely analogous.

(4-4e): We only prove the statement for C2, the full estimate extends from there by the same iterative
arguments as above. Considering (2-32b), Lemma 4.1, (4-2a) and (2-3), we have

0,Vle Sa> (VWG +IVNIG)
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and thus, with (4-4a) and the bootstrap assumption (3-17h),
19, Volg S ea 37V,
With (4-7), this implies
:1VlGI® S ea” | VlG +ea” "V |Vgl6
and the statement follows as usual by applying Lemma A.2, (2-7) and the Gronwall lemma.
(4-4f): This follows as in the proof of (4-4c) using (2-33) and (2-28a) and their commuted analogues.

Once again, for C%, we have (4-4g): This is obtained immediately from commuting (2-29d) with V*/
and applying (4-4b). Notice that the Levi-Civita tensor can be absorbed into the implicit constants since
16[G1l¢ = +/6 holds (see (A-2¢)).

(4-4h): This follows like in the proof of (4-2c) from applying (3-17f), (3-17b) and (4-4b) to the constraint
equation (2-29¢) commuted with V7. Il
4.3. Other useful a priori observations. Before moving on to the energy estimates, we collect a differen-
tiation identity and lay the groundwork for energy coercivity:

Lemma 4.4 (the volume form and differentiation of integrals). Let ug = ~/det G denote the volume
element with regard to G. It satisfies

G = 5nc(GN78,Gij=—Ntug, (4-10)
and hence one has
G —myllco S & (4-11)
on (X1)re(tponto]- Further, for any differentiable function ¢, one has
3t/ ¢volg =/ 9,¢volg —/ Nt -¢volg. (4-12)
M M M
Proof. From (2-28a), we obtain (G~1)%/ 0,G;j = —2Nr, and (4-10) follows by
g = 1vV/det G(GTH9,Gij = —Ntpug.

Hence, we have using (3-17h) and the initial data estimate (3-14) that

o -
G —myle. ) Set [eat) ™ lue = uylGs. ) ds
holds, and thus (4-11) after applying the Gronwall lemma.
Finally, we obtain (4-12) by writing volg = (i /i, )vol, and inserting (4-10). Il

Lemma 4.5 (preliminary Sobolev norm estimates). Let ¢ be a scalar function and ¥ be a symmetric
3 -tangent (0, 2)-tensor, and letl € {1, ..., 9}. Then, on (tgoot, o], the following estimates are satisfied:
Forl > 5, one has

IV2¢17: S NACIT, +a~ YV vel (4-13a)

2
LG

-1
1813 S UASIS, +a " (X 1A CIT, + 1818 ~Y Ric, ). (4-13b)
m=0
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2[+1 -1

S 13, SIVALIE, +a=ve ( Y IVA"LIZ, + 1V a5 (Ric, -)), (4-13¢)

m=1 ¢ G m=0 G G

21 -1

> IVElG. S IVAZIE, +a*€ﬁ(z IVA" LI, + 1VE o EE 2 Ric, ')) (4-13d)

m=1 G G m=0 G G

and
-1
I S NATIE, +a=F (X 1AM, + 112008 Ric. ), (4-142)

m=0

ALl 2 I2 = 2 2 <20—1) s

Y ITI3, SIVAT), +a7v* ( Y IVA"E(T, + 1T a0 =D (Ric, -)). (4-14b)

m=1 G G m=0 G G

More precisely, the Ricci energy terms can be dropped in all of the above estimates for | < 5.

Remark 4.6. We stress that Lemma 4.5 is crucial for everything that follows in multiple ways:

Firstly, the Lé—norms containing ¢ and ¥ on the right-hand sides above except (4-13d) are in precisely
the form the energies in Definition 3.9 take. Hence, this is what will actually yield near-coercivity of
our energies since the Cg-norms can be controlled by a~°VZ or better using the a priori estimates from
Lemma 4.3, as well as (3-17h) for the lapse. This will be shown more explicitly as an intermediary step
in improving the bootstrap assumptions for C (see proof of Corollary 7.3).

Secondly, a downside of using A as the main differential operator to commute with the Einstein
scalar-field system is that it creates error terms that we can only bound by Sobolev norms and not directly
express as energies. Thus, we need a way to translate this information back to energies to formulate
energy inequalities. A lot of this is done “under the hood” in the error term estimates in Section A.4.

Finally, some top-order terms also do not appear in a way that their L?-norm is directly the square root
of an energy (see, for example, the term aV?AL/2N in (2-35)), and some borderline terms would lead to
nonintegrable divergences if we were to incur additional divergences in estimation (see, for example, the
first term in (A-14a)). Lemma 4.5 precisely provides a way to relate these terms to energies . Additionally,
by applying these estimates for terms of the form A%/2¢ and AL/2T, one can avoid high-order curvature
energies that run the risk of breaking the energy hierarchy.

Proof. Since the arguments for all of the inequalities above are very similar, we only prove (4-14a) in full
and then briefly address the other estimates.

Letting %,-1...;2,;{1 ky = Vi, -+ Vi, Tk k,» We compute with the commutator formula (A-6¢) and strong
Ci-norm estimate (4-4f):

222 = -
/M V2R = /sz, AVR) ¢ volg
- /M(v%, VAZ) g volg + /M V3 % [V Ric[G] % + Ric[G] % VZ] volg
< /M AT volg + (1+ [RielG1+ 3G oy ) [/M T2 volg + /M V% volG]

5/ |A§|é+a‘cﬁ/ |‘§|2GV01(;.
M M
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In the final step, we used integration by parts to obtain
a—cﬁ/ IVE|% volg 5/ AT |G -a~ V|| volg 5/ (AT +a 2V Z1%) volg
M M M

and updated c. This already shows (4-14a) for [ = 1. Assume now that (4-14a) holds up to some
I e N, [ <9 and any symmetric X;-tangent (0, 2)-tensor field. By applying (A-6d), we have

AT = VEAT +[A, VIVE 2T 4 4 VE2[A V2T

=VIAT+ Y VR(Ric[G]+3G)* VT +GxVIT. (4-15)
Iric+1z=21
Subsequently, we have for [ > 5 using the strong Cg-norm estimate (4-4f) for any Ricci term of order 10
or lower that

e . 2
IS0 = [ 1V231E volg S IATy + (1 + vea I + 1T 1aru [RiclG+ 5G] .

C2I 11

and get the same estimate without the final term for / < 5. By assumption, we can estimate || AT 2 B2
<13, 2, and |Ric[G]+ 3G || 2 A in (4-14), and get the following for / > 5:

[ V2T volg S [18'ATI, +am > 1A, +am VAT w8 Ric, )
G

m=0

eI, +amF Z 1A, + a2y 8 D Ric, )|

CZI 1

fa Ve ||T||§:2,_“[5<2”(R1c, )+ (EE D (Ric, ) +ea”VEEE D Ric, )]
G
[
SIATIE)2, +amv? (mgo IA™TIZ, + T 10, €2 (Ric, ).

For I =35, we get analogous estimates dropping the Ricci energies in the first two lines, and for / = 4, the
same with all curvature terms dropped.

To prove the statement for [/ + 1, it now remains to be shown that ||% || j2+! can be bounded by the
same right-hand side (up to constant) as above. By integration by parts, one has

IV*HITIZ, S IVHTIZ, + 1AV, .

where the latter tensor is precisely AT, which we just treated, and the former is covered by the induction
assumption at order 2/. So, (4-14a) now follows for / + 1, and thus by iteration up to / = 10.

The proof of (4-14b) is analogous — we note that since we actually only needed a strong estimate on
IRic[G]+ 2G|IC% for the previous inequality, but (4-4f) holds at C}?, this gives enough room to extend
the argument in full despite the extra derivative order.

For both, note that we only need to estimate the Ricci terms in the Lé—norm if one cannot apply the
a priori estimate (4-4f) to all V/®e Ric[G] that occur in (4-15), and thus we could easily adjust the proof
such that the Ricci energy does not occur in any of the proofs as long as 2/ — 1 < 10 is satisfied, so for [ <5.

The estimates (4-13b)—(4-13d) are proved identically, the only difference being that one order of
curvature less enters in the commutator terms in (4-15), leading to one order less in curvature in total.
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For (4-13a), we note that we can avoid incurring any L2-norm by carefully repeating the argument we
made for T using (A-6a):

/ |V2§|évolg=/ —(V{,VA;)GVOIG—i—/ Ric[G]* V¢ % V¢ volg
M M M

g/M IAC|% volg +a V¢ /M V¢ 12 volg. O

5. Big bang stability: elliptic lapse estimates
In this section, we study the elliptic structure of (2-30a)—(2-30b), which admit estimates controlling
(time-scaled) lapse energies by other energy quantities. To this end, we recast these equations as follows:
Definition 5.1 (elliptic operators). For any (sufficiently regular) scalar function ¢ on X,, we define the

differential operators

LE=a*ANe—f-¢, f=1a'+127CP+ (2, D)6 + 87V 4+ 167C Y, (5-1a)

=F
Le=a*Ae—f-¢, f=1ta*+127C* +a*[RIG]+2 — 87 |Vel5]. (5-1b)

=F

Note that the lapse equations (2-30a), respectively (2-30b), now read

LN =F, respectively LN=F. (5-2)
Furthermore, observe that
[L, A1t =AF - L +2(VF,V)g. (5-3b)

5.1. Elliptic lapse estimates with L. We first study the elliptic operator £, which will admit weak lapse
energy estimates in terms of scalar field quantities and X, up to curvature errors, that can in particular
be utilized at high orders without having to resort to higher derivative levels. Before moving on to the
estimates themselves, we collect a couple of inequalities we can deduce from the bootstrap assumptions
and strong Cg-norm estimates.

Remark 5.2. There exists a constant K > 0 such that, for &€ > 0 small enough, the following estimates hold:

e F > —Ke, and equivalently f > 127 C? — K. This is ensured by (4-2b) and (4-2a). In particular, we
can assume ¢ to have been small enough such that f — 67 C? can be bounded from below by a positive
constant that is independent of & (for example, 37 C?).

e |Vflc=I|VF|g < Kea~VE. This is given by (4-4b) and (4-4a).
Lemma 5.3 (elliptic estimates with £). Consider scalar functions ¢, Z on X, that satisfy
Lr=2Z. (5-4)

Then,
ALl +a Vel + 120z S 1Z1 (5-5)
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Proof. The proof follows along the same lines as that of [Speck 2018, Lemma 16.5]: First, we obtain the
following by multiplying (5-4) with —¢ and integrating, and using that f — 67 C? is bounded from below
by a positive constant (see the first point in Remark 5.2):

[ @19¢1 +15Pyvole S 12115 -
Next, we multiply (5-4) with a* A¢ and obtain
[ @18cP +at Vel frvole < [ 11ZP+3a% 18P + (315 P+ 5a' Ve Ig)a IV £ g vole.
Using the second point in Remark 5.2, as well as the previous step, we can now conclude
[ (@185 +a'19¢ 1) volg < (1 + €)1 211
and thus the statement after rearranging. O

Corollary 5.4 (intermediary elliptic lapse estimate with £). The following estimates hold for any
1 €{0,...,10}:

a AN 2+ VAN 2 +HI AN 2 SIAFllpz +ea™ Vo F oy +e2a ™0 VESD(Ric, ).

not present for <1

not present for [=0

Proof. We prove the statement by induction over / € N: For / = 0, the estimates immediately follow from
(5-2) and Lemma 5.3. Assume the statement to be satisfied up to / — 1 for some / € Ny, [ < 11. We get,
applying (5-3a) iteratively,

21—1
LA'N = Y VIF« VI IN 4+ (N+DAF.
I1=1

Applying Lemma 5.3 to ¢ = A’N, as well as Lemma 4.1, yields
20-1
a ANl 2 +@®IVA' N2 +IAN 2 S X IV F V' IN 2 + [ ATF |2
I=1
Hence, using (4-13c) (replacing [ with / — 1) and (3-17h), (4-4a) and (4-4b) to estimate low-order terms,
we get

a'lAIN 2 +a®IVA'N 2 +IIA'N 2,

-1
SIA'Fl gz +eaV* (X IVA"N| 13 +ea* eI (Ric, ) )

m=0

4—co -1 —cafe (<21-4) (R .
+ea " (I Fll yaev + VAT F 2 +ea”VVE (Ric, -)).
For the top-order lapse term, we can redistribute the divergent prefactor as follows:
- -1 ! -2 -1
ea VE|VA Nl SelA'Nll2 +ca VE|A Nl

The lower-order lapse terms, as well as |[VA/=1F|| L2 can be estimated similarly, just without having to
redistribute the prefactor. Updating ¢ > 0 and rearranging then yields the statement at order / for suitably
small ¢ > 0, and thus the entire statement after iteration. O
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Corollary 5.5 (lapse energy estimates with £). Foranyl € {0, ..., 9}, one has

086(2(l+1))(N, . ) +a4g(2[+1)(N’ X ) +g(21)(N’ )
SN, ) +EX @,
+82aVEEE (2 ) 4 €S20 (g ]+ (efamVE 4 8287 eI Ric, )

not present for [=0 not present for [ <1

Proof. Note that, by Corollary 5.4, all that needs to be done is to relate all Sobolev norms of F that occur
to the respective energies. Schematically, we have

21—1
A'F =160 (AW (W +C) +2(AE, )6+ 3 (VI s« VITw 4 vis s« v2-Ty),
=1

For the first two terms, we can use (4-2a) and (4-2b) to bound |X|s and |V + C| by ¢ and 1 up to
constant, respectively. For the remaining terms, we similarly always bound the lower order in Lg with
(4-4a)—(4-4b) and bound the higher order with the energy estimates in Lemma 4.5. Further, we can use
(3-8) to redistribute divergent prefactors onto energies of order / — 2 and lower. This already incurs
the terms on the right-hand side of the claimed estimate, and the lower-order norms of F only incur at
equivalent or weaker error terms. 0

5.2. Elliptic lapse estimates with L. While the estimates in the previous subsection are useful at high
orders, they are not enough to close the bootstrap assumptions for N. This can be achieved by deriving
estimates in terms of £ — however, due to the explicit presence of Ricci terms in this version of the lapse
equation, we use this to bound N at lower orders. Since the arguments are largely identical to the ones
above, we only sketch the proofs.

Remark 5.6. Note that when replacing f by fand F by F in Remark 5.2, the same statements hold for
a suitable constant K. In fact, the bootstrap assumptions on Ric[G] and V¢ even imply || F ||c('; < ga*,
noting
|RIG1+ 3|5 < 1G™!6|Ric[G1+ 5G| ; S [Ric[G1+ 5G|
and
IVRIGll¢ = |[V(RIG1+3)|, < |V(Ric[G]+ 5G)| .-
Lemma 5.7. Any scalar functions ¢ and Z such that
Le=27
holds satisfy the estimate

aIALN 2 +aIVE 2+ 1E N2 SIZ e

Proof. The proof follows identically to Lemma 5.3 since all tools relating to f and F used in proving
these statements were collected in Remark 5.2, and these extend to £ by Remark 5.6. U

Corollary 5.8. Forl € {0, ..., 8},

ab PN, ) +a*ePTVN, )+ EP (N, ) P Ric, ) + ea® V| Vo2

21+
HG
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Proof. As in the proof of Corollary 5.4, this follows by commuting L with A/ iteratively and applying
(4-4e) and (4-4f) to bound lower-order terms within the nonlinearities. Il

6. Big bang stability: energy and norm estimates

In this section, we derive energy estimates for matter variables and the geometric quantities, as well
as Sobolev norm estimates for spatial derivatives of ¢ and for metric quantities. To derive all of the
inequalities in this section beside the elliptic inequality in Lemma 6.10 and the bound on V¢ in Lemma 6.5,
we will use the same basic strategy. Hence, we give a brief overview on the form our integral inequalities
are going to take and how we intend to obtain improved energy bounds from there:

Remark 6.1 (integral inequalities and the Gronwall argument). Let F; denote an energy or a squared
Sobolev(-type) norm at derivative level L € 2N, for example £©(¢, - ). To derive an integral inequality
for 7, we will take its time derivative, apply the respective commuted evolution equations in the integrand,
estimate the resulting terms and integrate that inequality. Schematically, the resulting integral inequalities
for 7}, then take the following form:

Fr(t)+ /z to(ultimately nonnegative contributions) ds
< Frlto) + /t " Ba(s)7 +als) VA FL(s) ds
+ /t toa(s)_3(other energies/squared Sobolev norms at same derivative level) ds
+ /t toa(s)_3_"ﬁ (energies/squared Sobolev norms at derivative levels up to L — 2) ds.

For some inequalities, we will not be able to derive any beneficial e-prefactors in the penultimate line.
For example, for £ (L) (X, +), linear lapse terms in the evolution of X incur a term of the form

1
/t Ya(s)” -a($) | AN gz -VED(E, 5) ds

on the right-hand side, which after applying lapse energy estimates creates ¢ ~'/8£() (¢, -) on the right.
However, combining the respective inequalities for the core energy mechanism at each derivative level
with appropriate e-weights, this will then combine to an inequality of the following form for a total energy,
which we informally denote by Fiotar 1.

I
Fiotal, L () + / 0(nonnega’tive quantity) ds
t
Io
< FonaL (0) + [ (€%a() 7 +a )™V Fou 1 () ds

I
+/ Oesl/gcz(s)_3_c‘91/8 (already improved terms) d's +81/4.7:t0ta1,L(l)
t

notpresentfor L=0 4 /¢ (small lower-order terms)(z). (6-1)

not present for L=0

In the mentioned example, multiplying £ (X, -) with the weight !/4, in turn, mitigates the otherwise
offending term to elBa(s)=3&W) (¢, 5), which can be absorbed into the first line.
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Furthermore, !/ 4]—'t0ta1, L (¢) in the penultimate line of (6-1) can be absorbed into the left-hand side
after updating the implicit constant in “<”. Applying the Gronwall lemma (see Lemma A.1) and the
initial data assumption (which implies Fiotar, 1 (f0) < e*) then yields

I
Frotar,L (1) S <84+/ Oe?l/gcz(s)_3_cel/8(already improved terms) ds-++/¢- (lower-order terms)(t))
t

not present for L=0

-exp(K-/ttosl/ga(s)_3+a(s)_1_“‘/gds)

C&‘I

for some constant K > 0. By (2-7) and (2-6), the exponential factor can be bounded by a™ /g, up to

constant and updating ¢ > 0.

ce'" and thus leads to improved bounds for base level

Hence, for L = 0, this implies Fiop10 < *a™
energy quantities (see Remark 3.19 for the precise scaling hierarchy that will achieve). By iterating this
argument for L > 0, the already improved terms will then be bounded (at worst) by e*a—¢¢ 1/8, and (2-6)
shows that the first line can be bounded by s*a~¢¢ " after updating c. This allows us to bound Fioa1 1 by
e*a=="" for any L up to and including top order.

Finally, we mention that, to control energies at order L, we need to consider scaled energies at order
L + 1 within Fio1 1 — this arises since the scalar field occurs at first order in the evolution equations for
E and B. We avoid losing derivatives by employing the div-curl-estimate in Lemma 6.10 at order L + 1,
which allows us to control a*€Z+D (X, .) by quantities at order L. This is precisely what generates the
nonintegral terms in the schematics above. We note that it is crucial that the scalar field occurs at no
worse scaling than a~"in (2-38a2)—(2-38b) —else, moving to these time-scaled estimates at order L + 1
would lose too many powers of a and lead to exponentially divergent terms after applying the Gronwall

argument.

Recall that L2G—n0rm estimates for error terms arising in the Laplace-commuted equations in Lemma 2.11
are collected in Section A.4. Low-order estimates (in particular estimates for L = 2) could often be
improved if needed by more carefully avoiding curvature error terms, but we refrain from doing so where
it is not necessary to keep estimates as unified as possible.

6.1. Integral and energy estimates for the scalar field.

6.1.1. Scalar field energy estimates. Over the following two lemmas, we prove the core energy estimates
to control the matter variables, which are immediately prepared differently at base, intermediate and top
order for the total energy estimates in Section 7.

Lemma 6.2 (even-order scalar field energy estimates). Let t € (tBoot, fo]- Then, one has

£O@, 1)+ /ttod(s)a(s)35(1)(N, $)+ Zg—ge“”(zv, 5)ds

00+ "ea(s)PEO (g, ) +eaEO(Z, ) ds. (6-2)
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Further, for any L € 2N, 2 < L < 18, the following estimate is satisfied:
eV (B, 1)+ /ttod(s)a(s)38(L+l)(N, $)+ %sww, s)ds
SEV@ 1)+ [ (eals) 7 +a) VD ED g, 5) ds
n /t “ea(s) D (S, 5) + e 2a(s) LD (Ric, 5) ds
+ /t ° Vea(s) 3 TVEEELD (g 5) + sa(s) P TVEEELD(S 5) ds

+ / t083/2a(s)_3_c*/58(5L_4) (Ric, s) ds . (6-3)
t

ifL>4

Remark 6.3. This proof relies on two mechanisms: Firstly, we use the structure of the wave equation
and integration by parts to cancel the highest-order scalar field derivative terms. Getting this cancellation
is what necessitates scaling the potential term in the scalar field energy by a* Secondly, we deal with the
highest-order lapse terms using the elliptic structure of the (Laplace-commuted) lapse equation — both in
an indirect way by invoking the elliptic energy estimate in Corollary 5.5, as well as by directly inserting
(2-37a) to cancel some ill-behaved terms. While the framework significantly differs from the scalar
field energy estimates [Speck 2018], these two core mechanisms also appear there and play similarly
crucial roles.

Proof. Since the arguments are essentially the same, we will only write down the proof, for L > 2, in full
and make short comments throughout the argument which terms do not occur for L = 0.
We use the evolution equations (2-39a) and (2-39b) and Lemma 4.4 to compute, for L > 2,
—9,ED (g, ) :/ 20, ALPWALPW 244 (3, VAL 29, VAL 2$)
M
—3Ng[|AL/2\I’|2+a4|VAL/2¢|%;]—4g-a4|VAL/2¢|%; volg

:/M<—2a(N+1)AL/2+1¢—2a(VAL/2N, v¢>G+6cZiAL/2N).(AL/2\y) (6-4a)

—2a(N+1)(VAL2W, VAL2g)6—2Ca(VALPN, VAL 2¢) (6-4b)
—2(PBL Border +BL Junk)- A2 W —=2a*(Q. Border+L1 yunk, VA ) (6-4c)
+2(N+1)a-(TH)Y viAL/2¢vjAL/2¢—2Ng.a4|VAL/2¢|é (6-4d)
—3NZ[|AL/z\IJ|2+a4|VAL/2¢|2G]—4g-a4|VAL/2¢|2G volg. (6-de)

Note that, for L = 0, the equivalent equality holds where the borderline and junk terms are replaced by
—2a*W(VN, V)g (to verify this, insert (2-32a) and (2-32b) instead of (2-39a) and (2-39b)). We now
go through (6-4a)—(6-4e) term by term:
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After integrating by parts, the first term in (6-4a) reads
/ 2a(N + )(VAL2¢, VAL2W) 6 +2a(VN, VA2 ¢) g - AW volg. (6-5)
M
The first term precisely cancels the first term in (6-4b), while we can use the bootstrap assumption (3-17h)
to estimate the other term in (6-5) up to constant by
ea’ =@ VAP 2 | AP0 2 Sea’ 0P (g, ).
For the second term in (6-4a), we use (4-4e) to estimate V¢ and Corollary 5.5 at order L to deal with the
lapse, getting
[ 2a(VALN, V)G - AFRW volg| S Vea VAR TI (N, )V ED (6, )
M
<gq~! _a4g(L+1)(N’ ) +a717c\/55(L)(¢, )

<Sa I EO(E, ) a - VIED (g )
e TVEEELTI(z ) 2T T VEEEL D (g,
4+ g2q 1mevEg(sL-3) (Ric, -) .

not present for L=2

Repeating this argument for L = 0, the last two lines do not appear.
To deal with the remaining term in (6-4a), we can insert the following zero on the right-hand side of
the differential equality, where the equality (6-6) holds due to (2-37a):

0=—dd® / divg (VAL2N - AL2N) volg
8 M

= —iacﬁf ALPFIN CALZN 4 VAN |2 volg
8 M

[ 3 .3 gALR2 2_1(@ 2@) L/2 712
_/M aa’ |VAMN[G — (95 + 121 €22 ) AN

—6CZALAN . AP - %aa%m,mer + N unk] - AY2N volg.  (6-6)

Note that the first line has a negative sign, so (after absorbing a few terms into it without changing the
sign, see namely lapse quantities in (6-7) and (6-8a)) we pull it to the left-hand side of the differential
inequality. Further, the first term in the second line of (6-6) precisely cancels the third term in (6-4a).
That leaves the borderline and junk terms in (6-6), for which we use (A-17b) and (A-19d) (along with
a~a~? due to (2-3)) to get, for L > 4,

3.
o] [ 1ML Bordrt M gunkl- AN volg
T M

<ea3[ED (¢, )+EL (T, )+ED (N, )] +ea " VEEEED (g, ) +EEED (S, H+EELD(N, )]
+&3a3EELD (Ric, Y 4ela 3" VEEELD Ry, ).

not present for L=2

Again, the same estimate holds for L = 0 with the last two lines dropped.
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From (6-4a)—(6-4b), only the term —2C a(VAL2N,VAL2¢) s still needs to be handled: Using the
inequality (2-8) arising from the Friedman equation, we can estimate this by

/sz 2ad®|VALPN |G|V AL g6 volg < /M4éza3|VAL/2¢|2G + ad’ IVAYAN L volg.  (6-)

Note that the first term precisely cancels the final term in (6-4e), while the second term can be absorbed
into the first term in (6-6) while preserving that term’s sign.

To bound the error terms in (6-4c), we insert the borderline term estimates (A-17d) and (A-17e), as well
as the junk term estimates (A-19f) and (A-19h), where (3-8) is used to estimate odd order by even-order
energies where needed. Furthermore, observe that we can estimate the £ -terms as

@19¢ll2) - VED(@, ),

so all borderline and junk terms arising from it, beside the scalar field energies, are dominated by terms
occurring elsewhere.

Finally, all terms that remain, namely (6-4d) and the first term in (6-4¢), can be bounded by ea 3D,
due to the strong base level estimate (4-2b) and (3-17h). In summary, and always only keeping the worst
terms for each energy and squared norm, this yields, for L > 4,

— 88D, ) +aa* e HIN, ) + LeD N, )

<(ea a7V ED (9, ) + (ea7 + Vea TV @ EEIN, ) + DN, ) (6-8a)

+ea VT, Y+ &a e D Ric, - ) +ea 3 TVEEELD (g, ) (6-8b)
+ea 3 TVEEELTD (S, ) [ea 3TV 4 JeaT TVEIEEED (N, ) (6-8¢)
+632q7 3 VEgEL- Ric, ) (6-8d)

not present for L=2

The lapse energies in (6-8a) can now also be absorbed into those on the left-hand side of the inequality
by updating the implicit constant in “<<”. We can treat the lower-order lapse energies in (6-8¢) with
Corollary 5.5 and see that the resulting terms are all dominated by terms we already have on the right-hand
side of the inequality above.

Inserting these estimates and integrating over (¢, #p] then yields (6-3) for L > 4, and the statement for
L =2 is obtained completely analogously.

As mentioned earlier, (6-4¢) is replaced by the following term for L = O:

/ —2aW(VN, V)G volcgea—3f @V N|G - a*|V|G volg
M M
<eaa’EV(N, ) +ea0 g, ).

Here, we applied (4-2a) and (2-3). Both of these terms can be absorbed into terms that are already present,
and (6-2) then follows by dealing with terms in 8,£@ (¢, -) as described and integrating. U

To close the argument, we will need a scaled scalar field energy estimate at the odd orders L + 1, which
is not covered by the previous lemma and we hence establish separately:
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Lemma 6.4 (odd-order scalar field energy estimate). For L € 2N, 2 < L < 18, we have
a@*e g, 0+ [ “la()a(s) LN, 5) +als)als) ELD (N, $)) ds

Salt)* £V, 10) + / “(eats)™ +a(s)™ 1=V (s e (g, 5) ds

+ /lm{sa(s)*3 ca(s)* V(D 5) + (eals) P +a(s) TV ED (@, 5) +ea(s) PED (T, 5)
+ea(s)”' Ve a(s)* LV Ric, 5) + (2a + ea”! 7V £E7D (Ric, 5)
+ea(s) TVHEETI (@ 9) +EE(E,8)
+(Ea(s) T VE 4 e2a(s) TV EEL D Ric, 5) ) ds (6-9)

not present for L=2

At order 1, the analogous estimate holds where the last three lines of (6-9) are dropped.

Proof. These estimates follow completely analogously to Lemma 6.2, with the exception that high-order
lapse terms can now be estimated at order L + 2 due to the scalar field energy being scaled by a*. In
particular, we note that to deal with the analogous term to (6-4a), one now inserts the following zero on
the right and applies the commuted lapse equation (2-37b):

0= —%acﬂ f divg (VAL2N - ALPPHLN) volg
M
3 . T AL2+1a2 3 (1. 3 24\ 4o AL/2 a2
:/ — 2 adl |ALPHINP - 2 (Zaad +127C2 L) gt VALAN
mul 8m 87 \3 a
] 3.
- 6C% a* (VALPN, VAL @) — 3 aa” (M 11 Border + ML+1 Junks VAL/ZN)G} volg.

For L = 0, the argument is again the same as at higher orders with less complicated junk terms. We
briefly highlight some specific junk terms: The term analogous to (6-4c) is now estimated as follows
using (4-13a):

a*- / —2a(VWVN, V2p)g < e/ a2 VNG -aV/>~VE . a*|V|g
M M
<eaa’€V(N, ) +ea'~Ve.a*e=D (g, ).
Further, note that, by the commutator formula (A-8c) and applying (4-4¢), one has
[ a'101. 16 Apvolg| S ea™VFUVEL + VNI A
<ea "V ED (P, ) +a*eV(D, ) +ea® ad’eV (N, ). O

6.1.2. Sobolev norm estimate for V¢. To improve the bootstrap assumptions on V¢, we will need sharper
bounds than those on a4||V¢||§1 . that will follow from bounds on £ (¢, -):

Lemma 6.5. Let | € (tBoot, tol- Then, forl e 7, | <17, the following estimate holds:

||V¢||HIG(2,) s +Ea(t)_cﬁ)||2”HIG+l(E[) + ga(t)_cﬁ”qj”;]é(z,)-
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Proof. By (4-2a), ¥V +C > %C holds if ¢ is chosen small enough. Consequently, we can rearrange (2-29b)
and apply the product rule to obtain

1 diVG b))
ViVelg = —|V' < VEFS |6V (W + C)6.
V'Vgla = ¢ (WC)GN > | 61V (¥ +O)lg
Is+1y=I
The statement then follows by integrating over X, and applying (4-2a) and (4-2b). (|

6.2. Energy estimates for the Bel-Robinson variables. In this subsection, we collect the energy estimates
for the Bel-Robinson variables:

Lemma 6.6 (Bel-Robinson energy estimates). Let t € (fBoot, fol- Then one has

0w, t)+/’°/ [871C2a(s) 3N+ 1)(=, E>G+6“Es;(N+1)|E|g] volg ds

SEOW, 1) + / (a(s) > +a(s) " VHEOW, 5)+ e Ba(s) > a(s)* €V (g, 5) ds
+/ a(s) ' mVEEO (¢ 5) +ea(s)3EO(T, 5)ds,  (6-10)
as well as, for L € 2N, 2 < [ <18,
e (w, t)—i—/ [ [srC%a) W+ (Aa2E, A E)g +6(N+1)aES;|AL/2E|ZG]volGds
SEVW, 1)+ [ a7 +als) 1 VHED W, 5) ds
t

-l—/tto{e_l/ga(s)_3 a(©)*E T (@, 9) + (' Pa) 7 +a)THEP (@, 5)
+ea(s) PEP (2, 9) +6a(s) 7 a(s)* e D Ric, 5)
+63184(5) 3EELD (Ric, 5)+ (gls/ga(s)—3—c¢§+a(s)—1—cﬁ)g(sL_2) (¢, s)
+8'38a(s) P VEEEE (T, 5) + LW, 5)
1 158 (5)3mevES(SL=D Ry, s)ds}. (6-11)

not present for L=2

Remark 6.7. We preemptively note that the error terms on the left-hand side, once combined with the
similar terms on the left-hand side in Lemma 6.8 and given suitable weights, will turn out to have positive
sign, even if they do not have definite sign in isolation.

The main idea in deriving this inequality is that we can use the algebraic identity (A-3d) and integration
by parts to exploit the Maxwell system that lies at the core of the Bel-Robinson evolution equations. As
a result, we avoid having higher-order energies of the Bel-Robinson variables on the right-hand side of
the integral energy inequalities (which would break the bootstrap argument), then only having to deal
with scalar field and Ricci energies at the next derivative level.

Proof. We first prove (6-11), and then explain how the same ideas lead to the simpler estimate (6-10). To
this end, we start out by taking the time derivative of the energy as usual:
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-0, £P W, ) = / —3NE(AME + A" Blg) = 2((0 AY2E. AYPE)G +(8,A"? B, A" B) )
M . .

—2@0,G YNGR [ ALPE; ALY E j, + AFP By, AFP B, ] volg.

E and B are symmetric and tracefree; thus symmetrizations become redundant, and any scalar product

with a tensor that is pure trace or with an antisymmetric tensor can be dropped.” With this in hand, we
get, inserting (2-38a) and (2-38b):

—3,ED W, )
- /M{g(—6(N +1)+9IN)(ALPER + |AY2B2) (6-12a)
+2(N + Da~'({curlg A*2E, AL?B)g — (curlg A*>B, A"E)g) (6-12b)
+2a7 ((VALY2N AG B, AY2E)G — (VAL2N A E, A2 B) ) (6-12¢)
—87C2a (N + )(AL?S, ALPE)g —8ma(V + C)(VAL2NV¢, AY2E)g  (6-124d)
—8ma(¥ + C)(N + 1)(VZAL 2, ALPE)g (6-12¢)
+16ma(N + 1)(VoVAL2w ALPE), (6-12f)
+a’e[G]x Vo« VEAL2px AL?B (6-12g)
+(N+1Da 3T« (AL2E« AY2E + AY?B « AY?B) (6-12h)
— 2(€L Border + €L top + €}y A2 E)g (6-12i)
— 2B Borter + BLiop + B - AY2B)g | volg. (6-12))

For (6-12a), we pull 6(N + 1)aa~'|AL/2E|Z to the left. This leaves
/ —6%|AL2B2 +3NL|AL2 B + ON L AL E 2 volg,
M a a a

where we can estimate the last two terms up to constant by ea' ~°£@ (W, -) by (3-17h) and can drop
the first term since it is nonpositive.
Regarding (6-12b), note that we have

a”'((curlg A?E, A"?B)g — (curlg A*B, A"?E)g) = —a~" divg(A"?E Ang A"*B).
Hence, the absolute value of (6-12b), using (A-4c) for the wedge product and (3-17h), can be bounded by
‘/M2a_1(N +1)divg (AY2E Ag A2 B) Volg‘ - ‘sza—l (VN, AL2E Ag A2 B) g volg

< [ @ 'IVNIGIAMElGIA Blg vol

<eat 0B (W, ).

9Recall the superscript ““||”” notation for error terms; see Remark 2.12.
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For (6-12c), we use the pointwise wedge product estimate (A-4d) and a priori estimates (4-2c) and (4-4g)
to bound it as follows:

(6-12¢)| < 2a~'|VAL2N|G(IBlG - IA**E|G +|E| - |AY*B|g)
< eaVatELTD(N, )VEL (W, )
<eadEDW, ) +ateEDWN, ).

We pull the first term of (6-12d) to the left as well, and estimate the second using the strong Cg-norm
estimates (4-2a) and (4-4e) by

\/Ea**c\/g\/a“é’(H‘)(N, _)\/5(L)(W’ )< a*lfc\/gg(L)(W’ -)—i—ea” ,a45(L+1)(N, ).
Moving on to (6-12e)—(6-12g), we see (using (4-2a), (4-4e), (4-13a) with ¢ = AL/2¢ and (3-8))
(6-120)| S (a7 Va*e@HD (@, ) +a”VED (@, ) +a”TVE/ELD(p, ))VED (W, )
5 (81/8a—3 +a—1—c\/5)g(L)(W’ _)+8—1/8a—3 _a4g(L+l)(¢, .)+a—15(5L)(¢’ 9,
|(6-120)| S Vea' = VEVELTD (B, )V ED (W, -)
SalmVEEB W, ea Vet (g, -,
1(6-129)| S Vea'~VE | VEAL 2| - ED(W, )
< \/gal—cﬁ( ELAD (g, ) +a Ve /LD (g, .)) VEDW, )
Sa Ve (W, ) +ea TVEELTV (9, )+ D (g, ) +EEET (g, )],

We can estimate (6-12h) by ea 3£ (W, -) as usual, and obtain the following in summary:
—0, D (W, ) +87C%a / (N + D{AM2E, AM2E)G volg + 6% / (N + D|AL2E)% volg
M M

Sa +a T VHEDW, ) +a T eE (g, ) +aT ' EP (g, ) +eaPateETIWN, )
+a €SP, O[I€L Borderll 2 + 1€ 10pll 2 + I€) ju 2
+ 1B L Borderll 2 + 1BL1opll 2 + 1B il 2 [VED W, ).
We can now apply Corollary 5.5 for 2/ = L to estimate the lapse energy in the second line (leading to
borderline scalar field energy and X-energy contributions, as well as junk terms), and insert the borderline
(see (A-17k)), top (see (A-18a) and (A-18b)) and junk estimates (see (A-19n)), dealing with the lapse
energies there analogously. In particular, the top-order curvature terms arise as follows:
€L topll 2 VED (W, ) S Vea™ = VE/ate LD (Ric, - )V ED(W, -)
< Sl/sa—l—c\/gg(L)(W’ . ) + 87/8(1_1 . a4E(L_1)(RiC, . )’
1B Lol VED W, ) S sa v ateé @D (Ric, )VED (W, -)
SelBaeB(w, ) 4618073 . gt etV (Ric, ).

Hence, both top-order curvature terms can be bounded by £7/3a=3 . g*£ =D (Ric, -).
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Integrating the inequality yields (6-11).
For (6-10), we get applying (2-31a) and (2-31b) and again using that E and B are symmetric and
tracefree,

—,EOwW, ) = / {;—l(—6(N—|—1)+9N)(|E|%;+|B|2G)+2(N—|—1)((curlE, B)g—(curl B, E)g)
M
+2((VNAB, E)g—(VNAE, B)g)+(N+1)a *S(ExE+Bx*B)
—8ra 3(N+1D)(V+C)(Z, E)g+[aa’ V¢V +a(¥+C)-VNxVe|xE
+a(N+D[Vox V¥ +TxVpxVp+(V+C)V2p]*E
+(N+1)e[G]*(a3V2¢*V¢+a_l(\IJ+C)E*V¢>)*B} volg.
The first two lines are treated as in the general case. For the third line, we get ea®>~<? £ (W, .) with
(A-4d) and (3-17h), while the fourth term is bounded by ea 3@ (W, -) with (4-2b). This leaves the
surviving matter terms in the final four lines.
We pull f M 8ra3(N 4+ 1)C*(Z, E)¢ volg to the left as before. For the remaining terms, we can

apply a priori estimates (4-2a), (4-4a) and (4-4e), the bootstrap assumption (3-17h) and Lemma 4.1 for N,
which yields the following bound up to constant remaining terms in the last three lines:

VEOW, ) -[a" @IVl z + Vea " VVED @, )+ (a7 + Ve TVHVED ().

Applying (4-13a) to the scalar field norm and then (3-8), this leads to (6-10) along with the previous
observations. 0

6.3. Energy estimates for the second fundamental form. For the energy estimates for X, we again first
derive even-order integral estimates:

Lemma 6.8 (energy estimates for the second fundamental form for even orders). Let t € (tgoot, fo]. Then,
one has

Oz, 1+ 2/tt()/M[a(s)_3(N +(E, £)6 + Z%(N + 1)|AL/22|§;] volg ds

I 1
SEOE )+ [ e a0 ) ds+ e a(s)PE V(@ 5y ds. (6-13)
t t
For L € 2N, L <18,

eP @042 [f [aw) WA E, AL/ZE)G—l—%(N—HNAL/ZEPG] volg ds

I{
SEDE )+ [ 6 a(s) D (B, ) ds
t

I
+ / (e Ba(s) D (g, 5)+&'a(s) 7 LD (Ric, 5) +£2a(s) £ Ric, )
t
+815/8a(s)—3—6‘\/§g(§l‘—2)(E’s)+(815/8a(s)—3—c\/g+8a(s)—1—C\/g)g(fl‘—z)(¢’ S)
+ela(s) P TVEEEL Y Ric, 5) ) ds. (6-14)

not present for L=2
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Remark 6.9. The main hurdle of dealing with the second fundamental form is that a high-order curvature
term occurs in the evolution equation. It is to precisely this end that the Bel-Robinson variables needed
to be introduced, since (2-36d) is what facilitates controlling said term without having to use £ (L) (Ric, -)
or similar high-order metric energies. Again, the resulting leading terms will turn out to have definite
sign when combined with the Bel-Robinson energy estimates above.

Proof. Here we omit the proof for the inequality at order zero since is completely analogous in structure to
the one for orders 2 and higher; the only differences that arise are that lower-order error terms do not occur.
Once again, we start out by differentiating —£®) (X, -) and insert (2-35):

-9, (z, )= /M—2(8,AL/22, A2 + (0, G Hx G x AL2E « AL2 S —3N%|AL/22|2G volg
:/M{Za(me/zN’ ALY G —2a(N + )AL Ric[G]. AL2E)g
+0,GHxG ' x A2 x ALY —3N%|AL/2Z|é
~2(& L Borders AL?T)6 —2(8} ju. AL?E)6 ) volg.

For the first term, one can use (4-13a), Corollary 5.5 at order L and (3-8) to bound its absolute value
by the following:

SallA"2N || VED(Z, )
[ Vab LN, ) +a' = VEED (N, HIVED(T, )
ea3VED (T, ) +a3eD (g, ,)+8a—3—c\/§(\/g(§L—2)(E’ )+ \/g(fL—Z)(¢’ ,))
+ (£2a737VE 4 ea' %) JEGLI Ric, ) [VED(E, 1)
not present for L=2
SEBa 4al ") gD (2, )+ e Ba3eW (¢, ) +ea T VEIEELD (T, ) + €S2 (4, )]
+ (831/8a73 + 82017ca)5(L72)(RiC’ 4+ (831/86173%\/5 + 82a17cc)€(§L74)(Ric’ D).

IZANRYAN

not present for L=2

Next, we replace the high-order curvature term as follows, using the commuted rescaled Hamiltonian
constraint equation (2-36d) that AL/?X is tracefree and symmetric:

f —2a(N + 1){AY? Ric[G], AL?%) ¢ volg
M

= [ 20N+ Da(AE AP R) G = 2N + DT IAYE G + (91 Borter + O gunie AT E) G Vol

We pull the first two terms to left, only keeping the error terms on the right. After inserting the borderline
and junk term estimates for the Hamiltonian constraint equations ((A-17a) and (A-19c)) and the evolution
equation itself ((A-17h) and (A-19k)), as well as bounding |3, G| < ea~> and inserting (3-17h) as usual,
we obtain (6-14) by integrating. O

Additionally, we can exploit the structure of the momentum constraint equations to gain an elliptic
estimate for LD (X, +). Crucially, the upper bound only depends on X-, scalar field and Bel-Robinson
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energies up to order L, and appropriately small and time-scaled curvature contributions up to order L — 1.
This will allow us to close the argument since we do not need to consider the Bel-Robinson energy at
order L+ 1 to control X at that order, which would require higher-order scalar field and curvature energies.

Lemma 6.10 (odd-order energy estimate for the second fundamental form). Forany L €27, 2 <L <18,
we have

a*eT(x, ) <@ Vet ea® VY ED (D, ) +ED (g, ) +EP W, ) +e2a*e D (Ric, - )
+ea VEEEED (g, ) +a>VEEEETD (D, ) dea’ VEEEE D Ric, ). (6-15)

For L =0, one analogously has
at¢M(2,) S @V +ea®VHEOE, ) +EV @, ) +EOW, ). (6-16)

Proof. We prove the statement for L > 2, since the proof of (6-16) is entirely analogous.
By [Andersson and Moncrief 2004, (A.22)], since (X, g) is a three-dimensional compact Riemannian
manifold for any 7 € (oo, f0], any tracefree (0, 2) tensor U;; on (Z;, g) satisfies

/E IVUI; +3Ric[g] - U - U — 3RIgIU[; vol, = /E lcurl U[} + 3|div, U]}, vol,. (6-17)

In particular, for U = AL/2Y and after rescaling, this reads
/M|VAL/22|%; +3(Ric[G) (A28 (AR — LRIGIAL22|E volg

— /M%|div(; AL2512 4 a?|curl AL2 212 volg.
The last two terms on the left-hand side can be estimated by (1 + ﬁa“'ﬁ YyEWD (X, +) in absolute value

using the strong Cg-norm estimate (4-4f). Thus, inserting the Laplace-commuted rescaled momentum
constraint equations (2-36a) and (2-36b), we obtain for a suitable constant K > 0

LR, Y=~ K1 +/ea~ Vo) ez, )
< fM{I‘If + CPIVAL2@IE + |VoIGIAY 2 I Ric[GLIE + IZIGIVALY* I RIC[GIE + 1ML junk |5
+a AP BIZ 4 |SIL VA2 IRIC[G|% 4 |VE( V2 AL2 72 Ric[G1% + |931L,Junk|%;}, volg.

After rearranging, using the strong Cg-norm estimates (4-2a), (4-4e), (4-2b) and (4-4b) and multiplying
by a* on both sides, we get

a*e (s, ) S (U4 Vea Voa*eP (s, )+ EP(p, ) +EPW, ) +exa* e D (Ric, -)
+e%a* Ve D Ric, )+ atIML gunk 7 +a* 1ML gunil 7

The statement follows inserting the estimates (A-19a) and (A-19b). O

6.4. Energy estimates for the curvature. To control commutator errors, we will also need some additional
estimates on curvature energies. Unlike the other energies, these inequalities do not rely on any delicate
structure within the equations and instead just rely on pointwise estimates, the Young inequality and
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near-coercivity of energies in the sense of Lemma 4.5. For the sake of convenience, we phrase these
estimates for €&~ (Ric, - ) since this is the order needed when improving behaviour of the total energy
at order L.

Lemma 6.11 (curvature energy estimates at even orders). Let L € 27, 4 < L < 16, and t € (tBoot, t0]-
Then, one has

1
LD (Ric, 1) S ELDRic, 1) + [ (e a(s) 7 +a(s) ) EE D (Ric, s) ds
t

+/tt0{8_1/8a(s)_3(5(”(¢,s)—i—S(L)(E,s))
+e Pa(s) T VHESTI (g, 5) + £, )
+eBa(s) 3 Vee =LY (Ric, 5)} ds. (6-18)
Additionally,
EORic, 1) <O Ric, 1o) + /t “e184(5) 3O Ric, s) ds
+/tt08_1/8a(s)_3(5(0)(¢, ) +EO(S, s)ds.  (6-19)

Proof. First, we note that
ldivg, VAYPIS | S IVPAMP S SIAMPE +amVEVER(E, )
holds using the low-order version of (4-14a) with T = AL/2=1'S for [ = 2, and similarly
IV2AEPIN 2 S IALAN | +aVEVECD(N, )

using (4-13b) at order 2. Now, using AL/>~1G =0 for L > 4, we continue as usual by applying (2-40a)
to the expression below:

—3, L P (Ric, ) < f {a—3(|AL/22|G+|v2AL/2—12|G)|AL/2—1 Ric[G]lg
M
+S(VIAL NG +|AY2N6) | AM ! RiclGllg
+ (1ML —2,Border| 6 + 1R L—2,3unk|6) - | A/ > Ric[ Gl

+a 3T« A2 I Ric[G]x AL Ric[G]+N?—l|AL/2_1 Ric[G]FG} volg.

Due to the estimates above as well as (4-2b) and (3-17h), this implies

—3, LD Ric, ) SaVED(E, ) +VED(N, HIVEL-D(Ric, -)
+a P TVIYECELD(T, ) + VECLD(N, HIVELD (Ric, -)
+ (”mL—Z,Border”LZG + ”mL—Z,Junk”LZG) EL-D(Ric, -) +ea LD (Ric, -).
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Using Corollary 5.5 at order L and distributing terms containing £ (L=3)(Ric, - ) with (3-8) as usual, we get
—3,EL D Ric, ) <[ + a0 1L D Ric, ) + e Va3 D (2, )+ D (g, )]
+ [831/8(1—3—6\/5 + SZaS—CU]g(SL—4) (Ric, . )
+e  PaT VeI, ) 1 €5 (g, )]
+ (”mLfZ,Border”LzG + ||%L72,Junk||L2G)v EL—2) (Ric, +).

Equation (6-18) now follows inserting the borderline and junk term estimates (A-17i) and (A-191) and
applying the lapse energy estimates from Corollary 5.5.

Equation (6-19) follows almost identically by inserting (2-33) instead of (2-40a), as well as (2-28a)
for the additional 9;G * (Ric[G] + %G)—terms. These can be estimated as

< /Ma—3z # (Ric[G] + §G) + SN - G * (Ric[G1+ §G) volg

Sa(VEO(T, ) +VEON, H))VEO Ric, -,
which can be treated as at higher orders. O
Lemma 6.12 (odd-order curvature energy estimate). For L € 2N, 4 < L <18 and t € (toot, to],
a()*eL"D(Ric, 1)
<a(to)*eL D (Ric, to) + /t “8a(s) " +als) " V) (a(s)* €L Ric, 5)) ds

1
+/ Ce180(5) 73 a(e) LTV (S, 5) ds
t

1
+ [ e @B g 5) + " Fa) 7 +at) VD ED (B,
t
+ (" a(s) Ve fa(s) T VEEED (g, 5) + EEI(E, 5))
+&B8a(5) LD (Ric, - ) +e'Ba3VEEEL D Ric, 5)} ds. (6-20)

Proof. The proof is very similar to that of Lemma 6.11 since we did not exploit any structure within (2-40a)
that does not equally occur in (2-40b), and thus we omit the details. As in the proof of Lemma 6.4, we
note that the differences within the estimate come from how top-order lapse terms are treated: the scaling
of the top-order energy allows one to estimate a*£ X+ (N, -) by scalar field energies and X-energies of
up to order L and curvature energies up to order L — 3. U

6.5. Sobolev norm estimates for metric objects. To close the bootstrap argument, we need to improve the
behaviour of metric quantities in addition to the energy formalism, both to capture the intrinsic behaviour
of the metric and to relate energies to supremum norms.

Lemma 6.13 (Sobolev norm estimates for Christoftel symbols). Let U be a coordinate neighbourhood
on M, viewed as a coordinate neighbourhood on %, fort € (tgoot, to]. Foranyl e N, [ <17, the following
Sobolev estimate then holds:

2 <, —cel/8 4 —1/4 2 2 ~
IT =Tl ) S (e +e S:E,I,’O)(”N”H’G“(Esﬁ”Z”Hé“(zv)))‘ (6-21)
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Proof. Commuting the evolution equation (2-34) with V/, we get for J e N, J < 17,

—3,|IT _F”i?é :/U[(atc—‘)*c—‘ %%« Gl xGxV/ (D =T)*V/ ([ =T)
+ (G Hx - x(GH%3,GxV/ T =T)*V/ (T =T)
+ (a*3 Y VNN 1) «VES 4 év”‘N) « V(=T
In+Iz=J+1 a
+2([3,, V(T = T), v/ (I = T))g - 3NL|V/(T —f)lé] volg.
We recall that (4-4c) implies ¢
IT = Tllen S veavF (6-22)

by (3-5). It follows from inserting this in (A-10b) along with (4-2b), (4-4b) and (3-17h) that
109, V1T =Dl 2, S Vea > VNIl gy + vea > VEIN || gy + a7 =Tl 0

is satisfied. Consequently and using the same strong Cg-norm bounds along with Lemma 4.1, the
differential inequality becomes

=0T =TI, S &% 0 =TI, +&Fa NI 0 + 11,0

~

+e"Ba VR, + eI,

+&!5/8g3 Ve — F”?fé*‘ .

Further, we analogously get

~

=00 =TI, Se'%a™ 0 =T, +e7 a5 + NI,
and thus, with the Gronwall lemma and (2-7),
_T2 < —c61/8< 4 /t‘) —1/8 =3 2 2 )

_cel/8/ 4 —1/4 2 2
<a (e +e sup (|2l + N )
( se(t,to) Hg (%) Hg (%) )

This proves (6-21) for [ = 0, and we assume for an iterative argument that the statement has been proved
for / = J — 1. Then, we obtain (estimating the error terms in ¥ and N by their supremum immediately)

=0T =T, Se'%a™ 0 =TI, +e~ S AN, + 1215,

AE ~
7/844 —3—cel/8 7 _3_pel/8 2 2
+e /8t a e +e /8a e sup (”N”H]*I(ZY) + ”E”HJ*I(EY))'
s€(-.10) ’ ‘

After integrating, applying the Gronwall lemma and dealing with the first line as before, we get

—~ _ol/8 —1/4 —cel/® 2 2
IT=T3%, Seta™ " +e7 4 sup (INIZ s o +1Z13) 5 )
HY sel- o] HY(Zy) HL(Z)

—cel/8 PRV
+ et L a7 sup (IN gy TIN5, ):

se(-,t)
where the second line can obviously be absorbed into the first up to constant. Combining this with the
assumption yields (6-21) for [ = J and thus iteratively for all / < 17. O
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Lemma 6.14 (Sobolev norm estimates for the metric). For anyt € (tgoot, to] and anyl € N, | < 18, we
have
_cel/s _
16 =¥y 5y S (e e sup AINIZ o +IEI ). (6-23)
se(t,1y) G G

Proof. For [ =0, we compute the following using (2-28a) and (2-28b):
—0,1G=y 112, = [ | =206 (G (G=1)ii(G=7)1 ,=2(8,G.G =) 63N S1G—y [} | volg
:/M{(N+1)a—3[z*(G—y)+z]*(G—y)+Ng|G—y|%;—4Ng<G, G—y)G} volg.
We apply (4-2b) and (3-17h) and get
—0l|G =y l2 SeaIG —yl7: +a (M2 +INI2)IG =¥z,
SeBaNG -y, +eBa (1S3, NI,
G G G
After integrating and applying the Gronwall lemma (as well as the initial data assumption), we obtain

2 < —csl/g( 4 —1/8/"’ -3 2 2 )
1G=vl2 s, a e +e @ UENL 5 F AN, (5,) ds ).

The statement for / = 0 now follows taking the supremum over the norms under the integral and applying
(2-7). This extends to higher orders via the same iteration argument as in Lemma 6.13. O

7. Big bang stability: improving the bootstrap assumptions

In this section, we combine the energy estimates obtained in the last two sections to improve the boostrap
assumptions for the energies themselves, and then show how this improves the behaviour of the solution
norms. For an outline of the energy improvement arguments that we perform in Section 7.1, we refer
back to Remark 6.1.

Before carrying out the improvements themselves, we quickly collect an estimate that shows that
combining Lemmas 6.6 and 6.8 yields sufficient control on the energies themselves:

Lemma 7.1. Let L € 2N. Then, the following estimate is satisfied:
167 C%a3(N + D)(AY2E, AM?3) 6 + Snczg(N + 1ALz +6%(N +DIAL2EL > 0. (7-1)

Proof. First, we recall that N + 1 > 0 holds by Lemma 4.1. Additionally, we can apply (2-8) and the
Young inequality and get

1167 C%a~3 (N + D{AL2E, AM25) 6| < 167C? -y 4n3cz§ -(N+DIAMZE|g|IAM2 g

4N+ D% (V3-|AME|g) - (Van C2| A E )
< 6Z(N +1)|AL2E +8nc2§(zv+ DAL, O

This shows that EE(W, ) + 47 C?£WD) (X, +) is controlled by the sum of the left-hand sides of the
inequalities in Lemmas 6.6 and 6.8 for L € 2N, 0 < L < 18.
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7.1. Improving energy bounds.

Proposition 7.2 (improved energy bounds). Under the bootstrap assumptions (see Assumption 3.16) and
the initial data assumptions in Assumption 3.10, the following improved estimates hold on (tgoot, to]:

=W (g, ) <gha—ee”, (7-2a)

EEB (5 ) < o154 (7-2b)

EEB (W, .y < g15/4g e, (7-2¢)

19 Ric, ) < 72ac”, (7-2d)

EEON, ) +a* €IV, )+ a8 W, ) S 7ab (7-2¢)

Proof. We prove this estimate by performing an induction over even energy orders. Starting at order 0,
we first observe that by Lemma 7.1, we can bound the (base level) total energy

c©

tota

by the sum of the left-hand side of (6-2), the left-hand side of (6-10) weighted by £'/4 and the left-hand
side of (6-13) weighted by 47 C? - ¢!/ and the left-hand sides of (6-9) and £!/2 - (6-15) extended to
L = 0.'° Combining said estimates and inserting the initial data assumption from (3-11), the following
holds in total:

(=0, )+ HEOW, ) +4nC O (T, ) +ateV(g, ) + 2V (T, )

c©

total

) Set+ / “(e18a(s)7 +a(s)"1"VE)ED (s) ds. (7-3)

otal
Applying the Gronwall lemma (see Lemma A.1) to (7-3), we get for some suitable constant ¢’ > 0

5(0)

1/8
total :

t /
OBy exp(c/f 081/861(S)_3 +a(s)_1_fx/5ds> <ghace
t
Now assume that, for L € 2N, 2 < L < 18, we have already shown

1/8

EEED (g, )+ HEETI(®, ) +EETAW, ) Setam (7-4a)

on (fgoot, fo]. Note that (7-1) means this holds true for L = 2 after updating ¢ > 0. Further, if L > 4 holds,
we assume
EEF I Ric, ) Se™2a (7-4b)

We will show that these assumptions hold at L = 4 after having shown the induction step for L = 2. We
define, for 2 < L < 18,

X =D, )+ M EDW, ) +anC2ED(S, ) +a €LV (P, )+ Pate T, )
+ 26D Ric, - ) + /4a* D (Ric, -).
10We need to weight £O (2, ) in the total energy by K - ¢1/4 for some K > 0 to balance out the 8_1/8—weight from the
scalar field energy on the right-hand side of (6-13). The weight on the Bel-Robinson energy is then needed to obtain the
cancellation in Lemma 7.1. The additional weight on a*eW(x,. ) is needed so that the div-curl-estimates only generates a term

of size !/ 48t(01;;1 that can be absorbed later in the argument.
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We combine the respective energy estimates with the appropriate scalings,!! namely (in the listed order)
(6-3), (6-11), (6-14), (6-9), (6-15), (6-18) and (6-20). Observe that the sum of these scaled left-hand sides

controls St(OLt;l by Lemma 7.1. Combining all of these estimates and inserting the initial data assumption

(3-11), we get the following estimate:

1
Eon(®) Se*+ / (e Pas) P als) VR ER) (5) ds (7-5a)
t

1
+ [ e a() VD )+ ()] (7-5b)

t
+817/8a(s)’3’c“/55(5“2)(W,s)+8“/85(5L’4)(Ric,s)}ds (7-5¢)

if L=4

+e A a() Ve ea()> Vo) 2D (D, 1)+ PED (¢, 1)+e e AED (W 1) (7-5d)
tellh ¥t eV Ric, ) +e72amVEEEETD (9, )+ Pa?TVEEELTI(T 1) (7-5e)
+&32g2~ Ve g EL-D Ric, 1). (7-5f)

We briefly summarize which inequalities contain the listed error term bounds as explicit terms: The
first two terms in (7-5b) come from (6-18) and the latter from (6-11), those in (7-5¢) from (6-3) and
(6-18), and finally the last three lines are precisely the scaled right-hand side of (6-15). Regarding the
curvature energies in the various individual energy estimates, any summand with £~ (Ric, - ) can be
split using (3-8), the resulting summands containing £*~2 (Ric, - ) can always be absorbed into the total
energy term in the first line, and anything with £L~%(Ric, -) is tracked in (Err); for L > 4.

Inserting (7-4a)—(7-4b), (7-5b)—(7-5¢) can be bounded up to constant by g33/8g—3—ce!® Here, the error
term dominating all others arises from

e¥a(s) 3 TVEEEED (3, ).

Regarding (7-5d)—(7-5f), notice that the first four summands can be bounded from above by el/ 45t(()];;1 (1)
up to constant. For the remaining three terms, we can again insert the induction assumptions (7-4a)—(7-4b),
bounding them by 817/4a(t)_081/8.

In summary and after rearranging, for some constant K > 0, (7-5a)—(7-5f) becomes

(1— K" e® (1)

total

I I
<ot [N Paw ral) VO EL s ds + [ e a7 ds 4 T an)
t t

total

cel/8

1
< sta(n)e"” +/ "€8a(s)73 +a(s) "1V gD (5) dis.
t

total

The prefactor on the left-hand side is positive for small enough & > 0, and the Gronwall lemma then
yields
R (1) S etae". (7-6)

tota
UThe weights on all terms beside the curvature energies are necessary for the same reasons as at order 0. We need to scale the
curvature energy at order L by e!/2 t0 account for e~ 1/843£L) (X2, -) in (6-18), and the weight on the (L+1)-order curvature
energy again needs to be chosen according to that on £ LD (z, .
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In particular, this directly implies that the induction assumptions (7-4a) and (7-4b), using (3-9) to cover
the skipped odd order, hold at order L, completing the induction step, and clearly also that (7-4b) holds for
L —2 =2 using (7-6) at order 2. This completes the induction argument, proving (7-2a)—(7-2d). Finally,
applying the obtained improved estimates for V¢ and Ric[G] to Corollary 5.8, we also get (7-2e). [

7.2. Improving solution norm control. To close the bootstrap argument, it now remains to show that the
improved energy bounds also imply improved bounds for H and C. The former follows almost directly
using Lemma 4.5:

Corollary 7.3 (improved Sobolev norm bounds). On (tgoot, tol, the following estimates hold:

HS gT/4g—ce' , (7-7a)
115, S ¥ 4am", (7-7b)
INIG s Seta". (7-7¢)

Proof. First, we apply the improved energy estimates from Proposition 7.2 as well as the strong Cg-norm
bounds from Lemma 4.3 to the near-coercivity estimates in Lemma 4.5. With this, we directly obtain the
following Sobolev norm estimates (updating c):

— /8 —cel/8 —
”"IJHHISN 4 CS —{-8(1 —ce ‘8]5/4(1 ce 584(1 ce

1/8

’

_cel/8
H18 S 815/461 ce

|RicIG1+ 2G|} e S€'%a —eel!

=13

il

/8

1/8
IEI s + 1Bl S & a™
By Lemma 6.5, we also have
IVl g7 S (1 +2a™ VIS s + & W yos S 8" 4a" (7-8)

We take particular care in showmg that the improved bound holds for a?||V¢|| IS First, note that (7-2d)
implies 1D (Ric, -) < e'/2a —eel/ Applymg this along with (4-4e) to (4-13d), as well as (4-13a) in the
second line and (7-2a) as well as (7-8) in the final step, we obtain

a‘ |Vl Sat VA BIIT, +a*V* > VA" +ea*™ V" 519 Ric, )
m=0

—c _aal/8
Sat ‘@nm%sniz +IVPI2,10) +e”2a=
G G
SaVEEEW @, 4tV g e Pa
G
< 815/4a—csl/8

Further, inserting (7-2a), (7-2b) and (7-2d) into Corollary 5.5 implies

8

9 1
| AONIZ, +a* VAN, + 3 IA"NIZ, Se'ttae
m=0
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and subsequently, applying Lemma 4.5 as before,
a*IN o +a* IN o + IN Iy S ea"
Finally, having now shown (7-7b) and (7-7c), we can apply these to (6-23) to get
G — y”ng < —6-51/8@4 4 g 1/A+15/4 +8—1/4+4) < 87/2a—c81/8’
proving (7-7a). O

Intuitively, the bounds on C should now follow from # by the standard Sobolev embedding. However,
since both of these norms are with respect to G, the embedding constant may be time-dependent. To
circumvent this issue, we need to switch between norms with respect to G and y and then apply the
embedding with respect to C), and H,. The following lemma ensures that we still obtain bootstrap
improvements after performing these norm switches:

Lemma 7.4 (moving between norms). Letl e N, [ <18, ¢ be a scalar field, ¥ be an arbitrary X,-tangent
tensor. Then, for some multivariate polynomial P; with P;(0, 0) =0, we have

IZllet )y S a V¢ ||c'y(M)+(fc‘/E||C | gmasio.ti=nr2gyy PG =Y L1 gy G l—y~! let-10))> (7-92)
Il ) S a_c“/g||T||C'V(M)+Cl_c‘/g||T||C;mxmu—l)/zn(M)-Pl(|| G=vlcyam, G_l—V_lﬂcly(M)), (7-9b)

as well as the same inequalities with the roles of G and y reversed. For | < 12, this reduces to

aVE g ey ary SIEleran S @ YN ety (7-10a)
aVF Il ey on SISt S @~V 1S ey - (7-10b)
Further, one has
—C 8
105y S @ ||;||H1(M)
a—c¢ 178 —1/4 _
IICIICW 1)/21(2)(8 +¢ ses(?;:o)(nNnH, 1(E)+IIE||H, s, ))), (7-11a)
— 8
”T”HI (M) ¢ ”{Z”Hl (M)
@ I em g, (6467 sup (NI ) + IS 5,))- (-110)

se(t,tg)
Remark 7.5. While we only need the tensorial inequalities for gradient vector fields and (0, 2)-tensors
when applied to norms in H and C, the proof is simpler when considering tensors of arbitrary rank.
Proof. We restrict ourselves to proving the tensorial statements; the scalar field analogues follow
analagously except for the fact that, since V;¢ = @,-g“ = 0;¢, error terms caused by Christoffel symbols
always enter at one order less. Thus, it remains to show (7-9b), (7-10b) and (7-11b) by iterating over
derivative order.

Starting with the base level estimates, we have if ¥ is of rank (r, s)

|f3|%; — |‘3|)2/ =[Gjyj, Gl.rjr(G—l)PI’II L (GTyPsts Yiiii* Vio (y~hypar ...y lypsas)
- Mirpl---psgjlmjrqlmqs-
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We successively replace G*! by (G*! — yEly 4+ take the | - |,-norm of each factor and use
(4-4¢)—(4-4d). This yields
121G — I1TE | S Vea™vFITL,

implying (7-9b) (and (7-10b)) for [ = 0 after rearranging and taking supremums suitably.
To show (7-11b) at base level, consider

nG — 1
7|2 1—/1‘21:/ T2 —1%2) vol /‘52—”1.
[ 130 volg = [ 135 vol, = [ (T = 1%E) volg + [ TP o voly

We can control the first summand on the right-hand side as before, while we have |G — i, | S & by
(4-11). Hence,

(1= Ke)|T3, < (1 +Vea V)TN,

follows for a suitable constant K > 0, implying the statement for small enough ¢ > 0.
Next, we perform the iteration for (7-9b), assuming the statement and the analogue with y and G
reversed to hold up to order [ — 1. As above, note that

IVl = IV/TE| S Vea VIV T + (14 Vea™ ) ||V T — VT .
where we can rewrite the second term as
2(V/T-v/T,vT), - |V/T-V/T]|
and hence obtain (moving between pointwise norms as before)
IV/ZIE — VSR | Sa VeV T2 +a VeIV T - VT2,

Regarding V/ T — V/E, we have the following schematic decomposition:

A J_l A —~ A
vig_v/g = > v/l I'=T)x*, (V!T 4 V!T) + (at least cubic nonlinear terms). (7-12)
1=0
Here, %, encodes the analogous schematic product notation with regard to y (see Section 2.1.8). Regarding
the Christoffel symbols, notice (7-9b) with roles of y and G reversed holding up to / — 1 implies that, for
any m € {0, ..., [ — 1} and some multivariate polynomial ﬁm, we have

IT =Tliepan < a Y PulIT = Tliczan. 1G = vllezan. 167" =y lczan)-

As explained in Remark 3.7, we can bound ||I" — F||Cg(M) by a polynomial in |G — y|| (M- Hence,
we can apply (4-4c¢) to obtain

IT =Tl S Vea™ V", (7-13)

Moving back to (7-12) and just considering the first line for now, this implies
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-1
2 2 —c 2 2
[ e S (R o N ey
m=

[(—-1/21 e ~5
> IV S0 ) IT =TI,

m=0

+ (at least cubic nonlinear terms). (7-14)

2
(KT g0 +

We can rewrite V" T-norms in C,, as ones in Cg up to a—“V® as before. Then, we can apply the already-
obtained estimates up to order [ — 1 show that the first two lines of the right-hand side can be estimated by
the right-hand side of (7-9b). The highly nonlinear terms can be dealt with similarly, closing the induction
over admissible /. The estimate (7-10b) immediately follows by applying (4-4c)—(4-4d) and (7-13).

Now, assume (7-11b) to be proven up to order J — 1. By analogous arguments as at order zero, we get,
after rearranging,

/MWZ@ vol, < ‘/M(WJSFG—W’mi)volG |+fM|v’§|é volg,

so we only need to concern ourselves with the first summand. Reversing the roles of G and y compared
to the proof of (7-9b), we get

’

|IV/R1% — VS| S Vea VoIV TG +a~ Ve (VT - VT, VT — [V/T - VT

and have the following, applying Lemma 6.13 immediately to estimate ||[I" — f|| H
‘/V{zwlz — YT, VT — VT — VT2 VOIG‘

S a VAT 4y + IV T )

_el/8 _
yoa= (et e sup (INIG v + IS5 5 )

+ (%) + | V=IE=b2Ag) 2 , ,
sel-.10) HE (%) HE(Z5)

cH =D CoM)
By the same arguments as earlier, we have ||@51_IT||HIG-1(M) < a‘c\/gllfllHé-u M) and can then apply the
induction hypothesis. This proves (7-11b). g

Corollary 7.6 (improved C-norm bounds). On (¢goot, o], the following estimate is satisfied:
c+c, Seltae”, (7-15)

Proof. We first apply the Sobolev norm estimates in Lemma 7.4 to (7-7a), to then control C, via the
standard Sobolev embedding H)’,“(M ) = C!(M), and finally control C with (7-9a)—(7-9b).

Note that by Lemma 4.3, we can control the Cg-norm up to order 10 of every quantity occurring in H
beside the lapse by at worst /ca —cV& while the bootstrap assumption already implies better behaviour
for the lapse. Thus, we can apply (7-11a)—(7-11b) to every norm appearing in #, and obtain by applying
(7-7b) and (7-7c¢) in the second line

_ _ _cel/8 _
¢ Sa YV H +eam Ve am (e e sup (INIs s, + 121 055)
s€(-,1) G G
7/2 —cell® —ce'/8, 4 7/2 ’
<e'’“a + ¢ea (" +&'%)

7/2  —cel/?
<e'’c-a .
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In particular, we can update ¢ such that
2 _csl/8
IPUIG = ¥llctsisys 1G = vllewss )] S &7/%a™

holds for any multivariate polynomial P that appears when applying (7-9a)—(7-9b). Again using the
strong Cg-norm estimates from Lemma 4.3, this then implies C < &’/ 4g—ce'”, g

8. Big bang stability: the main theorem

In this section, we provide the proof of the first main result, Theorem 1.1, which we state in more detail
in Theorem 8.2 below. As in [Rodnianski and Speck 2018b; Speck 2018], most of the work has already
been done by establishing the necessary bounds on solution norms.

Remark 8.1 (existence of a CMC hypersurface). As mentioned in Section 1.2.1, it may seem that the
generality of the results in Theorem 8.2 is restricted by taking the initial data on %,, to be CMC. However,
as long as one remains close enough to a constant-time hypersurface of the FLRW reference metric
(which is CMC), one can locally evolve the perturbed data in harmonic gauge to a nearby hypersurface
that is CMC and remains close to the FLRW reference solution. To make this a bit more precise, and also
since this is a little less involved than the arguments in [Rodnianski and Speck 2018b], we will briefly
sketch how the arguments from [Fajman and Kroncke 2020, Section 2.5] extend to our setting.

First, we once again assume without loss of generality that our initial data is sufficiently regular. Note
that we can locally evolve our data within harmonic gauge to get a C'’-regular family of metrics with
near-FLRW initial data (for well-posedness, consider the analogue of [Rodnianski and Speck 2018b,
Proposition 14.1]). Consider the Banach manifold M!? formed by the set of C!” Lorentz metrics on
I x M for an open interval I around #o such that the surfaces of constant time are Riemannian, endowed
with the norm

~ ~2 o ~
=|n 17 + | X || ~17 + 17
lgll [ ||Czl't2+y(1><M) I ”Cdt2+y(1><M) ||gt||cu’t2+y(1><M)’

where g € M!7 has lapse 7, shift X and spatial metrics (g);¢;. Further, for any f € C'7(M, I), we
define the embedding ¢y : M — M by x — (f(x), x), and subsequently define the smooth map

Hy:D:={@, f)eM"xCc M, ])|Lj¢§ is Riemannian} — C'6(M),
(g, f) > mean curvature of (M, g;) embedded along ¢ .

One easily checks that (grrrw, fo) is a regular point of Hy. By the implicit function theorem for Banach
manifolds, this means there is a (unique) smooth function F' that maps an open neighbourhood of
SFLRW 1N M7 to an open neighbourbood of the constant function x — fy in C (M, I) such that
Hy(-, F(-)) = t(t) holds in that neighbourhood.

Thus, we can choose a surface ¥’ with mean curvature 7(#p) near the original ¥,. Furthermore,
for small enough ¢ > 0, the initial data on X’ remains close to the FLRW initial data in the sense of
Assumption 3.10, using similar arguments to control Sobolev norms. Thus, we can replace X;, by X’
without loss of generality, proving that the CMC assumption (2-10) is not a true restriction.
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Theorem 8.2 (stability of big bang formation). Let (M, &, k, 7, 4) be initial data to the Einstein scalar-
field system as discussed in Section 1.2.1. Further, let the data be embedded into a time-oriented
4-manifold such that it induces initial data for the rescaled solution variables (see Definition 2.9) at the
initial hypersurface X;,. We also assume this rescaled initial data is close to that of the FLRW reference
solution (see (2-1) and (2-2)) in the sense that

H(t0) + Hiop(to) +C(t) < &° (8-1)

is satisfied (with # and C as in Definition 3.6)."2

Then, the past maximal globally hyperbolic development ((0, tg] x M, g, @) of this data within the
Einstein scalar-field system (1-1a)—(1-1c) in CMC gauge (2-10) with zero shift is foliated by the CMC
hypersurfaces Xy =t~ ({s}), and one has

H(t)+C1) +Cy (1) S e a@) " (8-2)

for some ¢ > 0 and any t € (0, ty). In particular, this implies the following statements:

Asymptotic behaviour of solution variables: We denote the solution metric by § = —n> dt>+ g, the second
Sfundamental form (viewed as a (1, 1)-tensor) with respect to X, by k, and the volume form with regard to
g on X; by vol,. There exist a smooth function Wgane € C)l,5 (M), a (1, 1)-tensor field Kpang € C}l,5 (M)
and a volume form volga,g € C }1,5 (M) such that the following estimates hold for any t € (0, to]:

ea(t)*—"" 1<14,
-1 < 8-3a
In=Tlcyz) S ca(—", 1=15. (8-3a)
_ol/8
3 ea()—=", 1< 14,
a >vol, —vol < 8-3b
l g Bang”Cf,(E,) ~ 8a(t)2_cal/8, =15, ( )
4—cel/8
iy _ [ea(® . 1<14, ]
la” 8¢ — (WBang + CO)llct sy a1 =15, (8-3c)
[6. )=t + ["ater s g+ 0, [OOSR gy
, . —_ , . a s = s . . ~ _ -
0 /z Bane ey~ |eam?"", 1=15,
_1/8
3 ga(*"", <14,
lak — KBang”Cf,(E,) S 8a(t)2_c81/8, [ =15. (8-3e)
Further, these footprint states satisfy the equations'>
(KBang)“a =—+127C, (8-4a)
87 (Whang + C)* + (Kpang)*, (KBang)”, = 1271 C* (8-4b)

and remain close to the data of the reference solution in the following sense, where | denotes the Kronecker

symbol:

||V01y - VOlBang”C)‘f(M) Se

12Essentially, this translates to smallness in H}fg and C31,7. For ¢ = 0, the solution is the FLRW reference solution.
3These are precisely the (generalized) Kasner relations; see Section 1.2.3.

(8-5a)
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||"IJBang”C)1/5(M) Se, (8-5b)
| Kang +V4ZCl| crsan S (8-5¢)

Additionally, there exists a (0, 2)-tensor field Mpang € le/5 (M) satisfying

||MBang -V ||C11,5(M) 5 € (3-6)

and, with © and exp meant in the matrix product and exponential sense respectively, one has

fo B ea(t)“_cel/g, [ <14,

Oex [(—2/ a(s 3ds>-K ]—M < _ 8-7
Hg p ; ( ) Bang Bang C[y(Zr) Sa(l‘)z_wl/s, ] =15. ( )

Moreover, the Bel-Robinson variables E and B satisfy the estimates
IENcies, Sea™*", (8-82)

—2—cel/8

ga [ <15
B < T 8-8b
IBllcyz) S {Sa_4_cgl/8’ <16, (8-8b)

Causal disconnectedness: Let o be a past-directed causal curve on ((0,t] x M, g) fort <ty with domain
[$1, Smax) Such that at(s1) € Xy and smax is maximal. Then, there exists a constant K > 0 that does not
depend on a such that one has

Lla]= / T Vab)ate) @ ()& (5) ds < Ka(@n)>~"”, (8-9)

where y is the negative Einstein spatial reference metric on M (see Definition 2.1). Hence, for points
P, q € X, with dist, (p, q) > 2Ka (t)z_cal/g, the causal pasts of p and q cannot intersect.

Geodesic incompleteness: Let a(A) be a past-directed, affinely parametrized causal geodesic emanating
from X, where A : (0, to] — [0, 00) denotes the parameter time that is normalized to A(ty) = 0. Then,

A0) < K - 1A ()] - a(tg) ' +52* foma(s)*l*“zs ds < 00 (8-10)

holds for suitable constants K1, Ky > 0 that are independent of o, and thus any such geodesic crashes
into the big bang hypersurface in finite affine parameter time.

Blow-up: The norm |k|, behaves toward the big bang hypersurface as follows:
; 1 _ol/8
la® K]} = (KBang)'; (Kang)'; oz, S €0~ (8-11a)
Further, with W[g] denoting the Weyl curvature and P[g] = Riem[g] — W|[g],
_1/8
' Pupys PP7® = 5 - 870)> (Whang + O [ coyyy S €04 (8-11b)
Y

is satisfied, whereas there exists a scalar footprint Wgag € C )1/5 (M) such that one has

10" Wesys WP"® — Wiangll coary < ea>"" (8-11c)
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Here, Wgang is a fourth-order polynomial in I?Bang = KBang +V %”CI] and Wgang and satisfies
|| WBang”Cl'f(M) S . (8—11(1)

Finally, the scalar curvature R[g] and the Ricci curvature invariant Ric[g]qp Ric[g]“ﬁ blow up with the

asymptotics 18

1a®RIZ] — 87 (WRang + C)?llcory S ea*™< (8-11e)

and
1/8

lla'? Ric[glap Ricl21*" — (87)* (Whang + C)* lcoary S ea* ", (8-11f)

and the Kretschmann scalar KK = Riem[g]upy s Riem[g]"‘ﬂ v8 exhibits stable blow-up in the following sense:

la"K = 3 - (87)2(Whang + C)* — Waang | oy S 26> (8-11g)
Remark 8.3 (The solution variables exhibit AVTD behaviour.). The estimates (8-3a)—(8-3¢) and (8-7)
imply that the solution is asymptotically velocity term dominated (AVTD) in the sense that, toward the
big bang singularity, they behave at leading order like solutions to the (formal) velocity term dominated
equations. These arise by dropping any terms containing spatial derivatives in the decomposed Einstein
system, i.e., in (2-15a), (2-15b), (2-17a) and (2-18).

Proof. As argued at the end of Section 3.4, we can assume without loss of generality that our initial data is
sufficiently regular. Hence, the local existence statement in Lemma 3.14 and the initial data requirements
(8-1) ensure that there exists a local solution to the Einstein scalar-field system on [f1, o] X M and that
the bootstrap assumption (see Assumption 3.16) holds on [z, 9] x M with ¢; € (0, tp) and o = el/16 Let
t € (0, 1p) be such that (t, 7] x M is the maximal domain on which the solution variables exist and satisfy
the bootstrap assumptions. For contradiction, we now assume that t > 0 were to hold.
Due to Corollary 7.6, there exist (summarizing all updates) constants c;, K; > 0 such that, for any
t el
c(t) < Kie"*a@) ", (8-12)

If ¢ is small enough such that K1¢!/® < K and ¢;¢!'/8

< coo hold, this is a strict improvement of the
bootstrap assumption. Furthermore, argued exactly as in the proof of [Rodnianski and Speck 2018b,
Theorem 15.1], above improvement ensures none of the blow-up criteria of Lemma 3.14 are satisfied if
t > 0 were to hold, essentially as a direct consequence of (8-12). Hence, the solution could be classically
extended to a CMC hypersurface ¥ diffeomorphic to M, while satisfying the improved estimates by
continuity, and further to an interval (¢, #y] for some 0 < t' < t on which the bootstrap assumptions must
then be satisfied, also by continuity. This contradicts the maximality of (t, fp].

Thus, the rescaled solution variables induce a unique solution to the Einstein scalar-field system
on (0, o] x M such that (8-12) is satisfied for any ¢ € (0, fg]. The core estimate (8-2) follows since
Corollaries 7.3 and 7.6 now hold on (0, 7p].

From (8-2), the asymptotic behaviour in (8-3a)—(8-3e) and (8-7) is established as in [Rodnianski
and Speck 2018b, Theorem 15.1], which we briefly outline: First, we note that (8-3a) follows directly
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from (8-2). For the remaining estimates, the arguments are similar, so consider for example d;¢: By the
rescaled wave equation (2-32a) and (8-3a), we have that

_a1/8
gal=cc"” <14,

||3z‘1’||cly(2,) S {Ea—l—csl/s’ 1 =15.

Hence, for an arbitrary decreasing sequence (f,,)men, on (0, fp] that converges to zero, we have

1/8
calty )", 1<14,
8

lIJ t s “ ) \'IJ z [ <
1 (s -) (T, )”C{,(M) ~ {Sa(tml)Z(:sl/ . =15,

for any m1, my € N, m| < mj by (2-6). This shows that W (z,,,, - ) is a Cauchy sequence in C;S (M) and
hence there exists a limit function Wpyye € C)l/s(M ) that satisfies
ea(y*=", 1<14,

8

W(t, ) — g, S
1w, -) Bang”Cly(M) N {sa(t)z_m/ C1=15.

for any ¢ € (0, to]. Since ¥ = a*n~'9,¢ — C holds by definition, (8-3c) now follows by examining the
Taylor expansion of n~' — 1 at 0 using (8-3a).

The identity (8-4a) follows directly from the CMC condition (2-10), the asymptotic behaviour (8-3e) of
a’k and the Friedman equation (2-3), while (8-4b) follows from the asymptotic limit of the Hamiltonian
constraint (2-16a), with (2-3), (8-3a), (8-3c) and (8-3e), as well as (8-2) for lower-order terms. The
asymptotics in (8-7) follow exactly as in [Rodnianski and Speck 2018b, Theorem 15.1], and (8-5a)—(8-6)
are a direct result of the initial data assumptions and applying the respective asymptotic estimates to t = .

For the first estimate in (8-8b), we apply the momentum constraint (2-29d) to get

IV/Blg =a™*|V'Blg =a?|V’ curlg Z|¢ Sa V' Z|g,
and consequently, with Lemma 7.4, as well as (4-4g) and (8-2),

— 2
1Bl Sa~ Bl s, +ea >V Pis(1G = ¥ llcisz,)

Sa VSl escs,, Fea 2V Pis(1G = vl ciss,)

—2—cel/?
<ea .

The remaining estimates in (8-8a) and (8-8b) are contained in (8-2). The results (8-9) and (8-10) follow
as in the proofs of (15.6) and (15.7) in [Rodnianski and Speck 2018b, Theorem 15.1] from the asymptotic
behaviour of the solution variables in (8-3a)—(8-3e) and (8-7). We briefly sketch the proof of (8-10):
Consider a geodesic « affinely parametrized by A as in the statement. The geodesic equations then lead
to the following estimate for some suitable K > 0:

A" < Z|A’| +/c[;i|N| +n Y9N+ 07 VN, +n|1€|g] 1A

The leading term is hereby arises from the mean curvature condition. Arguing as with the elliptic estimates

el

in Section 5, one can show that |3, N| < ea . Thus, along with the other pointwise bounds on 7,
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g and k, one obtains )
A" < S0+ o)l A
and consequently
A1) < |A (to)]a(r) ™'~

by the Gronwall lemma. Equation (8-10) follows by integrating.
Turning to the blow-up behaviour of geometric invariants, observe (8-11a) is a direct consequence of
(8-3e). Regarding (8-11c), we first compute using (2-19) and standard algebraic manipulations that

a"*Wep s W7° = a'*(8|E|} + 8| BI3) = 8| E|g; + 8| B[5;.
By the rescaled constraint equation (2-29c), we have
Eij=—ad’Sij + (S0 D) — [+ 2cv]G; + Oea*™")

for ¢ | 0. Further, by expandlng (2-3) around a = 0, we have da’> = «/T C 4+ O(d?). Since =f and ¥
converge to footprint states KBang = Kpang + \/_ Cl and Wgayg in C 5(M ) respectively, this shows that
8|E |G converges to some Wgayg € Cy5(M ) that can be expressed as a fourth-order polynomial in KBdng
and Wg,pe and satisfies
[1EIZ = § Whang ||c0(M) Sea ",
as well as (8-11d). Due to (8-8b), the |B |%;—term in the Weyl curvature scalar is negligible in comparison,
and thus (8-11c) immediately follows.
Furthermore, one has

Pugys P*P7° =2 Ric[glp Ric[g]™ — 2RI,

and (8-11b) is a direct consequence of (8-11e)—(8-11f), which follow once more with (8-3c) and (8-3a)
as well as (8-2) for error terms. Finally, (8-11g) is obtained from (8-11b)—(8-11c). O

9. Future stability

The goal of this section is to show the following theorem:

Theorem 9.1 (future stability of Milne spacetime). Let the rescaled initial data (g, k, V¢, d') on M
be sufficiently close to (y, %y, 0, O) in H> x H* x H* x H* on some initial hypersurface Y=y, (s€C
Definition 9.4 and Assumption 9.7). Then, its maximal globally hyperbolic development (M, g, ¢)
within the Einstein scalar-field system in CMCSH gauge is foliated by the CMC Cauchy hypersurfaces
(X0)re[r,0) I8 future (causally) complete and exhibits the following asymptotic behaviour:

(g.k.¢'.Vo)() > (v,37,0,0) ast10.

Since the control of geometric perturbations uses the same arguments as in [Andersson and Fajman
2020], the focus in this section will lie on dealing with the scalar field. The key idea is controlling decay
of the scalar field using an indefinite corrective term on top of the canonical energy (see Definition 9.6).
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9.1. Preliminaries.

9.1.1. Notation, gauge and spatial reference geometry. Within this section, we will decompose the
Lorentzian metric as
g =—n>dt* + gap(dx* + X4 (dxb + X" dt). (9-1a)

We impose CMCSH gauge (see [Andersson and Moncrief 2004]) via
t=1, gy -TE) =0, (9-1b)

where T refers to the Christoffel symbols with regard to the spatial reference metric y.

We extend the notation from the big bang stability analysis regarding foliations, derivatives, indices
and schematic term notation to this setting (see Section 2.1). In particular, X7 and X will refer to spatial
hypersurfaces along which the logarithmic time 7T (see (9-2c)) and the mean curvature t are constant (see
(9-2c) on why these are interchangeable), and we will write for example X7—o when inserting a specific
value to avoid potential ambiguity. We use similar notation for scalar functions and tensors that depend
on T or, respectively, 7.

For the extent of the future stability analysis, we have to introduce an additional condition for the
spatial geometry beyond Definition 2.1:

Definition 9.2 (spectral condition for the Laplacian of the spatial reference manifold). Let po(y) to be the
smallest positive eigenvalue of the Laplace operator —A, = —(y~hHeb VA acting on scalar functions,
where (M, y) is as in Definition 2.1. (M, y) additionally is assumed to satisfy

mo(y) > 3.

Remark 9.3 (manifolds that satisfy Definition 9.2). The available literature on spectra of —A,, usually
focuses on hyperbolic manifolds with sectional curvature k = —1. Thus, one needs to check that p is
strictly greater than 1 to verify the analogue of Definition 9.2 after rescaling.

Numerical works, e.g., [Cornish and Spergel 1999; Inoue 2001], provide evidence for over 250
compact hyperbolic 3-manifolds to satisfy this spectral bound, many of which are closed. In particular,
both [Cornish and Spergel 19991 and [Inoue 2001] consider the smallest closed orientable hyperbolic
3-manifold, the Weeks space m003(—3, 1), and compute that it falls under Definition 9.2 with pg ~ 27.8
in [Cornish and Spergel 1999, Table IV] and 26 § o é 27.8 in [Inoue 2001, Table 2]. Moreover, as
demonstrated in [Inoue 2001, Figure 6], many manifolds with small enough diameter d satisfy this
condition. In fact, the analytical bound

72 1 7t 1 3 7% _,
pozmax{ 7 =5\ e+ =5 e}

(see [Cheng and Zhou 1995, Theorem 1.1-1.2] with L = 2) implies that ©o > 10 holds for Weeks space,
which has diameter d ~ 0, 843 (see [Cornish and Spergel 1999, Table V]). Furthermore, [Inoue 2001]
finds no closed hyperbolic manifolds that violate this bound. More recently, the Selberg trace formula

14These results have to be interpreted cautiously since the numerical method cannot detect eigenvalues below 1.
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has been used in [Lin and Lipnowski 2022; 2024; Bonifacio et al. 2025] to compute candidates for
eigenvalues of —A, and related operators, based on an optimization approach originating in [Booker
and Strombergsson 2007]. In particular, the calculations visualized in [Bonifacio et al. 2025, Figure 3]
demonstrate that one must have g > 27, 6 on the Weeks manifold.

We also note that it is conjectured that one at least has (o > 1 for any arithmetic hyperbolic 3-manifold
(see [Bergeron 2003, Conjecture 2.3]). In fact, this is tied to the Ramanujan conjecture for automor-
phic forms. Finally, one can construct compact manifolds with boundary and with constant sectional
curvature —1 where 1o becomes arbitrarily small; see [Callahan 1994, Corollary 4.4].

9.1.2. Rescaled variables and Einstein equations. We will use the standard rescaling of the solution
variables by 7:

Definition 9.4 (rescaled variables for future stability).
2 —INij =2 ij 7
glj =T glj7 (g ) =T g 9 Zl] _rklj’ (9'23)
n=tn, A=1in-1, X°=1X" (9-2b)
Furthermore, we introduce the logarithmic time

T=-— log<rl> = 1= roe_T, (9-2¢)
0

which satisfies 0y = —70,. Toward the future, T increases from 7 to 0, and thus 7 increases from 0
to oo. We additionally introduce

do=0r +Lx =—1(0; — Lx), (9-2d)
¢ =n""9p=n""(—1)"1(0; — Lx)9. (9-2e)

Moreover, for any scalar function ¢, we denote by ¢ the mean integral with respect to (X7, g7).

For symmetric (0, 2)-tensors £, we define the perturbed Lichnerowicz Laplacian
1 A _ A . _ / — !
Loyhay = =7-Vi((8™ )" tgVihap) — 2 Riemly Luw (g™ (g7 I (9-3)
g
This operator satisfies

(Riclg] — RiclyDij = 5Lg.» (& = ¥)ij + Jijs - 1 g1 S g — vl (9-4)

see [Andersson and Moncrief 2003, Proof of Theorem 3.1]. Under our conditions for the reference
geometry, [Kroncke 2015] implies that the smallest positive eigenvalue of £, ,,, denoted by Ao, satisfies
A0 > &, and that £, ,, has trivial kernel. The spectral condition in Definition 9.2 is not necessary for this
to hold true.

We now collect the (3+1)-decomposition of the Einstein scalar-field equations in CMCSH gauge with
the help of [Andersson and Fajman 2020, (2.13)—(2.18)]:
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Lemma 9.5 (rescaled CMCSH equations). The rescaled CMCSH Einstein scalar-field equations take the
following form: The constraint equations

RIg]—|Z[; — 5 =8x[|¢/I" +|Vol;]. divy T, =877°¢'V,0, (9-5a)
the elliptic lapse and shift equations

(Ag = 3)n=n(Z[; +4n[l¢'|>+|Ve[]) — 1, (9-5b)
AgX“+ (g7 Riclglom X" =2(g7)" (g™ Vom - Zyun — (87 )" Vit + 87nT°¢'Vp
—2(8" )" (g™ - Tpe = Vo XN T, (9-50)
the geometric evolution equations
dogap = 21T ap + 2higap, (9-5d)
do(g " =—2n(g™"H* (g7 Ea —20(g™"H", (9-5¢)
d0Zap = —2%ap — n(Riclglup + 38av) + VaVin
+2n- (g )" EamZon — 3igap — 1 Zap — 8NV Vi (9-50)
and the wave equation

dog' = (Vn, V) +nAed+ (1 —n)g. (9-5g)
9.1.3. Energies and data assumptions. The proof will rely on the following corrected energy quantities:

Definition 9.6 (energies for future stability).

ED = -1y /M [¢'ALg' — AL pIvoly, = (=1 fM (¢ — )AL g vol, (9-6a)
4
Ese= 3. (B +3Cs¢). (9-6b)

Egeorn = Z (E /M<g -V E;n,y(g - V))g VOlg

1 — _
5 [ (6. L35 6T volg +ci [ (6%, L7 (g = 1)) volg ). (9-60)
The constant cg is given by

1, )LO >
cE = 9-7)

1
9
9o —8), ro=3.

where 8’ > 0 is chosen to be small enough within the argument.

The Sobolev norms Hé, and Ci, are defined analogously to Definitions 3.3 and 3.4, with similar
conventions on suppressing time-dependence in notation whereever possible. Since norms with respect to
g and y are equivalent under the bootstrap assumption (and consequently throughout the entire argument),
we will simply denote the norms by H' and C’ throughout unless the specific metric is crucial.
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Assumption 9.7 (initial data assumption). The initial data on the spatial hypersurface Xr—g is assumed
to be small in the following sense:

g =vlics +1ZEllc2 + 1Alles + 11X NI + 19 llc2 + [Vl e
+ g =y las 1= + 1l s + 1 X o + 16 I g+ + 1Vl g < 87 (9-8)

Remark 9.8 (local well-posedness toward the future). Under the above initial data assumption, local
well-posedness is satisfied by analogizing the arguments for local well-posedness in the vacuum setting
(see [Andersson and Moncrief 2003, Theorem 3.1]) with the matter coupling added. Since this only
consists of adding another wave equation to the hyperbolic system, the argument is structurally unchanged
given appropriate smallness assumptions on ¢’ and V¢ (where ¢ itself does not enter into the Einstein
system). As before, we can without loss of generality assume that the initial is sufficiently regular to
ensure that Egeom, SSF) and CélF) initially are continuously differentiable (in time) for any / < 4.

Assumption 9.9 (bootstrap assumption). On the bootstrap interval T € [0, Tgoot), We assume one has
lg = vlcs +IZllc2 + alles + 11X e + 19 |2 + [Vl 2
+ g —vllas + 1Z s + 1Al o + 1 X o + 16 I s + IVl s < 8e™ /2. (9-9)

We only choose not to use “<<”-notation in the above assumptions for notational convenience in some
technical computations. As before, § can be chosen to be sufficiently small for the following estimates to
hold and for the decay estimates we derive from the bootstrap assumptions to be strict improvements.
Moreover, note that (9-9) is satisfied since all of the norms are continuous in time (see Remark 9.8).

Before moving on to the energy estimates, we quickly collect the following immediate consequence of
the bootstrap assumptions:

Lemma 9.10 (Sobolev estimate for the curvature). The following estimate holds for any [ € Ny:
[Ricte1 + 3¢, < e - -1} 010
ic[gl+ 58|, S 18—yl + 118 —vIgm- (9-10a)
Under the bootstrap assumptions, this implies
|Riclg] + 2g| . + |Riclg] + 2] s S 8e77/%. (9-10b)
Proof. By (9-4), one has
|Riclgl+ 38|, < 311L¢.y (8 = W) lmt + KIlg — ¥ 31

for some suitably large K > 0, along with the fact that £, ,, is elliptic. This implies the first inequality,
while the latter follows from directly from the bootstrap assumption (9-9) and by applying the standard
Sobolev embedding. 0

9.2. Elliptic estimates. We briefly collect the elliptic estimates for lapse and shift:
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Lemma 9.11 (elliptic estimates for lapse and shift). Let [ € {3, 4,5, 6}. Then, one has n € (0, 3) (thus
n € (—1, 0)) and the following estimates hold:

Il S 8¢ 21 Z N 2+ 8% 7T Nlg = yll -2+ 8¢2[9 -2 + IVl -], (O-11a)
X[l < 8™ 21 Z iz + 8¢~ g =yl -1 + 8¢~ 2L | 2 + [V 2. (9-11b)
Proof. The pointwise bounds on n follow via (9-5b) and the maximum principle as in Lemma 4.1. For

the remaining estimates, applying elliptic regularity theory to (9-5b) and (9-5¢) implies

1Al gt S NE o221 [ -2 + IV lIg2llg — ¥l i
+UVellez(1+ llg =y lic2) + 18l 21U Il -2 + IV @l 21,
X1t S IZ N2 1 E g2 + 18 = ¥ 31 + IVl crllg = ¥ 1l s

+IIVPlg (1418 = vlic2) + 18 2111 + Nl 21119 | -2 + 1V 21

The statement then follows by inserting (9-9). g

9.3. Scalar field energy estimates.

9.3.1. Near-coercivity of Esp. We will be able to prove a decay estimate via a Gronwall argument only
for the corrected energy Esg. Hence, we first need to verify that this energy controls the solution norms,
for which we first show that it controls the “canonical” scalar field energies:

Lemma 9.12 (positivity of corrected scalar field energies). Let

YL g = (o) — )
JT+9g 2 o
Then, foranyl € {0, 1,2, 3,4} and § > 0 small enough, one has

4
Q[E(sl}): < [Eél}); + %Cglz, hence Q ) [Eéll): < Egf. (9-12)
m=0

Proof. We denote the smallest positive eigenvalue of —A, acting on scalar functions on X7 by wo(gr).
By the bootstrap assumption (9-9) and since pg depends continuously on the metric, we obtain the
following for small enough 6 > 0:

10(g7) = o(y) — 3(o(¥) — §) = § +4q.

By the Poincaré inequality applied on (X7, g7) (see [Choquet-Bruhat and Moncrief 2001, p. 1037]), the
above spectral bound implies the following for any ¢ € H' (Z7):

= — —1
1E =252z, < R0@D) T IVENL (5, = (5+4)  1VEIT2 5, (9-13)
For [ = 0, this means
0 0 In
Esp +3Csp = 1017, + IVel7: — 316 — @l 1l

_ V149 -1
= 1¢'12;, +1VeIZ; =20+ 99) 21Vl 113 = ¥ Egp

/1+9q SF*
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For [ = 1, notice that we can rewrite CélF) as
O = [ (V6. V@) gvolg = [ (V). V(@' ~@))gvolg == [ (¢ =3 g vols.

Hence, applying (9-13) to ¢ = ¢’ yields

«/1+9q— I[E(l)
v 1+9¢q SE

Forl=2,3,4, notice Agp = Ag¢p) = A%gc,b =0 holds due to the divergence theorem; hence the argument

1 1 1 _
Egp + 305 = Bl —2(1+99) 211V I 2 1 Ag Bl 2 >

proceeds asin / =0, 1. U

Lemma 9.13 (near-coercivity of corrected scalar field energy). For any scalar function ¢ and k € {1, 2},
one has the following under the bootstrap assumptions:

/M|V2§|§ volg < /M|Ag¢|§, +1V¢[2 volg,
. 2
1175 SNAGENT2 + UG Wt + 18 1502) + 1 VE 7 [ Riclg] + 38 | e
. 2
IVEI30 S VAT + UV s + IVE I 52) + V122 | Riclg] + 58| -

Consequently, the following estimate holds:

. 2
19124 + IV S EG + (19122 + Vo112 | Riclg] + 2| 0. (9-14)

Proof. The inequalities for ¢ follow from the same arguments as Lemma 4.5, except that we have
IRic[g]llc 1 < 146 <1 by Lemma 9.10. The final estimate then follows by applying these estimates to
¢ =¢' and ¢ = ¢ and applying Lemma 9.12. a

9.3.2. Preparations for energy estimates. Before proving the energy estimate, we need to establish two
technical lemmas: First, we collect a formula to differentiate integrals, and then some estimates needed to
deal with the mean value of ¢ in the base level correction term.

Lemma 9.14 (differentiation of integrals, future stability version). For any differentiable function ¢, one
has

an ¢ vol, :f (B0¢ + 3AL) vol. (9-15)
M M
Proof. As in the proof of (4-12), we obtain
or i
or /Mg“ volg = /M8T§ + ng; volg
= [ 9r¢ +3hg = 18" Lxgat voly
— / dr¢ + 3¢ —divg X - vol,.
M

The statement now follows by applying Stokes’ theorem to the final term and rearranging. O
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Lemma 9.15 (decay estimate for the integrated time derivative). For any T > 0, we have

/2 ¢/ volg = /E ¢/ volg ) - e, (9-16)
T T=0
Consequently, the bootstrap assumptions imply
(/2 J0b- &' volg‘ < 8337 (9-17)
T
for & > 0 small enough.

Proof. Using that the integral of divg(nV¢) vanishes, we compute

or [ volg) = [ Bo@’ +3ig) volg = [ [(1=m)' +(n = 3)¢/] vol, = —2( [ volg).

Hence, (9-16) precisely describes the solution to this ODE (f’ = —2 f) with prescribed initial value at
T =0, and the initial data assumption (9-8) implies

)/Mfﬁ/ VOlg) <19 llcogs,_g)Volg(Er—g)e > < 8% 72T

Furthermore, one has by (9-15) that

arvoly (X7) = 3nvol,. 9-18
rvolg(Z7) = [ 3ivol, (9-18)
Consequently, one has

- - orvolg (X7) - 1 ~ N / N =

o [ oL (5 P oy JQod i) vol | = [ '+ 36— ) vol,
By applying |r| < 3, the adapted Poincare inequality (9-13) and the bootstrap assumptions (9-9), this
implies

18061 S 119112 + 1Vl 21l 3 S 8”72,

The bound (9-17) now follows by combining this with (9-16). U

9.3.3. Energy estimates. Now, we can collect the following estimates for the corrected scalar field
energies:

Lemma 9.16 (base level estimate for the corrected scalar field energy). Under the bootstrap assumptions,
the following estimate holds for some K > 0:

IrES) < —2EQ + Koe TPVEQ (VER + 1312+ g — v ll2) + K832, (9-19)
Proof. We compute, using [50, Vig =0, 50¢ = n¢' and the rescaled wave equation (9-5g),
oGy = [ [2806'-¢'+2(V. Viog)g-+(og ™) VadVo-+3i(16' P+ V)] vol,

= [ [2(V1.V9)g 41 g +(1-m)$)9' ~2n))- Ag$=2n(Z. VOV ) g-+301¢ P+t V3 ] volL.
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With 2(1 — n) = —4 — 6n, integration by parts and using the bootstrap assumption (9-9) on C-norms, we
get for some constant K > 0 that we update from line to line
0rEGY < [ 419/} volg + KT V@ llco it VER + (1Zllco + 1 co) EGY
< /M —41¢' 2 volg + K8~ T2 (VED ]| s + ED).
Similarly and using the same evolution equations, we obtain
oSy = [ 1Bog -9 =306 - @' + (9 — )o@’ +34(d — $)¢1vol,

= [ BI16/1> + 3010/ + (¢ — @) -divg (1Y) —2(p — $)¢' — o - 1 vol,

< -205 + [ 30191 = IVgI1volg + 3l coEy — [ G- ) vol.
Applying Lemma 9.15 to the last term, we get

IrCsY < —2050 + Kse TIPE + K 8%e 112,
Combining these two estimates, inserting (9-11a) and (9-12), as well as updating K, yields
orEQ = 0D+ 20,0
= [ [(=4+3-3)1¢'P =331V 3] volg —2-3¢52 + Kse "> (VERV il +ER) + K 8%/

< 2EQ+Kse TPVEQ S +lg—v I 24V EQ) +K8e T2, 0
Lemma 9.17 (higher-order estimates for the corrected scalar field energy). Foranyl € {1, ..., 4}, the

following estimate holds:
!
o7 (B + 3¢8) = —2(EQ+ 3¢) + Koe ™22 VER ) - (Ul wr + 190y + ISl + g = 1.
m=0

Proof. Starting with [ = 2k, k € {1, 2}, one calculates
O = /M[zA’; Bog' - ALg' +2(VALp, VAL ) (9-202)
+ (B0g ™) - VaAsp - VAL +3R(A YL+ VAR BL) (9-20b)
+2[d0, Aglg - Abd'+2([do, VAL, VAL)g ] volg. (9-20c)

We insert the rescaled wave equation (9-5g) and do¢ = n¢’ into the right-hand side of (9-20a) and obtain
for some constant K > 0 that we update from line to line

(9-20a) < /M[—4|A§¢/|2—6fz|A’;¢/|2+nA’;+1¢.A§¢/] vol,
+KIA Y | 2 (1] g [Vl co+ I VB el ] o)
+ /M[—nA’;¢/-A§+‘V¢—3(Vﬁ, VALY g-ALd'Tvolg
+KIVAL N 2] g 9 co+ 1Al o219 [ rae)
< fM —4|ALe ) volg+l<@-[(||V¢|Ico+ll¢/llco)-IIﬁIIHzm+(IIV¢||sz+II¢/||sz)~||ﬁllc2k]-
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For (9-20b), we use (9-5e) and the bootstrap assumption (9-9) to bound it by K8e~7/? [E(SQFk). Regarding
(9-20c), the commutator formulas (B-1a)—-(B-1b) imply

1180, A%18" N> < Imllcon1 (N8 et WE N raes + 1 E N o211l 2e) + 1Al e (1] gy
190, VALIBI 12 S Il cx (IVAllcr 1 1 e + [ Ellc22 IVl 2e) + Nl cax | Vbl s

Summarizing, inserting the C-norm bounds from the bootstrap assumption (9-9) and updating K, this
implies

IrEG < [ —4Iakg/ P voly + Koe T EGY
— 2k - 2k ~
+ K8 TPVEG (19 Il + 11V | ) + K8e™TPVEG (Il et + 1151 gy2).

Moving on to the corrective term, we compute

drcy = /M[A';50¢ ALY+ Ay - ALdog! ) ) (9-21a)
+30 - ALp - Ay’ +[00, Mgl Mg’ + Al - [0, AL1p'] vol,.  (9-21b)

Inserting the evolution equations into the right-hand side of (9-21a), we can bound that line by
< /MB'AW + 30| As¢'PIvolg + K[A]| e ||| e | X9l 2
+ fM[—zAf;qs ALY H3RALD - ALY +3A%p - ALY 9 +30ALe - ALTg] vol,
+ K[llallcx (Vo g + 19 re-1) + (VB co + 19 | co) 1l st ]| Mgl 2.
Note that, after integrating by parts, the last two terms in the second line can be bounded by
/M—3|VAg¢|§ volg + [t (IV A I 2 + | A Il 12) |V A Bl 2.

For the terms in (9-21b), notice that the first term can be bounded by se~ T2V A1V [Eéz}f), while the
commutator terms can be estimated as before, with

1160, AL1Bl L2 S IV llcolmlicol El o + 1l e | Bl cax-2 IV s
Combining all of the above, we get

k
arcs < —2e5d + /M[3|A’;¢’| —3|VAkgl]vol,
+ K8e™T LI g+ IV + Wil o + 12l o] - (VEG +VEGE D).

Finally, combining both differential estimates yields the statement for / =2k. Forl =2k —1, k € {1, 2},
the argument is completely analogous and hence omitted. O

9.4. Geometric variables. We can take the following results from prior literature, where we additionally
apply the elliptic estimates in Lemma 9.11:
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Lemma 9.18 (coercivity of geometric energies [Andersson and Moncrief 2011, Lemma 7.4]). For
sufficiently small § > 0, the following estimate holds:

lg = ¥ 1I3s + 12134 < Egeom- (9-22)

Lemma 9.19 (geometric energy estimate [Andersson and Fajman 2020, Lemma 20]). Let § > 0 be chosen
appropriately small, and let

1, )»()>l,
= 9-23
¢ L—sw, ho=1, 629

where 8' > 0 is the same as in (9-7), in particular, suitably small. Then, there exists some constant K > 0
such that the following estimate holds:

8TEgeom = _20(Egeom + KEgégm + K5€7T/2\/ Egcom[”(;b/”H4 + Hv¢”H4]- (9‘24)

9.5. Closing the bootstrap. Now, we can collect our estimates to improve the bootstrap assumptions:

Proposition 9.20 (improved bounds for future stability). Let the bootstrap assumption (see Assumption 9.9)
be satisfied for T € [0, Tpoor) and assume the initial data assumption holds at T = 0 (see Assumption 9.7).
For § > 0 sufficiently small and o as in (9-23) with 8’ > 0 sufficiently small, the following estimates hold:

18 llc2 + IIVPllc2 + 19 | o + IV o S 83277, (9-25a)
lg—vlcs+ 12N+ g —vlgs 1l ge S 8327, (9-25b)
I7llcs + 11X NIt + Al go + 1 X | s S 8%e 2T (9-25¢)

Proof. In the following, the positive constant K may be updated from line to line.

Combining the estimate from Lemma 9.16 as well as those from Lemma 9.17 at each level with
Lemma 9.19 and applying the (near)-coercivity estimates (9-14) and (9-22) to the right-hand sides, we
obtain

dr (Esr+ Egeom) < —2Esp+ Kse_T/z ESF(\/ESF + SZe_T ||R1C[g] + %g ||i12 + Egeom} + K83€_5T/2
20yt KELy + K¢ TP Epcon B+ 8% | Riclg) + 3

Applying (9-10a) to the curvature norms, as well as (9-22) to the resulting norms on g — ¢ and (9-9)
(which implies /Egeom S 8e~T/2), this becomes

01 (Esp + Egeom) < —20(Esp + Egeom) + K8e™"/?(Esp + Egeom) + K87 7>1/2,
and consequently, since o < 1,
or[e*” (Esr + Egeom)] < 8¢™"/% - &2 (Esp + Egeom) + 8%~ /%,
The Gronwall lemma, along with the initial data assumption (9-8), now implies

Esg+ Egeom S 8%¢ 72T (9-26)
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Lemma 9.18 and the standard Sobolev embedding then imply (9-25b). In particular, this means
|Riclgl+ 2g| . S 872" (9-27)

due to Lemma 9.10, and for 8 > 0 small enough, inserting (9-26) and (9-27) into (9-14) shows
(9-25a). Moreover, (9-25¢) follows directly from the proof of Lemma 9.11 and the already obtained
improvements. g

Proof of Theorem 9.1. The problem is locally well-posed as outlined in Remark 9.8. There then is some
maximal interval [0, Tgoot) for the logarithmic time 7 — or, equivalently, some maximal time interval
[70, TBoot) — On which the solution exists and the bootstrap assumptions (see Assumption 9.9) are satisfied.
By the analogous argument to the proof of Theorem 8.2, the decay estimates in Proposition 9.20 are
strictly stronger than the bootstrap assumptions for small enough &, 8" > 0. This implies Tgoot = 00
(resp. Toot = 0) since we could else extend the solution strictly beyond Tgo While also satisfying the
bootstrap assumptions. This proves the convergence statement in Theorem 9.1.

Finally, the decay estimates imply that |Vn|, respectively |k|g, are bounded by =1 respectively 7%/,
up to constant on [7p, 7). Since « is at worst slightly smaller than 1, both functions are integrable on
[0, 0) for suitably small §' > 0. By [Choquet-Bruhat and Cotsakis 2002], this means the spacetime is

future complete. O

10. Global stability

To prove Theorem 1.2, what still needs to be shown is that initial data as in Theorem 1.1 develops from
¥, to some hypersurface ¥, = X in its future such that the data in ¥;, is near-Milne in the sense of
Assumption 9.7 and in CMCSH gauge. From there, near-Milne stability yields the behaviour in the future
of ¥;(), and hence future stability of near-FLRW spacetimes as in Theorem 1.2.

Proof of Theorem 1.2. Within this proof, ¢ will denote the “physical” time coordinate used throughout the
big bang stability analysis, while T denotes the mean curvature time used within CMCSH gauge.

Consider initial data (g, k, V¢, do¢) induced on the CMC hypersurface %;, within M such that the
rescaled variables are close to FLRW reference data in the sense of Theorem 8.2. Moreover, let (g, l%, T, IZ)
be the geometric initial data on M that induce it via the embedding ¢ : M <> M. Notice that

P:HX(M)— HPM), Y AY +( H'Riclyl; Y/ =AY - 3Y',

is an isomorphism since A, has no positive eigenvalues. Hence, using [Fajman and Kroncke 2020,
Theorem 2.5, Remark 2.6], there is a metric ¢’ isometric to ¢ that remains close in H]}S(M ) to a(to)zy
and satisfies

(@) HY T -Tyl) =o.

Let 6 € Diff(M) be the diffeomorphism such that 6*¢ = g’. Then the proof of [Fajman and Kroncke
2020, Theorem 2.5] implies that # can be chosen close to the identity map within H'3(Diff(M)), and
consequently that 6*k = k', 6*# = #’ and 6*y = /' remain close to —a(fp)a(fo)y, 0 and Ca(fy) ™3 in
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H;S(M ). By the same argument as in Remark 8.1, we can now evolve this data locally and obtain a
new initial hypersurface ¥’ close to ¥, that is in CMCSH gauge and that (g, k, V¢, do¢) is close to the
reference data in the sense of Assumption 3.10, exchanging the initial time #y by some close time 7.

Since 7 is strictly increasing, ¢t = ¢ (7) exists and we can interchangeably view a as a function in ¢ or T
with some abuse of notation. The Friedman equation (2-3) implies d,a > é and thus a(t) > ét on (0, 00),
as well as

—T= 3% = % + (lower-order terms) as t — oo (resp. T — 0).

We choose #; > max{l, #} large enough (resp. 7(¢) = 7o small enough) that the following estimates
hold for some small x € (O, %) that depends only on §:

Ca(t) (1)~ < g, (10-1)
—t(ty)-a(t) e[l —x, 1+ x]. (10-2)

As the solution is Cauchy stable, i.e., it and its maximal time of existence depend continuously upon
the initial data,’> one can choose & > 0 in the analogue of Assumption 3.10 small enough to ensure the
following: The solution exists until #; > t() and (a_zg, al%, Vo, a350¢) remain K e-close to (y, 0,0, C)
g6 5 5 5 :
in H) x H) x H) x H) for some suitable K > 0 along the slab Use[tg,,tl]
shown is that this implies Assumption 9.7 in the sense that, if ¢ is small enough, § can be made as small

;. What now remains to be

as necessary for Theorem 9.1 to apply.
Note that the scalings in Definition 9.4 can be rewritten as

g—y=(-a @g-y)+a =y, T=I@h),
¢ =C(—t " a )+t aH @nT @, - Lx)p - O).

Since (10-2) implies 7 - a is close to —1 at 7y, ||(t -a)2(a_2g — ¥) |l ys can be bounded by %83 for small
enough ¢. Choosing x < %83 then implies ||g — v ||H5(>2f0) < 83. That | X |l s can be made smaller than
83 for small enough & > 0 follows since t/a behaves like 1/a” up to a constant by (10-2).

For the normal derivative of the wave, notice that |C(—t~'-a~3)| is bounded by x due to (10-1), and
that —t~'a~3 is equivalent to a~2 by (10-2). Hence, we can similarly ensure that ¢’ is bounded in H°
by 83. Since V¢ is not changed in either rescaling, and bounds on lapse and shift (up to constant) follow
from the elliptic estimates in Lemma 9.11, it follows each individual norm in Assumption 9.7 can be
bounded by 83 up to constants that depend only on y, and hence the initial data assumption itself can be
satisfied for suitably small § > 0.

This proves that we can develop from initial data for the big bang stability proof to near-Milne initial
data within a CMCSH foliation, and thus we obtain Theorem 1.2 from Theorems 1.1 and 9.1. |

15For the argument for Einstein vacuum in CMCSH gauge, see [Andersson and Moncrief 2004, Theorem 3.1]. As with local
existence, the argument in the Einstein scalar-field system is largely identical since the only difference amounts to coupling the
hyperbolic parts of the system with a further hyperbolic one.
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Appendix A: Big bang stability
A.1. Basic formulas and estimates.

A.1.1. Tools from elementary calculus.

Lemma A.1 (a Gronwall lemma). Let f, x, & : [a, b] — R be continuous functions such that x >0, & is
decreasing and, for any s € [a, b],

b
£(s) < / X(F) f(r) dr +&(s)

is satisfied. Then, for anyt € [a, b], we have

b
fo=smesp( [ xr).
Proof. This follows by standard arguments as in [Dragomir 2003, Corollary 2-3]. O

Lemma A.2 (a weak fundamental theorem of calculus for square roots). Let f : (0, tp] — [RR(J)r be a
C'-function. Then, we have for any t € (0, to]

JI@ < f(zo)+/m L 4. (A-1)
i 2V ()
Proof. This follows from a straightforward application of the monotone convergence theorem to g, =

Vf+1/n. O

A.1.2. Levi-Civita tensor identities. Herein, we collect some basic identities for the Levi-Civita ten-

sor [ g]: Firstly, it satisfies the contraction identities, where [ denotes the Kronecker-symbol:

eailizeajl = ”;’11 Hljzz o Hljlznljzl ’ (A-2a)
e“bieabjz = 2|]§-, (A-2b)
gabcgabc =6, (A-2¢)
Ve =0. (A-2d)

The analogous formulas hold for e[G] when raising indices with regard to G instead of g.
For a tracefree and symmetric X, -tangent (0, 2)-tensor ¥ and a X,-tangent (0, 2)-tensor 2|, the following
simplified identities hold:

(TxA)ij= e,-“bequiapglbq + %(T ) gijs (A-3a)
(T xg)ij =—%j, (A-3b)
(T xk)jj = —2T + (T x k)y;. (A-3c)

Further, note the following formulas (for T as T, 2 as 2 and any X,-tangent (0, 1)-tensor &) (see
[Andersson and Moncrief 2004, p. 30]):

divg (AAA) = —curl A - A+ A - curl A, (A-3d)
A (EAA) = =26 - (AA), (A-3e)
T AxT=TxA) 3. (A-3f)
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A.1.3. Estimates on contracted tensors.

Lemma A.3. Let G, ¥ be traceless and symmetric ¥;-tangent (0, 2)-tensors, M, N symmetric ¥;-tangent
(0, 2)-tensors and & a X,-tangent (0, 1)-tensor. We define G, G~" and | - |¢ via (2-27a)). Then

IMOG NG < MgINg, MO,N=a*MosMN, (A-4a)
16 x6Te S16161Tl6. (6 x D)yjj =a(6 x Dy (A-4b)
& AcTle <18161Tl6.  (GAT) =a (S Ag D), (A-4c)

&€ N6 Tle < §l61%G, EATD) i =a (& A D), (A-4d)
lcurlg Mg S VMg, curl M;; = a~ ' curlg M;;. (A-de)

Proof. The estimates with respect to the unrescaled metric are direct consequences of the contraction
identities (A-2a)—(A-2c) replacing g with G, and the scalings follow simply by tracking the effects of the
rescaling in Definition 2.9. In particular, note

elgli! = g7 g% elglijk = (@G H)@ (G N ) e[Glijk =a"'e[GLFY,  (A-5)
In particular, (A-5) determines the Levi-Civita symbol. O

A.2. Commutators. Herein, we collect a variety of commutators of spatial derivative operators with each
other as well as with time derivatives. While these mostly follow by standard computations, we use the
fact that our spatial hypersurfaces are three-dimensional to significantly simplify the spatial commutator
formulas, and need to apply the rescaled equations from Proposition 2.10 for the time derivative formulas.

For higher-order commutators, we denote by J terms within the commutator formula that contribute
junk terms at any point where this commutator formula is used. Furthermore, in the following, ¢ denotes
a scalar function on M and T denotes a X,-tangent, symmetric (0, 2)-tensor, always with sufficient
regularity for the equations to make sense. Moreover, recall the schematic *-notation as introduced in
Section 2.1.8.

Corollary A.4 (schematic first-order spatial commutators). For { and T as above, the following identities
hold:

[A, V¢ =Ric[G] * V¢, (A-6a)
[A, VZ]¢ = Ric[G] * V*¢ + V Ric[G] x V¢, (A-6b)
[A, V]T =Ric[G] * VI + V Ric[G] % T, (A-6¢)
[A, V2T = Ric[G] * VT 4+ V Ric[G] % VE + V2 Ric[G] % T, (A-6d)
[A, divg]T =Ric[G]* VT + VRic[G] % T, (A-6¢)
[A, curlg] = e[G] * (Ric[G] * VT + V Ric[G] % ). (A-6f)

Proof. Since we are working in three spatial dimensions, the following identity holds:

Riem[G;ji; = Gx Ric[G]j; — G;; Ric[G] i + G j; Ric[G]ix — G i Ric[G];
— (G Ric[Glmn(Gik G j1 — GG jx).
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Hence, for any I € Ny, any V! Riem[G]-term reduces to a sum of products and contractions of V! Ric[G]
with various metric tensors that are all suppressed in schematic notation. With this in mind, the above
statements are simply direct consequences of standard commutation cormulas and (A-5). (|

Lemma A.5 (higher-order spatial commutators). Forl € N, [ > 2, the following formulas hold (and
extend to | = 1 when dropping any term involving A!=2):

[A!, V]e = AI7TRic[G] % Vi + VA2 Ric[G] * V2 4+ J([AL, Vo), (A-7a)
[A!, V2] = VAT Ric[G] % VI + VZAI 2 Ric[G] * V2 + J([A!, V210), (A-7b)
[Al, V]T = VAT Ric[G] T 4+ V2AI 2 Ric[G] * VE + J([A!, VIZ), (A-7c)
[A!, V2T = V2ATT T Ric[G] % T+ VP A2 Ric[G] * VE + J([A!, VZID), (A-7d)
[A!, divg]T = VAT Ric[G] % T 4+ VZAI 72 Ric[G] * VE + J([AL, divg]R), (A-Te)

[AL curlg]E = €[G]* (VA" ' Ric[G] T + V2A 72 Ric[G] % VZ) + J([A!, curlg]%), (A-7f)

with junk terms, where T =11+ - - -+ I,

1-2
J(ALVID = Y VIRie[G«VE e+ Y VIRic[Gx- - Vi Ric[Glx Vit g,

L+1=2(1-1) m=0 Z+I, =2m
JALVI) = Y VIRi[GIxVETle4+ Y Y VIRIC[Gl*- - -« VI Ric[G]x Ve,
Li+1.=2(1-1)+1 m=0 ZT+1;=2m+1
11,[;22 In
J(ALVID = Y VORIC[GI+VEZ+Y. Y VIRic[Glx-- -+ VI Ric[G]x VT T,
L+1z=2(I-1)+1 m=0 Z+Iz=2m+1
fx=2 1-2
JIALVAIR) = Y VIRic[GIxVES+Y. Y VI'Ric[Glx-- -+ V=" Ric[G]+V= T,
L+1z=2] m=0 Z+Iz=2m~+2
fe=2 -2
J(ALdivglD)= Y. VIRC[GI«VEIHY. Y VIIRic[Gx-- -+ VI Ric[G]x VT T,
L+Is=2(—1)+1 m=0 T+Iz=2m+1
I>2

J([A’,curlg]‘l)ze[G]*[ Y VIRic[Gl+V/ET
L+1z=2(1-1)+1 1—2
=2 +y X V’lRic[G]*---*VIHnRic[G]*v’fs].
m=0 Z+Iz=2m+1

Proof. The formulas follow by applying the formulas from Corollary A.4 inductively. (|

Lemma A.6 (time derivative commutators). With respect to a solution to the Einstein scalar-field system
as in Proposition 2.6, the following commutator formulas hold:

[0;, Vil¢ =0, (A-8a)
[0, V¢ :2(N+1)a—3ztffng—2NZQVW;, (A-8b)
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[0, Ale =2(N+Da (%, Vz{)G—ZNgAg
—2(N+D)a~(divg T, V§)6—2a* (£, UNVE )6+ (VN, VE)g,  (A-80)

(9, V]T:a‘3((N+1)V2+E*VN)*‘Z+%VN*‘Z, (A-8d)

[9,, A]‘I:a‘3(N+1)E*V2‘I+gNA‘I+a_3V((N+1)2)*V§+2VN*VT
+a‘3V2((N+1)E)*T—%V2N*‘I. (A-8e¢)

Proof. Equation (A-8a) is simply that coordinate derivatives commute, and (A-8b) follows by applying
(2-28b) and the product rule.

For the commutators (A-8c), (A-8d) and (A-8e), we write out the covariant derivatives in local
coordinates, apply the product rule, and then the evolution equations (2-28b) and (2-34) for the inverse
metric and Christoffel symbols. U

Lemma A.7 (high-order time derivative commutators). For ! e N, | > 2, the time derivative commutators
take the form

[9,, Allc =2a 3 (N+1)(Z, VA ) 6+a P VEXVI A2 —2(N+1Da 3 (divg A7'S, V) g
+(N4+1)a3VZ 3 Ricx Ve +3([0;, A7), (A-9a)
(8, VAN =2a 3 (N+1)(Z, VP A1) g +a 3 (N+ 1) VERV ¢
—2(N+1)a3(Vdivg A7, V)6
—i—%(VZAl_IN,V;)G+(N+1)a_3V2’_2Ric[G]*E*V(—i—E([&,,VA’];), (A-9b)

[0, AT =a3 (Zx VAT THVEXVI A 2T VTRV AT 24 T5A' YD)
+a7? (N+1) TV A" Ric[G1+ V(N +1) Z#T)* V' Ric[ G])
+EAN-THEVATINA VIR (3, AT, (A90)
[0, VA'IT=a VI Al T+a P (N+ D 2V AT T4a P (NH DTV A S

+%VAZN*S+ZV2AZ_1N*V‘I+a‘3(N+I)E*V3Al_2Ric[G]*‘I—I—ﬁ([at, vAIT), (A-9d)
where the junk terms are, where T = Zf;’ln_] I;,

38, Ale)y=a"? 3 VIVIN+DsVESVET2 4L 5 yIvy vy

In+Is+1=2(—1) A Iyt1,=2
I <2(-2) ;=2
-2
+a3 Y > VIV(N+D*VIEZVIRic[G s - % V-1 Ric[ GV T2 ¢
m=0 In+Is+I+I=2m
-2
+a Y Y VNN D)xVE S« VI RIc[G % - % V-1 Ric[G]x VT

m=0 Iy+Is+I+I=2m
-1 L#20—4
a I Iy I 1 I+1
+=> > VINNxVIRIic[G]*---+ VI Ric[G]« VT ¢, (A-9e)
a,—o IN+I4+1,=2m—1
I £2(1—1)
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I3[0, VA =2 Y VIVNaVitl g3 3 VIV(N+1D)xVE DVt
A 1y+1,=2 In+Is+1=2(1—1)+1
I #0 (U, I)#0,2(-D+1),(1,2(1-1))
-2
+a Yy > VIV(N+1)# V= S5V Ric[G]#-- -+ VI=—1 Ric[ G]xV T2¢
m=0 In+Is+I;+I=2m+1
-2
+a? Y > VNN D)#VEEVITIRIC[G -+ VI Ric[ G5Vt
m=0 Iy+Is+I+I=2m+1
.- #2013
+4 Y VINNsVIRic[Gls- - - VI-m-1 Ric[ G« VT, (A-9f)
A =0 In+Z+1,=2m
I #2(1-1)
I3, ANT=a Y VINkVEDsVIETa Y vEnkviEg
In+Is+15=21 Is+15=2I
Is,Is>2
-1
+a3 Y 3 VIN(N+1)xVE T« VI Ric[G]*---xVI-"-1Ric[G]x V=T
m=0 Iyn+Is+Is+Z=2m
I, <21-3
+4 y vivNxvEg, (A-92)
a 1y+Is=2
Is>2
3([8,,VA1]§):a‘3E*VN*AIRic[G]+a_3N>kVZ*AlS+ZVN*AI‘I—i-VG([at,AI]T). (A-9h)

We can extend the formulas to | = 1 by dropping any term which would contain negative powers of A or a
multiindex of negative order.

Proof. This follows by iteratively applying the commutators in Lemma A.6. O

While all of the above commutators will be essential for the mainline argument, the a priori estimates
require the following commutators:

Lemma A.8 (auxiliary commutators). Let J € N. Then, we have

[0,V Ie=a Y VNW4+DxVESVEH 4L Y VNN VI (A-10a)

Iy+Is+I=1-1 A Iy+l=J—1
Ir<J—1 In>0
[0,V 1T=a> Y VINWN+D)xVED«VET+L Y YIVN VAT, (A-10b)
In+Is+Iz=J S
IT<J In>0

Proof. For J = 1, this has already been shown in (A-8a) and (A-8d). For higher orders, the formulas
follow from a straightforward induction argument using that, in local coordinates, we schematically have

[0, V/1¢ = [0, VIV/ ¢ + VI3, V/Tg = (3, T[G) V" '¢ + V3, v/~ 'I¢
and analogously replacing ¢ with T. UJ

A.3. Borderline and junk terms.

Definition A.9 (error terms). Let L € 2N, L > 2. Then, the error terms in the Laplace-commuted
equations stated in Lemma 2.11 take the following form:
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For the constraint equations, we have

ML junk = =87 (¥ 4+ C)VAL22Ric[G] % V¢ + VL2 Ric[G] % VE + VL2 Ric[G] * V2E

if L#£2
+ Y VW VRtle 487 (W 4+ O)J(AY2, VIg) — J(AY?, divg]E),  (A-lla)
Iy+I,=L
Iy #0
M yunk = —€[G]* VE3Ric[G]+ VE —J([AL2, curlg]®), (A-11b)
if L#2
ﬁL,Border:a_4[Z*AL/22 +V2*VL_12]7 (A-11¢)
Orguk= Y. Vitlgsxvitlg =4 Y vizsviy
Li+hL=L L+hL=L
1;>2

+ AMP[F VI + Fa P+ 1 Ca W] G (A-114)
The lapse equation error terms are

N Border =a (N + D(Zx APE+VE« VIS + W A28 4 VO 5 V1Y)
+a DL+ Y+ U] ALZN 4 a7 V[|ISIE + U2+ W] VETIN, (A-122)

NL Junk =a 3 VIVIN+ D s (VI Z « VRS 4+ VIiiw « VW)
IN+ 5L +L=L;
IN<L=2;Iy>0o0r [ <lL,<L-2 _|_a*4N * AL/z\I; + a*4 Z VINN % V1w W, (A-12b)
In+Iy=L
Iy>2,Iy>1
as well as

Ni+1Boder =@ (N +D(ZxVAL2E 4+ VE«VEZ + V2R 4 VEiTlE
+ Uk VA2 4 VW % VEW + VAU« VET )

+a ' [B]G + VP + U]« VALPN + VU« VEN + VW« VI, (A-12¢)
Nt unk =a* > VIVN + 1) % (VIZ % VRS + VI 5 V)
In+ 1 +Dh=L;
In<L+lIy=0orhzh>2  +q N« VA2 W 4a™* 3 VNV, (A-12d)
In+ly=L+1
]N,I\y>2

whereas the scalar field error terms read
BL,Border = —3‘IJZAL/2N + ZV\IJ « VETIN 1243 (N 4+ 1)(2, VAL )6

+2a3(N+ 1) VE 3 Ric*Z « VW
—2a73(N + D(divg AY*1S, VU6 +a3(N+ 1DHVE« VAL 20, (A-13a)

Promk=2 S VAN«VEW+a Y VNN« VBTG4 30, AM2W), (A-13b)
In+Iy=L Iy+Iy=L+1
IlIIZZ IN,Iq)#O

Q7 Border =a “WVALZN + a3 (N+ D« VAL g a3 (N +1)VEgx VE, (A-13c)
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Qrqk=a> Y VIN«VEWU 4 a3VALZING« Vo« +a (N + DHVAL2 IS Ve

In+Iy=L+1
Iy, Iy #0
+ (N +1Da VA2 Ric[G] % £ % Vo +a>VE2Ric[G] % (N + 1) % = % V)
+ S(VEALRTIN, V)6 +3(18, VAT 19) (A-13d)

and

BL+1 Border = —3\IJ;—1VAL/2N—|—%V\IJ*V2AL/2_1N+2a_3(2, V3IAL2= )
+a 3N+ D) VExVEW42a3VE2Ric* D« VW+a S (N+ 1D VAL 2 L5V, (A-13e)

PBrojmk=2 Y VON«VVWO+a Y VNNV 43 ([0, VAL W), (A-13f)
In+1y=L+1 Iy+1y=L+2
ly>2 IN,I(I)#O

Q7 11.Border =a WAL INLaB3VURVALPN a3 (N+ 1) ZxVEAL 29
+§VAL/ZN*V¢+a—3(N+1)VE*VZAL/2—‘¢, (A-13g)

Qritguk=a> Y VNNs«VEWULa3(N+1)VET2Ric[G]+Z %V
IN+Iy=L+2

25ly<L+l +a F(N+DVEAL2 I 26V +3([0,, AY*T1$), (A-13h)

as well as
Q1 Border =a “WAN +a (N + 1) % V3¢, (A-13i)
Qi junk =a VW s VN +a7> (N + DVE %V + (3, Alg). (A-13j)

The commuted rescaled evolution equation for ¥ has the error terms

G Border =a (N + 1)(Z VAL s 4 VR 5« VIALZ2y)
+a (AN (2% D)+ VA IN«VE % 3)
+a 3N+ DT T« VEAL22Ric[G] + gAL/ZN * 2+ %VA”“N *VE
+a[(N+1)VE %« X + VN % % ] % VE3 Ric[G], (A-14a)

not present for L=2

SLguk = —alAY2, V2 IN4+a Y VNN % VReRic[G]
In+IRic=L
_ Vvl
+24 Y VikNxVER 447 Y ViZkvEy
A [y+Is=L I.j;/sz

+a3 Y VON«VIZxVEZ+a Y VNN D) VITlg s vETlg

In+hL+hL=L In+L+L=L
In<L

+ (4nC%a 7 + 1a) AN -G + 318, AFID), (A-14b)
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while the commuted Ricci tensor evolution equations have error terms, where Z = Iy + Iy + ZiLﬁ_mH I;,

RL Border =a [VEPPN - Z4+VIFIN«VE 4+ 2« VZAL 27 Ric[G]1+VE«VET I Ric[G]], (A-15a)
R 41Border =a [VEPN - ZHVIPN«VE 42+ VIALZ7 I Ric[G]+ VE«VERiC[G]],  (A-15b)

Regmk=a Y. VIWNxvIER
In+Is=L+2
Is>2
+a73 > VIN(N+1)% V=T« VIRe Ric[G]
In+Is+IRic=L
(Is.Iric)#(0,L),(1,L—1)

L/2—1
+a2 Y Y VIV(N+ 1D« VEZ %V Ric[G]x- - - VIL2m+1 Ric[G]
m=0 Z=2m

+Z([AL/2, V2IN + A2 N «Ric[G1+VE ! N+ V Ric[G])
+3([3;, A¥?Ric[G)), (A-15¢)

Rritgmk=a > Y  VWNNxVEY

In+Is=L+3
Is>2

+a73 3 VIN(N4+1)%VE T« VIRe Ric[G]
In+Is+IRic=L
(Is, Iric)#(0,L+1),(1,L)
L/2—1
+a2 Y Y VNN« VES %V Ric[G]*- - - V241 Ric[G]
m=0 Z=2m+1

+;—Z(V[AL/2, V2N +VAL2N«Ric[G]+ V2 A>T N xV Ric[G])
+3([3,, VA" Ric[G)). (A-15d)

Finally, the Bel-Robinson evolution error terms are

&L Border = %(AL/ZN-E+VL_1 N*VE)—a Y (ALPExT+ExAY?Y)
+a3e[Glxe[Glx (VI ExVE+VEx«VETI YD)
+a AN (ExZ)+a VAL IN[VExS+E+VX]
+a 3 (ZxVIALPT B4 VSV AL 2 2L VE«V AL 2 S L ExAL/?Y)
+a[(N+DExEx VA 22 Ric[G]4+V((N+1)*Z+E)* V7 Ric[G]]

if L#2
HA7a 3 (W+C)’ALPN S +47a3VET I NS [(W4C)’VER2(W+C)x VU X ]

+4ma I (N+D[(V24H2CU) AL 2 2(W+C) AL 2w 3]
+4ra P VETI SR [(W+C) P VNH2(N+1) (W 4C) VY]
+dra 3 (V+C)VETI W [(N+1)VE+VN*X], (A-16a)

CLwop=a ' (N+1)e[Gl¥BxVAL* I Ric[Gl4+a(N+1)(W+C)VAL>Ric[G1xV ¢, (A-16b)
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CLm=% Y VINN*V’EE+a_1e[G]*[ ) V’NN*VIBB+(N+1)V2AL/2_2Ric[G]*VB]

IN+Ig=L In+Ig=L+1
In<L-2 Iy, Ip<L
+a3e[G]xe[G]* 3 VINN«VIEExVIZy
In+Ig+Is=L

IN<L-2;Iny>0o0r Ig,I5>2

+a Y VIN(NF DV (W40« Vie Ty
In+1y+1p=L+1

In Iy, Ig#L+1

+a Y VIN(N+1D)xVEZ«VI (W)« V2 (W4C)
In+Is+1L+1L=L

]N,]):,I;SL—Z
+aa® Y VIN(N4DxVIHlgavitly
In+1+L=L

+a 3 VIV (N+ 1)« VE Vit gpsvitly
IN+Is+1L+h=L

+a~'e[Gl+B*[A? VIN +4ma(N+1)(¥+C)[VE2Ric[GxV2p+I([AY2, V1g)
+a{(W+CO)[AL2 VIN+(N+D[AL?, VWV
+(N+Da 'J[AL2, curlg1B)+3([8,, AL1E)
FALP [a—3(N+1)E*2
+2?na6(N+l)(80-(a_6(\IJ+C)2+a_2|V¢|2G)+47r%(W+C)2>]-G, (A-16¢)
B Border = %(AL/ZN-B—l—VL_‘ NxVB)—a ' (AL2Bx S+ B+AL?Y)
+a3e[Gl*e[Glx(VET!BxVE+VB+«VL~Y)
+a AN (B+X)+a VAL >IN [VB+Z+B+V Y]
+a 3 (ZxVEAL P B+ VSRV AL 2B+ V Bk VAL 2T 54 Bx AL Y)
+a 3 [(N+1D) ZxBxVE2Ric[G]+V((N+1)x«Z*B)* VL Ric[G]]

+a " (N+1)(V+C)-e[GI*VAL g1 % L2
+a 'e[G1xV2VLpxV((N+1)(V+C)T), (A-16d)
B op=a>(N+1)e[GlxVAY* I Ric[G1xVp*Vo+a~'e[GI*ExVAL* ' Ric[G], (A-16¢)
V=L T v’NN*v’BBJra*le[G]*[ ) VINN*VIEE+v2AL/2*2Ric[G]*VE}
IN+Ip=L IN+1g=L+1
In<L-2 Iy, Ig<L
+a3e[Gxe[G]x* > VIV(N+1)xVIEBxVE S
In+Ig+Is=L,

In<L-2;Iy>0o0r Ig,I5>2

+a’e[Glx Y, VV(N+DxVTgxvi 2
IN+11+Dh=L
In>0o0r <L
+a e[Glx Y VIN(NFDs«VE (W40« VT pxviES
In+ly+Ig+Is=L
Iy<L—2
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+a "e[GI*E+[AY?, VIN+a " (N+1)(V+C)-e[G]xZ+[AL/?, Vg
+a’ (N+1)e[G1xVx(VZA* 2 Ric[G1x Vo +I([AM?, V1))
—a "(N+DJI(AL?, curlg1 E)+3([8;, ALY 1B)+ A (a3 (N+1)B+X]-G
+AL2 [4na2Vﬁm¢(\Il—i—C)—i—zTnaSAL/ZVﬁm (a—ﬁ(\lf+C)2+a—2|v¢|%;)]e[c;](.)m(.).
(A-16f)

A4. LZG error term estimates. In this subsection, we collect how the error terms can be controlled in
terms of energies as well as homogeneous Sobolev norms of ¢. We don’t claim that these estimates are
optimal — in particular, we note that at low order (like L = 2), many of the curvature errors that appear in
the estimates below could be avoided entirely: These arise as a result of applying the general estimates in
Lemma 4.5 where the Ricci tensor doesn’t naturally occur in the respective equations, and can be avoided
at low orders by applying (4-4f) on all curvature terms that occur.

Instead of optimality, we try to keep both notation and form of the error term estimates as simple as
possible and the energy estimates between base and top level as unified as possible. In particular, we
track the “worst” curvature energy occurring at high orders for all estimates below, even if these terms
are added in artificially for low orders.

Lemma A.10 (estimates for borderline error terms). Let L € 27, L < 20. Then, the following estimates
hold:

192 Borderll 2, S ea™*VED(Z, )
+eatVEJEGCL-D(T ) 4 e2a T VE/EEL-D Ric, - ), (A-17a)

19 Borderll 2, < ea[VED (B, )+ VED(S, )] +ea VED (N, )
+ ga—4—€~/5[\/g(sL72> (@, )+ VECL-D(T, )+ VECL-D(N, )]
+&%a "/ EEL-D(Ric, ) + ea Ve /EEL-D (Ric, -), (A-17b)
not present for L=2
1ML 1 Borderll 2, S 20 S[Va*€EHD (g, ) +Vat€LAD(Z, )] +ea OV atELHD(N, -)
+ea [VED (¢, ) +VEDL(Z, ) +VED(N, )]
+ ga—4—0~/5[\/g(sL—2) (@, )+ VECLD(T, )+ JECL-D(N, . )]
+ela™ " VEJEELD Ric, ), (A-17c)
B L. Borderll 12 S ea3VED (¢, ) +ea3VED(N, ) +ea Ve JeEL-D(N, )
+ea T TNVEJEGLD(G, )t eaPVED(E, ) +eaTVE/ELD(S, )
+e2a VA /EEL I (Ric, ), (A-17d)
not present for L=2
1902 Borderll 12, S ea>VELFDN, )

+ea3VatED (¢, ) +ea 3"V a—HEEL-D(g, 1), (A-17e)
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||mL+1,Border”L%}§8a_3 5(L+1>(¢’,)+8a—3 5(L+1)(N,.)+ga—3—cﬁ EEL=D(N, )
+ea 3 TVEJECLD(§, ) +ea TSV ELHD(E, ) +ea P TVE/EL-D (T, )
+82a—3—cﬁ E(=L-2) (Ric, ), (A-17f)
||QL+1,Border||L2G < cq3 EL+(N, ,)+8a—3—c«/5 EL+D(N, )
+ea3VaT LD (P, ) +ea3TVEJaAEEL (g, ), (A-17g)

||6L,Border||L2G S 80_3 E(L)(E, : ) + 861_3 g(L)(N, : ) + 826!_3\/ gL=2) (RiC, . )
+ea T TVEJECLD(E, ) +ea P TVEECL-D(N, 1)
+e2a73 Ve JE(EL-D (Ric, ), (A-17h)
not present for L=2
IRL Borderll 2, S 80> VELTDN, ) +8a Vo /EED(N, )
+ea3VED (Ric, - ) + ea=3~VE/EEL-D (Ric, -), (A-171)
||mL+l,Border”L%} <eaELN(N, ) +ea 3"V JECLEH(N, )
+ea3/ELHD(Ric, - ) + ea > Ve/EEL-D(Ric, - ), (A-17j)
||eL,Border||L26+||%L,Border||LZG S 8(173 g(L)(¢’ ')+8a7376‘/§\/ E(=L-2) (¢,-)
+ea 3 (VED(N, ) +VED(Z, ) +ea>VEDW, )
+ea TV (VESIDN, )V ESLD(B, )V ESLD(W, )

+e%a3VEL-D(Ric, - )+ea >~V /EEL-D Ric, ). (A-17K)

not present for L=2

Proof. All of these estimates follow from applying L%;—Lc(’;o—type Holder estimates to the individual
nonlinear terms. The lower-order terms are either controlled by the zero order estimates in Section 4.1 or
the a priori estimates in Lemma 4.3. Furthermore, we apply Lemma 4.5, along with again Lemma 4.3, to
translate Lé—norms into energies up to additional curvature energy terms. For the sake of simplicity, we
always estimate ¢/a by a—> up to constant (see (2-3)), and liberally apply (3-8) to deal with odd order
energies and to distribute a~°V* factors to lower orders while updating ¢ > 0 wherever this is convenient. []

Lemma A.11 (estimates for top-order error terms).

I€Lwpll2 S vea' " VEVELD(Ric, ) = Vea ' "V ate LD (Ric, -), (A-18a)
1B L opll 2 S ea™'VELDRic, -) = eaVatéE-D(Ric, -). (A-18b)

Proof. This follows directly using (4-2c) and (4-4g) for the Bel-Robinson terms as well as (4-4e). [
Lemma A.12 (junk terms). Recalling the ||-notation from Remark 2.12, the following hold:

1ML gunkll 2, S 0™ VEVESLD (@, ) +a™>VEECLD(g, )
+a " VEJECL-I(D ) + Jea VEVECL-D Ric, ), (A-19a)
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1ML yunkll 2, S 80~ ~VEVESLD(Ric, ) +a~ " VEVESLD(E, -, (A-19b)

”*6L Junkllzz, S ea " VEJEGL-D (T, )+ Jea T VEJEED (g, )
+ea”VESDRic, ), (A-19¢)

1N skl 2, S ea™*VEVEELDWN, ) a7 ED($, -)
+ea”TVEIVESED (g, )+ VEEL(E, )]
+ea *VEEL-D(Ric, - ) + ea Ve /EEL-D Ric, - ), (A-19d)
not present for L=2
1ML 41 gkl 2 S ea™ " VEVECLD(N, ) + e~ (VELTD(g, ) + VELTD(E, 1))
+eaVE[JEGLD (g, )+ /EEL-D(E, )]
+e2a*/ECEL-D(Ric, - ) + e2a~ Ve /LD Ric, - (A-19¢)
not present for L=2
1Bkl 2 S ea'7VED (@, ) +ea Ve ECLD (g, )
+ea3"VEJECL-D(E, ) + ea "VEVED (N, )
+[ea ™V 4 JeaT mVEEEL-D(N, )
+ 247 JEEL-D Ric, - ) + 2a 3 "VE/ECELD (Ric, - (A-19f)
not present for L=2
B Lt 1 gunkl 2, < ea' O JELTD (P, ) +ea3TVEJECEL-D (g, 1)
+ea 3" VEJECL-D(S, ) + Jea TVEJELED(N, )
+[ea™3"VE 4 Jea I VE]EEL-D(N, )
+&2a7 179 JadeL-D (Ric, -)

(a1 +82a—3—cﬁ) EEL-D)(Ric, -), (A-19g)

190 sunkll 2, S ea™' VeV a e (g, ) +ea T VEEEED (g, )
+ \/Ea—3—c\/§ EEL(T, )+ ﬁa—3—cﬁ EEL(N, )
+ 8a—3—c\/§ £(=L-2) (Ric, -), (A-19h)

not present for L=2

190 sunkll S a7 VEVEDN, ) +8¥2a7>"VEV || 2 + oa > VEVEED(T, ), (A-19)

1901 gkl 2, S sa™' VeV am LA ($, ) 4 a7 VEVEELD(g, )
+VeaTVEJEEIAN(E, ) 4 ea T VEEEHD(N, )
+ea—3"VE JECGL-D(Ric, -), (A-19))
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16) il S ea! = OVED (S, ) +ea > VEVECLD(S ) + Vea ' VEJED ()
+ (a3 +a""VEVECD(N, ) + ea> 7 /EEL-D(Ric, -)
+ea3ELDRic, -) +ea>"VEECLH (Ric, -), (A-19K)
not present for L=2
IR gkl 2, S €%a' 0V ESE-D(Ric, ) +ea” VIV EED(Ric, -)
tea' 0 JECL(D, ) 4a " VEJEGD (S, )
a3 Ve JEED(N, ), (A-191)

IR 1unkll 2, S £%a' " JEED Ric, - ) + ga >~V /EEL-D(Ric, -)
+8alfca 5(5L+3)(Z, ) _i_afoc\/E g(SL-H)(E’ )
La3eVE JEGLAD (N ), (A-19m)
||@Q,Junk||LzG +||%Q’hmk||yc SeaTVEJECL(W, ) +ea T TVEECLD(W, )
t+ea” TVE/EL (P, )+ (eaT3TVE 4 aTITVE)ECLD (g, )
+/ea' TVEJECD(N, )+ ea T VEVEELD(N, )
tea~'0 /e (3, .)+8a—3—6«/5 EEL-2 (3 )
+ea3VELD(Ric, )+ ea 3"V /EEL-D(Ric, -) . (A-19n)

not present for L=2

Proof. Once again, this follows by applying the a priori estimates from Section 4.1 and Lemma 4.3, as well
as the bootstrap assumption (3-17h) for the lapse, to deal with the lower-order terms in the nonlinearities,
and then applying Lemma 4.5, as well as (3-8), wherever this is necessary. Further, especially in (A-19n),
it is often more convenient to use the bootstrap assumption for ||V¢|| ¢, instead of the a priori estimate
(4-4e) to gain higher powers of ¢ in prefactors.

Recognizing that every low-order curvature term can be estimated up to constant by a~“v¥ at worst
(see (4-4f)), we also note that any of the highly nonlinear curvature terms in J-expressions turn out to be
negligible after updating ¢ compared to Ricci energies arising from applying Lemma 4.5 or compared to
junk terms in which Ric[G] is tracked explicitly. (|

Appendix B: Future stability

Here, we collect the commutators in CMCSH gauge necessary to study the commuted scalar-field
equations:

Lemma B.1 (commutator formulas for future stabilty). Let { be a scalar function on Xr. Then, the
following formulas hold:

[do, V¢ =0,
[80, Agle = (Bo(g )V, Vit —2(g P (divg (n ), — 2V,n) Vie.
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Schematically, for k € N, this implies

[00. Aflc = Y Vi VEZsg ViTle 4 3 Vias, Vit (B-1a)
Ly Hx+1=2k—1 Li+1p=2k—1
[00. VAL = Y Vi, VEZ s, VETlo 4 3 Vg, Vit (B-1b)
L+ Is+1;=2k Li+1 =2k

Proof. This follows from straightfoward computations, similar to Lemma A.6 for the low-order commuta-
tors and to Lemma A.7 for higher orders. U
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