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Abstract

For (t,z) € (0,00) x T?, the generalized Kasner solutions (which we refer to as Kasner solutions
for short) are a family of explicit solutions to various Einstein-matter systems that, exceptional cases
aside, start out smooth but then develop a Big Bang singularity as t | 0, i.e., a singularity along an
entire spacelike hypersurface, where various curvature scalars blow up monotonically. The family is
parameterized by the Kasner exponents ¢1, - ,go € R, which satisfy two algebraic constraints. There
are heuristics in the mathematical physics literature, going back more than 50 years, suggesting that
the Big Bang formation should be dynamically stable, that is, stable under perturbations of the Kasner
initial data, given say at {t = 1}, as long as the exponents are “sub-critical” in the following sense:

max {qr + ¢s — g} < 1. Previous works have rigorously shown the dynamic stability of the Kasner
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Big Bang singularity under stronger assumptions: 1) the Einstein-scalar field system with © = 3 and
g1 ~ G2 ~ g3 ~ 1/3, which corresponds to the stability of the FLRW solution’s Big Bang or 2) the
Einstein-vacuum equations for ® > 38 with Iﬁr?aX®|Z]}| < 1/6. In this paper, we prove that the Kasner

PARNE)

singularity is dynamically stable for all sub-critical Kasner exponents, thereby justifying the heuristics
in the literature in the full regime where stable monotonic-type curvature blowup is expected. We treat
in detail the 1 4+ ®-dimensional Einstein-scalar field system for all ® > 3 and the 1 + ®-dimensional
Einstein-vacuum equations for ® > 10; both of these systems feature non-empty sets of sub-critical
Kasner solutions. Moreover, for the Einstein-vacuum equations in 1 + 3 dimensions, where instabilities
are in general expected, we prove that all singular Kasner solutions have dynamically stable Big Bangs
under polarized U (1)-symmetric perturbations of their initial data. Our results hold for open sets of initial
data in Sobolev spaces without symmetry, apart from our work on polarized U (1)-symmetric solutions.

Our proof relies on a new formulation of Einstein’s equations that privileges the role of scalar functions
over tensorial objects: we use a constant-mean-curvature foliation, and the unknowns are the scalar field,
the lapse, the components of the spatial connection and second fundamental form relative to a Fermi—
Walker transported spatial orthonormal frame, and the components of the orthonormal frame vectors
with respect to a transported spatial coordinate system. In this formulation, the PDE evolution system
for the structure coefficients of the orthonormal frame approximately diagonalizes in a way that sharply
reveals the significance of the Kasner exponent sub-criticality condition for the dynamic stability of the
flow: the condition leads to the time-integrability of many terms in the equations, at least at the low
derivative levels. At the high derivative levels, the solutions that we study can be much more singular
with respect to t, and to handle this difficulty, we use t-weighted high order energies, and we control
nonlinear error terms by exploiting monotonicity induced by the t-weights and interpolating between
the singularity-strength of the solution’s low order and high order derivatives. Finally, we note that our
formulation of Einstein’s equations highlights the quantities that might generate instabilities outside of
the sub-critical regime.
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1 Introduction

Our main results in this paper are proofs of stable Big Bang formation (i.e., curvature blowup along an
entire spacelike hypersurface) for cosmologicaﬂ solutions to the Cauchy problem for the Einstein-vacuum
and Einstein-scalar field systems. All of our results hold for open sets of solutions without symmetry, except
for our results on polarized U(1)-symmetric solutions to the Einstein-vacuum equations in 1 + 3 dimensions.
We assume that initial data are given on the manifold ¥; = T® := [—n,7]® (with the endpoints identified),

”

1By “cosmological solutions,” we mean ones with compact spatial topology.
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where © > 3 is the number of spatial dimensions. Later on, we provide a precise description of which kinds
of data our results apply to and how the value of ® is tied to the data. As we will explain, our results are
sharp in the sense that they rigorously confirm the dynamic stability of the singularity formation in the entire
regime where heuristics in the literature have suggested it might occur. In particular, our results significantly
extend the prior results [58 B9, [60], which yield stable Big Bang formation for open sets of solutions without
symmetry. We refer readers to Theorem for a rough version of our main results and to Theorems and
for precise statements.

The sharpness of our results is possible because we have developed a new analytic framework for constant
mean curvature (CMC) foliations in which we study the components of various spatial tensors relative to
an orthonormal “spatial frame,” obtained by Fermi—Walker transport, as well as the connection coefficients
and structure coefficients of the frame. We refer readers to Sect.[2] for the precise details behind the gauge
and the corresponding formulation of Einstein’s equations that we use to derive estimates. We also refer to
Sect.[L.§ for an overview of the proof. Our framework allows us to precisely and efficiently detect the terms
in the equations that are integrable-in-time up to the singularity, which is key to understanding the stability
of the blowup. Our framework also pinpoints the terms in the equations that might generate instabilities in
other regimes; see Remark [T.2]

1.1 The Cauchy problem for the Einstein-scalar field equations
1.1.1 The Einstein-scalar field equations

Relative to arbitrary coordinates, the Einstein-scalar field equations can be expressed as
Ric,, = 0,90,7, (1.1a)
Ogy = 0. (1.1b)
In (1.1a)—(1.1b) and throughout, Ric is the Ricci curvature of the spacetime metric g (which has signature
(—+, 4+, 4), Og = (g_l)o‘ﬂDaDB is the covariant wave operator of g, D is the Levi-Civita connection

of g, and v is the scalar field. Note that in the special case ¥ = 0, the system is equivalent to the Einstein-
vacuum equations.

1.1.2 The initial value problem formulation and the initial data

It is well-known that the system (l.la)—(1.1b)) has an initial value problem formulation in which suffi-
ciently regular initial data give rise to unique solutions. An initial data set for the system is defined to be
(21,8, k,, @), where § is a Riemannian metric on the manifold ¥; (in this paper, we assume that ¥, := T?),

)

k is a symmetric two-tensor, and w,(b are a pair of scalar functions. It is well-known that admissible data
must verify the Hamiltonian and momentum constraint equations, which are respectively:

R— k[ + (trk)* = 6* + VoI, (1.2a)

divis — Gtek = 90, (1.2b)

where V is the Levi-Civita connection of g (with respect to which all covariant spatial operators along ¥;
are defined) and R is the scalar curvature of g.
1.1.3 Globally hyperbolic developments

A globally hyperbolic development of the data, which can be thought of as a solution to the initial value
problem, is a triplet (M, g, v) and an embedding ¢ : 3; — M such that

e M is a 1+ ®-dimensional spacetime manifold

e g is a Lorentzian metric on M and % is a scalar function on M that together solve the equations
(L1a)—(L.1)
e i(X;) is a Cauchy hypersurface?’|in (M, g)

2In this paper, i(31) will be a hypersurface of constant time with respect to a CMC time function ¢. To simplify the
exposition, we will often slightly abuse notation by suppressing the embedding and identifying ¥ with ¢(21) = {t = 1} C M.
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e The pullbacks of the first and second fundamental forms of the image surface i($1) (see Sect.[2| for our
sign conventions for the second fundamental form) are equal to é,loe respectively, and the pullbacks of
the initial values of the scalar field ¢ and its derivative with respect to the future unit normal to i(X;)
are equal to w,¢ respectively.

The fundamental work [I6] of Choquet-Bruhat and Geroch shows that for sufficiently regular initial data
verifying the constraints, there is a unique (up to diffeomorphism) maximal classical globally hyperbolic
development (Majaz, EMaz, Umaz) (and a corresponding embedding ipsq, that we will suppress), which we
refer to as the “maximal development” for short. Roughly, the solution furnished by [16] is the largest possible
classical solution to 7 that is uniquely determined by the initial data; we refer the reader to [55]
for detailed discussion of the maximal development. Although it is of philosophical importance to know that
the maximal development exists and is unique, the results of [16] do not reveal much about its structure.
Our goal in this article is to fully understand its structure for open sets of solutions that exhibit curvature
blowup.

1.2 Connections with the Hawking—Penrose singularity theorems

The celebrated “singularity theorems” [33] [34] 46] of Hawking and Penrose show that there exist large sets
of regular initial data for the Einstein equations such that the corresponding solutions eventually break
down in the sense that the spacetime is causally geodesically incomplete. The results apply to any matter
model verifying the strong energy condition, including the scalar field model and the vacuum. Although
these works are of immense philosophical importance in general relativity and have had a great impact on
the direction of the field, they are limited in that their proofs are by contradiction and do not provide any
information about the nature of the breakdown, aside from geodesic incompleteness. Through various telling
examples, it is known that different kinds of breakdown are possible. A particularly sinister scenario is
found in the Taub-NUT and Kerr spacetimes, where the breakdown is not caused by any singularity in the
metric (including its higher derivatives), but rather is caused by the development of a Cauchy horizon, across
which the solution can be smoothly extended in more than one way, signifying the failure of determinism
past the maximal globally hyperbolic development of the data. In the opposite direction, the Strong Cosmic
Censorshipﬂ conjecture suggests that, “generically,” the maximal globally hyperbolic development of the data
is inextendible, roughly due to the formation of some kind of singularityﬁ Confirming some version of the
Strong Cosmic Censorship hypothesis, at least in a perturbative regime around explicit solutions, turns out to
be extremely difficult, due to the strength of the nonlinearities in the system and the possibility of complicated
dynamics near singularities. Moreover, it is important to appreciate that regularity considerations are of
crucial importance when defining what is meant by the “Strong Cosmic Censorship hypothesis;” thanks
to the remarkable work [27] on the C°-stability of the Kerr Cauchy horizonﬂ we now know that the C°
formulation of the Strong Cosmic Censorship hypothesis is not generically true. More precisely, in [27], it
was shown that for an open set of near-Kerr solutions, the metric can be continuously extended beyond
the Cauchy horizon. However, it is conceivable that these metrics generically do not enjoy any additional
regularity and in particular that they cannot even be extended past the Cauchy horizon as weak solutions
to Einstein’s equations. It therefore remains possible that a revised version of the Strong Cosmic Censorship
hypothesis is true, in which “generically, there is breakdown at the boundary of the maximal development,”
where “breakdown” is defined to be any loss of regularity that is sufficiently strong to prevent one from
extending the solution as a weak solution to Einstein’s equations. There are works in spherical symmetry
that support this possibility, notably [25] 26| [44], where [44] has the compelling feature that it is a large data
result. More precisely, [44] proves that for an open and dense set of two-ended asymptotically flat initial
data for the Einstein-Maxwell—(real)—scalar—field system in spherical symmetry, the maximal development is
C?-inextendible.

3See [47] for the original formulation and [I8], 22] for more modern versions.

40ne even hopes to rule out the possibility of continuing the solution weakly past the boundary of the maximal development
since, at least from the PDE point of view, in principle, it might be possible to make sense of weak solutions in a neighborhood
of a classical singularity; see the discussion on pg.13 of [21].

5 Although the results of [27] are conditional on a quantitative version of the dynamic stability of the exterior region of Kerr,
there have been a series of works that seem to be building towards a definitive proof of the stability of the exterior region.



1 INTRODUCTION 6

1.3 Beyond the Hawking—Penrose singularity theorems

In the wake of the Hawking—Penrose singularity theorems, there have been many works devoted towards
understanding the precise cause of the geodesic incompleteness. An interesting type of breakdown that
has received extensive attention — rigorous and otherwise — over the past half-century is the “Kasner-like
scenario,” which concerns solutions whose metrics g are asymptotic to

)
BLimiting(t,2) = —dt @ dt + ) 70! (x) @ 8'(z),  0'(x) = 6;(x)da”, (1.3)
I=1

as t | 0 (i.e., towards the singularity), inspired by the Kasner solutions themselves, which we discuss in
Sect.@. It is important to note that the metrics grimiting are not generally solutions to Einstein’s equa-
tions. However, in the special case that 0/ = dx! and the {g;};=1.... » are constants satisfying two alge-
braic constraints (see ), ELimiting %S @& solution, known as a Kasner solution in the vacuum case and
a “generalized Kasner solution” in the presence of matter (for short, we sometimes refer to all such solu-
tions simply as “Kasner solutions”). The Kasner solutions are spatially homogeneous and, exceptional cases
aside, exhibit monotonic Big Bang formation (i.e., monotonic blowup of the spacetime Kretschmann scalar
Riem®"? YRiem,, s, along a spacelike hypersurface) as t | 0, as do the metrics grimiting. We stress that Big
Bang formation is consistent with the assertions of a C2-inextendibility formulation of the Strong Cosmic
Censorship hypothesis. We also note that in the remainder of the paper, we often denote the (constant)
Kasner exponents by {qr}r=1,.. o, where the tilde emphasizes that they are associated to a “background
Kasner solution.”

A standout question, then, is: besides the explicit Kasner solutions (which we describe in Sect.,
are there any other solutions to Einstein’s equations — in particular ones with spatial dependence — that
are asymptotic to a metric of the form grimiiing and thus exhibit monotonic-type Big Bang formation?
In an influential paper [40], the authors gave heuristic arguments suggesting that in the vacuum case in
1 + 3 dimensions, solutions that are asymptotic to a metric of the form grimiting should be non-generic
(in particular, unstable). In the subsequent work [12], still in the vacuum case in 1 4 3 dimensions, it was
suggested that “generically” (the meaning of “generic” was not rigorously defined), solutions that exhibit Big
Bang formation “should” — unlike the Kasner solutions — be highly oscillatory in time as the singularity is
approached. The alleged oscillatory behavior is sometimes referred to as the “Mixmaster scenario,” where the
terminology goes back to Misner’s important paper [45] on oscillatory solutions with Bianchi IX symmetry.
The oscillations are one of several features that have been conjectured to hold for “most” 1+ 3-dimensional
Einstein-vacuum solutions that have regions with incomplete timelike geodesics. This picture has come to be
known, somewhat imprecisely, as the “BKL” conjecture. As of present, the only rigorousﬁ evidence to support
this scenario concerns only spatially homogeneous solutions. The first important result in this direction was
provided by Ringstrom, who proved [50] that for various matter models, solutions with Bianchi IX symmetry
generically exhibit oscillatory behavior towards their singularity. His paper was followed by various works,
including [10, 14}, B0, B35, (42, [48]. We also again highlight that, whatever one’s interpretation of the BKL
conjecture, the work [27] shows that some of its basic qualitative assertions are false for Einstein-vacuum
solutions corresponding to near-Kerr black hole initial data. For example, the Cauchy horizons in [27] are
null, which is at odds with the BKL prediction that incompleteness should be tied to some kind of blowup
along a spacelike hypersurface.

Later on, there were further heuristic works suggesting that if the Einstein equations are coupled to a scalar
field [T1] or a stiff ﬂuicﬂ [8], or if one considers the Einstein-vacuum equations in 1+ ® dimensions with
D > 10 [29], then the oscillations can be silenced, leading back to the Kasner-like scenario. More precisely,
there “should” exist open sets of initial data whose solutions exhibit monotonic Big Bang formation. The
essence of these works is that the following “sub-criticality condition” (which we sometimes refer to as a
“stability condition”) for the Kasner exponents {g;(z)}r=1,.. » might be sufficient to ensure the existence
of sets of solutions — containing all the gravitational degrees of freedom — that have Kasner-like Big Bang

6Tor a discussion of numerical work on singularity formation in Einstein’s equations, see [I3] and the references therein.
7A stiff fluid is such that the speed of sound is equal to the speed of light. It can be viewed as an analog of the scalar field
model that allows for non-zero vorticity.
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singularities:

L (@) + 4(@) - aa(@)} <L (14)

I<J

The condition is centra]ﬁ to our main results, and we will discuss its implications in detail below.

We highlight that, due to the constraints , for the Einstein-vacuum equations in 1 4+ © dimensions,
the condition can be satisfied only if © > 10; this algebraic fact was first observed in [29]. The papers
described in the previous paragraph, which were in favor of the dynamic stability of the Big Bang, were
based on heuristic justifications of the claim that the condition “should” lead to asymptotically velocity
term dominated (AVTD) behavior in perturbed solutions. Roughly, AVTD behavior for a solution is such
that in Einstein’s equations, the spatial derivative terms become negligible compared to the time derivative
terms as the singularity is approached. Put differently, AVTD behavior is such that the solution becomes
asymptotic to a truncated version of Einstein’s equations in which all spatial derivative terms are thrown
away. Since the truncated equations are ODEs at each fixed spatial point x, one could say that AVTD
solutions are asymptotically z-parameterized ODE solutions. As we will later explain, the condition
(see also ) suggests that for perturbations of the Kasner solution, the Ricci tensor of the perturbed
spatial metric, which we denote by Ric, should satisfy, for some o > 0, |Ric| <t72t% as ¢t | 0. It turns out
that, when available, this bound leads to the time-integrability of various terms in Einstein’s equations. In
turn, the time-integrability is key to proving the AVTD nature of perturbations of Kasner solutions and for
controlling the dynamics up to the singularity. In Sect.[[.6] we provide a more detailed explanation of the
significance of the bound |Ric| < t~2% for the proofs of our main results.

Clearly, any rigorous justification of the above circle of ideas requires, at a minimum, the construction
of a gauge relative to which the AVTD behavior can be exhibited. In the present paper, we introduce a
general gauge + framework for proving stable singularity formation for “Kasner-like” solutions with spatial
dependence and for proving the AVTD behavior. As in previous works on stable Big Bang formation [58] [59]
60, [6T], we rely on constant mean curvature foliations in which the level sets of the time function ¢ have mean
curvatureﬂ equal to — 3, and we control the lapse n := [—(g~")*?9,tdst] /% via elliptic estimates. The main
new idea in our paper lies in our approach to controlling the dynamic “spatiaﬂ tensorfields”: we construct a
gauge for Einstein’s equations in which the main dynamical unknowns are the components of various spatial
tensorfields relative to an orthonormal “spatial frame” {e;}r=1, .. », obtained by Fermi-Walker transport
(see equation and Remark 7 as well as the connection coefficients vy 5 := g(De,e;,ep). One of our
key observations is: as a consequence of the special structure of Einstein’s equations and the Fermi—Walker
transport equation , the frame is one degree more differentiable than naive estimates suggest.
More precisely, the transport equation (2.23a), which is an equivalent formulation of (2.8)), suggests that
the frame vectorfield components {€’};;=1,... » are only as regular as the second fundamental form k of ;.
However, our gauge allows us to prove that in fact, the connection coefficients {yrsp}1.7B=1,... » of the frame
enjoy the same Sobolev regularity as the components {k;s}s j=1,.. » where k;y := k(es,e;) = kcdefe‘}; this
signifies a gain of one derivative for the frame. Roughly, the gain in regularity stems from the fact that
{YrsB}1,0.B=1,... and {krs}r j=1.. o satisfy a system of wave-like equations (coupled to n and the scalar
field) that allow us to propagate the Sobolev regularity of their initial data. We refer readers to Lemma
for a differential version of the basic energy identity that we use to obtain the desired regularity for vy and k.

A second key observation is that the structure coefficients of the frame, namelyﬂ g(ler,esl,eB) =YriB +
YsBI, satisfy an evolution equation system (see Proposition that is diagonal up to quadratic error
terms, and such that the strength of the main linear terms in the equations is controlled by the Kasner
stability condition . More precisely, we have 0:(Yrs5 +vYsBr) = —w(y@—i—y@) + -+, where
here and throughout the paper, we do not sum over repeated underlined indices. From this equation and the

8More precisely, our main results rely on the assumption that the background solution satisfies , which is in the
special case of a generalized Kasner solution.

9The mean curvature of a constant-time slice 3; is defined to be the trace of its second fundamental form divided by the
number of spatial dimensions .

10By spatial tensorfields, we simply mean ones that are tangent to the level sets of the CMC time function ¢.

M The identity g([er,es],eB) = YrsB + YJsBI is a simple consequence of the torsion-free property of the connection D.
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condition (1.8]), we are able to prove that there exists a constant ¢ < 1 such that

| fnax @tqh/IJB +vsB1| S data, (t,x) € (0,1] x T®, (1.5)

sy s s

I<J

1

where “data” denotes a small term that is controlled by the size of the perturbation of the initial data from
the Kasner data (in particular, “data” vanishes for Kasner solutions). The estimate leads to the time-
integrability of many terms in the evolution equations, allows us to rigorously justify the aforementioned
spatial Ricci curvature boundE |Ric|] <t72%9 and allows us to prove the AVTD behavior of perturbations
of any Kasner solution with exponents verifying .

Remark 1.1 (A basis of structure coefficient functions). The antisymmetry propertyE YijB + YJBI =
—(YrB +v1Bs), which follows from (2.20), implies that {yrsp +vspr | 1 < I,J,B <D, I < J} forms a
basis for the structure coefficient functions. This explains the condition I < J on LHS . We use this
simple fact throughout the article without always explicitly mentioning it.

Remark 1.2 (Sharply identifying possible obstructions to stability: Three distinct indices). Recall that we
only have to consider structure coefficients with I < J (see Remark and that (aside from the trivial case
of a single non-zero Kasner exponent equal to unity) we have Iﬁr?axg\fjl\ < 1 (see Remark . It follows

) )

that when I < J, unless all three indices are distinct, two of the terms in the sum ¢; + q; — ¢g must cancel
each other, leaving us with a single term @survivor satistying |gsurvivor| < 1. Recalling also the evolution
equation 0;(yrsB + YsBI) = *M(V@ +YyBI) + - -+ mentioned above, we see that when I < J,
unless all three indices are distinct, the structure coefficient y; 5 + v g1 is expected to behave (modulo the
error terms “ --") like ¢~ %urviver  In particular, modulo the effect of the error terms “ --,” such structure
coefficients are integrable with respect to ¢ near ¢ = 0 and are compatible with our proof of the stability of
the Big Bang. Thus, for perturbations of Kasner solutions, the only structure coefficients yrs5 +vspr (with
I < J) that in principle could serve as an obstruction to stable Big Bang formation are those such that the
sum q; + ¢y — ¢p is greater than 1, and this is possible only when all three indices are distinct; the stability

condition (1.8]) is the assumption that this obstruction is absent.

Finally, we highlight that our framework also extends to some symmetric sub-regimes of regimes where
Mixmaster-related instabilities might generally occur, such as in the vacuum case in 1 4+ 3 dimensions. More
precisely, one does not truly need the condition to prove monotonic-type Big Bang formation; our
approach works as long as one can prove the estimate (for some constant ¢ < 1). The point is that
by imposing symmetries on solutions, one can eliminate some of the gravitational degrees of freedom in the
problem, and it can become possible to prove the estimate even if the condition fails. Roughly, this
is sometimes possible because symmetries can force some of the structure coefficients to vanish. For example,
in this paper, we treat in detail the case of polarized U(1)-symmetric solutions to the 1 + 3-dimensional
Einstein-vacuum equations, and under symmetric perturbations, we prove the stability of the Big Bang for all
Kasner solutions — not just ones that satisfy . In the next section, we precisely describe the models that
we treat in detail. Moreover, in Sect.[[.9] we describe other contexts in which our methods are potentially
applicable.

1.4 The models

Our main results yield stable curvature blowup for a subset of the family of generalized Kasner solutions on
(0,00) x T®, which can be expressed as follows:

g=—dt®dt+7, ge= Y t7da’ @da, ¥ = Blogt. (1.6)
I=1,-,®
The Kasner exponents {q; }r=1,... » and B are constants constrained by the following two algebraic equations:

D D .
ar =1, > qi=1-B (1.7)
I=1

I=1

12We also need to adequately control the first derivatives of the structure coefficients to obtain the desired bound for the Ricci
curvature.
13This is equivalent to the antisymmetry of the commutator ler, es] with respect to interchanges of I and J.
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The equations in (|1.7) are consequences of two other equations: i) the mean curvature condition trk = f%

(which we discuss in more detail later), where k is the second fundamental form of ¥ with respect to g,
and ii) the Hamiltonian constraint . One can check that under the above assumptions, the tensorfields
(g, QZ) are solutions to the 1 4+ ®-dimensional Einstein-scalar field equations f.

Our main results come in two flavors. In the first case, we make no symmetry assumptions on the initial
data, and our results yield the dynamic stability of the Kasner Big Bang singularity whenever the exponents
of the background Kasner solution themselves verify the sub-criticality condition (which we also refer
to as the “stability condition”), in which case it reads:

ar+ads;—a 1. 1.8
]7J7Bniai)f“,©{QI+qJ g} < (1.8)

1<J

Since our results imply that the final Kasner exponents of the perturbed singular solution are close to those
of the background (see ), and since (|1.8]) is an open condition, our perturbed Kasner-like solutions will
satisfy the original condition (1.4]) as well.

Remark 1.3. The Kasner constraints (1.7) imply that, aside from the trivial case in which one of the
qr is equal to 1 and the others vanish (in which case the Kasner spacetime metric is flat), we must have
S I{lax©|EjI| < 1. Thus, assuming the Kasner exponent constraints, we could replace (1.8]) with the condition

s s

A 8 1.9
poax Aar+ s —gs} < w9)
I#J#B#1

In stating our main results, we prefer to refer to the condition (L.8)) because the case I = B explicitly indicates
that ¢y < 1 for J =2,--- , 9, while the case I = 1 with J = B explicitly indicates that ¢; < 1 too.

In the second case, we consider polarized U(1)-symmetric solutions to the Einstein-vacuum equations in
1 + 3 dimensions and prove stable Big Bang formation for symmetric perturbations of any Kasner solution
(with exponents verifying the constraints (L.7), B = 0). We emphasize that for polarized U(1)-symmetric
solutions, the spatial connection coefficients featuring three distinct indices automatically vanish (see Lemma
5.11| for a proof and Remark for a discussion of the relevance of this fact), which leads to a simple proof
%L__E)D (see the end of the proof of Proposition .
We will now describe these two setups in more detail.

1.4.1 Regimes with no symmetry assumptions on the perturbed initial data
Under the following assumptions, our results yield the stability of the Kasner Big Bang singularity for non-

empty sets of background Kasner solutions:

1. The Einstein-vacuum equations (i.e., 1 = 0) for ©® > 10.
2. The Einstein-scalar field equations for © > 3.

As we have stressed, without symmetry, we require that the background Kasner exponents satisfy the stability
condition (|1.8), which, for example, for any © > 3, is satisfied when all Kasner exponents are positive (which
can be achieved in the presence of a non-zero scalar field, i.e., B # 0). Also, as it was observed in [29],

in vacuum (B = 0), the condition (L.8) is non-empty for ® > 10, while for ® < 9, (L.8) is algebraically
impossible, given the constraints (1.7)).

1.4.2 The definition of the polarized U(1)-symmetry class

Our discussion in this section refers to polarized U(1)-symmetric solutions to the Einstein-vacuum equations
(i.e., ¥ =0) on I x T3, where I is an interval of time. This symmetry class is defined as follows:
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1. Polarized U(1)-symmetric initial data. There exists a non—degenerate@ hypersurface-orthogonal,
spacelike Killing vectorfield X on ¥, ~ T3 with T! orbits such that Lx§ = Lxk = 0, where £ is
the Lie derivative operator. Moreover, the second fundamental form of ¥; satisfies k X,Y) =0 for
every Yi-tangent vectorfield Y such that §(X,Y) = 0. We can construct coordinate {z'};2123 on
331 such that all coordinate components of g and k are independent of 23 and such that X = 0s, i.e.
J13 = G23 = 1213 = ]:,'23 = 0; see the discussion in [37, Section 2].

2. Polarized U(1)-symmetric solutions. Einstein-vacuum spacetimes that arise from such data contain
a non-degenerate, hypersurface-orthogonal, spacelike Killing vectorfield X, such that X |Z =X. In
fact, relative to appropriately constructed CMC-transported spatial coordinates, we have X = Os; see
Lemma 2.3

One can easily check that in 14 3 spacetime dimensions in the vacuum case, the condition (1.8)) is violated by
all Kasner solutions, i.e., by all Kasner exponents satisfying (1.7)) with B = 0. Indeed, the algebraic relations
(1.7) imply that at least one Kasner exponent must be negative and that

G +d—ds}>1-2 min {G : .
pomax, @ +qr—ash 21-2 min {gz}>1 (1.10)
I<J

Hence, in 143 spacetime dimensions in the vacuum case, without symmetries or other additional assumptions,
the Kasner singularity might not be stable under perturbations of the Kasner initial data on ¥;. However,
we show that within the class of polarized U(1)-symmetric solutions, the Kasner singularity is in fact stable.
There are both heuristic and analytic reasons for this phenomenon, which we discuss in Sections and

1.5 Rough version of the main theorem

Given a “background” generalized Kasner solution , within the regimes described in Sect. we perturb
its initial data on ¥; = {¢ = 1} and study the corresponding maximal development in the past of ¥;. As
in the previous works of the last two authors [58, 59] [60] [61], in order to synchronize the singularity along
{t = 0}, we use a constant mean curvature (CMC) foliation that is realized by the level sets ¥; of a time
function ¢t € (0,1]; as we describe below, this gauge features an elliptic PDE, which involves an infinite
speed of propagation, allowing for a synchronization of the singularity. Relative to “transported” spatial
coordinates {z'};—1,... », which by definition are constant along the integral curves of the future-directed
unit normal to ¥;, the perturbed spacetime metric takes the form (see also in the U(1)-symmetric
polarized case):

g = —n’dt @ dt + geqdz® @ dz?, n=[—(g)*Po,tdst] 7, (1.11)

where g is the first fundamental form of ¥; (i.e., the Riemannian metric on ¥; induced by g) and n > 0 is
the lapse of the X; foliation. The CMC condition reads

trk = —%, (1.12)

where k is the second fundamental form of ¥;. We emphasize that (1.12)) is the gauge condition tied to the
infinite speed of propagation, since it implies an elliptic equation for n (see (2.25)).

Remark 1.4 (Initial CMC slice). The condition presupposes that the data on the initial Cauchy
hypersurface ¥; have constant mean curvature trk|y, = —1. Such an assumption can be made without
loss of generality for solutions that start out close to background Kasner solutions. The reason is that for
near-Kasner data (not necessarily CMC data), one can first use the standard wave coordinate gauge to
solve Einstein’s equations in a neighborhood of ¥, and then prove the existence of a CMC slice in that
neighborhood with the desired properties; see [59, Proposition 14.4] and [9] Theorem 4.2].

14That is, X has no vanishing points.
15 Although the coordinate functions {z*}i=1,2,3 are only locally defined, the corresponding partial derivative vectorfield frame
{0i}i=1,2,3 can be extended to a smooth global frame on T3.
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Polarized U(1)-symmetric case. In the polarized U(1)-symmetric vacuum case with ® = 3, our setup
will be such that 2% corresponds to the symmetry. In particular, relative to the transported spatial coordinates
{2}iz12,3, , {gij}ij=1,2.3, and {ki;}ij=123 will not depend on 2. Moreover, d; will be a hypersurface-
orthogonal Killing vectorfield, everywhere defined in the past of ¥; and with positive norm away from the
singularity; see Lemma [2.3]

We now state a first, rough version of our main stability results. See Theorems [6.1] and [6.5] for precise
statements.

Theorem 1.5 (Stable Big Bang formation (Rough version)). In 1+ ® spacetime dimensions, consider an
explicit generalized “background” Kasner solution whose Kasner exponents satisfy the condition ,
which is possible for © > 3 in the presence of a scalar field and for © > 10 in vacuum (i.e., with B=0
m ) These background solutions are dynamically stable under perturbations — without symmetry —
of their initial data near their Big Bang singularities, as solutions to the Einstein-scalar field equations in
the case ® > 3, and, when B = 0, as solutions to the Einstein-vacuum equations in the case © > 10.
Moreover, in 1+ 3 spacetime dimensions, all Kasner solutions (with B = 0) are dynamically stable solutions
to the Einstein-vacuum equations under perturbations — with polarized U(1)-symmetry — near their Big Bang
singularities, even though they all violate the condition .

More precisely, under the above assumptions, sufficiently reqular perturbations (i.e., perturbations belonging
to suitably high order Sobolev spaces) of the Kasner initial data on X1 give rise to maximal developments that
terminate in a Big Bang singularity to the past. In particular, the spacetime solutions in the past of X1 are
foliated by spacelike hypersurfaces ¥y that are equal to the level sets of a time function t verifying the CMC
condition trk = —t~1, and the perturbed Kretschmann scalars Riema“B”Riemauﬁy blow up like t=* ast | 0.
Finally, the perturbed solutions exhibit AVTD behavior (see just below equation for further discussion
of the notion of “AVTD”) as the singularity is approached, and various t-rescaled solution variables have
regular limits as t | 0.

1.6 Background on “Kasner-like behavior:” Heuristics

We now aim to provide further background on our main results. In Sect.[I.7} we will discuss prior works in
the literature. Many of those works concern solutions that exhibit “Kasner-like behavior,” a concept that we
now discuss. We do not attempt to ascribe rigorous meaning to this terminology; rather, we will highlight
some properties that are meant to capture the idea that a metric with spatial dependence is “blowing up in a
manner similar to the Kasner solutions.” We find the discussion in [29] [40] instructive, where the spacetime
metric, to leading order near t = 0, is assumed to take the form

D
g=—dt@dt+g, 9= e (2) @ 07 (x), o' = 0! (x)dz?, (1.13)
I=1

7L

where means “asymptotic to as ¢ | 0,” and the scalar functions {q;(z)};=1.. o satisfy the following

(vacuum) analogs of (1.7):

NE

ar(2) = 3 gia) = 1. (1.14)
I

I=1 =1

Note that in (L.13), the one—form {t1@0L(z)} ;... o “exactly represent the Kasner-like directions”.
Moreover, although the metric components may vary in x, they are all monotonic in ¢ at fixed x. We stress
that our discussion here is heuristic in the sense that metrics of the form are not generally solutions
to Einstein’s equations, though they might approximate actual solutions.

Let {k';}1 j=1,... ® denot the components of the type G) second fundamental form of ¥; with respect
to the co-frame {07(x)};—1... o and its basis—duaﬂ frame. Standard computations yield that for metrics of

16Recall that we do not sum over repeated underlined indices.

17This notation should not be confused with the notation “k;;” that we use in the bulk of the article, where k;; := kcde§e§
denotes the components of k relative to a Fermi—Walker propagated orthonormal spatial frame.

181f {vr}r=1,...,» denotes the basis-dual frame (i.e., 0l (vy) = 55, where 65 is the Kronecker delta), then relative to arbitrary
and kT := k°,0Lvd, where k% = (g71)%kcp.

; i I _ gl _ 3
coordinates {y*}i=1,... » on T?®, we have 61 = 0Ldyc, vy = vG BITE
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the form (L.13)), we have k’; ~ ¢t~'. On the other hand, in coordinates such that the lapse |g(d;,d;)|"/? is
equal to 1 (as on RHS (1.13)), the components k!; satisfy the evolution equations

k', — trkk!; = Ric!; — Ric’}, (1.15)

where Ric!; denotes a component of the type G) Ricci curvature of g with respect to the co-frame {07 ()} -1 ...

and its basis-dual frame, and similarly for Ric’;.

Heuristic criterion for Kasner-like behavior

e If Ric =0 (e.g., if the metric g from was already known to be a solution to the Einstein-vacuum
equations), then the leading order behavior kIJ ~ t~! can easily be derived directly from if 1)
one knew that trk = —t~1 4+ O(t~179) for some o > 0, and ii) one could prove the following pointwise
estimate for ¢ larger than but close to O:

=1,

max |Ric!,| < t72Fe. (1.16)

In our main results, we impose the condition trk = —t~! by using constant mean curvature folia-
tions. This gauge is not compatible with the ansatz because it generally requires the lapse
[—(g~1)e? 6at8[3t]_% to be different from unity. For convenience, we will downplay this issue in the
present discussion@ In the presence of matter, the same conclusions k' 7 ~ t7! hold if one can also
show tha | max 53\RicIJ| Storo,

) )

Remark 1.6 (Remarks on our use of time-dependent orthonormal frames). We make the following remarks:

e The above discussion of heuristics referred to the components of tensorfields with respect to the time-
independent co-frame {el(x)}jzl,m@ and its basis-dual frame. In particular, {91(32)}1:17... o is not
g-orthonormal. However, for perturbations of Kasner solutions, there is no reason to believe that there
generally exists a time-independent co-frame in which the perturbed metric takes the form .
Hence, we again stress that our approach is based on deriving estimates for the components of tensor-
fields relative to an orthonormal spatial frame {e;(¢,x)}s=1,... » obtained by Fermi—-Walker transport,
and that our use of an orthonormal frame is crucial so that we can exploit the approximately diagonal
nature of the structure coefficient evolution equations (see Sect.[1.8.3)).

e In particular, in our main results, we will prove an analog of (|1.16)) for the components of Ric relative
to an orthonormal frame; see Remark Equivalently, instead of ([1.16), our main results will rely
on a proof of the bound

|Ric| St7%%°, (1.17)
where LHS ([1.17) denotes the usual invariant pointwise norm of the spatial Ricci tensor.

e We also highlight that we are able to close our estimates without showing that the metric is asymptotic
to a metric of the form . In fact, we close the proof with only very weak information about
the orthonormal frame {e;(t,z)};=1.... » and co-frame {w!(¢,2)};-1.. »: we prove only that their
coordinate components {€%}7 ;-1 ... » and {w!(t,7)};;=1... o are bounded in magnitude by < ¢~ for
some ¢ € (0,1) depending on the background Kasner exponents; see also Remark

e Despite the previous comment, for the solutions under study, we are able to prove the existence of “final
Kasner exponents” {q§°°) (x)}r=1,... » as the singularity is approached; see Proposition

Conditions for the validity of the heuristic criterion (|1.16) for metrics of the form (|1.13))

19Since we derive estimates showing that |n — 1| < ¢, the non-constant lapse does not affect the heuristic analysis.
20In our main results, in the case of the scalar field matter model, we will prove (with the help of (T.1a])) pointwise estimates
showing that S Jmlax D\Ric(e;, es)| St72F°, where {e;(t, x)}1=1,...,» is an orthonormal spatial frame; this frame component

b

bound is sufficient for the proof of our main results. These technical estimates are in fact derived in the proof of Lemma [5.17}
though it might not be immediately apparent from the statement of the lemma.
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e A computation using (|1.13) shows that in the absence of special algebraic structure, we typically havﬁ

Ricl | ~ t2(as—ar—qs) 1.18
I LS L L J (118)
1<J
e In view of (1.18]), we see that the estimate (1.16]) holds if
- 1. 1.1
pgiax - dar+qs—as} < (1.19)
I<J

e In 1+ 3 spacetime dimensions in the vacuum case, where the condition (1.19) is always violated (see
(1.10))), one can show that for metrics of the form (1.13]), the estimate (1.16]) is valid if the following
relation holds, where d denotes the exterior derivative operator:

0~ AdO~ =0, (1.20)

where ¢_(x) < 0 is th@ negative Kasner-like exponent in and 0~ (z) is the corresponding one-
form, i.e., these quantities are such that the tensor product 6~ (x) ® 6~ (x) is multiplied by the factor
t29-(#)  The condition eliminates the terms responsible for the worst behavior on RHS ,
which, if present, would have been more singular than RHS (1.16]).

A geometric interpretation of the condition (|1.20) for metrics of the form (|1.13)

e The Frobenius Theorem states that (1.20]) is equivalent to the integrability of the 2-dimensional sub-
spaces V,” annihilated by 67, where for p € T3,

V, ={Y eT,T: 6, (Y) =0} (1.21)
We note that (1.20)) is equivalent to the existence of functions u,v : T® — R such that 0~ = udwv.

As we already mentioned in Sect.[[-4] for the models that we consider in our results without symmetry
assumptions, it was already observed in [IT], 29] that the condition is not vacuous, at least in the sense
that there exist generalized Kasner (in particular, spatially homogeneous) solutions whose exponents satisfy it.
We also stress that for solutions with a-dependence, in the context of the heuristic works [T11,[29], the condition
can be interpreted as an inequality that should be satisfied by the “final Kasner exponents,” i.e., the
exponents {qr(z)}s=1.... o of the alleged asymptotic form of an alleged Kasner-like solution. Our main
results in fact justify the existence of (z-dependent) Kasner-like solutions with “final Kasner exponents”
{q1(z)}1=1,... » verifying the stability condition , at least when the data are close to generalized Kasner
solutions whose exponents verify the same condition; see Proposition Our proof of these facts relies, of
course, on the open nature of the condition .

The above discussion suggests that in 14 3 spacetime dimensions in the vacuum case, z-dependent Kasner-
like solutions can exist if the “polarization-type” condition (1.20]) holds. However, the condition refers
to the structure of the metric “at the singularity” (i.e., since&b is only supposed to capture the asymptotic
structure of the metric, is a statement about the structure of the asymptotic behavior of the metric
near the singularity), and we are not aware of any “general method” for solutions without symmetry that
allows one to ensure the validity of via assumptions on the initial data on ;. However, for polarized
U(1)-symmetric solutions, discussed further below, the condition automatically holds.

Polarized U(1)-symmetric metrics of the form (1.13]) satisfy (1.20)

e Recall that we defined the polarized U(1)-symmetry class in Sect.[[.4.2] Assume that 5 is the
hypersurface-orthogonal Killing vectorfield with T!-orbits. This will be the case in our study of so-
lutions with symmetry; see Lemma In addition, we assume that the leading order expression
of the Kasner-like metrics in question respects the symmetry, ie. d3qr(z) = 0, L5,07(z) = 0. The
argument for the validity of is divided in the following two cases depending on the sign of the
Kasner exponent associated to the norm of the Killing field 05:

21Note that the spatial coordinate components {Ricij}i’jzlv.‘ o of the type (1) tensor Ric are bounded in magnitude by <
LHS (T1.18) and hence the inequality (1.18) would imply the same bound for ~max _|Ric?,|.
quality ply jmax |Ric!)|
22Using the equations (1.14)), one can show that in the vacuum case with ® = 3, aside from the trivial case in which one of
the gr is equal to 1 and the others vanish, precisely one of the ¢’s must be negative.
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o If ¢35, the Kasner-like exponent corresponding to the direction of symmetry, satisfies g3 < 0, then for
a metric of the form (1.13)), (1.20) (with 6 in the role of 67) is immediate, since 62 must be a scalar
function multiple of da>.

e Again assume that 5 is the hypersurface-orthogonal Killing vectorfield with T!-orbits, but now assume
that g3 > 0 and ¢; < 0, where g3 is still the Kasner-like exponent corresponding to the direction
of symmetry. Then the subspaces annihilated by the one-form 0'= 0~, corresponding to ¢, are 2-
dimensional and contain d3. Let Y be a unit-length vectorfield in the kernel of 0! that is orthogonal to
03. Fix a point p € T? and consider the integral curve s — ap(s) of Y passing through it, normalized
by a,(0) = p. Then the image of a, times the orbits of 03, i.e., Img(a,) X [—7,7],,, is a surface whose
tangent planes are exactly the kernel of 0!, since 93 (being Killing and annihilating 0') commutes
with Y. Hence, the planes V,;~ are integrable, and by the Frobenius Theorem, this is equivalent to the

condition ((1.20)).

1.7 Related works

Before outlining the main ideas behind our proof of Theorem [1.5] we first describe some prior results on
Kasner-like singularities. There are many such results, and we roughly divide them into three categories.

1.7.1 Big Bang formation under symmetry assumptions

There are many works that provide a detailed description of stable Big Bang formation, or more generally,
spacelike singularity formation with AVTD behavior (e.g., in black hole interiors), for large sets of initial
data on a smooth Cauchy hypersurface in a model with sufficient symmetry such that the problem reduces
to a system of ODEs or 1 4+ 1-dimensional PDEs. We further divide these results into sub-categories.

The interior of black holes. In Christodoulou’s influential works [19] [20] on the spherically symmet-
ric Einstein-scalar field system with large data, it was shown that black holes form and contain spacelike
singularities in their interior, where their Kretschmann scalars blow up.

Polarized Gowdy-symmetry. In [23], the authors studied polarized Gowdy—solution@ to the Einstein-
vacuum equations and proved Strong Cosmic Censorship, that is, that for an open and dense set of polarized
Gowdy-symmetric initial data on T? or S? x S!, the maximal globally hyperbolic development is inextendible,
and causal geodesics are generically inextendible in one direction due to curvature blowup.

Gowdy-symmetry. In [54], Ringstrém proved a similar result for Gowdy-solutions with spatial topology
T3, without the polarization assumption. See also the related works [24 51, 52] and the survey article
[63]. The general Gowdy-case turned out to be significantly more difficult to handle in view of a possible
phenomenon that was shown to be absent in the polarized case: “spikes.” Roughly, spikes are regions where
spatial derivatives can become large, i.e., regions where solutions do not exhibit AVTD behavior. For an
open and dense set of data in the topology of C°°, Ringstrom proved that a curvature singularity forms and
that the solution exhibits Kasner-like behavior, except for possibly at a finite number of spikes.

Polarized T?-symmetry. In [4], the authors proved the dynamic stability of Kasner Big Bang singularities
under T2-symmetric polarized perturbations, for a certain range of Kasner exponents. In [5], the same authors
proved a similar result in the presence of an arbitrary cosmological constant A € R. There is a relationship
between these solutions and the polarized U (1)-symmetric solutions that we treat in Theorem see Section
[[.97] for further discussion.

Polarized axi-symmetric initial data. The Schwarzschild black hole singularity is highly unstable, as
is shown by the fact that instead of singularities, near-Schwarzschild Kerr solutions have Cauchy horizons
inside their black holes, and the metric can be smoothly extended across them. However, the Schwarzschild
singularity was recently shown to be stable [I] as a solution to the Einstein-vacuum equations under symmetric
perturbations, specifically those perturbations whose solutions exhibit a hypersurface-orthogonal, spacelike,
Killing vectorfield X with T*! orbits@ This symmetry class is closely related to the polarized U(1)-symmetry
class that we study in Theorem as we now describe. Compared to the U(1)-symmetric polarized solutions

23Roughly, Gowdy-solutions are such that there exists a pair of spacelike Killing vectorfields X and Y such that the twist
constants 60(5,},5XO‘YBD'YX‘s and ea,@,ﬂ;X“YBDVY‘s vanish, where € is the spacetime volume form. Polarized Gowdy-solutions
satisfy one additional condition: X and Y are orthogonal.

24Note that Kerr solutions, although axi-symmetric, do not contain a hypersurface-orthogonal Killing field.
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with T? spatial topology that we study in the present paper, the main difference in [1] is that X degenerates
at a 2-dimensional submanifold; since the vectorfield X in [I] is tangent to 2-spheres, such degeneracies are
topologically unavoidable. This can be concretely seen already in the case of the background Schwarzschild
metric in classical (¢,7,6,¢) coordinates, where X := 9, is the Killing field, and away from the singularity
{r = 0}, its (square) norm gschwarzschita(0p, dp) = 12 sin? @ vanishes at exactly # = 0,7. Apart from
this extra feature of the degenerate Killing vectorfield and the difference in topology (R x S? instead of
the T2 topology considered here), the stability result of [I] can be seen to correspondlﬂ to a special case
of our symmetric blowup-results, specifically Theorem with background Kasner exponents ¢; = —3,
G = g3 = % The method of proof introduced in [I] is very much tied to the specific symmetry class,
relying on a wave-maps reduction of the Einstein-vacuum equations, and it is therefore not applicable to the
non-symmetric solutions that we study in Theorem [6.1] However, it seems that the use of the particular
symmetry reduction in [I] allowed for the derivation of more refined asymptotic behaviors for the spatial
components of the metric compared to the results we derive in Theorem

1.7.2 The construction of solutions with Big Bang singularities — without a proof of stability

Numerous papers have provided a construction of solutions that exhibit a Kasner-like singularity. Most
of these works concern cosmological spacetimes and employed Fuchsian techniques in regimes where the
discussion in Sect.[I.6] suggests that one might expect the singularity formation to be dynamically stable.

Gowdy-symmetry. The first result of this type [4I] yielded the construction of analytic solutions with
Gowdy-symmetry. The analyticity assumption was removed in [49]. See also [62] for more general topologies
and [3] for a treatment in generalized wave gauges.

Polarized and half-polarized T?-symmetry. Analytic singularities in polarized T?-symmetry class
were first constructed in [36]. The analyticity assumption was later removed in [2], where the authors also
constructed half-polarized solutions.

Polarized or half-polarized U(1)-symmetry. Polarized and half-polarized U(1)-symmetric analytic
solutions with T3 spatial topology were constructed in [37]. More general topologies were later treated in
[I7]. We note that in these works, the authors defined their notion of polarized and half-polarized solutions
at the singularity, i.e., at ¢ = 0, by eliminating free functions relative to a given ansatz, in the spirit of
and .

Einstein-scalar field or stiff fluid. The first construction of singular solutions without symmetries was
carried out in [7]. The authors studied the Einstein-scalar field and Einstein-stiff fluid systems and used
Fuchsian techniques to construct analytic solutions whose “final Kasner exponents” (see the last point of
Remark and Proposition are all positive.

Sub-critical Einstein-matter systems. In [28], the authors extended the results of [7] by constructing
singular, analytic, Kasner-like solutions without symmetries to various Einstein-matter systems and to the
Einstein-vacuum equations in 1 + ® dimensions with ® > 10. As in the present paper, the solution regimes
treated in [28] were sub-critical in the sense that the solutions exhibited the crucial bound for the
spatial Ricci curvature. Roughly, our present work shows that an open set of solutions constructed in [28]
are dynamically stable under Sobolev-class perturbations of their initial data near their Big Bangs, at least
for the vacuum and scalar field matter model.

1 4+ 3 vacuum without symmetries. As we alluded to in Sect.[I.3] Kasner solutions might be unsta-
ble under general perturbations without symmetries, unless some kind of condition, such as a polarization
condition of the type , is imposed. Nevertheless, in [39], the author constructed analytic Kasner-like
singular solutions without symmetries, demonstrating that such solutions exist, even though they might be
unstable. Moreover, in [32], for distinct Kasner exponents, the authors constructed Sobolev-class solutions
that exhibit Kasner-like singularities. The solutions do not a priori enjoy any symmetry, but they satisfy the
polarization condition .

Asymptotically Schwarzschild on a 2-sphere. Finally, we mention the first author’s work [31], which,
in a Lorentz gauge, yielded the construction of a class of spacetimes that converge to a portion of the
Schwarzschild black hole singularity. The construction requires no symmetry or analyticity assumptions.

25To see the correspondence, one must re-parametrize the coordinate r to proper time (recall that r is a time function in the
Schwarzschild black hole interior, whereas t is a spatial coordinate, in the classical coordinate representation of the Schwarzschild
metric).
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While the construction does not yield a full spacelike singular hypersurface, it does provide a spacelike
singular 2-sphere.

1.7.3 Stable Big Bang formation without symmetry assumptions

The stability of some Kasner solutions towards their Big Bang singularities, without symmetries and for
open sets of initial data, was only fairly recently shown by the last two authors. For the scalar field and
stiff fluid matter models, the stability of the (isotropic) FLRW solutions with T? spatial topology (i.e.,

G1=G0=q3= % and B = v/2/3) was shown in [58] [59], while the case of the scalar field matter model with

S? topology was handled in [61]. The Einstein-vacuum equations were handled in [60] under a “moderate
anisotropy” assumption on the Kasner exponents, specifically ; nlrlaX®|q~1| < which is possible in 1 4+ 2

) )

spacetime dimensions when © > 38. Some aspects of our analysis here are in the spirit of the analysis in [60].

1
6

1.7.4 Conditional Kasner-like behavior

There are recent results that derive Kasner-like behavior for solutions under assumed bounds on certain
key quantities. For example, assuming mainly scale invariant bounds on the Riemann curvature of Hubble-
normalized time slices, Lott [43] showed that the corresponding singular solutions converge to Kasner flows in
appropriate topologies. Ringstrom [56], [57] derived sharp results on the geometry of Kasner-like solutions by
assuming mainly bounds on the renormalized Weingarten map@ Ringstrom’s sharp estimates crucially rely
on a frame that asymptotically diagonalizes the normalized Weingarten map. This frame is very different
from ours, which is Fermi-propagated from 3;. It would be interesting to explore whether a change of frames
could yield more refined estimates for the spatial frame and connection coefficients compared to the estimates
we obtain in Theorem see also Remark

1.8 Overview of our proof

Our proofs of Theorems and are based on deriving estimates for a set of reduced variables that solve
an elliptic-hyperbolic PDE system. Here we will summarize the main features of the system and how its
structures allow us to prove our main results. We will confine our discussion to sketching proofs of various
low order and high order a priori estimates for near-Kasner initial data given on ¥; = {¢t = 1}. In practice,
the low order and high order estimates are coupled, and we derive them via a bootstrap argument. The a
priori estimates are sufficient to ensure (see Proposition that the solution exists on (0, 1] x T, which
is the main step in the paper. The proof of curvature blowup and other aspects of the solution are relatively
straightforward consequences of the a priori estimates. We will not discuss those results in this section;
instead, we refer readers to Sect.[6] for those details.

1.8.1 The gauge

We use a constant mean curvature foliation in which, for ¢ € (0, 1], the level sets X; of the time function ¢
satisfy trk = —%, where k is the second fundamental form of ;. We also use spatial coordinates {xi}i:L.“ D
that are transported along the unit normals to ;. In this gauge, the spacetime metric satisfies g = —n?dt ®
dt + gapdz® @ dz®, where n is the lapse and ¢ is the first fundamental form of ¥,. This setup is the same as in
[68, 59, [60]. However, to derive the sharp results of the present paper, we use a crucial additional ingredient:
we use Fermi—Walker transport to construct a ¥,;-tangent orthonormal “spatial frame” {e;};=1,... », which
is globally defined in space. When supplemented with ey := n~'9,, we obtain an orthonormal spacetime
frame. We then formulate Einstein’s equations in such a way that the unknowns are n, the components
{€i}1,i=1,... o of the orthonormal frame with respect to the transported spatial coordinates, the components
{w!};iz1... o of the corresponding dual co-frame with respect to the transported spatial coordinates, the
frame components ky; := kcde§e§ of the second fundamental form with respect to the frame, the connection
coefficients vrjp := g(Ve,es,ep) of the spatial frame (where V is the Levi-Civita connection of g), the

26The Weingarten map is the second fundamental form in type (i) form, i.e., in the notation of the present paper, the
tensorfield with components kij = (g7 1) "% kq;.
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timelike unit normal derivative eg of the scalar field, and the spatial frame derivatives {eri}r=1.... o of the
scalar field 27 We refer readers to Sect.[2 for the details.

1.8.2 The lapse, the dynamic variables, and the “less singular” nature of spatial derivative
terms

The lapse n satisfies an elliptic PDE (see ) with source terms depending on some of the other solution
variables, specifically the “dynamic variables” e?, Y18, and eryp. Thus, to control n, we use elliptic estimates
to control it in terms of these dynamic variables. These estimates are rather standard and we will not discuss
them in detail here. We simply highlight that it is crucial for our results that the right-hand side of the elliptic
lapse PDE depends only the spatial derivatives of various tensorfields, i.e., there are no time derivative terms,
the point being that in the problem under study, spatial derivative terms are less singular with respect to t
compared to time derivative terms; this is a manifestation of AVTD behavior, which we first mentioned in
Sect.[I.3] We refer readers to Sect.[5.4] for a detailed proof of the lapse estimates. To control the dynamic
variables, including e, Wl kry, Y18, €0, and e, we derive “low order” L°° estimates and “high order”
energy estimates based on first-order formulations of the flow; we refer to Proposition and Lemma[5.22] for
the first-order formulations of the equations. As we explained in the discussion above , we also crucially
rely on the special “diagonal structure” exhibited by the PDE system satisfied by the structure coefficients
of the spatial frame. We provide this PDE system in Proposition and we will discuss it in more detail in
Sect.[[.83

1.8.3 Approximately diagonal form of the structure coefficient evolution equations

Away from symmetry, to control the y;;p’s, we rely on the crucial observation that the terms
{Styp =y +vspr | 1<1,J,B<D, 1< J} (1.22)

solve an evolution equation system whose “main linear part” is diagonal with coefficient magnitudes that are
smaller than ¢!, provided the condition is satisfied by the background Kasner exponents; see equation
for the precise equation, and equation for an abbreviated version. To caricature, the system is
of the form § = % - S+ -+, where M is a diagonal matrix whose components verify |M;;| < 1 when
holds. This allows us to prove that under , we have |S| < ¢t77 for some ¢ < 1. This bound is crucial
for the entire proof, as we use it to show that the solutions exhibit AVTD behavior. The variables S;;p
in are precisely the structure coefficients of the spatial orthonormal frame {e;};=1,... ». Here we note
that by the simple identity , to control all of the y;;p’s, it suffices to control the structure coefficients.

Moreover, as we highlighted in Remark even in cases such that the stability condition is violated,
only some of the structure coefficients S;;p could possibly serve as an obstruction to proving the desired
estimates: those with three distinct indices. That is, our work essentially shows that in regimes where (|1.8))
is violated (such as the Einstein-vacuum equations in 1+ 3 dimensions without symmetries), any instabilities
would arise from the combinations Syjp with distinct indices. This observation is precisely what allows us to
extend our stable blowup-results to the class of polarized U(1)-symmetric Einstein-vacuum solutions in 14 3
dimensions: by considering a spatial orthonormal frame {e;};=1 23 such that ez = (ggg)_%ag corresponds to
the normalized Killing direction (see Lemma , we can conclude that the spatial connection coefficients
with distinct indices are automatically zero (see Lemma. Hence, the observations described above allow
us to sufficiently control the non-zero structure coefficients and prove stable blowup.

We also note that the less singular behavior (than ¢=!) of the y;;p5’s is consistent with the renormalized
second fundamental form frame components tky; (¢, z) having a continuous limit, K?}O)(xL as t | 0, which is
the main feature of a Kasner-like singularity (as we described in Sect.. This is once again a manifestation
of AVTD behavior. The eigenvalues of — K?}o) (x) can be viewed as the “final, z-dependent” Kasner exponents
of the perturbed spacetime; see Proposition [6.6}

1.8.4 The bootstrap argument and initial discussion of the behavior of the high order energies

In practice, to prove our main results, we rely on a bootstrap argument in which we assume that various low
order and high order norms are small (indicating that the solution is near-Kasner) on a time interval (Tgoot, 1];

27We never need to estimate v itself since only its derivatives appear in the system (T.1a)—(T.1b).
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see for the precise bootstrap assumptions. Then the main task becomes deriving strict improvements of
the bootstrap assumptions for near-Kasner initial data, where we remind the reader that the data are given
along ¥1 = {t = 1}. In the rest of Sect.[I.§] to illustrate the main ideas, we will not explain the full bootstrap
argument in detail, but will instead show how the different parts of the analysis consistently fit together. As
a starting point, we note that our analysis will eventually show that we have a top-order energy bound of
the form

A ed s 8 b s (B0, £ T sl v, £ oot lgn s,y 4 llerdll g s, ) S data,
(1.23)

where ¢ is as in Sect.|1.8.3| (see just above (|1.24a)) for further discussion) and ||-|| z~ is a standard homogeneous
Sobolev norm; see Sect.|3| for the details.
We now highlight some crucial aspects of our analysis of the high order energies:

To close the proof and justify the estimate , we must first choose the parameter A, to be
sufficiently large, then choose the “regularity parameter” N to be sufficiently large relative
to A, and finally choose data to be sufficiently small, where for the rest of Sect.[I.8 “data”
denotes a small number whose size is controlled by the closeness of the initial data to the Kasner
data in a high order Sobolev norm.

1.8.5 The behavior of the low order L*>° norms

In this section, we will explain how a high order energy bound of the form allows us to derive sharp L™
estimates for the solution variables at the low derivative levels. We already stress that our proof fundamentally
requires that we prove much less singular (with respect to t) estimates at the low derivative levels compared
to ; here, we are thinking of as a “very singular estimate” in the sense that A, is large. In
particular, at the low derivative levels, we must prove estimates for the perturbed k;; and egy variables
showing that they are not more singular than their Kasner analogs, which blow up like t~!. To keep the
presentation short, in most of the rest of Sect. we will focus only on the estimates for €%, k;s, and v 5;
the estimates for the scalar field can be obtained in a similar fashion. Moreover, we again highlight that we
derive control of the connection coefficients at the low derivative levels by relying on the structure coefficients
Sty = Y18 +Yspr (whereas for the energy estimates at the high derivative levels, we can work directly
with the connection coefficients yr;p). Finally, we note that our discussion here will mainly concern the
analysis away from symmetry under the sub-criticality condition .

Remark 1.7 (No need for a precisely adapted frame). It seems remarkable to us that away from symmetry,
for all sub-critical Kasner exponents, we have a lot of freedom in constructing the orthonormal frame. More
precisely, in Sect.[5.11] we use the Gram—-Schmidt algorithm to construct an initial orthonormal frame that
is a perturbation of the spatial coordinate frame {9;};=1.... o, and then we propagate this frame using the
Fermi-Walker transport equations . There is nothing special about our choice of initial data for the
frame; any nearby initial data for the orthonormal frame would have worked just as well. In particular, we
can close the estimates without using a spatial frame that is adapted to the perturbed Kasner directions,
that is, without the frame being aligned with the eigenvectors of the perturbed second fundamental form; see
also Remark Many previous studies of Kasner-like singularities in fact relied on a frame that is adapted
to the eigenvectors of k (see Sect.[L.7] for a list of related works).

Remark 1.8 (The role of Np). In our main theorem, there appears a parameter Ny > 1 that represents,
roughly, the number of derivatives that we sharply control in || - ||f=. We are free to choose it at the start
of the bootstrap argument. For example, Ny = 1 is permissible. However, the choice of Ny will affect
the minimal allowable size of N (see Theorem [6.1)). Ny also captures the amount of regularity that the
“limiting renormalized solution variables” enjoy along the Big Bang hypersurface Xg (see Sect.. We
introduced Ny mainly to clarify that for “very smooth” initial data that fall under the scope of our main
results, the corresponding limiting solution variables will inherit a quantifiable amount of the smoothness.
For convenience, in our heuristic discussion here, we will only discuss the case Ny = 1, i.e., the L estimates
at the level of the undifferentiated equations.
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To proceed, we let € (¢) and krs(t) == Ecd(t)gﬁ(t)gg(t) respectively denote the background Kasner frame
components and second fundamental form components; see Sect.[2.3] for the precise definitions. We aim to
sketch a proof of the following pointwise estimates for (t,x) € (0,1] x T®, where in what follows, ¢ and o are
fixed constants that satisfy 0 < 20 < 20+ | fmax z){\q~B|, dr+45 — 9B} < g <1—20 (such constants exist

sy ) )

I<J
whenever the sub-criticality condition (1.8]) holds):

\thry — thry|(t, ) < data, (1.24a)
tq|S[JB‘(t7l') 5 data, (124b)
tilet — €4|(t, z) < data. (1.24c¢)

The estimate is sharp and is of particular importance because it is needed to control various “border-
line terms” in the energy estimates, as we explain in Sect.[[.8.6] Similar remarks apply for the L> estimates
for tegy (which we do not discuss here). The estimate are not quite sharp with respect to
powers of ¢, and we have chosen the power t? on LHSs ([1.24b))—(|1.24c)) so as to allow for the simplest possible
analysis. Estimates at the low derivative levels, in the spirit of (1.24a))—(1.24c]), are sufficient to allow us to
identify the limiting Kasner-like behavior of the perturbed solutions; see Propsition [6.6] for the details. We
stress that, although Propsition[6.6]shows that the t-weighted scalar functions tkr; and tegt have non-trivial,
regular limits as ¢ | 0, we do not obtain (or need!) analogous sharp limits for the frame components or spatial
derivative-involving terms; see Remark

Remark 1.9 (Refined estimates with a different frame?). It is conceivable that a different choice of orthonor-
mal frame might yield sharper asymptotic estimates for the spatial frame and connection coefficients, as in
[57]. However, for solutions without symmetry, to close a bootstrap argument with a refined frame, such as
a frame that is adapted to the eigenvectors of k, one would have to overcome serious technical difficulties,
such as a potential loss of derivatives for the frame. It is an interesting open problem to understand whether
such an approach is viable, i.e., whether the entire proof can be carried out using a refined frame. On the
other hand, in symmetric regimes, such as polarized U(1)-symmetry [1}@ and polarized T?-symmetry [4} [5],
the authors derived sharp asymptotics for various solution variables by using frames that are well-adapted
to the different Kasner directions. In those works, the sharp estimates were derived by taking advantage of
the special structures found in various symmetry-reduced versions of Einstein’s equations.

Remark 1.10 (The crucial bound for the spatial Ricci curvature). Using the estimates (1.24b)—(L.24d)
and similar estimates for the spatial derivatives of S;;p, the algebraic identity , and the spatial Ricci
curvature frame component expression (2.31)), one can conclude that |Ricy,| := |Ric(er,e;)| < data x t=2+°.
This is a frame component analog of the classic sub-criticality condition , and in practice, one needs
such an estimate to prove (1.24al).

To sketch the main ideas behind the proofs of (|1.24a)—(1.24c]), we note that the evolution equations for

kry— %IJ, Srse, and 63 — é‘ll can be caricatured as follows (see Propositions and and Lemma, for
the precise equations):

~ 1 ~ .
Ou(kry —kry) + g(kIJ —kry) =€t -0y +y-y+---, (1.25a)
qr+4;— s
0 Srie + %S@ =, (1.25b)
i i ar, i
Oe(er —€7) + 7(64— er) ="+, (1.25¢)
where - - - denotes similar or simpler error terms that we ignore to simplify the discussion, and we recall that

we do not sum over repeated underlined indices.

Remark 1.11 (On the approximately diagonal structure of the evolution equations for the structure coef-
ficients). Note that (|1.25b)) shows that the S;;p solve an evolution equation system that is approximately
diagonal, as we highlighted in Sect.[1.8.3]

28The work [I] is concerned with the near-Schwarzschild black hole interior problem, where the symmetry class is called
“polarized axi-symmetry.” This regime has some analytical commonalities with the polarized U(1)-symmetric solutions that we

treat in Theorem see the end of Sect.
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Next, we note that the estimates ((1.24b]) and (1.24c)) are easy to derive (modulo the omitted terms “ --7)
via integrating factors as a consequence of equations (|1.25b))—(|1.25¢) and the definition of ¢. In reality, the
proofs of 7 must be handled simultaneously, via a bootstrap argument, due to coupling terms,
but we will ignore this issue here; see the proof of Proposition for the details.

Next, to illustrate the interplay between low order L™ estimates and high order energy estimates, we will
now explain how to derive the bound for k;s, assuming the high order energy bound and the
estimates ((1.24b|) and . To this end, we must explain how to control the term e? - &y on RHS .
This term loses one derivative and must ultimately be handled with the help of energy estimates (which we
discuss in Sect., but as we explain, its L°° norm is sub-critical with respect to powers of t. By this,
we mean that the behavior of e} - 9y with respect to ¢ is strictly less singular with respect to ¢, as ¢ | 0,
compared to the terms on LHS (i.e., less singular than ¢t=2) and thus, near the singularity, it is a
negligible error term. To see this, one can use standard Sobolev embedding and interpolation estimates (see
Lemmas and to infer that there is a constant 5 > 0 (depending on N) such that 65 — 0as N — oo
and such that the following crucial estimate holds:

10vllL ) S [Vl + ||Y||1L;5&t)||V||§;NN(20~ (1.26)

Combining with (T.23) and (1.24b), and using the fact that the connection coefficients y are linear
combinations of the structure coefficients S (see (5.22)), we find that [|0y|| (s, < data x t~7 + data. x
t—(1=8n)ap=8n(A«+1)  Thys, by choosing N sufficiently large, exploiting that A, does not depend on N, and
that 6y — 0 as N — oo, we find that

10V 1= () S data x £ (1.27)

The importance of and is that they show that when NN is large, the singularity
strength of [|dy||L~(s,) is not much worse than the singularity strength of [[v|z~(s,), even if
VIl g (s,) obeys a much worse estimate of the form |yl pn(x,) < data x t=(A«+1) (which is the
bound afforded by the energy estimate (1.23])).

Hence, also using (L.24d), we conclude that ||} - dy||L=(s,) < data x t72%7, ie., that this term is less
singular than t~2, as desired. Let us now sketch the proof that these bounds imply the desired estimate
(1.24a). Using these bounds, multiplying the evolution equation (|1.25a)) by ¢ and noting that the resulting

LHS is equal to O:[t(krj—krs)], and then using the fundamental theorem of calculus, we deduce the pointwise
bound

‘tk]] — t%;ﬂ(t,x) 5 |tk[] — ti{}ﬂ(l,x)
1

1
+ [ st o) ovl(s.e)ds + [ syl(s.) - Msadds o (g
t t
1
gdata—l—data/ sTHods ... < data+ -,
t

which yields the desired bound ((1.24a)), up to the error terms “ --.” We close this section by highlighting
that in a fully detailed proof of ((1.28)), the estimate (1.17)) is crucial for obtaining the power s~!7° in the

next-to-last inequality in (1.28]).

Remark 1.12 (How large does N need to be?). The following natural question emerges from the above
discussion: how large does N need to be for the above scheme to work? The interpolation inequality
already suggests that the rough estimate N ~ o~ ! is sufficient to guarantee that |0y p|lLe=(s,) is less
singular than t~!, given the high order energy bounds for tA*HHyIJBHHN(Et) and the fact that y
satisfies |yrs5| < data x t717° and that 8y ~ N~! (see the proof of Lemma [4.2| for some details on the
N-dependence of the 6y that appear in our interpolation estimates). The precise largeness of N needed for
this argument to go through depends on ® and the size of A, which we discuss in Remark We also
note that, even in the best case scenario, we would expect the behavior of at least one of the connection

. . — _max @ L .
coefficient norms ||y 1= (x,) to be at least as singular as ¢ =12 . Hence, in view of our choice (3.6|) of
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the parameters ¢, 0, we see that o has order of magnitude at least as small as 1— max ¢;. In particular, this

=4 )

implies that as the background Kasner exponents tend towards an extreme case, e.g., as , r{langjl — 1 (and

hence 0 — 0), the number of derivatives N we would need to close our bootstrap argument would tend to
oo. Similarly, as LHS (/1.8 tends towards 1, our arguments would require N to tend to oo as well. Moreover,
going back to Remark we note that one could use similar interpolation arguments (see Lemmas and
to infer that choosing N ~ Nyo~! would be sufficient to guarantee that |0y | o< (2, s less singular
than ¢!

1.8.6 The high order energy estimates

We now explain how we derive our top-order energy estimates for the dynamic variables e, k1, Y15, €0,
and ey, that is, how we prove . We will highlight the role played by the L* estimates of Sect.
We first commute the evolution equations (recall that in our formulation, all of the evolution equations are
first-order) with 9", where 9" is an Nth-order differential operator corresponding to repeated differentiation
with respect to the transported spatial coordinate vectorfields. We then derive energy identities for solutions
to the commuted equations, where we incorporate t*++1-weights into the identities. Below we will explain
the analytic role of the weights. The energy identity for the scalar field is standard, and we will not discuss
it in detail here; we refer readers to Lemma for a differential version of that energy identity. Similar
remarks apply for the energy identity for the frame component functions €.

However, the derivation of the energy identity for the second fundamental form frame components k;; and
the connection coefficients y; ;5 is more subtle, since the identity corresponds to a surprising gain of one
derivative for the frame, as we highlighted in Sect.[I.3] The identity can be derived using a modification of
the approach used in [58, 59, [60]. The main difficulty is that the evolution equations 7 for v
and k do not form a symmetric hyperbolic system, which, at first glance, seems to obstruct the availability
of a basic energy identity. However, one can use differentiation by parts and the momentum constraint
equation, as well as the special structure of the equations relative to CMC foliations (see (2.26b))), to replace
the problematic terms with source terms that exhibit an allowable amount of regularity. We refer readers to
Lemma [5.34] for this top-order energy identity, expressed in differential form.

We will now describe our top-order energy estimates. We will give a simplified, schematic presentation in
order to focus on the main ideas. We introduce the top-order energ

Ex(t) = t4 k] g + 04 Yl 22470 Y el g+t ool 0T Y flerdll g
Li=1,--,® I=1,-,®
(1.29)

We will sketch our proof that if A, is chosen to be sufficiently large and then N is chosen to be sufficiently large
such that the L° estimates of Sect. hold, then we have the following boundﬂ En(t) < Cn X data,
i.e., the estimate holds. To obtain this bound, we combine the energy identities mentioned in the
previous paragraphs with elliptic estimates for the lapse, and we use the L> estimates from Sect.[I.8.5 and
interpolation to control the nonlinear error terms. This allows us to derive the following energy integral
inequality for ¢ € (0,1] (see Proposition for the precise inequalities), where C, is a constant that captures
the strength of the borderline terms in the equations and that can be chosen to be independent of N and
A, (as long as “data” is small), while Cy > 0 is a large, N-dependent constant:
2 2 ' EX(s) ' —1+omm2
Ey(t) < data” + (C\ — A*)/ s ds + CN/ s Ex(s) ds. (1.30)
t t
The crucial point is that if we choose A, to be larger than C,, then the time integral on RHS
becomes non-positive, and we can discard it. Finally, from and Gronwall’s lemma, we obtain that
En(t) < Cn X data as desired. This concludes our schematic discussion of the a priori estimates.
Some closing remarks are in order.

29Note that as we have defined it, the energy Ex scales linearly with respect to the quantities that it controls. This is a
different convention than is usually used in the literature, in which energies are typically defined so as to scale quadratically in
the quantities that they control. Similar remarks apply to the energies we use in the proof of Lemma@

30In practice, we also derive top-order energy estimates for the co-frame components {w{}I,izl,-»- D
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e The negative definite integral — A, ftl ]ENS(Q) ds on RHS arises from our energy identities, specifi-

cally from the t4-+1 weights that we have incorporated mto them This negative definite integral allows
]EN(S)
S

us to absorb the dangerous borderline error integral C., ft ds, but at the expense of forcing us to

work with energies that are very degenerate near ¢t = 0.

e Above we mentioned the notion of a “borderline term.” To handle such terms, we must rely on the
sharp L estimates from Sect.[I.8.5} for borderline terms, there is “no room” in the L* estimates. In

2
the context of energy estimates, borderline terms contribute to the dangerous integral C, j;l ]ENT(S) ds

on RHS ([1.30). One example of a borderline error integral is j;l Jy, 82AFD k. 0y - Oy dx ds, where
0" is an Nth-order spatial differential operator of the type mentioned earlier. To bound this integral

2
by C. ftl ENS(S) ds, we need to use the sharp estimate Hk’UHLoo(gs) < £ implied by ([.24a). If, instead

of this sharp bound, we only knew that ||k;s||z~ < C,t~(1%9) for some € > 0, then on RHS (T.30)),

we would have an additional error integral of the form C., f ! ]E;Lj) ds. By virtue of Gronwall’s lemma,

this integral would lead to dramatically worse a priori estimates, which would in turn prevent us from
closing our bootstrap argument.

Remark 1.13 (The size of A,). It is possible, in principle, to compute how large A, has to be for the above
proof to work; one simply needs to derive an explicit upper bound for the constant C, on RHS . We will
provide an outline of how to estimate C, (and thus A.), although we do not provide an explicit estimate. To
shorten the discussion, we will restrict our attention to the Einstein-vacuum equations, i.e., we will assume
that ¢» = 0. In short, the constant C, can be controlled by the number of borderline terms in the top-order
energy estimates and elliptic estimates and the size of the coefficients in front of these terms. More precisely,
the borderline terms in the energy estimates for the connection coefficients and second fundamental form are
generated by the terms on RHSs (5.32a)), (5.32¢)), and (5.32¢). The main terms driving the size of C, are
the top-order ones with coefficients of size ~ t~1, e.g., the term 9*(n — 1) .k on RHS and the terms
n-k- 0"y and k-9'en on RHS . These terms lead to borderline error integrals in the energy estimates,
such as the integral j;l fzq s2(A«t+1) k. 9%y .9y dz ds mentioned above. In each borderline term, the coefficient
of the top-order term, specifically k in the previous integral, can be bounded by (|g;| + Ce)t=! for some I,
where gr can be any of the background exponents and C'e can be as small as desired, by taking the initial
data on X to be sufficiently close to the Kasner data. More precisely, decomposing k = k + (k — k) we see
that the factor |g7[t~! is generated by k (see (2.58)), while the factor Cet~! from is generated by the bound
. Since |q7| < 1, by counting all borderline terms, we could crudely bound the contribution of these
terms to the constant C, by < (number of borderline terms) + Ce. The sum of all the corresponding top-

order error integrals would then be bounded by C. f LEN () ds. We also stress that one encounters borderline
terms in the elliptic estimates for the top-order derivatives of n (see, for example, the C,-involving term on
RHS ), and that these borderline terms propagate into the top-order energy estimates via terms such
as the one 9*(n — 1) - k mentioned above. In particular, these terms affect the size of C,. We also note that
the arguments given here allow for the possibility that C, might increase with respect to ®. Finally, we note
that the estimate for C, sketched here is not necessarily optimal. In fact, in the near-FLRW regime (where
all Kasner exponents are nearly equal), the last two authors [58, 59] showed that striking cancellations take
place, and A, can in fact be taken very small, i.e., C, = Ce. It is not known to us whether such cancellations
exist for perturbations of highly anisotropic background Kasner solutions.

1.9 Applicability of the method
1.9.1 Polarized T?-symmetry

We already mentioned that Kasner-like singularities have been constructed [2, [36] for the Einstein-vacuum
equations in 1+ 3 dimensions within the polarized T2?-symmetry class. This symmetry class contains vacuum
spacetimes with two orthogonal, spacelike, Killing vectorfields X,Y that commute, and it is more general
than the polarized Gowdy-class in the sense that the twist constants, which measure the obstruction to the
integrability of the 2-dimensional orthogonal planes to X,Y, do not have to vanish. It turns out that po-
larized T?-symmetric solutions can be can be viewed as special cases of polarized U(1)-symmetric solutions
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in which one extra symmetry is present. This fact is not immediately apparent in the sense that our def-
inition of polarized U(1)-symmetry (recall the discussion in Sect. requires a spacelike Killing field to
be hypersurface-orthogonal, whereas the definition of polarized T?-symmetry does not refer to hypersurface
orthogonality. Nevertheless, for polarized T2-symmetric solutions, it is always possibldﬂ to construct coordi-
nates such that one of the twist constants vanishes and such that one of the spatial coordinate partial deriva-
tive vectorfields associated to the T2-symmetry is Killing and hypersurface-orthogonal; see [4, Section 2.2],
where this coordinate Killing vectorfield is denoted by “0,.” Given such coordinates, the corresponding
solutions can indeed be viewed as special cases of polarized U(1)-symmetric solutions in which one extra
symmetry is present. Hence, our results on polarized U(1)-symmetric solutions imply, as a special case, that
all Kasner solutions are also stable (as solutions to the Einstein-vacuum equations in 1+ 3 dimensions) near
their Big Bangs under polarized T2-symmetric perturbations. Here, by “stable,” we mean that the results of
Theorem hold for the near-Kasner polarized T2-symmetric solutions, where the hypersurface-orthogonal
Killing vectorfield “03” from Theorem corresponds to the vectorfield “9,” from [4].

We also highlight that recently, an alternate approach has been developed [] for studying the stability
of Kasner Big Bangs under polarized T?-symmetric perturbations, including in the presence of an arbitrary
cosmological constant [5]. More precisely, in [4], the authors used an areal time foliation to prove the
stability of a subset of the Kasner solutions near their Big Bang singularities under polarized T?-symmetric
perturbations, where the notion of “stability” in [4] is more precise compared to our notion of stability in
Theorem In particular, the approach in [4] yields a sharp description of the behavior of the metric
components relative to areal coordinates. It would be interesting to see if the results of [4] — especially the
ones concerning the sharp asymptotics — can be extended to the full set of Kasner solutions; this could sharpen
our understanding (see Remark of the behavior of near-Kasner, polarized, T?-symmetric solutions near
their Big Bangs.

1.9.2 Potential further applications

Our method could likely be adapted to prove stable Big Bang formation in other models that are not, strictly
speaking, covered in the present paper. We mention here some interesting cases.

The stiff-fluid model, for ® > 3. This matter model reduces to the scalar field matter model in the
case of vanishing vorticity. In [59], stable Big Bang formation was proved in the special case ® = 3 for the
background FLRW solution, in which ¢1 = g2 = g5 = 1/3, and the presence of matter is needed to ensure the
validity of the Kasner exponent constraints (|1.7)).

Perturbing around fixed, non-explicit, backgrounds/ solutions with large spatial dependence.
The stability problems that we study in detail in this paper concern perturbations of explicit, spatially ho-
mogeneous, singularity-forming solutions. However, one could try to use our methods to study perturbations
of any of the singular solutions constructed in the works that we mentioned in Sect.[I.7] including solutions
with spatial dependence. From an analytical point of view, when dealing with background solutions that
exhibit spatial dependence, there is an additional technical difficulty in the derivation of various estimates,
since the terms where derivatives hit the background solution will no longer be zero or necessarily small.
Nevertheless, our method is still potentially applicable. To simplify the approach, one could consider data
with large spatial derivatives given on a hypersurface close to the expected singularity, that is, on X, _,.,
with tpate larger than but close to 0 (where tpgs, has to be chosen to be small in a manner that depends
on the largeness of the data); the point is that the smallness of the amount of time for which one needs to
control the solution can compensate for the largeness of the data. Moreover, by applying this philosophy
to the setup of the present paper, one could produce open sets of singularity-forming solutions that have
“substantial z-dependence.”

Black hole interior. There are numerous examples of black hole spacetimes containing a spacelike singu-
larity, such as the classical Oppenheimer—Snyder model of gravitational collapse or the solutions detected by
Christodoulou in his aforementioned studies [19] 20] of the spherically symmetric Einstein-scalar field model.
For the latter solutions, it would be interesting to see whether Kasner-like blowup holds for perturbations
of solutions (in some class other than spherical symmetry, which was handled in [19, 20]). Compared to our
work here, the difference in topology might pose additional analytical difficulties. Moreover, one would have
to grapple with the question of whether the initial data given only in the interior of a black hole could arise

31We are grateful to the authors of [] for pointing this out to us.
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as induced data of solutions to the global Cauchy problem.

1.10 Paper outline

In Sect.[2] we introduce our analytic framework, including the reduced solution variables and a formulation
of the Einstein-scalar field equations relative to CMC-transported spatial coordinates with a Fermi—Walker
transported orthonormal frame. In Sect.[3] we define various norms and introduce our bootstrap assumptions
for perturbations of Kasner solutions. Our bootstrap assumptions involve t-weighted L* norms at the low
derivative levels and t-weighted Sobolev norms at the high derivative levels, where the t-weights are much
smaller at the high derivative levels (which corresponds to our allowing for very singular high order derivatives
ast | 0). In Sect. we provide standard Sobolev and interpolation estimates that we will use to control
various error terms when we derive our main estimates. In Sect.[5] we derive the core estimates at both the
low and high derivative levels. These estimates in particular yield a strict improvement of the bootstrap
assumptions. Finally, in Sect.[6] we use the estimates of Sect.[f] to prove our main theorems exhibiting the
stability of the Kasner Big Bang singularity.

1.11 Notation and conventions

In the rest of the paper, we use the following notation and conventions.

e {2'};—1.. o denote standard local spatial coordinates on T® that are transported in the sense described
in Sect. and 0; := % denote the corresponding spatial partial derivative vectorfields. The frame
{0;}i=1,... » extends to a smooth global holonomic frame on T?®, and by abuse of notation, we denote
the globally defined vectorfields by the symbols 9;, even though the coordinate functions are not globally
defined.

e Lowercase Latin “spatial” indices such as a,b,i,j range over {1,--- ;©} and correspond to the trans-
ported spatial coordinates x!,---, 2% (see Sect.. For example, g;; := ¢(0;,0;). Lowercase Greek
“spacetime” indices such as «, 8, u, v range over {0,1,--- , D} and usually correspond to the spacetime
coordinates t,x!,--- 2, where the “0” index corresponds to t. For example, go; = g = g(0, ;).
In a few instances, {e,}a=0,.. » denotes an orthonormal spacetime frame, i.e., g(es,e) = mgg,
where m,3 = diag(—1,1,---,1). Uppercase Latin “spatial frame” indices such as I,J range over
{1,---,D} and, with one exception, correspond to the orthonormal spatial frame {e;};=1,... » or
co-frame {w!};_1.. o (see Sect.]2). For example, kr; := k(es,e;) = keqaeSet. The exception is that
for background Kasner tensors, uppercase Latin indices denote their components with respect to the
background Kasner orthonormal frame {€;};=1 ... »; see Remark for further discussion.

e We use Einstein summation for repeated indices, including frame indices. We stress that no metric
is directly involved in contractions involving the frame indices. For example, k;cycsp stands for
22:1 krcyc s, where © is the number of spatial dimensions.

o If X is a vectorfield and f is a scalar function, then X f := X%*0, f denotes the derivative of f in the
direction X.

e {dz'};_1,.. o denotes the globally defined basis-dual co-frame of {9;}i—1.... o, i.e., dz*(9;) := 6;, with
6;- the Kronecker delta.

e No summation of underlined terms. In a handful of key terms that explicitly involve the Kasner
exponents, we will not use Einstein summation convention for some of the indices. More precisely, in a
given product, whenever there is no summation over a particular index, we indicate this by underlining
all instances of that index in the product. For example, there is no summation over the index I in the

following expression: %VL.IB-

e If X and Y are vectorfields, then XY f := X?9,(Y?0sf). Similarly, if T is a tensorfield and D denotes
the Levi-Civita connection of g, then Dx T := XD, T and DxDyT := XD, (Y”DsT). In addition,
D%, T := X°YAD,DsT. Note that in the latter expression, contractions are taken after covariant
differentiation and thus generally, D% T # DxDyT.
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e If X and Y are vectorfields, then g(X,Y) := gaganﬂ. We use similar notation for contractions of
higher-order tensorfields against vectorfields. For example,

Riem(W,X,Y,Z) := Riem,3,; WX Y"Z°.

¢ . denotes a spatial multi-index. That is, for some positive integer m, ¢ = (a1, -+ ,a,,), where a; €
{1,-+-, @} for 1 <4 < m and ¢ := m denotes the length of the index. 9* := 9,, -+ ,,, denotes
the corresponding order m differential operator involving repeated differentiation with respect to the
transported spatial coordinate partial derivative vectorfields. ¢; U ts = ¢ means that for some r with
1 <r <m, wehave t; = (a;,, - ,a;.) and 13 = (aj,,, - ,a;,), where (i1,--- ,4,,) is a permutation of
(1,-++,m) such that i1 <ig < -+ <ip and Gpp1 < pgo <+ <. t1 Ut Utz =, 11 Uta Utz Uty = ¢,
etc. have analogous meanings.

Note that our multi-index convention in ® spatial dimensions differs from the more standard one,
in which multi-indices o satisfy a € N®. For instance, in the more standard notation, in 3 spatial
dimensions, a := (1,1,0) corresponds to 9% = 0102, whereas with our multi-index notation in 3 spatial
dimensions, ¢ = (1,1) corresponds to 9" = 9, 0;.

Parameters

e A, > 1 denotes a “time-weight exponent parameter” that is featured in the high order solution norms
from Definition 3.1} To close our estimates, we will choose A, to be large enough to overwhelm various
universal constants C, (see below). This corresponds to our use of high order energies featuring large
powers of t, which leads to weak high order energies near ¢t = 0.

e 0 < g < 1is a constant, fixed throughout the proof, that bounds the crucial quantity

o iax - Alasl ar+ 4 — s}
I<J

e 0 > 0 is a small constant, fixed throughout the proof, that we use to simplify the proofs of various
estimates that “have room in them.”

e g and o are constrained by (3.6).

e Ny > 1 roughly corresponds to the number of derivatives of the solution that we control in L* (the
precise derivative count depends on the solution variable — see Definition [3.1)).

e N denotes the maximum number of times that we commute the equations with spatial derivatives (e.g.,
k€ HYN(X;) and n € HN*L(3,)- see Definition [3.1). To close our estimates, we will choose N to be
sufficiently large in a (non-explicit) manner that depends on Ny, A, D, ¢, and o.

e 0 > 0is a small (N,D)-dependent parameter that is allowed to vary from line to line and that is
generated by the estimates of Lemma [I.1] We use the convention that a sum of two &’s is another 5.
The only important feature of 6 that we exploit throughout the paper is the following: at fixed ©, we
have limy o, & = 0. In particular, if A, is also fixed, then limy o, A0 = 0.

e ¢ is a small “bootstrap parameter” that, in our bootstrap argument, bounds the size of the solution
norms; see ([3.9). The smallness of € needed to close the estimates is allowed to depend on the parameters
N, Ny, Ay, D, q, and o.

Constants

e (' denotes a positive constant that is free to vary from line to line. C can depend on N, Ny, A, D, q,
and o, but it can be chosen to be independent of all € > 0 that are sufficiently small in the manner
described just above.
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e (), denotes a positive constant that is free to vary from line to line and that can depend on ®. Like C,
C. can be chosen to be independent of all € > 0 that are sufficiently small in the manner described just
above. However, unlike C', C, can be chosen to be independent of N, Ny, and A,. C, can be chosen
to be independent of ¢, and o, but that is less important in the sense that we view ¢ and o to be fixed
throughout the article. For example, 1 + CNle < C, while N! = C and N!/o = C, where C and C,
are as above.

e We write v < w to indicate that v < Cw, with C' as above.

o We write v = O(w) to indicate that |v| < Clw|, with C as above.

1.12 Acknowledgments

G.F. is supported by the ERC grant 714408 GEOWAKI, under the European Union’s Horizon 2020 research
and innovation program. J.S. gratefully acknowledges support from from NSF grant # 2054184, from NSF
CAREER grant # 1914537, and from a Chancellor’s Faculty Fellowship administered by Vanderbilt Univer-
sity. L.R. gratefully acknowledges support from NSF grant # DMS 2005464. The authors would like to thank
the anonymous referees for their careful reading of the original manuscript and their insightful comments,
which were of immense value during the revision process.

2 Analytic setup and the formulation of the Einstein-scalar field
equations

In this section, we introduce the framework that we will use to study perturbations of Kasner solutions.
In particular, we provide the formulation of the Einstein-scalar field equations that we will use to derive
estimates.

2.1 The reduced equations relative to a CMC-transported orthonormal frame
Our main goal in this section is to prove Proposition 2.2} which provides the formulation of the Einstein-scalar
equations that forms the starting point for our analysis. We start by providing some basic constructions.
2.1.1 The form of the spacetime metric, the lapse, and the transported spatial coordinates

Relative to CMC-transported spatial coordinates on a slab (¢, z) € (T, 1] x T®, the spacetime metric g takes
the form

g = —n’dt @ dt + gapdr® @ da, (2.1)

where n is the lapse and g is the first fundamental form of the constant-time slice ¥; := {(s,z) € (T, 1] x
T® | s = t}, i.e., g is the Riemannian metric induced by g on ¥;. Here and throughout, ¢ is the time function.
In Sect. we state our CMC normalization condition for ¢. The spatial coordinates {z'},—1 ...  are said
to be “transported” because n~'0;2* = 0, where n~19; is the future-directed unit normal to 3.

2.1.2 The orthonormal frame

Our proofs fundamentally rely on expressing Einstein’s equations relative to an orthonormal frame:
eo =n" 10, er = e30., I=1,---,9, (2.2)

where e is the future-directed unit normal to %; (in particular, g(ep,eq) = —1 and g(eg, X) = 0 for all
Y,-tangent vectorfields X), the “spatial” frame {er};=1 .. o is X;-tangent and normalized by

gler,eq) =017, b7y = the Kronecker delta, (2.3)

and the spatially-globally defined (see Sect.[1.11)) scalar functions {e}};—1,.. » in (2.2) are the components
of ey relative to the transported spatial coordinates. Just below, we will describe how we construct the
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spatial frame. We let {w!};—; ... » denote the corresponding ¥;-tangent one-forms that are a co-frame for
the spatial frame {e;};=1.... o, defined by

W' (es) = 51, (2.4)
where 87 is the Kronecker delta. Note that w! = wldz®, where the spatially-globally defined scalar functions

{w! }i=1,....» are the components of w! relative to the transported spatial coordinates. Thus, we have

I
a

wles =61, witely =8, I,Ji,j=1,---,9. (2.5)

Moreover, since {es}7=1,... » is orthonormal, w! is in fact the g-dual of ey, that is,

w! = giaed, Li=1,--,D. (2.6)
We also note that from and the relation ey = e$0,, it follows that

9 = wlec, i=1,---,9. (2.7)

We now describe our construction of a spatial frame. There is freedom in the construction; see Remark [I.7]
In Sect.[5.11} we use the Gram—Schmidt process to construct an initial orthonormal spatial frame on ¥ that is
suitable for proving our main results. Given this frame on X1, we propagate it to slabs of the form (7', 1] x T®
by solving the propagation equations

Deoef = n_l(eln)e()a (28)

where D is the Levi-Civita connection of g.

From equation , it follows that the scalar functions {e%}; -1 ... o satisfy a system of transport equa-
tions; see . It is straightforward to check (for example, with the help of equation ) that if g is
C' on (T,1] x T® and the initial spatial frame on ¥ is orthonormal and C!, then the frame {e;};—1 ... o
obtained by propagating the initial frame via the transport equations is orthonormal and tangent to 3
for t € (T,1]. In particular, we have

g(eoueﬁ) = Mgyg, aaﬂ = 0717' o 795 (29)

where m, 3 := diag(—1,1,--- ,1), and

ert =0, I=1,---,D. (2.10)

Moreover, relative to the orthonormal frame {e,}a=01... o, with m*” := diag(—1,1,---,1) and &'/ the
Kronecker delta, we have

gl = m“"se,y ® eg, g ' =08Pec @ep. (2.11)

In addition, differentiating (2.9]), we find that

g(D. ep,ey) = —gleg,De e), (2.12)
which in particular implies that
g(De es,ey) =0, if =1. (2.13)
We also note the following identity, which is straightforward to verify using the form of the metric:
D.,e0 = n~ (ecn)ec. (2.14)

Remark 2.1 (Fermi-Walker transport). When the frame initial data are 3;-tangent, equation is
equivalent to the well-known Fermi—Walker transport equation for e; along the integral curves of ey (which,
up to re-parametrization, are the same as the integral curves of 9;). We remark that the “standard” Fermi-
Walker transport equation is Do er = n~1(ern)eq —g(er, eo)n~(ecn)ec, and that we have omitted the term
—gl(er,eo)n ! (ecn)ec from RHS (2.8). This term vanishes in the present context because our frame initial
data will verify g(er,eo)|s, = 0 and g(es,es)|s, = 61, and these orthogonality conditions are propagated
by solutions to equation .
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2.1.3 The second fundamental form, the CMC condition, and the connection coefficients

Relative to the transported spatial coordinates {mi}izly...,@ on Y;, the second fundamental form &k of ¥,
is the ¥;-tangent tensorfield with components k;; := —g(Dg, €0, ;). Hence, the components of the second
fundamental form with respect to the frame {e;};=1,... » are

k‘[J = —g(DeIeo,eJ) = kJ], (2.15)

where the symmetry property k;; = kjr is a well-known consequence of the torsion-free property of D and
the fact that the commutators [er, e ;] are ¥;-tangent (and thus orthogonal to eg). Note that (2.9)), (2.13)),

and ([2.15]) imply that
D.,e0 = —kicec. (2.16)
We now normalize the time function ¢ according to the CMC condition

1
trk := k% = (g7 1) %®kep = kan = -5 (2.17)

It is well-known that leads to an elliptic equation for the lapse n (see ), which means in particular
that our gauge involves an infinite speed of propagation.

In our analysis, we also study the spatial connection coefficients of the frame {e;};=1 ... o, which are
defined by:

Y178 :=8(De¢,e5,ep) = g(Ve,€7,€R). (2.18)

In (2.18) and throughout, V denotes the Levi-Civita connection of g. Note that (2.9), (2.12)), (2.15)), and
(2.18) imply that

D.,e; = —krjeo +vr1sc€C, Veres =Yrjcec- (2.19)
Finally, by differentiating the relation g(es,ep) = 8,5 with D,,, we deduce the antisymmetry property

Y1JB = —YIBJ- (2.20)

2.1.4 Curvature tensors

Our sign conventions for the Riemann curvature Riem of g, the Ricci curvature Ric of g, and the scalar
curvature R of g, are as follows relative to the orthonormal frame {eq}a=0,1,.. ® constructed in Sect.[2.1.2]

where m*? is as in (2.11)):

g (Dgaeﬁey - Dgﬁeaey, eu) = Riem(eq, e, €., ¢€,), (2.21a)
Ric(eq, ep) ;== m""Riem(eq, ey, e, €,), (2.21b)
R := m""Ric(e,, e,). (2.21c)

Our sign conventions for the curvature of tensors of g, namely its Riemann curvature Riem, Ricci curvature

Ric, and scalar curvature R, are analogous to the ones in (2.21a])—(2.21¢).

2.1.5 The reduced equations

In the next proposition, we provide the PDEs that we use to study perturbations of generalized Kasner
solutions.

Proposition 2.2 (The reduced Einstein-scalar field equations relative to CMC-transported spatial coor-
dinates and a Fermi-Walker transported orthonormal frame). Let T € (0,1), and let (g,v) respectively
be a Lorentzian metric and a scalar function on the manifold (T,1] x T®. Assume that (T,1] x T® is
equipped with a CMC time function t and transported spatial coordinates {z'};—1 ... o such that the level sets
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3 = {t} x T® are CMC hypersurfaces normalized by (2.17), as is described in Sects.|2.1.]] (in partic-

ular, the {mi}izl’...yg are coordinates on each ¥;). Let n be the lapse, let eg = n"10, be the future-directed
normal to Xy, let {er}r=1.. o be the X;-tangent orthonormal spatial frame described in Sects.
and let {w!}i_1.. o be the corresponding ;-tangent orthonormal spatial co-frame. Let {e}};—1.. o de-
note the components of ey with respect to the transported spatial coordinates, and similarly for {w{}i:L... .
Let {krj}1,5=1,.. » denote the components of the second fundamental form of ¥, with respect to the spatial
frame, and let {yrsB}1,5=1,.. B denote the connection coefficients of {e;}r=1,... », as described in Sect.|2.1.8
Then the scalar functions krj,Yiip,er, ol n,y, I,J,Byi = 1,---,D, satisfy al@ of the followm‘ “re-
duced” equations on (T,1] x T® if and only if (g,v) are solutions to the Einstein-scalar field equations
7, where the spacetime metric can be expressed in terms of the reduced variables via the formulas
g = —n’dt @ dt + gapdz® @ da® and g;; = g(9;,0;) = w{‘wf:

Evolution equations for the second fundamental form and connection coefficient components

eokry = —n"tere n+ e —e — -k
oRIJ I1€J cYiJjc Ycic P 1J (2.22a)

+n"Yyrjcecn —YpicYcsp — YppcyYise — (erd)es,
eoYrsB = epkry — ejkBr
—kicypic — kesvsic + kicyise + kpeviic + kicyess (2.22Db)

+ n_l(eBn)k:U — n_l(eJn)k‘BI.

Evolution equations for the frame components and co-frame components

eoeh = kjceb, (2.23a)
eow! = —kjcwf. (2.23b)
Wave equation for the scalar field
1 -1
cocot) = ecect) — Seoy) +n7 (ecn)ecy — Yocpepy. (2.24)

Elliptic lapse equation

ecec(n—1) — t*2(n —1)=vycepep(n — 1)+ 2necyppe

(2.25)
—n{ycpeYEDC +YoccpYEED + (ec)ecy)} .
Hamiltonian and momentum constraint equations
2ecYppC — YepEYEDC — YocpYEED — kepkep +t72 = (eo¥))? + (ectp)ect), (2.26a)

eckcr = Yoepkip +veipkep — (eo)ertp.  (2.26b)
Finally, we also have the following formula:
1
YiJjB = 3 {wf(ejef, —ejgeg) — wi(eJeCB —epeg) + ch(eBeﬁ — eIeCB)} . (2.27)

Proof. We will prove in detail that solutions to the Einstein-scalar field equations (1.1al)—(1.1b|) yield solutions
to the reduced equations stated in Proposition The converse can be proved by similar arguments, and
we will omit those details.

Proof of (2.22al): We first use (2.8]), (2.9), (2.14), and (2.19) to compute the following identity:

. 2 2 —1v72
Rlem(eo, er, ep, €J) = g((Deoez — Deleg)eﬁ 80) =eokry — kickcys +n VEIEJTL. (2.28)
32We clarify that some of these equations, such as (2.23a)—(2.23b) and (2.27)), are independent of the Einstein-scalar field
equations and follow from the constructions given in Sects.[2.T.1H2.1.3]

33Recall that eokry = n*lét(k”) = nilat(kcd(i?e‘}), ecYIrjc = ecc,ac(Y]Jc), etc.
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We then use Gauss’ equation, namely

Riem(ec,er,ep,ey) = Riem(ec,er,ep,ey) + kepkry — koskip, (2.29)

Einstein’s field equations (|1.1a]), and (2.21b)) to rewrite LHS ([2.28)) as follows:

Riem(eg, er,e9,e5) = —Ric(er,ey) + Riem(ec, er,ec,ey)

. (2.30)
= —(ery)esp + Ric(er,ey) + trkkry — krckc.
Next, we compute that the frame components of the Ricci tensor of g can be expressed as follows:
Ric(er,e;) = Riem(ec,er,ec,es) = g(Vige, — V2,0 )ed,€C)
=ecYrjc —erYcsc —YcipYpJjc —YccDpY1jp +YicpYpJjc +YicpYpcJ, (2.31)

0

where we notice that the last two products YiepYpsc+YricpYpcs cancel, due to the antisymmetry property
(2.20)). Next, we use (2.18)) to deduce the following identity for the factor V2 _ n on RHS (2.28):

ereg

Ve, = €1eyn — Y1 j0ecn. (2.32)

The evolution equation ([2.22a)) for k;; now follows from combining ([2.28)—(2.32]) and using the CMC condition
@17).

Proof of (2.22b)): First, we take the ey derivative of (2.18]) and use (2.8)), (2.9), (2.14), (2.16]), (2.19), the

symmetries of the curvature tensor, and the Codazzi equations, namely

(Vk‘)]JB — (Vk’)J[B = Riem(e;,eJ,eo,eB) (233)

whnere roughou 1S prooi, enotes e type t-tangent tensorne W1 coordinate components
here throughout thi f, Vk denotes the type (5) Z4-t t tensorfield with coordinat t
(VE)abe = Vakpe), to compute

eovise =gMD2 . es,ep) + 8((Deyef)Doey,ep) + g(De 5, Degen)
= Riem(eg, er,ep,e5) + g(DgleoeJ, ep) + 8((Deye?)Does,ep) + gD, e5,Deyen)
= Riem(eo, er,¢ep,€) + 8(De, (Deye), en)
+ g((Deye?)Does,en) — g(De, e )Daes,en) + g(De,e5,DeyeB)
= Riem(ep, ey, eo,e1) + kreyess —n esm)kip +n"t(egn)kry
= (Vk)gs1 — (Vk)spr + kicycss —n~H(esn)kip +n~ ' (epn)kr,
=epkry —ejkip — kcsysrc — kicYsic + kepysic + kicvsse

+krcyess —n” Hegn)kis +n " (egn)krg,

(2.34)

which yields the desired evolution equation.

Proofs of (2.23a)—(2.23b)): First, we use (2.2)), (2.8)), (2.16]), and the torsion-free property of the connection

D to compute the following identity:
(0re})0c = [Or, €50, = [Or, e1] = Do,er — D¢, (neg) = nkrcec = nkiceto.. (2.35)

Considering the 7 component of (2.35) relative to the transported spatial coordinates and again using (2.2)),
we arrive at the desired transport equation (2.23a)). Using the relations (2.5, we also deduce (2.23b) as a
consequence of ([2.23a)).

Proof of (2.25): We simply take the I.J-trace of equation (2.22al) and use the CMC condition (2.17)) and
the antisymmetry property ([2.20]).
Proof of (2.26a)): We first note that for solutions to the Einstein-scalar field equations (I.1a))—(1.1b)), the

Hamiltonian constraint ((1.2a) holds along all constant-time hypersurfaces, that is: R — |k|? + (trk)? =
(eow)? + | V1|2, We refer to the discussion surrounding [64, Equation (10.2.30)] for a proof of this standard
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fact in the context of the Einstein-vacuum equations, and we note that the arguments given there can be
modified in a straightforward fashion to apply to the Einstein-scalar field equations. We also note that the
sign convention for k used in [64] is the opposite of the one we use here. From this equation, (2.11)), ,
the identity R = Ric(ec, ec), the antisymmetry property , and the CMC condition (2.17)), we arrive

¢ ([2:264).

Proof of : We first note that for solutions to the Einstein-scalar field equations 7, the
momentum constraint holds along all constant-time hypersurfaces, that is: (Vk)crc — (VE) oo =
—(eo)erp. We refer to the discussion surrounding [64, Equation (10.2.28)] for a proof of this standard
fact in the context of the Einstein-vacuum equations, and we note that the arguments given there can be
modified in a straightforward fashion to apply to the Einstein-scalar field equations. We again note that
the sign convention for k used in [64] is the opposite of the one we use here. From this identity and the
CMC condition (2.17)), we find that (Vk)cre = —(eop)ery. Next, using (2.11)), (2.18)), and the Leibniz rule
for covariant differentiation, we find that (Vk)croc = eckrc — Yerpkpe — Yeepkrp. Combining the above
equations, we arrive at .

Proof of (2.27)): This identity follows from the Koszul formula

YiJB = % {9(le1,es],eB) —g(les, el er) +g(les,er],er)} (2.36)

and the identity [es, e;] = w¥ (ere!; — esel)ec.

Proof of (2.24): We first note that (L.1b) and (2.11)) imply that —epegt) + ecect) = —(De,e0)*Dath +
(Depec)®Dytp. From this equation, (2.14), and (2.19), we deduce that egpegt) = ecect) + kcceotp +
n~Y(ecn)ect) — yeepepy. From this equation and the CMC condition koo = k%, = f%, we arrive at

2-24). O

2.2 Polarized U(1)-symmetry

As we discussed in Sect. - 1.4.2) polarized U(1)- symmetrlc initial data on T? for the Einstein-vacuum equatmns

are such that all coordinate components of g and k are independent of 2 and such that §i13 = Gog = k13 =
ka3 = 0; see also the discussion in [37, Section 2].

2.2.1 Propagation of symmetry

In this section, we show that for polarized U(1)-symmetric initial data for the Einstein-vacuum equations, the
corresponding solution to the equations of Proposition is such that all solution variables are independent
of 23 and such that gi13 = gag = k13 = ko3 = 0. Note that this implies that (¢71)13 = (¢71)23 =kl = k3 =
k% = k%, = k'3 = k?3 = 0. In particular, relative to CMC-transported spatial coordinates, the corresponding
spacetime metric takes the form

g=-n’dt@dt+ Y geds®®da? + gszda® @ da’ n=[—(g ") *P0.tt] 2. (2.37)
c,d=1,2

We provide the main propagation-of-symmetry result in the next lemma, namely Lemma The result
is standard, so we only provide the main steps in the proof. We refer readers to [I5, Chapter XVI.3]
for an alternate approach to propagating the polarized U(1)-symmetry via a wave map-type reduction of
Einstein’s equations. Although the approach of [I5, Chapter XVIL.3] is superior from a geometric point
of view, Lemma [2.3] is better adapted to the setup of the present paper because it directly refers to the
CMC-transported spatlal coordinates, thus allowing us to avoid working with multiple gauges.

Lemma 2.3 (Propagation of polarized U(1)-symmetry). Let T € (0,1), and let g be a solution to the
FEinstein-vacuum equations (i.e., with ¢ = 0) on the manifold (T,1] x T3. Assume that (T,1] x T3
is equipped with a CMC' time function t and transported spatial coordinates {x'};—1 23 such that the level
sets ¥y = {t} x T? are CMC hypersurfaces normalized by , as is described in Sects. (in

particular, the {z'};—1 2.3 are coordinates on each ;). Assume that relative to the coordinates (t,zt, x?, z%),
the components of g belong to C? ((T, 1] x ']I‘?’), Let (g, k) be the corresponding data on X1, i.e., the first and
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second fundamental form of 1. Assume that the data are polarized and U(1)-symmetric. More precisely,
assume that all coordinate components of g and k are independent of 2 and that §13 = §oz = 1213 = /223 =0.
Then relative to the CMC-transported spatial coordinates, g has the polarized form , and the lapse n, the
coordinate components {gi; }i j=1,2,3, and the coordinate components {ki;}i j=1,2,3 of the second fundamental
form of Ty are all independent of x>.

Proof. We divide the proof into the following two steps:

Step 1. Propagation of U(1)-symmetry. In Sect. we derive a priori estimates for the system of equations
in Proposition [2.2] by commuting the equations with sufficiently many spatial derivatives. Here, to propagate
the U(1)-symmetry, we consider the case in which the equations are commuted with only a single spatial
derivative d3. More precisely, we consider the equations , (5.27a), (5.27b)), (5.31a)), (5.310), and
with 0 := 93 and P := 0. It is straightforward to see that these commuted equations form a linear PDE
system in the “unknowns” Us := {93n}UVs, Vs 1= {9s¢%, O3, 05k, 05v175}1,7,B,i=1,2,3 such that, because
we are assuming the existence of a classical C? solution, all coefficients in front of the principal PDE terms
are C', all inhomogeneous terms are continuous, and all inhomogeneous terms are precisely linear in Us.
Hence, for ¢t € (T, 1], we can use arguments similar to the ones we use in Sect.to derive the elliptic estimate
10502 (s,) S IVsllz2(s,) and the following energy estimate:

1
Malizcsg S Wallizsy + | Daliacs, ds (2.38)

5=
We clarify that on RHS , the implicit constants depend on the C? norm of the classical solution and
thus are allowed to grow as t | T. However, that is not relevant for the proof of the lemma. Next, we
note that by assumption, the initial data (on X;) of V3 are trivial, i.e., [|[V3||z2(x,) = 0. Hence, applying
Grénwall’s lemma to (2.38), we conclude that ||Vs] z2(s,) = 0 ( and thus ||93n| 2(s,) = 0 = [[Us]|r2(s,) t00)
for t € (T, 1]. In total, we have shown that the U(1)-symmetry of the data is propagated to the entire region
(t,z) € (T,1] x T? of classical existence, and in particular, 95 is a g-Killing vectorfield.

Step 2. Using the U(1)-symmetry to propagate the polarization. We now explain how to propagate the
vanishing of g3 = g(d1,03), g2s = g(0a,03), k13 = —g(93,Ds, €0), and ko = —g(05, Dy, ep) from the initial
hypersurface 3; to the entire region of classical existence. To this end, we first derive PDEs satisfied by
these variables relative to the transported spatial coordinates. We will exploit the fact, shown in Step 1, that
0s is g-Killing. Specifically, the relevant PDEs for this step are the following standard “ADM equations”
and momentum constraint equation (see, for example, [59] Proposition 3.1]), where in the remainder of the
proof, ¢, =1,2, and I'}?, := %(g_l)ad(abgdc + O0cgvd — Oagne) are the Christoffel symbols of g relative to the
transported spatial coordinates:

Orgiz = —2nk;s, (2.39)

0:0jgi3 = —2n0;kiz — 2(0;n) ki3, ( )

Otkis = fvgiasn + nRic(0;,05) + ntrkkiz — 2n(g7 1) Pkigkap, (2.41)

(97 1) Vakps = (g7 1) 0akrs — (97 )T pkes — (7)™ T skpe = 0. (2.42)

We clarify that follows from differentiating with 0;. Next, using straightforward computations

and exploiting that ds is g-Killing, we expand the Hessian of n and the spatial Ricci components as follows:

1 1
—V3 9,0 =TD;501m + T %0m = ~(97")'(9;9a3 — 0a9i3)01n + = (97 1)**(8i9as — Dugiz)Oon,

2 2

1 1 1

= 5(9_1)11(51'913 — 019i3)01n + 5(9_1)12(31'923 — 02943)01n + 5(9_1)13(51'933)3171 (2.43)
1 1 1
+ 5(9_1)21(51'913 — 019i3)02n + 5(9_1)22(51'923 — 02943)02m + 5(9_1)23(31'933)52”7
Ric(9;,03) = Ric(03,0;) = 9,T5% — 05T % +T,%0,%, — T, 5%

1 —1\a 1, _ —1yac

= 5311[(9 198 (0;g3p — Obgis)] + 1(9 1 (g1 93¢ — 0cgi3)ObGad (2.44)

1 _ c( —1\a
i He(g71) (0 guc + Bubic — OcGia)(Obg3d — Dagap)-
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We now note that (2.39)(2.42) can be viewed as a linear PDE system in the “unknowns”

V 1= (913, 923, 01913, 01923, 02913, 02923, k13, k23)

such that, because we are assuming the existence of a classical C? solution, all coefficients in front of the
principal PDE terms are C'!, all inhomogeneous terms are continuous, and all inhomogeneous terms are linear
in V. To see this, we note that the components (¢g~1)® and (g71)?3 of g~! can expressed in terms of g;3 and
go3 via the following linear algebraic identity, which follows easily from the identity gq.(g~*)* = 8%:

-1
(g7H* ~1\33 (911 921 913
RN . 2.45
((9 1)2‘3 (o) g12 922 923 ( )
Note that the positive definiteness of the 3 x 3 matrix (¢gqp)q,b=1,2,3 implies the positive definiteness of 2 x 2
sub-block (gab)a,p=1,2, which in turn implies the invertibility of the matrix on RHS (2.45)). To finish the proof
of the lemma, we will derive energy estimates showing, in particular, that |V|| 2(s,) = 0 for ¢t € (T,1]. To
&)

this end, we first use ([2.43)—(2.44]) and the above observations to express (2.39)—(2.42) in the following form,
where Z (V) schematically denotes terms that are lineaﬁ in V with continuous coefficients:

gz = Z(V), (2.46)
010;9i3 = —2n0;kiz + L (V), (2.47)
1 1
Ohiz = —5 > nlg ) 0udbgis + 3 > nlg ) 0udigrs + L(V), (2.48)
a,b=1,2 a,b=1,2
> (g7 0aks = Z(V). (2.49)

a,b=1,2

We clarify that, for example, we have used to soak the term 3n(g~")'%910;933 on RHS (see the
first term on RHS (2.44))) into the term .# (V) on RHS and to soak the term (g—1)'39; k33 from
into the term . (V) on RHS (2.49).

To derive energy estimates for solutions to 7, we will rely on the energy E(t) > 0 defined by

1 , ,
E*(t) := /2 Yo @ (Oegas) O grs + D (g7) P hashys p da

a,b,a,b'=1,2 a,b=1,2 (2.50)
+/ Z (971)" gz gps do.
b 4p=1,2

Note that the positive definiteness of the 3 x 3 matrix ((g_l)ab)mb:l)g,g implies the positive definiteness of
2 x 2 sub-block ((g71)%), p=1,2. Hence, from definition (2.50)) and the definition of V, we find that

Et)~ > lgasllarsy + Y Mkaslrzs) = Vs, (2.51)

a=1,2 a=1,2

Therefore, to show that V vanishes on the region of classical existence, it suffices to show that E(¢) = 0 for
t € (T,1]. To this end, we will show that the following estimate holds for ¢ € (T, 1]:

dEQ(t)’ SEX (1), (2.52)
dt

where on RHS the implicit constants depend on the C? norm of the classical solution and thus are
allowed to grow as t | T. As in Step 1, this is not important for the proof. Since our assumption of polarized
initial data implies that E(1) = 0, it follows from and Gronwall’s lemma that E(t) = 0 for t € (T,1],
as desired. In total, we have shown that the polarization condition V = 0 is propagated from the data to the
entire region (¢,7) € (T, 1] x T? of classical existence.

34Here, we consider, e.g., terms of type V-V to be linear in V with continuous coefficients because the first factor of V is
assumed to be continuous.
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To complete the proof of the lemma, it remains for us to show . To proceed, we differentiate
under the integral and use equations - ) to substitute tlme derlvatlves with spatial derlvatlves
thereby arriving at the following 1dent1ty, where in the rest of the proof, we freely integrate by parts from
line to line, and “--” denotes error integrals that can easily be bounded in magnitude by < E2(t) by virtue
of the Cauchy—Schwarz inequality:

d — ' —1vaad'
GEO= [ 3 (6 ) (ndhhia) O ga) do
Et a, a/ y—
b,a’,b'=1,2 (2.53)
/ (971 kps (—n(g™ ") 40c049as + n(g~")40c0agas) dx + -+
e a,b,c,d=1 2
(upon integrating by parts on the last line of RHS -
/ De(n(g™") " (97 ")) kb30agas da — / [0a(n(g7")** (g7 ) kp30cgas dx
Xt g,b,c,d= 12 Zt g.bc,d=1,2
/ ((g7 1) 0akes)n(g ") 4 Oegas d + - - -
Xy a,b,c,d=1, 2
(2.54)

= (upon using ([2.49) for substitution in the last integral on RHS (2.54)))

/E 0.(nlg™) Mgy ksdugaade — [ Y ulnlg™) o ka0 + -

2t ab,c,d=1,2
Since all terms on RHS (2.55) are bounded in magnitude by < CE?(t), we have therefore shown (2.52)) and
finished the proof of the lemma. O

t a,b,c,d= 12
(2.55)

2.2.2 The normalized Killing direction in polarized U(1)-symmetry in 1+ 3 dimensions

In the next lemma, for polarized U(1)-symmetric Einstein-vacuum solutions with ® = 3 such that the
transported coordinate vectorfield 93 is Killing, we construct an orthonormal spatial frame eq,eq, e3 such
that es is everywhere parallel to 03 and such that Lg,e; = 0 for I = 1,2,3. We use the lemma in the proof
of Theorem [6.5] i.e., in the proof of our symmetric stable blowup-results.

Lemma 2.4 (Normalized Killing direction). Suppose that on (T,1]x T3, g is a polarized and U(1)-symmetric
C? metric of the form , where 03 is the hypersurface-orthogonal Killing vectorfield and the components of
g are independent of x®. Define Es := (933)’%83, and note that g(Es, E3) = 1. Let é1,é5 be an orthonormal
pair on X1 that is orthogonal to Os along X1 and that respects the symmetry, that is, Lo,é1 = Lo,é2 = 0,
where L denotes Lie differentiation. In particular, {é1,€é2, E3|s,} is an orthonormal frame on X1; we refer
to Sect. for our construction of such a frame. For (t,x) € (T,1] x T3, let {e;}1=1,2,3 be the orthonormal
frame on X; obtained by solving the Fermi—Walker transport equations with initial data e1]s, = é1,
eals, = é, esls, := Esl|x,. Then on (T,1] x T3, we have E3 = e3, and for I =1,2,3, we have Lg,er = 0.
In particular, {e1,eq,e3 = (933)7%33} is an orthonormal frame on (T, 1] x T3.

Proof. We first show that D, ,E3 = 0 on (7,1] x T3. Since 03 is Killing (in particular, Esn = 0), this
guarantees that Fs3 satisfies the propagation equation . Moreover, since D¢ ez = 0 and e3l|s, = Es|s,,
ODE uniqueness then implies that E3 = e3 on (T, 1] x T3, as is desired. To show that D, E3 =0, we start
by noting that since 05 is the vectorfield of symmetry and since g(eg, F3) = 0, the eg component of D, F3
equals:

(2.14) _ _1
(D, B3, o) = —g(Bs, Degeo) = —n~"(gsa) 2 dsm = 0. (2.56)

Similarly, using that g(Es, F3) = 1, we compute that g(De, E3, F3) = %eo {g(FE3, E3)} = 0 and hence the J3
component of D, E3 vanishes. Thus, the desired relation D, FEs = 0 follows from the vanishing of these two



3 NORMS, BOOTSTRAP ASSUMPTIONS, AND KEY PARAMETERS 35

components as well as the following identities:
_ _al ,
g(De, Es,0;) = n~"(gs3) ;5(@%3%‘ + 038t — Digt3) = 0, =12 (2.57)

In obtaining these identities, we have used the identity g(Dy,ds,0;) = %(atggi + 0381 — 0;8:3), the fact that
05 is orthogonal to the elements of {0;, 1,02}, the fact that 0; is orthogonal to %, and the fact that the
components of g are independent of 3.

To show that Lg,e;y = 0 on (T,1] x T3, we commute equation (which is equivalent to equation
(2.8))) with Ls,. We find that for metrics g satisfying the assumptions of the lemma, the scalar function
array 5 :={0s€' }1.i=1,2,3 satisfies a system of transport equations of the schematic form 8tq§ =F. gi?, where
F is smooth on (T, 1] x T2. Moreover, the assumptions of the lemma guarantee that (;|21 = 0. Hence, from
ODE uniqueness, we find that q_g =0 on (T,1] x T2. We have therefore proved the lemma. O

Remark 2.5. Throughout the paper, in our analysis of polarized U(1)-symmetric solutions with ® = 3, we
will always assume that eg is the Js-parallel frame vectorfield constructed in Lemma [2.4

2.3 The background Kasner variables

Our main results concern perturbations of the explicit generalized Kasner solutions presented in Sect.[T.4]
Straightforward computations imply that the reduced variables (see Sects.[2.1.142.1.3) of the generalized
Kasner solutions can be expressed as follows:

n:= 1, gLI = t_zll i, (T)ll = tzll(s%, g] = t_@éi@i, E]J = —%61‘], ?[JB = O, ’(Z = glog t, (258)

where 8%, 8, and 877 are Kronecker deltas and we recall that repeated underlined indices are not summed.

Remark 2.6 (The components of “tilde-decorated” tensors). Note that as defined in (2-58), ki =k(e,&y) #
E(e 1,e7). Put differently, EI J denotes a component of k relative to the background Kasner-orthonormal frame
{€r}1=1,.. », rather than the perturbed g-orthonormal frame {e;};=1,... . Similar remarks apply to other
“tilde-decorated” tensors. That is, for tilde-decorated tensors, capital Latin indices denote components
relative to the background Kasner frame or co-frame, whereas for non-tilde-decorated tensors, capital Latin
indices denote components relative to the g-orthonormal frame or co-frame.

3 Norms, bootstrap assumptions, and key parameters

The proofs of our main theorems rely on a continuity argument for solutions to the reduced equations of
Proposition 2.2l We make bootstrap assumptions for the size of various norms of the perturbed solution on a
time interval (Tpoot, 1] for some Troor € (0,1). Then, in Proposition we derive a priori estimates for the
perturbed solution that imply a strict improvement of the bootstrap assumptions on (T'seot, 1]; this is the
difficult part of the proof. Once we have established a priori estimates, standard arguments yield that the
perturbed solution exists on (0, 1] x T® and satisfies the a priori estimates on (0, 1]; see Proposition for
the details. Based on the existence result and the a priori estimates, the proof of curvature blowup as ¢ | 0
and the derivation of other interesting properties of the solution are relatively straightforward; see Sect.[6]
Our bootstrap assumptions are formulated in terms of various norms of the reduced variables along the X,
slices, with well-chosen t-weights. Before stating the bootstrap assumptions, we will first define the norms
and the key parameters ¢, 0, A, N, Ny that lie at the core of our framework.

3.1 Running assumption

In the rest of the paper, it is understood that we are studying general perturbations of a background gener-
alized Kasner solution whose Kasner exponents verify the stability condition , or that we are studying
polarized U(1)-symmetric perturbations of an arbitrary vacuum Kasner solution in 1 + 3-dimensions; see
Sect.[T.4 We will often refrain from explicitly stating this assumption.
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3.2 Some additional differentiation notation

If f is a scalar function, then éf := {ecf}c=1,.. o, where {ec}c=1,.. » denotes the orthonormal spatial

frame. Similarly, €k := {eckrs}c1,7=1,... 0, €y := {ecYriB}B,C)1,J=1,.. D, € = {ecel}c 1,i=1,... », and
ew = {ecwf}q[,i:l,... . Note that in the above expressions, all quantities that are differentiated are
scalar functions.

3.3 Sobolev norms of the reduced variables

For scalar functions v, we define its norm |[v||z2(x,) > 0 by

[vl|72(s,) :/Z V3 (t, ) da, (3.1)

where dz = dz'- - - dz® denotes the Euclidean volume form on ;.
We also define standard HM (%), HM (3;), WM (%), and WM:>°(3;) norms of scalar functions v:

HU”HM () Z 0" ””L?(z,)a ||’U||HZ\/I(Et) Z 0" U||L2 (S4) (3.2)
[L|<M |L|=M

||U||WM°<>(2t) = Z 0" ’U||L<x>(zt)» ||UHWM,oo(zt) = Z 0" UHL‘X’(Zt)v (3.3)
[e|<M [t|=M

where ¢ is a spatial multi-index, 0" is the corresponding operator involving repeated differentiation with
respect to the transported spatial coordinate vectorfields {0;}i=1,.. » (see Sect.|l , and |[v||pe(s,) =
ess sup o [v(t, z)|. As is standard, we write “L°°” instead of “W0:>.”

If v is a ¥-tangent tensorfield, then we define its L2(%;), HM (%,), HM(%,), WM (%,), and WMo (%,)
norms in an analogous fashion, but also summing over all “frame indices.” More remsely, with the back-
ground Kasner variables kl 7, ete., as defined in Sect.|2.3| (see in particular Remark |2.6)), we define

D D
1k = ke s,y = > ks = Ersllies,), =Yy = D Ivios =Yisslim s,
I,J=1 I,J,B=1
@ . .
le=elFmeemy = > et —Eillhmemy o=@, = Z ] — @] [5ar 5,y (34)
I,i=1 I,i=1
D
||e”||HM(2t Z HBIWHHM (Z4) ‘|€¢||?{M(2t) = Z Hefqz[}H?{M(Et)a
I=1
and
B B D
& — k”WM»oc(E,,) = Z k1 — kIJHWM»w(z,,), 184 *VHWM’OQ(&) = Z lvrsm *%JBHWM@O(&),
I,J=1 I1,J,B=1
@ . .
lle — g||WM’m(Et) = Z et — gﬁrHWMm(zt), w — J)||WM,m(2t) = Z ||wf - J)fHWM-,oo(zm
Ii=1 I,i=1
D
Hé'nHWMvoo(zt) = Z HeInHWJ\Mo(Et)v ||€1P||WM°Q o) Z ||611/)HWMoo(Et)v
I=1 I=1

(3.5)

and similarly for the homogeneous norms (such as ||k — Ic||HM(2 )= Z[ g1 llkry — kI*IH?L'IM(E )).
t
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3.4 Key parameters

We will formulate the bootstrap assumptions using two key parameters, namely o, ¢, which are any two fixed
real numbers verifying the following inequalities:

0<20<20+ 1311,11.]2,%%33“(]3‘,(][ +45—qB} <qg<1l-20, non-symmetric cases,
I<J
0 < 20 < 20 + max{|q1],]¢2], g5} < ¢ <1 - 20, Polarized U(1)-symmetric 143 vacuum.

(3.6)

The set of Kasner exponents for which such parameters o, g exist is non-empty and open in all the models
that we consider; see Sect.[L.4]

Next, we introduce the positive-integer-valued parameters Ny, N, which, roughly speaking, represent the
number of derivatives we will use to to control the solution in L at the low orders (i.e., derivative levels
approximately equal to Ng) and in L? at the top-orders (i.e., derivative levels approximately equal to N); we
refer to Remark [3.2]for an important remark about the precise number of low order derivatives that we use in
our proof. Our choice of Ny and N will be related to another parameter, A,, which controls the strength of
the t-weights (which will be of order £4+) that we use in our high order energies. For our bootstrap argument
to close, the parameters will have to satisfy the following inequalities:

N> Ny > 1, A,> 1, (3.7)

where throughout the paper, we adjust the size of the parameters as necessary. Roughly, we will first choose
A, > 1 to be large enough to dominate various order-unity structural constants (denoted by the symbol “C.”
throughout the paper) in the PDEs. We then fix any Ny > 1. We will then choose N to be sufficiently large
in a manner that depends on Ny, A., ¢, and o (as well as ©, the number of spatial dimensions). See also
Remarks and for discussion on how to obtain crude estimates for N and A..

Finally, we will use a small parameter 0 < ¢ < 1 to capture the smallness of the overall norms that
measure the closeness of the perturbed solution to the background generalized Kasner metric. Roughly, for
our bootstrap argument to close, we will first have to choose the other parameters as described above and
then choose ¢ to be sufficiently small in a manner that depends on N, Ny, A,,®,q, and o.

3.5 Definitions of the solution norms

In our bootstrap argument, we will rely on the ¢t-weighted norms in the following definition. Roughly, our
main theorem shows that all of the norms in the definition remain small throughout the entire interval
t € (0,1] if they are small at ¢t = 1.

Definition 3.1 (Solution norms). Recall that the parameter Ny verifies Ny > 1, that ¢, 0 € (0,1) are the
constants fixed in Sect.[3.4] and that we introduced the notation “€f” in Sect.[3.2l We define the low order
norms

Lie,0)(8) 1= max {#7]le = &l no.e (s, 710 = @llwso (s, }
Liny (t) == max {t~[[n = Ulyno+1.00(5,)5 197 [ €n[lynoce (s, }
Ly (8) 1= max {1 ¥llwso o )5 HIE = Fllwnosoqs, } (3.82)
Ly (£) 1= masx { #9126 v w5 Hlleo = ddllwoss.oqs, |
Lie,wy ) (1) = Lie,w) () 4 Ly, 1) (8) + Ly (¢),
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and the high order norms

H(e,a (1) = max {45 el v s, 5 0l v, |
H (£) 1= masx {4 | v 5,0 £ €0 v, |
H@ p() = max{tA UYLy £ IRl s (3.8)
(&) 1= max {E @ v,y £ ol v, |
H(ewykw)(t) He,w) (t) 4+ Hy,k) (£) + Hy) (2).

We also find it convenient to define the following “total norm” for the “dynamic” variables (i.e., the non-
lapsﬂ variables):

D(t) = L(e,w,y,k,w)(t) + H(e,w,y,k,w) (t) (SSC)

Remark 3.2 (Derivative counts involving Np). Note that the low order norms in (3.8al) yield control over
the “kinetic” (i.e., time-derivative-involving) terms {k;; — k:I J,g=1,.. o and ey — (’“)ﬂb at one derivative

level higher than the remaining terms. This important for our bootstrap argument, more precisely for our
derivation of the lower order estimates; see, for example, Lemma, and the proof of (5.23al).
3.6 Bootstrap assumptions

Our bootstrap assumptions are that there is a “bootstrap time” Troot € (0,1) such that
D(t) + ]L(n) (t) + H(n) (t) <e vt € (TBoota 1] (39)

In the proof of our main theorem, such a Tgoot € (0, 1) will exist due to our near-Kasner assumptions on the
data and Cauchy stability.

4 Basic estimates and identities

In this section, we provide some basic inequalities and commutation formulas that we will frequently use in
our main estimates, i.e., in Sect.

4.1 Interpolation and product inequalities

In our ensuing analysis, we will control various error terms with the help of the classical interpolation and
Sobolev inequalities provided in the next lemma.

Lemma 4.1 (Sobolev interpolation and product inequalities). Let v be a 3;- tangent tensorfield, let My, My
be two non-negative integers, and let t1,--- ,1g be spatial multi-indices such that Z "1 |tr] = My. Then the
following estimates hold, where norms of tensorﬁelds are defined as in Sect.[3.3:

[oll o (s, SIIUHLJQ)II ||HM2(E ) S ol + 10l s, for Mo > M, (4.1)
D
lellwsrs ez SN s 3] ) S Bl + 10l s,y for Ma > M 41+ {2J (4.2)
[0 vy -+ 0" FuR| L2z, S Z vrll g () [T 10sllzoe (), (4.3)
r=1 S#ET

35Tn Sect. we will use elliptic estimates to show that the lapse can be controlled in terms of the dynamic variables; see

[60).
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where L%J is the integer part of % Moreover, if 1 < Ry < R and t1,--- ,tg are spatial multi-indices such
that Zle ltr] = My and |tp—pgo+1l, - s |er] < My — 1, then the following product inequality holds:
R—Ry
[0 vy - 0" ug|lL2(s,) S Z (||Ur||W1woo(2t) + |oe]l grany (zt)) H [[vs[[wr.oo (s,
r=1 s#T
" (4.4)
+ Z (||Ur||W1m(zt) + ||”r||HM171(zt)) H Vs lw.o ()
r=R—Ro+1 SFET

Proof. The first inequality in is immediate from Plancherel’s identity, Hélder’s inequality, and the bound
[v][r2(s,) S vl (s, for scalar functions v (which holds because T® is compact). The second inequality in
follows from the first and Young’s inequality. In the case ¥; = R®, the inequality 1} was proved as
[55, Lemma 6.16], and the same proof works in the case Zt T®. The first inequality is standard
Sobolev embedding, while the second mequahty in follovvs from applying (4.1) to the homogeneous
norms HMi (%) of v, for every M| < My +1+ 12]. To derlve (@), we first note that either all derivatives
act on one of the terms vy, -+ ,vp_g,, say vy, or there exist at least two factors having at least one derivative,
say v1,vq, where a > 1. Then setting u; := OJvy in the first case or u; := vy, u, := Ov, in the second case,
we apply and to the product, where we view u; and u, to be terms in the product that are hit
with one fewer derivative than v; and v,. This yields the desired estimate. O

As an immediate application of Lemma[4.I] we provide the next lemma, which yields control of the reduced
solution variables at orders slightly higher than Ny. The price we pay is that the estimates are slightly (when
N is large) more singular with respect to powers of ¢t compared to the very-low-order estimates. Nevertheless,
a small increase in the singularity strength is allowable for treating error terms that are sub-critical with
respect to powers of ¢.

Lemma 4.2 (L control at slightly higher orders than No — with only a mild increase in singularity strength
for large N). Assume that the bootstrap assumptions (3.9)) hold. There exists a constant b = 6(N D) (which
is free to vary from line to line) such that 6 — 0 as N — oo and such that if N > Nog+ 4+ L J then the
following estimates hold for t € (Tpoot, 1]:

lle = ellwnorz.es,) + lw = Dllwror2.o sy SETI2 {Le,w) (t) + Hie,w) (1) } (4.5)
Il = Vllw o2,y S92 Ly (8) + Hiy iy (D)} (4.6)

1k = Ellwnorzce s,y SE704 {Lypy (8) + Hiy iy (5} (4.7)

In = Ul nots.co s,y + tER o200,y SO0 {]L(n ) +Heny(0)} (4.8)
t2)| €[y no+2.00 5,y + L0 [ Not2.00 5,y ST o4 {Ly) (t) + Hy) (¢ )} (4.9)

Proof The argument for all inequalities is essentially the same, so we only prove . Using first (| and
then , we find that for N > Ny +4 + L J we have

_ < — oo -
Hn 1||WN0+3,00(Zt) N ||n 1”L =)+ ”n 1||HN0+4+ L%J(zt)

< fln = Uz + I = S I = s s
1-8,,_ s
<tLiy (@) + Loy @) Hey (1))
=t"Ln)(t) + t‘r—(A*”)f’L%;f( JHL,, (t)
ST Ly (1) + Hny (1) }
where & := %M < 1, and for the last inequality, we used Young’s inequality and set 6 := *'“Ié It is
clear that & — 0, as N — oo, at a rate that is independent of how large A, > 1 is. This yields 1.' for the

term ||n — 1||WN0+3,00(20 The estimate for the term t9]|€n||y no+2.(5,) would then follow from the Leibniz
rule, the estimate for the term [[n — 1{[yy~o+3.00(5,), and the estimate (4.5)) for the term [[e — €]l no+2.00 (5,
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(which for purposes of exposition we assume to have already been proved). We clarify that by this argument,
the value of & corresponding to the estimate for ¢7||€n||yy no+2.(x,) might be larger than the value of & for
[ — 1flw~o+s. (x,), but nevertheless, all “5’s” tend to 0 as N — oco. O

Remark 4.3 (§ can vary from line to line). In the rest of the paper, 6 = 6(N,D) denotes a small positive
constant that is free to vary from line to line, but that always has the property that 6 — 0 as N — oo (as in
Lemma [4.2)). In particular, we sometimes express the sum of two §’s as another 6.

Remark 4.4 (Smallness of §A,). Later in the paper, when we use Lemma to derive estimates for the
solution, we will always assume (sometimes without explicitly mentioning it) that §A, is as small as we
need it to be. In particular, we assume that it is small enough such that 6A, < o so that, for example,
t20-84« <% for t € (0,1]. At fixed A,, the desired smallness can be ensured by choosing N to be sufficiently
large.

Remark 4.5 (Large interpolation constants are not an obstacle to stability). The implicit constants in the
interpolation inequalities of Lemmas [{.1] and [f.2] depend on My, M, Ny, N, and the number of spatial dimen-
sions ®. One might worry, especially when taking N sufficiently large to make § small, that the constants
in the elliptic and energy estimates, corresponding to the terms that we treat using these inequalities, can
be quite large. While the constants “C” can in fact be large, largeness does not obstruct the proofs of our
results. The reason is that we only apply these inequalities to handle two kinds of error terms: i) error
terms that are sub-critical with respect to powers of ¢, for which the largeness of C is admissible within
the context of our Gronwall estimates; and ii) critical “borderline” products with one factor that yields a
smallness factor of €, so that the effective coefficient Ce can be made as small as one wants by choosing the
bootstrap parameter € to be small (which is possible for initial data on ¥; that are sufficiently close to the
Kasner data). In particular, in our estimates, the implicit constants in Lemmas and do not affect the
size of the important constants “C.” (see Sect. for our conventions for constants “C.”) or the value of
the parameter A,. See also Sect.[5.3] for further discussion of borderline and below-borderline terms.

4.2 Two simple commutation formulas

To derive estimates for the solution’s derivatives, we will repeatedly commute the reduced equations with
the transported spatial coordinate partial derivative vectorfields {9;}i=1,... o, and we will use the following
commutation relation to uncover the structure of various error terms (see Section for our conventions
on multi-indices):

[0, erlv = Z (0" €$)0"20,v. (4.10)
tiUta=¢, |e2|<[e|

The identity (4.10) follows easily from expanding ey = €50,.
We will also use the following commutation identity:

04, e1] = nkrceg0., (4.11)

which we derived in ([2.35)).

5 Main estimates

Our main goal in this section is to establish Proposition [5.1] which forms the analytical cornerstone of the
paper. The proposition provides a priori estimates for perturbations of the Kasner background solution and
in particular yields improvements of the bootstrap assumptions when the data are sufficiently near-Kasner.
We also highlight that for near-Kasner data, the a priori estimates and standard arguments collectively imply
that the solution exists on the entire half-slab (0,1] x T® and enjoys the quantitative properties afforded by
the a priori estimates; see Proposition for those details.
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5.1 Statement of the main a priori estimates

In the next proposition, we state our main a priori estimates. The proof is located in Sect.[5.9} In the
sections that precede it, we will establish a series of preliminary identities and estimates for n,vy, k, the frame
{er}1=1,... , and the co-frame {w!};_1 ... o. The proof of the proposition essentially amounts to combining
the preliminary results.

Proposition 5.1 (The main a priori estimates). Let (n,krs,YisB,es, W, ¥)r 7pi=1... » be a solution to
the reduced equations of Proposition on (TBoot, 1] X T®. Recall that D(t) is the total norm of the dynamic
variables and that L, (t) and H,)(t) are norms of the lapse (see Definition . Let € denote the initial
value of the total norm of the dynamic variables:

€:=D(1) = Le,w) (1) + Ly ) (1) + Ly (1) + He,a) (1) + Hey gy (1) + Heyy (1) (5.1)

Assume that the bootstrap assumptions hold for t € (Tgoot, 1]. If Ay is sufficiently large and Ny > 1,
then there exists a constant Cn Ny A..D,q,0 > 0 such that if N is sufficiently large in a manner that depends
on No, A, D, q, and o, and if € is sufficiently small (in a manner that depends on N, Ny, Ay, D,q, and o),
then the following estimate holds for t € (Thoot, 1]:

D(t) + L(n) (t) + H(n)(t) < CN,NO,A*,’)D,q,cé- (5.2)

In particular, if Cn N, A, .q0€ < €, then (5.2) yields a strict improvement of the bootstrap assumptions

B9).

5.2 Schematic notation

We will use schematic notation to simplify the presentation of various formulas when the precise structure of
the terms is not important. 0 denotes an arbitrary partial derivative with respect to one of the transported
spatial coordinate vectorfields. k denotes an arbitrary element of the array (k;s)r,j=1,... » of components of
the second fundamental form with respect to the orthonormal frame. 0*k denotes an arbitrary element of the
array (0'kry)r,j=1,.. ». Similarly, v denotes an arbitrary element of the array (yrsB)r.sp=1... and 9"y
denotes an arbitrary element of the array (0“visg)r,s.8=1,.- ». € denotes an arbitrary element of the array
(€9)r.i=1.... ®, while w denotes an arbitrary element of the array (w!)r;—1.. o. If f is a scalar function, &f
denotes the array (e;f)r=1,..o.

As an example, with the help of the notation from Sect. we can express the commutator 0*(necyryc)—
necd*yrjo in the following schematic form: ZLIUL2UL3=L7|L3|<|L| 0n - 02e¢ - 00*3y. We remark that we use
schematic notation only when the overall signs and precise numerical coeflicients in front of the terms is not
important. Thus, when using schematic notation for terms, we do not account for their overall
signs or precise numerical coefficients.

5.3 Borderline terms vs. Junk terms

In our top-order energy estimates, we encounter some delicate error terms that cannot be treated by
Gronwall’s lemma uniformly in Tpen€ (0,1). That is, if treated crudely, these terms would prevent us
from deriving an energy estimate that would lead to an improvement of our bootstrap assumptions. We
described one example of such a term at the end of Sect.[1.8.6] Let us revisit this issue in more detail. In our
top-order energy estimates, we encounter “borderline” error integrands with the following strength:

1 1 1
;tQA*+2aLY . aby, Et2A*+2aLk . aLk’ ; . tzA*+23LV . 8L(€In)- (53)

The difficulty is that the integrands in (5.3 are more singular than the energy density itself due to the factors
of % To handle these error terms, we exploit the following crucial fact, which we must justify in our analysis:

In the energy identities, the coefficients of all of the borderline terms can be bounded by a uniform
constant C,, independent of A, and N, as long as the bootstrap parameter ¢ is sufficiently small
(in a manner that is allowed to depend on N and A.). Such terms contribute to the C,-multiplied
integrals on the right-hand side of the energy inequalities of Proposition [5.27]
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We refer readers to Remark for further comments on our use of the terminology “borderline.”

At this point, the role of the t?4<+2 weights in our energy identities emerges: the weights also generate
borderline terms (roughly, when the J; derivative falls on the weights in the energy identities) of the same
strength as those in , but unlike the terms in , the error terms generated by the weights have a
favorable sign towards the singularity with an overall coefficient that is proportional to A,. These terms
contribute to the favorable —A,-multiplied integrals on the right-hand side of the energy inequalities of
Proposition [5.27] Thus, if A, is chosen sufficiently large, the overall coefficient C, — A, of the borderline
terms becomes negative, and in our energy estimates, the corresponding integral has a “good sign” and can
be discarded. We again stress that for this argument to work, it is crucial that C, can be chosen to be
independent of A,, N, at least when ¢ is small.

On the other hand, there are many terms in the energy estimates that are “junk” in the sense that they can
be bounded by our norms times a factor of strength Ct~17°. Although “C” is allowed to depend on A,, N,
and other parameters (cf. Remark regarding the size of the constants C' in the interpolation constants),
such terms do not pose any difficulty in the a priori energy estimates. The reason is that Ct~!17 is integrable
in time near ¢t = 0 and thus, in the context of Gronwall’s lemma, the factor Ct~!'*9 causes only finite growth
of our energies, which is perfectly compatible with our bootstrap argument and our proof of stability.

Remark 5.2 (“Border” and “Junk” notation). To help the reader navigate the energy estimates, in our
ensuing analysis, we label error terms that generate borderline (in the sense above) error terms with the
superscript “Border,” and we label error terms that generate junk (in the sense above) error terms with the
superscript “Junk.” See, for example the terms tp_lﬁ(ﬁordem) and tpﬁg'{,unk”) on RHS .

We sometimes use similar notation to distinguish between “borderline terms” and “junk terms” in our
pointwise estimates; see, however, Remark [5.18

5.4 Control of the lapse n in terms of the dynamic solution variables

Our main goal in this subsection is to prove the following proposition, which yields control of the lapse
in terms of the remaining “dynamic” solution variables. This is a preliminary step in our derivation of a
priori estimates for all solution variables. The proof of the proposition relies on elliptic estimates and the
bootstrap assumptions and is located in Sect. Before proving the proposition, we first establish
some preliminary identities and estimates.

Proposition 5.3 (Estimates for the lapse in terms of the dynamic solution variables). Recall that L,)(t),
Hpy(t), Heyi(t), and D(t) are norms from Definition . Under the assumptions of Proposition
there exists a constant Cy, > 0 independent of N, Ny, and A, and a constant C = Cn Ny A, D.,q,0 > 0 such
that if Ng > 1 and N is sufficiently large in a manner that depends on Ny, A.,D,q, and o, and if € is
sufficiently small (in a manner that depends on N, No, A, ®,q, and c), then the following estimates hold for
te (TBaotv ].] N

7 — 1|wnot1,00(s,) + €N o0 (5,) < CLOD(2). (5.4)
Moreover, if v is any spatial multi-indezx with || = N, then we have

tA*HuaLé'nHm(zt) + o'n|lr2(s,) < C*tA*HHaLVHL?(Zt) + Ct7D(t), (5.5a)
t4 -t en) gr g, + 4 10l gy s,y < Celly g (t) + CtID(E). (5.5b)

t

Finally, the lapse norms are bounded by the dynamic variable norm:

]L(n) (t) + H(n) (t) < CD(¢). (5.6)

5.4.1 Equations for controlling the lapse
We start by deriving the elliptic equations satisfied by the derivatives of the lapse.

Lemma 5.4 (The commuted lapse equation). For solutions n to the lapse equation (2.25) and spatial coor-
dinate multi-indices ¢ with || < N, the following equation holds:

ecdec(n —1) —t729"(n — 1) = 2nepdycocp + NV, (5.7)
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where

N .= Z 0'e-00%én
L1Uta=u,[ta| <]t
+ > 0"n-0%e- 00"y + Yy 9y-07én (5.8)
11UtaUtz=¢,|e3|<|¢| 1 ULo=1t
+ > 09ty 0ty Y 0Mn9RE - 9Rey.

t1UtaULz =t t1UtoULz =t

Proof. (5.7)) follows from differentiating (2.25) with 9" and using the commutation formula (4.10) and the
Leibniz rule. O

5.4.2 A standard elliptic identity

In the next lemma, we provide a standard elliptic identity for the lapse. We will use the identity to establish
L? control of the lapse at the top order.

Lemma 5.5 (Elliptic identity for n). Let ¢ be a spatial coordinate multi-index with 1 < || < N. For solutions
to equation , the following identity holds:
t24F2(9'ean)d ecn + t24+ (9'n)?
— (4 e pn) (T 0 yoon) — (H4 9 n) (tAF2INO) 4 124 F2R() (5.9)
+ 0. (P 2e3 (0 ecn)0'n} — O {26* P ne, (0'n)0yeon )
RO = (8'ecn)([8", ec])n — 2n([8", ep]n)dYcop

(5.10)
— (Deel) (9" ecm)dn + {0.(2n¢5)} (M) V.

Proof. We first multiply (5.7) with —9*n and differentiate by parts in the top-order terms after expanding
ec = ei0. and ep = €50, to obtain the following identity:
— 9.{e&(0'ecn)d'n} + (0.e8)(0'ecn)d'n + (8'ecn)lec, d'In + (0'ecn)d ecn + t~2(d'n)?
= —20.{n(0'n)e0"vcep} + {0:(2ne})} (8'n)d0veep + 2n(lep, 8'In)d"yeep (5.11)
+ 2n(8*epn)dyeop — (8'n)NW

Multiplying (5.11)) by #>4*2 and rearranging the terms, we arrive at the desired identity (5.9). O

5.4.3 Control of the error terms in the top-order commuted lapse equation

In the next lemma, we derive L?-control of the error terms in the top-order commuted lapse equation.

Lemma 5.6 (L?-control of the error terms in the top-order commuted lapse equation). Let N and RO

denote the lapse equation error terms defined respectively in (5.8)) and (5.10) (these terms appear on the right-
hand side of (5.9)). Under the assumptions of Proposition|5.5, there exists a constant C = Cn Ny, A, ,D,q,0 > 0

such that the following estimates hold for t € (TBoot, 1]:
42N NG| ags,) < Cet*° D), (5.12)
|e]|=N

t2A*+2 |m(L)‘ dr < C€t2c]D)(t) {tA*
3t

o'nllr2 sy +tA*H||3L5”||L2(zt) +D(t)}, |t =N. (5.13)

Proof. Using the inequalities provided by Lemma it is straightforward to estimate every product term
in the expressions (5.8]) and (5.10) by accounting for the control afforded by our bootstrap assumptions (3.9)
and taking into account the powers of ¢ featured in the solution norms of Definition We provide the
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details for two representative terms. First, using Lemma [£.1I] and Definition we see that the following
term in M) (i.e., the third sum on RHS (5.8)) satisfies:

> oy 97én

t1Ute=1

SIVlz=ollenlgn s, + lenll ey Vil gy g, S et 477D, (5.14)
L2(%¢)

The factor of € on RHS comes from the bootstrap assumptions and the fact that the LHS is
quadratic with respect to quantities that vanish for the background Kasner solution. Hence, multiplying
with t4*2 and recalling our assumptions on the parameters ¢, o, we conclude that the resulting
term is < RHS as desired.

We now give a second example, this time for the L!(3;)-type inequality @ . Specifically, we bound a
term in R(*) (the second term on RHS (5.10)) as follows by using (4.10), Lemma Q Definition and the
bootstrap assumptions (which in particular imply that ||n||ze~(s,) < 2):

/Z 12n([0*, ep|n)(0*Yeep)| dx

S Inllzee s > 10 ep)(00en)|| L2, 19" Yol L2

t1Uta=¢, |ea| <[

< {lle = BlwremoIn = wre ey + lle = Tl nl i s,y + 10 = Ui lle = Tz s F Vs,
< CE(t_A*_l_q—HT-l-t_?A*_l_q+t_2A*_q+G)]D)2(t).
(5.15)

Multiplying (5.15) by t24++2 and using the inequality (3.6]), we deduce that the resulting term is < RHS (5.13)
as desired.

The remaining terms that need to be bounded can be handled with similar arguments, and we omit the
details. 0

5.4.4 Proof of Proposition [5.3

Throughout this proof, we will silently assume that N is large enough such that we can use the smallness of
8 A. described in Remark [4.4]

Proof of (5.4). First, for |o| < Ny + 1, we use to solve for ececd*(n — 1) — t729*(n — 1) and then
bound the resulting terms in L°° using the bootstrap assumptions and Lemma in particular bounding
all terms involving n — 1 and its derivatives by < t°~34+ which yields the following pointwise estimate for
|t| < No + 1 (see Remark [4.3):

lececd (n—1) —t720"(n —1)| < ]2negacaLyCca + N + €80, {[ed, 0')0a(n — 1)}‘

(5.16)
5 tiZqiéA*]D)(t).

From (5.16) and the maximum principle, noting that ececd*(n — 1) < 0 (> 0) at the maxima (minima) of
9"(n—1) in ¥, and using the inequalities in (3.6), we find that [[t7(n —1)[lyyvo+1.(x,) S t7TOD(t). Multi-
plying the latter inequality by t2, we arrive at the desired estimate ([5.4)) for the first term ||n — Uy vo+1.00 (53,)
on the LHS. To complete the proof of (5.4), we must show that ¢7|[en|yyno. (s,) S t°D(t). Since e;n = efd.cn,
the desired estimate is a simple consequence of the already obtained bound [[n — 1[|yno+1,0(x,) S tOD(t)
and the estimate t7||€][yyno.0(x;,) S 1, which follows from the bootstrap assumptions, the definition of the
background Kasner scalar functions €} given in (2.58)), and the inequalities in (3.6).

Proof of ([5.5a)—(5.5b). We will show that there are constants C, > 0 and C > 0, as in the statement of
the proposition, such that for each spatial multi-index ¢ with |¢| = N, we have

t2A*+2 ||aL -

énllZz(x,) + 174

]. A = ]. A
Onllias,) < 50 @, + 5 10N G,

(5.17)
+ Ct? 20|72z, ) + Cet> DA (1).
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Once we have proved , we absorb the first two terms on RHS back into the left, at the expense
of doubling the constants in front of the remaining terms. Afterwards, taking the square root, we conclude
. We then sum the square of over all ¢ with |¢] = N and take the square root, thereby concluding,
in view of Definition the desired estimate .

It remains for us to prove (5.17). We integrate equation over T® with respect to dz, note that the
integrals of the last two terms on RHS vanish, use the Cauchy—Schwarz inequality for integrals, and use
the estimate ||n||p~(x,) < 2 (which follows from the bootstrap assumptions) to obtain

tQA*+2||8L€”|\%2(zt) + 24002z, < CullttFr0%En| 2w 1410 Y| 22y

5.18
+ ||tA*3L”||L2(2t)||tA+2m(b)||L2(2,5) +/ 242 RO da, (5:18)
P

From (5.18)), the error estimates in Lemma our bootstrap assumptions (3.9), Young’s inequality, and
3.1

Definition 3.1} we conclude when ¢ is sufficiently small, the desired bound (5.17)) holds (for a different C.,
which is nevertheless independent of A, Ny, and N).

Proof of (5.6). The estimate (5.6) follows easily from Definition [3.1] and the estimates (5.4)—(5.5b)). O

5.5 Preliminary identities and inequalities for k, vy, e, and w

In this section, we derive preliminary low order and high order identities and inequalities for v, k, e, and w
by using the evolution equations (2.22af)-(2.22b|) and (2.23a))-(2.23b]), as well as the key evolution equations
for the structure coefficients provided by Proposition Roughly, we control the inhomogeneous terms in
their evolution equations in terms of our solution norms, and we derive differential versions of our energy
identities. In Sects.[5.7H5.9} we will combine these preliminary results with related ones for the lapse and
scalar field to derive our main a priori estimates, i.e., to prove Proposition [5.1]

5.5.1 The key evolution equation verified by the structure coefficients

To control the connection coefficients vy g at the low derivative levels, we will use the following proposition,
which provides evolution equations for the structure coefficients y; ;g5 +7vsBr of the orthonormal spatial frame
{er}r=1,... ». Although its proof is simple, the proposition is of profound significance for our main results.
As we mentioned in Sect.[I.8] the main virtues of the proposition are: it shows that up to error terms, the
evolution equation system for the structure coefficients is diagonal, and it shows that the strength of the
main linear terms driving the dynamics is controlled by the Kasner stability condition . The connection
coefficients themselves can be controlled in terms of the structure coefficients via the identity .

Proposition 5.7 (The key evolution equations for the structure coefficients of the orthonormal frame). For
solutions to the equations of Proposition the structure coefficients of the orthonormal frame {er}=1... o,
namely yrip +vspr with I < J (see Remark , verify the following evolution equations, whose left-hand

sides exhibit a diagonal structure, where the Kasner background scalars {¢%}; ;=1 ... » and {’kVU}LJ:L,.. )
are defined in (2.58]) (see also Remark@ and we recall that we do not sum underlined repeated indices:

(g1 +q7 —qB)
R — (
= (n—1){kicycsB — kcrypic — kjcypic + kcrysse + kpcYirc}

+ (n—1){kscvepr —kcsYisc — kpcYric + kcivysic + kicysict

O:(YroB +vsBI)+ YrsB +YJBI)

+ (kre — kie)vess — (ker — ker)Ypac — (ke — kse)ypic + (ker — ker)vose + (ke — kpe)vaic
+ (kye — kse)vosr — (kog — ke )vise — (ks — kpo)vise + (key — kes)ysic + (kic — kre)ynac
+n(ef — €7)0:kpys — n(eG — €5)0:kpr + nejdckpy — neG0.kpr + (ern)kpy — (egn)kpy.
(5.19)
Moreover, for spatial coordinate multi-indices v with || < Ny, the following evolution equation holds:

Ot10" (vrsm + o)) = {a = @+ @s — @)} 770" (Yeas + Var) + S5 4 ST (5.20)
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where
Ut = N 9k —k) -0y + Y. n-0(e—@)- 00"k, (5.21a)
t1Uta=1 t1Uta=t
St = ST 1) 9=k 0ty + Y 9n-E 00k
t1UtoULz =t t1Uta=1t

(5.21b)

- > 9"n-0"(e—2)-00"k+ Y 0“én- k.

11UtaUtg=e, 1< 1| 11Ut =t

Finally, the scalar function yrjp can be expressed as a linear combination of three structure coefficients:

1 1 1
Y15 =5 {yrip+viBI} + 3 {vyBsr +vsB}+ 3 {yBrs+vriB}- (5.22)

Remark 5.8 (Connection between equation (5.19) and the stability condition (1.8). If we were to ignore
the terms on RHS (5.19)), then equation (5.19) would allow us to conclude that |y; g +v pr| <t~ (@ +a—d5),
This makes the significance of the stability condition ([L.8]) for equation ([5.19)) clear: under this condition, the
quantity LJJEI;TI:E})’(W ’Qh/IJB + vsBrl| is integrable in ¢ near 0, and by (5.22) (cf. Remark|1.1), I,J,ngj}f.. ’QWIJB|

1<J
is also integrable in ¢. In our ensuing analysis, we will in fact control the terms on RHS (5.19)) and show that

Iﬁnlaaxgw 17B| is integrable, which is a crucial step in our proof of stable blowup.

Remark 5.9. Interestingly, if we were to try to control the y;;p’s at the low derivative levels by using
the formula and separately controlling each of the factors e, w!, then we would not be able to close
our estimates for the full range of Kasner exponents verifying the stability condition . In fact, since
RHS is cubic in €%, w! and their derivatives, the crudest version of that approach would yield only
lvrrel < t739, which, when ¢ is near 1, is far too singular for proving stability. Moreover, the evolution
equation for the y;sp’s is not diagonal at the linear level and thus, a crude treatment based only on
this equation would lead to far too singular estimateﬂ for the connection coefficients at the lower derivative
levels. Thus, the diagonal structure revealed by Proposition is essential to our overall argument.

Proof of Proposition[5.7]. Equations (5.19)) follow from the evolution equation (2.22b)), the definition of the

background Kasner scalar functions in (2.58), the antisymmetry property (2.20)), and straightforward al-
gebraic computations. then follows from differentiating with 0%, applying the product rule,
multiplying both sides of the resulting identity by ¢%, and then commuting the factor of ¢t under the operator
0¢ on the LHS and accounting for the commutator [t?, ;).

is an immediate consequence of the Koszul formula for an orthonormal frame and the antisymmetry

property (2:20). O

5.5.2 Pointwise estimates for the error terms in the structure coefficient evolution equations

In the next lemma, we derive pointwise estimates at the low derivative levels for the error terms from
Proposition [5.7}

Lemma 5.10 (Pointwise estimates for the error terms in the structure coefficient evolution equations at orders
< Ny). Assume that the bootstrap assumptions hold. There exists a constant C = Cn, Ny, A.,D,9,0 > 0
such that if Ng > 1 and N is sufficiently large in a manner that depends on Ny, Ay, D, q, and o, and if
e s sufficiently small (in a manner that depends on N, Ny, A, ®,q, and c), then the following pointwise

estimates hold on (Tpeot, 1] x T® for the error terms Gﬁ;);dem) and 6%%%”) defined in (5.21al)—(5.21b)):
D DD DI A GO D DD DI 4 O

|L|<Ng I,J,B=1,,D |t|<Ng I,J,B=1,,D

+Ceth Y T (9 — Epl(t ),

|t|<No I,i=1,-,D

(5.23a)

36However, the structure of equation (2.22b)) is sufficient for our top-order energy estimates, which are allowed to be much
more singular within the scope of our approach; this explains why in Lemma [5.16] we derive commuted versions of equation
(2.22b)) to set up our energy estimates for vy and k.
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1y ST I8t e) < oD, (5.23b)

|L|<No I,J,B=1,--,D

Proof. Based on equations (5.21a)—(5.21b)), the estimates (5.23a)—(5.23b|) follow as straightforward conse-
quences of (2.58)), the inequalities in (3.6]), Definition the bootstrap assumptions (3.9), and the already

derived low order estimates (5.4)) for n. Note in particular that we have used the fact that the low order
norm ([3.8a)) controls k£ — k at derivative levels < Ny + 1 (see Remark ; for example, for |¢] < Ny, this
allows us to pointwise bound the magnitude of the sum »: ., _ n-09" (e —¢€) 002k on RHS (5.21a) by

S et S e, [0 — DIt 2). 0

5.5.3 Absence of certain structure coefficients in polarized U(1)-symmetry

In the next lemma, we show that for polarized U (1)-symmetric metrics with © = 3, relative to an orthonormal
spatial frame of the type provided by Lemma [2.4] all structure coefficients with three distinct indices vanish.
As we explained in Remark this vanishing is crucial for the proof of our main results in the case of the
Einstein-vacuum equations in 1 + 3 dimensions under polarized U(1)-symmetry.

Lemma 5.11 (The vanishing of key variables in polarized U(1)-symmetry). Suppose that © = 3 and that
g is a polarized U(1)-symmetric metric satisfying the hypotheses and conclusions of Lemma . Moreover,
let {e1,e2,e3} be an orthonormal spatial frame satisfying the hypotheses and conclusions of Lemma . In
particular, ez = (g33)7%83 and Lo,er = 0 for I = 1,2,3, where 03 is the hypersurface-orthogonal Killing
vectorfield. Then the following spatial connection coefficients vanish:

Y123 = Y231 = Y312 = 0. (5.24)

Moreover, under the same assumptions,

0, ifl=1J

. . (5.25)
0, if1I,J, B are distinct.

YrjB +YJBI = {

Proof. Under the assumptions and conclusions of Lemma 03 is parallel to e and orthogonal to d; and
D2, and we have e} = €3 = e = € = w} = w3 = w} = w3 = eze’ = 0. Hence, using (2.27) we compute

1
Y123 = 3 {w?(eleé - 626l1) - (,Ull(egeé — 636l2) + w?(egell - eleé)} =0,

1
Y231 =5 {wll(egeé — egeb) — wi(eze] — erel) + wi(ereh — 62611)} =0,

1
Y312 = 3 {(»Ul2(€3611 — eleé) - wf(eleé - egell) + w}(egeg - egeé)} =0,

which yields (5.24). A more conceptual justification of the above computations is that in the present setting,
g(ler,es],es) = 0 whenever I, J, B are distinct indices; using this fact and the Koszul formula, we conclude
that yr7 = 0 whenever I, J, B are distinct indices, as desired.

(5.25)) follows from ([5.24) and the antisymmetry property (2.20)). O

Remark 5.12 (The role of polarized U(1)-symmetry). In proving our stable Big Bang formation results
for the Einstein-vacuum equations in 1 4+ 3 dimensions, there is precisely one way in which our polarized
U(1)-symmetry assumption is important for our analysis: it allows us to use the results of Lemma see
also Remark [[.2] and the end of the proof of Proposition [5.26] Put differently, if we were to assume the
conclusions 7 of the lemma, then the rest of our proof of stable Big Bang formation would go
through.

5.5.4 Commuted evolution equations for e and w

In this section, we provide the evolution equations that we will use to control the scalar functions {€%}7=1.... o
and {wiI}M:l,.‘. o as well as their derivatives.
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Lemma 5.13 (Evolution equations for {€}};;—1... », {w!}1i=1,.. o, and their derivatives). The evolution
equations (2.23a)—(2.23b) can be rewritten as follows, where the Kasner background scalars {€4}ri=1.... o,

{0 1iz1.. ©, and {k1j}1.y=1... o are defined in (2.58)) (see also Remark@), and we recall that we do not
sum over repeated underlined indices:

i sy, Wi s i i 7 i i
Di(eh — &) + (e} — &) = (n— Dksc(el — &) + (k1o — ko) (el — &)
t B N (5.26a)
—+ (TL — 1)]6[0610 —+ n(k]c — k]c)yc,
~ af I ~ 1 ~ ~ —
Oh(w] — @) - f(wf —@7) = —(n— Dkre(wf — @f) — (ke — kie)(w§ — @f) (5.26b)

—(n— 1)%10051-0 —n(krc — EIC)COZ

Moreover, let v be a spatial multi-index with |t| < N and let P > 0 be a real number. Then the following
equations hold:

Ai[tT 8" (eh — &) = (P — qp)t" 10" (eh — &b) + ¢ epPorder) 4y P gillunke) (5.27a)
Q7O (w! — @) = (P + G’ 10" (w] — &]) + 170 Pordert) 4y oitunk, (5.27b)
where
gierder = N g (n—1)- 0%k 0%(e—) + Y. 9 (k—k)-9(c—2), (5.28a)
t1ULaULz =t t1Uta=t
e — g~ 1) ke Y 9n- 92 (k- k)€ (5.28b)
t1Uta=t
O Prder) = N g (n—1) - 02k 0w - @)+ Y. 9 (k— k)02 (w— D), (5.28¢)
t1UtoULsz=1 t1Uta=1t
OFE) = - 1) KB+ Y 002 (k— k)& (5.28d)
t1Uta=1

(5.27a)—(5.27b|) then follow from differentiating (5.26al)—(5.26b)) with 0, using the Leibniz rule, multiplying
both sides of the resulting equations by ¢, and commuting the factors of t* under the operator 0; on the
LHSs and accounting for the commutator [t7, d;]. O

Proof. (5.26a)—(5.26b|) follow from equations (2.23a))—(2.23b|) and straightforward algebraic computations.
o.26a)

5.5.5 Pointwise estimates for the error terms in the frame component evolution equations

In this section, at the low derivative levels, we derive pointwise estimates for the error terms in the evolution
equations of Lemma [5.13]

Lemma 5.14 (Pointwise estimates for the error terms in the evolution equations for 95 (e — €) and
O=No(w—w)). Assume that the bootstrap assumptions hold. There exists a constant C = Cn Ny, A, D,q,0 >
0 such that if Ny > 1 and N is sufficiently large in a manner that depends on Ny, A,®,q, and o, and if €
is sufficiently small (in a manner that depends on N, Ny, A.,D,q, and o), then the error terms €} is{ Border; L)

QEZI(Junk L), Dl (Borders)) - ind Dz (Junk) defined in ((5.28al)—(5.28d|) verify the following pointwise estimates for
(t,z) € (Tgoot, 1] x ']I@, where the Kasner background scalars {4}y i=1... o and {®!};=1... o are defined

> Z tq|03 (Borderit)| (¢, 2) < Cett™ Y Z |aL(eg—a3)|(t,x), (5.29a)
[t|<No I,i=1, [t|<No I,i=1,

3 Z 19| @Bk (1 gy < Ct D), (5.29b)

|t|<No Ii=1,--- ,®

SN Pty <cetrt YN |9t (w! - @D (¢, ), (5.29¢)

[t|<Ng I,i=1,---,D [t|<No Ii=1,--,D
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> Z th|9§;““”’“>|(t,x)gc*fl”m)(t). (5.29d)

|| <No I,i=1,-

Proof. The lemma follows from the expressions (5.28a))—(|5.28d]), the bootstrap assumptions, the definition of
2.58

the lower order norms 1‘] the explicit formulas ([2.58)), the inequalities in (3.6)), and the already derived
low order estimates (5.4) for nm O

5.5.6 L?-control of the error terms in the top-order commuted frame component evolution
equations

In this section, at the top-order derivative level, we derive L? estimates for the error terms in the evolution
equations of Lemma [5.13

Lemma 5.15 (L2-control of the error terms in the top-order commuted frame component evolution equa-
tions). Recall that Hy 1 (t), H(e,w)(t), and D(t) are norms from Deﬁm'tz'on and assume that the bootstrap
assumptions (3.9 . hold. There exists a constant C = Cn Ny, A.,D,q,0 > 0 such that if No > 1 and N is suffi-
ciently large in a manner that depends on Ny, A«, D, q, and o, and if € is suﬁ%czently small (in a manner that
depends on N NO,A*,D q, and ¢ ), then the error terms @ BOMM ) @I’(‘]unk ) 07 i(Border; ') and D?(‘]unk”)
defined in 5.28d)) verify the following L? estzmates forte (Tgoot, 1]:

thta [ Z ||@’<BOTd€”>||L2(E)<Cale(y,,ﬁ)(t)+Cele(e,w)(t)+crl+cm(t), (5.30a)

[e|=N 1,i=1,
tAxta Z Z qull(Junk L)HLZ(E < Ct71+0-]D)(t)7 (5.30b)
[e]=N I,i=1,---,D

theta [N Z lOFPoraer2, o ) < Cet™ My 1y (t) + Cet ™ Hie,a) (£) + CtTHOD(E),  (5.30¢)
|¢|=N I,i=1,---,D

At [N N oy, ) < cteD(). (5.30d)
|t|=N I,i=1, D

Proof. The lemma follows from the expressions (5.28a)—(5.28d)), the explicit formulas (2.58]), the inequalities
in , Deﬁnition the bootstrap assumptions, the product inequality (4.3), and the already derived
estlmates 5.6)) for n. O

5.5.7 Commuted equations for k and y

In this section, we provide the evolution equations that we will use to control the scalar functions {krs}r j=1,... ®
and {vrsB}1,5.8=1,.. » as well as their derivatives.

Lemma 5.16 (9'-commuted equations for y and k). Let ¢ be a spatial multi-index with |¢| < N and let P > 0
be a real number. For solutions to the equations of Proposition [2.3, the followmg evolution equatwns hold,
where the Kasner background scalars {ku}l J=1,... » and ¢ are defined in 8) (see also Remark

Oy [tpab(kjj — k[J)] = (P — ].)tp_lab(kjj — k]J) + tPnecabyuc — tpne[aLchc — tPelabeJn

+ tP_lﬁ(Border;L) tpﬁ(Junk;L) (531&)
0:(tP0y1s5) = PtP10y 1B + tTnepd'kyr — tFne 0'kp;
P 4 (Border;t) Py (Junk;e) (531b)
+t ®IJB B o/ ®IJB B
tPecdkop = tPOBoTIer) y (PoplJunk), (5.31c)
where
KO == 1) k+ Y. 9 (n—1)- 02 (k — k), (5.32a)

t1Uta=1

37Note in particular that we do not use the interpolation inequalities of Lemma in this proof.
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ﬁg(]]unkn) — Z 8e - 502 En + Z 3L1Y .9%2¢én
uUa=t, 12| <[] U=, lez] <[] (5.32b)
+ > 0"n-0%e- 0%y + > > 0"n-0%v- 0%,
11 UtaULg=u, |e3|<|e] ve{y, ey} t1UiaUiz=t
6(]?%7‘(167‘ Wy k‘ Oy + Z 6“ k— k‘) 0y + k‘ 9“én + Z abl Lk — k‘) 9“2 én, (532C)
t1ULa=1 t1ULa=1t
oip = Y, 9n0%k-0%y + > d'n - 9'2e - 950k, (5.32d)
t1UtaUtg=¢, [t1|>1 t1UteUtz =1, [e3] <[t
SIn(IBorder;L) — ’]; SOy + Z 2! (k' _ E) L0y + at'lﬂ/; ‘e + Z LI (601/1 _ ati/;) 02y, (5.326)
t1Utg=1t t1Ute=e
m(Ju"k;L) — Z o L2
¢ = ¢ 00"k, (5.32f)

t1ULa=¢, ‘L2‘<‘L‘

Proof. Equations (5.31a])-(5.31b)) follow from straightforward computations based on first multiplying equa-
tions ([2.22a)-(2.22b)) by n, using that 0; = neg, differentiating the resulting equations with 9*, applying the
Leibniz rule, multiplying both sides of the resulting identities by ¢, and then commuting the factor of ¢t
under the operator d; on the LHSs and accounting for the commutator [t d;]. Similarly, equation
follows from differentiating equation with 0, applying the Leibniz rule, and then multiplying both
sides of the resulting identity by t* O

5.5.8 Pointwise estimates for the error terms in the spatial metric evolution equations

In this section, we derive pointwise estimates for the error terms in the equations of Lemma that we will
later use to control k — k at derivative levels < Ny + 1.

Lemma 5.17 (Pointwise estimates for the error terms in the evolution equations for 9<No+1(k — 7@:)) Recall
that D(t) is a norm from Definition . Assume that the bootstrap assumptions hold. There exists a
constant C' = Cn Ny, A, ,q,0 > 0 such that if No > 1 and N is sufficiently large in a manner that depends on
No, A, D, q, and o, and if € is sufficiently small (in a manner that depends on N, Ng, A, D, q, and c), then
the following pointwise estimates hold for (t,x) € (TBoot, 1] x T®, where ﬁﬁor(i”“) and ﬁ%""k“) are defined

Z Z tnecdyrso — nerdycyo — erdeyn| (t,x) < Ct~1ToD(t) (5.33a)
[t|<No+11,J=1,,D

> Z \ﬁ<30’“de“>|t:c > Z tm“""’“)\(t,x)gcrHGD(t). (5.33b)

[t|<No+1T,J=1,- [e|<No+11,J=1,-

Proof. The lemma follows from the explicit formulas (2.58)), the inequalities in (3.6)), the bootstrap assump-
tions, the interpolation estimates of Lemmal[4.2] (see Remark[4.4)), and the already derived lower order estimate

(5.4) for n — 1. O

Remark 5.18 (“Borderline” sometimes refers only to the top order). Although the term R(Bmder Y
explicitly labeled as borderline, the estimate (5.33b|) reveals that at the lower orders, it is actually below
borderline. Thus, our notion of “borderline” corresponds to the behavior of terms with respect to the top-

order energy estimates, a context in which ﬁgwd” ) is indeed borderline; see the C,-involving term on

RHS ([5.354)) in Lemma 1| below. Despite the differing “strength” of R(Bord” “) at the high and low orders,
we choose to keep the same notation throughout the paper to make it easier for the reader to follow the
overall argument. Similar remarks apply to other terms that are labeled as “borderline”.

5.5.9 Differential energy identity for the second fundamental form and connection coefficients

We will derive our top-order energy estimates for the second fundamental form and connection coefficients
by integrating the differential identity provided by the following lemma.



5 MAIN ESTIMATES 51

Lemma 5.19 (Top-order differential energy identity for {krs}r s=1,.... o and {vrsB}r,sB=1,.. o). Let ¢ be

a top-order spatial multi-indez, i.e., [t| = N. For solutions to the 9*-commuted equations (5.31a))—(5.31d)
with P := A, + 1, the following differential energy identity holds, where the error terms Rﬁorder ‘ ﬁ(l‘f,unk” ,

6§§g‘der i) 6‘({(]]uBnk i mgBorder L); nd WSJunk i) are deﬁned in 7m.

1
O, {(tA*HaLkU)(tA*“aLkU)} + §at {(tA*+1aLY1JB)(tA*JrlaLYIJB)}

2A (A, +1)
t

(tA +1aL (tA*+18L ) + (tA*+16L‘YI.]B)(tA*+18L'YIJB)

7)
+2 tA +13Lku (t (Border L) 1A +1ﬁ(Junk L))
(T ( *+1Q5 Border i) +tA*+1Q5(I§zJLBnk;L)>
+2(t4 18k ) (tA*+19ﬁF]Border;L) +tA*+19ﬁf,J“"k;L))
+ 2n(tA*+1aLchc) (tA*JrlSm(JBOTd”;L) 4 tA*JrlSm(JJ“nk;L))
+ 2(8.€5)(tF1ote n) (L0 Ky 5)

+2 {80(716;)} (tA*JrlaLk’],])(tA*JrlaL'YCJC) _9 {Bc(necc)} (tA*JrlaLk’],])(tA*JrlaL'Y[Jc')

— 20, {*MT2e5(0 en)0'kry } — 20 {2250 (0 k1 5)0 Yo sc } + 20 {2 P nel (0"kr )0y} -
(5.34)

Proof. The proof is a calculation that, although lengthy, is straightforward; hence, we only explain the main
steps. We first note that 9*k;; = 0 and thus we can ignore the formal presence of this term on LHS ([5.31a)).
Next, we expand LHS using the Leibniz rule. When 9, falls on t4++t19'k;;, we plug in h
P := A, +1. When 0, falls on t**T19%y;;5, we plug in with P := A, + 1. We then differentiate the
resulting terms by parts. Next, we use the (differentiated) momentum constraint (5.31d) with P := A, +1
to substitute for the terms t4*+1e;0'k;; in the product 2(tAT19%e n) - tA4*+1e;d'ky; (which is “present”
in the sense that it is needed to cancel a corresponding product obtained from expanding the third-to-
last term —29, {t24+2e$(d'e n)0'krs} on RHS (5.34)). Similarly, we use with P := A, + 1 to
substitute for the terms t4+*T1e;0*krs in the product 2ntA+*le;0 ks - t* 10y s0 (which is “present” in
the sense that it is needed to cancel a corresponding product obtained from expanding the next-to-last term

—20, {t**F2e$n(8'kr)0"ycc } on RHS (5.34)). -

Remark 5.20 (Comments tied to the momentum constraint and well-posedness in CMC-transported spa-
tial coordinates). The (differentiated) momentum constraint plays a crucial role in our proof of
Lemma [5.19; without this constraint equation, the corresponding differential energy identity would have
featured terms involving one too many derivatives of k;;, which in turn would have led to a fatal loss of
one derivative in the top-order estimates. An alternate way to overcome the derivative loss is to use spa-
tial harmonic coordinates on each time slice ¥, as in [6]. However, such coordinates lead to the presence
of a non-zero shift vector in the coordinate expression for the spacetime metric, and it is not currently
known whether the corresponding error terms are compatible with a proof of stable Big Bang formation.
For a proof of local well-posedness for Einstein’s equations in CMC-transported spatial coordinates, we refer
o [B9, Theorem 14.1]. We emphasize that while energy identities such as (5.34) can be used to derive a
priori energy estimates for solutions to the nonlinear reduced equations (where by “reduced,” we roughly
mean gauge-dependent equations in the spirit of the ones stated in Proposition , the proof of local well-
posedness given by [59, Theorem 14.1] relies on a modified system, which can be shown to be equivalent to
the nonlinear reduced equations (and hence, by the “if and only if” aspect of Propsition equivalent to
Einstein’s equations too) for initial data that satisfy the constraints and the CMC condition (1.12]) at ¢ = 1.
The key advantage of the modified system is that it does not involve constraint equations; this allows one to
show that linearized versions of the modified system also enjoy good energy estimates, which is important
for the standard iteration/contraction mapping schemes that are used in proofs of local well-posedness for
quasilinear equations.
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5.5.10 Control of the error terms in the top-order commuted spatial metric equations

In this section, at the top-order derivative level, we derive L? estimates for the error terms in the equations
of Lemma [5.16]

Lemma 5.21 (L2-control of the error terms in the top-order commuted evolution equations for k& and ).
Recall that Hy, iy, Hy), and D(t) are norms from Deﬁm'tion and assume that the bootstrap assumptions

. ) hold. Recall that the error terms R(Border % ﬁ(‘hmk 9 Qﬁﬁgder i) 6(1{;;;1@ i) Sﬁ(Border 9 , and Dﬁ(l‘]unk”)
are defined in m There emsts a constant C. > 0 independent of N, No, and A, and a constant
C = CN7N07A*,©7(170- > 0 such that if N is sufficiently large in a manner that depends on Ny, A, D, q, and
o, and if € is sufficiently small (in a manner that depends on N, Ny, Ay, D,q, and ©), then the following
estimates hold for t € (Toot, 1]:

ST R,y € Cut T Hy 1y () + CEHHD(), (5.35a)
|t|=N I,J=1,--,D

DY |\e5/§;;’"de”>||§2@t)gc*t-IH(y,k)u)+Ct—1+6m>(t)7 (5.35b)
|t|=NI1,J,B=1,---,©

At [N ST P2, ) < Cut T gy (1) + Cut T Hy () + CETIOD(E),  (5.350)
[t]=NI=1,---,D

N DS Z 1R |2, s,y < CETIEOD(), (5.362)
|t|=N I,J=1,--,®

e ST Y 18R s, < CTOD(), (5.36D)
|t|=N I,J,B=1,,®

At [N ST 2, ) < CETOD(). (5.36¢)
=N =1 D

Proof. We will give the proofs of (5.35a)) and (5.36a)). The remaining estimates can be proved using similar
arguments, and we omit the details. To prove (5.35al), we let ¢ be any spatial multi-index with |¢] = N.
We multiply both s1des of m [5.32a)) by t4- and take the || - || Lz(z norm. Using the bootstrap assumptlons
the explicit formulas , the inequalities in , Definition and the product estimate , we find
that ¢4« ||R{5erders L>||L2(E,, < Ot 1||3Ln|\Lz(gt) + CstArlnnH fin (s, + Cet™1FOD(E). We then square this
estimate, sum over all ¢ with |¢] = N, sum over all 1 < I,J < D, and then take the square root. We find
that LHS < (C.+ Cs)tA*_1||nHHN(20 + Cet™1H°D(t) < C*tA*_1||n||HN(Et) + Cet='*°D(t). From
this bound and the already derived high order estimate for n, we arrive at the desired bound .

The estimate can be proved by multiplying equation by t4<*1 and combing arguments
similar to the ones we used above with the estimates of Lemma (411 O

5.6 Preliminary identities and inequalities for the scalar field

This section is an analog of Sect.[5.5] for the scalar field . That is, we derive preliminary low order and high
order identities and inequalities for ¥ by using the wave equation . In order to avoid the time derivative
of n appearing as an error term in the equations (which would unnecessarily complicate our derivation of
the main estimates), we treat egyp, {ert)}r=1,... o as separate variables satisfying a first-order system derived
from the wave equation, cf. [61I]. Roughly, we bound the inhomogeneous terms in the evolution equations in
terms of our solution norms, and we derive an energy identity in differential form. In Sects.[5.7] we will
combine these preliminary results with related ones for n, {krs}1,7=1,.. @, {YisB}1.18=1,. 0, {€i}1iz1,. @,
and {w{}lvi:l,.i. . to derive our main a priori estimates, i.e., to prove Proposition
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5.6.1 Commuted evolution equations for eyy and ey

In this section, we provide the first-order evolution equations that we will use to control the scalar functions
e and {ejy}r=1,.. » as well as their derivatives.

Lemma 5.22 (The first-order evolution system for epy, {e;¢}r=1,... », and their derivatives). For solutions
to the equations of Pmposz'tion the g-orthonormal frame derivatives of 1, namely eoy) and {ef¢}r=1.... »,

satisfy the following first-order symmetric hyperbolic system, where the Kasner background scalars ¢ = B logt
and {kry}tr g=1.. o are defined in (2.58) (see also Remark, and we recall that we do not sum over repeated
underlined indices:

Aft(eot — B)] = tnececth — tnycepepy + tlecn)ecy — (n — 1)) — (n — 1) (egtp — 09),  (5.37a)

Oreryp = *%eﬂ) +nereg + (n — Dkjcec + (kre — kic)ect + (ern)dpd
+ (ern)(eot) — 0y1)).

Moreover, if v is a spatial coordinate multi-index and P > 0 is any real number, then the following equations
hold:

(5.37b)

8t[tP8L(eoq/; — 5,51?[?)] = (P — 1)[tpilab(€0”(/} - 8151}?)] + tpnecaLecili

+ tP—lm(Border;L) + tPg:B(Junk,;L)’ (5383)
Oy (tP 0 erp) = (P — Gt 1 0%epih + tFne 0 egp + £ QPO P lunkie), (5.38b)
where
;B(Border;b) — ab(n _ 1) . 8t{/;+ Z o" (n _ 1) . o2 (601/} _ atZZ), (539&)
t1Uta=1
m(,]unk;l,) — Z 9'n - 8¢ - DO &
t1ULaUtz =, |e3|<|¢] (5 39b)
+ ) Ondry-9tEp+ Y 0"én- 9y,
t1UtoUtz =1 t1Uta=1
Qyperdeny .= 9" (k — k) - 028 + 0'én - 0y + 9" én - 9 (eot) — 5.39c
I (U (4 Y — 0
t1Uta=1t t1Uta=1t
+ S 9"e-00"egt,
viUte=uc, | <|t]
el =S g 1) 9% 00%eqp + Y. O (n—1)-0%k 988k (5.30)

t1UtoUtz=¢, |t3|<|¢] t1UtaULs=1t

Proof. Equation follows from multiplying both sides of 7 by nt, using that at(tati) =0,
and carrying out straightforward algebraic computations. follows from the identity 0; = neg, the
commutation identity (4.11)), and straightforward algebraic computations. (5.38a)—(5.38b]) then follow from
differentiating G) with 0%, using the Leibniz rule, multiplying both sides of the resulting equations
by t©~! and t¥ respectively, commuting the factors of t©~! and ¢ under the operator d; on the LHSs, and
accounting for the commutators [tF'=1, ;] and [t7, d,]. O

5.6.2 Pointwise estimates for the error terms in the scalar field evolution equations

In this section, we derive the pointwise estimates for the error terms in the equations of Lemma [5.22] that we
will later use to control egt) — 0y at derivative levels < Ny + 1 and ey at derivative levels < Nj.

Lemma 5.23 (Pointwise estimates for the error terms in the evolution equations for 9SNo+1 (eqe) — 8,5{/;)
and {9=Noerp}r_1.... o). Recall that D(t) is a norm from Deﬁmtion and assume that the bootstrap as-

sumptions (3.9)) hold. Recall that the error terms ‘B(B‘“”de”),DgBOTdET;L),‘B(J“"k“), and Qg"“"’“) are defined
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in (5.39a)—(5.39d). There exists a constant C = Cn Ny, A, D,q,0 > 0 such that if N is sufficiently large in
a manner that depends on Ny, A, D,q, and o, and if € is sufficiently small (in a manner that depends on

N, No, A.,D,q, and ©), then the following pointwise estimates hold for (t,z) € (TBoot, 1] x T :

> tnecdecd|(t,x) < CtHID(), (5.40a)
[t|<No+1
S Bty + > B¢, ) < CTITOD(Y), (5.40b)
[t|<No+1 [t|<No+1
Z Z t?|nerd eo)| (t,z) < Ce Z Z t17 o4 (eh — E)|(t, )
[t|<No I=1,- D |t|<Ng Ii=1,,D (5.40c)

+ Ot oD(1),

Z Z tq|Q§Borde'r';L)|(t,x) < Ce Z Z tq71|abeﬂ/)|(t, z)

|t|<Ng I=1,,© |L|<No I=1,-,D
+Ce Yo Y Mo (eh — et x)  (5:40d)
|t|<No I,i=1,,D
+ Ot oD(1),
S @l e < oD, (5.40e)

[t|<No I=1,-,D

Proof. We apply the same arguments we used in the proof of Lemmas [5.10] and Lemma [5.17} taking into
account the structure of the terms on RHS (5.39a)(5.39d]) and the fact that the low order norm (3.8al)
controls egy) at up to derivative level Ny + 1 (in particular, we use this fact to derive (5.40b))—(5.40c])). O

5.6.3 Differential energy identity for the scalar field

We will derive our top-order energy estimates for the scalar field by integrating the differential identity
provided by the following lemma.

Lemma 5.24 (Top-order differential energy identity for egy) and {er¢}r=1.... »). Let ¢ be a top-order spatial
multi-indez, i.e., |t| = N. For solutions to the 0*-commuted equations (5.38a)—(5.38b) with P := A, + 1,

the following differential energy identity holds, where the error terms ‘,]3(30“1”“),Q(IBOMem)’m(Junk;L)’ and

Q(IJunk;L) are defined in (5.39a)—(5.39d):
O {(tM 110 o)} + 0 {(tM T 0 )t 0 ) }

24, 2(A, +1—gq;
— T(tA*+1aLeoq/})2 + ( +t ql) (tA*+18L6[’(/))(tA*+1aL€]7/})
+ 2(tA*+18Leo1/)) <tA*gB(Border;L) + tA*Jrl;p(Junk:;L)) (541)

+ Z(tA*—i-laLeIw) (tA*-i-lQ(IBorder;L) + tA*+1QErJunk;L))
— 2{c(neg)} (10 ecy) (th 10 eoy) + 26*4 20, {nel (0" ec ) (9 eot))} -

Proof. This lemma follows from straightforward calculation, so we only explain the main steps. We first note
that 0'0;¢) = 0 and thus we can ignore the formal presence of this term on LHS (5.38a). Next, we expand
LHS using the Leibniz rule. When 9; falls on t4*T19%eq1), we plug in with P := A, +1. When
0; falls on t4-+19% 1), we plug in (5.38D) with P := A, + 1. Differentiating by parts on the resulting terms,
we arrive at the desired identity O

5.6.4 Control of the error terms in the top-order commuted scalar field evolution equations

In this section, at the top-order derivative level, we derive L? estimates for the error terms in the evolution
equations of Lemma [5.22
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Lemma 5.25 (L2-control of the error terms in the top-order commuted scalar field equations). Recall that
Hy k), Hey), and D(t) are norms from Deﬁnition and assume that the bootstrap assumptions hold.
Recall that the error terms ‘B(Bordem),Q&Borde7“)7m(1unk;b), and Q(I‘]“"k”) are defined in (5.39a)~(5.39d).
There exists a constant C.. > 0 independent of N, No, and A, and a constant C = Cn N, A.,D,9,0 > 0 such
that if N is sufficiently large in a manner that depends on Ny, Ax,D,q, and o, and if € is sufficiently small
(in a manner that depends on N, Ny, Ax,D,q, and c), then the following estimates hold for t € (Thoot, 1]:

(Border;t)
\/Z ||m(Border L)HLQ(Z ) 4 tA*-i-l Z Z HQ ||L2 £4)
D

[e]=N |[¢|=N I=1,--

(5.42a)
< Cot ™ Hy iy (t) + Cut ™ Hy (t) + Ct~1D(2),

. (Junk;e)
tA=+1 Z ||m(Junk,L)H%2(Zt) 4 AL Z Z ||Q ||L2 .
|e|=N [t|=NI=1,- D (5.42b)

< Ct71TOD(1).

Proof. We apply the same arguments that we used in the proof of Lemma to the terms on RHSs ((5.39al)—
(15.39d)). O

5.7 Integral inequality for the low order solution norms

In the next proposition, we combine some of the results derived earlier in Sect.[f] to obtain an integral
inequality for the low order solution norms. In Sect.[5.8] we will derive a related integral inequality for the
high order solution norms. Then, in Sect.[5.9} we will combine the two integral inequalities and carry out the
proof of our main a priori estimates.

Proposition 5.26 (Integral inequality for the low order solution norms). Recall that L .y k) (t) is a
low order norm and that D(t) is the total norm of the dynamic solution variables (see Definition .
Under the assumptions of Proposition including the bootstrap assumptions , there exists a constant
C = CnN,Ny,A.D,q,0 > 0 such that if Ng > 1 and N is sufficiently large in a manner that depends on
No, A, D, q, and o, and if € is sufficiently small (in a manner that depends on N, Ng, A, D, q, and c), then
the following estimate holds for t € (Toot, 1]:

1
Loy k) (1) < OLE oy ey (1) +c/t 571D (s) ds. (5.43)

Proof. The polarized U(1)-symmetric case will require an additional observation, which we provide at the
end of the proof.

The proof except for the U(1)-symmetric case. Recall (5.22) and Remark We define the scalar function
Q(t,x) > 0 as follows, where the background Kasner scalars are defined in Sect. and we suppress the (¢, x)

arguments on RHS (5.44]):
Q*=Q*(t,x):= ) > 0 vus v+ Z [t0" (k1y — k)

|L|<No I,J,B=1,---,D [t|<No+11,J=1,+ D
I<J
Y Y e e Y Y 0wl — &) (5.44)
[e|<Ng Li=1,--,D || <Ng Ii=1,-,D
+ ) [t (eo — O+ > Z [t90 e v
[t|<No+1 [t|<No I=1,---,D

Throughout the proof, we will silently use the estimates C~|Q|| L (x,) < Lie,w,y.k0) () < CllQ|lLe(s,)
and ||Q|| e (x,) < CD(t), which follow easily from the definitions of the quantities involved and the identity
(5.22). In particular, to prove ((5.43)), it suffices to derive the following pointwise bound for Q?(t,r):

1
Q*(t, ) §L§evwmk’w)(1)+/ s7ITOD2(s) ds. (5.45)
t
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To prove ([5.45)), we will derive the following pointwise bound for (t,2) € (Toot, 1] x T*:

Q*(t,x) < CL%e,w,y,k:w (1) + (Ce — 40) / - Z Z [s%0"(YisB + YaB1)(s,x)]* ds

|t|<No I,J,B=1,---,D

1<J
+ (Ce —4o0) / Z Z sqaLeIz/J

[t|<No I=1,-
05—40/ =D Z [sqab(l &) (s, o) ds
[t|<No I,i=1,-
05—40/ -y Z [sqab( @l (s, x)]* ds
|t|<Np I,i=1,-

+ C/ s~ 1OD?(s) ds.
t

56

(5.46)

Then for e sufficiently small, the first four integrals on RHS (5.46)) are negative, and we can discard them;

the desired bound (5.45]) then follows.

It remains for us to prove (5.46). We will show that the following pointwise estimates hold for (¢,z) €
(TBoot, 1] x T®, where to condense the notation, we omit the arguments (¢, z) on the LHSs and the integrand

arguments (s,z) on the RHSs:
> Z [tqab(VIJB +vs81)]* < CLY, 1y(1)

|t|<No I,J,B=1,-
1<)

+ (Ce — 40)/It st Z Z [s10"(v1B +viB1)] ds

|| <No I,J,B=1,- D
1<J

+cg/ —12 z (e - )

|t|<No I,i=1,-

+c/ s1FOD2(s) ds,
t

> Z 80 by = ) < Oy (1)

|| <No+11,J=1,-

1
+C/ 571D (s) ds,
t
0 - <O ()
1 . .
+(C’s—46)/ STY Y (sl — @) ds
t

|t|<Ng I,i=1,--,D
+ C’/1 s_1+cD2(s) ds,
> [0 (wi - BDF < CLE, (1)
+(OE—4G)/151 Z Z [SqaL(wZI—(I)ZI)]2dS

|e|<No I,i=1,--,®

1
+C/ 571D (s) ds,
¢

(5.47)

(5.48)

(5.49)

(5.50)
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ST [t (et — B2 < CL2, (1)

|[¢]|<Np+1

) (5.51)
C —1rop?(s) ds,
+ /ts (s)ds
S [0y < CLE, (1)
[t|<No I=1,--,D
06740'/ -1 Z Z [s90 e )
|| <No I=1,-
(5.52)
—i—Cs/ Ly Z [sqaﬁ(z e d
[t|<No I,i=1,-

+c/ sT1+oD2(s) ds.
t

Then adding (5.47] -, we arrive at (| -

To prove -D we first multiply equation (5.20) by 2[t90"(yrs5 +YsB1)] to obtain the evolution equation
O {[t90" (YruB +vaB)*} = 2[t90"(v1sB + 'YJB[)] x RHS (5.20). We then integrate this equation in time
over [t, 1] with respect to ds, apply the fundamental theorem of calculus, and then sum the resulting identity
over all ¢ with |¢|] < Npand over all I, J,B =1,--- ,® with I < J. The left-hand side of the resulting identity
is equal to LHS (5.47)), while the resulting initial data term (on %) is < the term CL%y’k)(l) on RHS (5.47).

Next, using (3.6]), we see that the terms generated by the first term {q —(qr+q5 — 'qvﬁ)} t97Y0 (yrsB + YJBI)

on RHS are < the term —40 [ 5! D ll<No 2210, B=1, o870 (Y175 +YB1)]? ds on RHS (note
that the overall minus sign is correct, since t € (TBoot, 1]). Finally, with the help of the identity ,
the error term estimates 7, and Young’s inequality, we see that the terms generated by the
remaining terms on RHS (5.20) are < the sum of the remaining terms on RHS as desired.

The estimate follows from a similar argument based on equation with P:=1and |¢] < Ng+1
and the error term estimates ( m

The estimate |-) follows from a similar argument based on equation ({5 with P := ¢ and the error
term estimates (|5.29a] m The estimate (5.50)) can be proved via s1m11ar arguments based on equation

(5.27b)) with P := ¢q and the error term estimates ([5.29¢)—(5.29d)).
The estimate (5.51]) follows from a similar argument based on equation ([5.38al) with P := 1 and |¢|] < Ny+1

and the error term estimates (5.40al)—(5.40b)).

Finally, the estimate (5.52) follows from a similar argument based on equation (5.38b) with P := ¢ and
the error term estimates ([5.40c)—(5.40¢)). This completes the proof except in the polarized U(1)-symmetric
case.

The proof in the polarized U(1)-symmetric case. By (5.25)), in polarized U(1)-symmetry with © = 3, the
structure coefficient yr ;5 +7v sps vanishes unless I = B # J (in which case (2.20) implies Yryp+YsBr = Y1sB
— though this identity is not needed for our results) or B = J # I. The key point is that for the non-zero

structure coefficients, when I = B, the factor @ on LHS (5.19) reduces to q%, and similarly, when

= J, the factor M on LHS (| - ) reduces to —L. Hence using the definition of ¢ in the

polarized U(1)- bymmetrlc case, we can repeat the proof of given above in the non- bymmetrlc case —

but making the change w — q% or w — qTL in the relevant spots — to derive the desired

estimates. ]

5.8 Integral inequality for the high order solution norms

In the next proposition, we combine some of the results derived earlier in Sect.[f] to obtain an integral
inequality for the high order solution norms.

Proposition 5.27 (Top-order energy integral inequalities). Recall that Hy i), Hy), Hee o), and D(t) are
norms from Definition [3.1 Under the assumptions of Proposition [5.1] including the bootstmp assumptions
(13.9), there exists a constant C,. > 0 independent of N, Ny, and A, and a constant C = Cn ny, A, 2,90 > 0
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such that if Ng > 1 and N is sufficiently large in a manner that depends on Ny, A, D, q, and o, and if € is
sufficiently small (in a manner that depends on N, Ng, A, D, q, and 0), then the following estimates hold for

te (TBoot7 1] N

HEy 1 (t) < CHE, 1, (1)

1 1 1 (5.53a)

+(C*—A*)/t S_IH?%,C)(S)dS-i-C*/t s_lH%w)(s) ds+C/t 571D (s) ds,

2 2
Hiy) (t) < CHiy) (1)

! —1772 ! 1 ' —1+om)2 (5.53b)

+C’*/ s HE, ky(s)ds + (C fA*)/t H(w)( )ds+C’/t s D=(s) ds,

H(e w)( ) < CH(e w) (1)

(5.53c)

1 1
+C, / _1H(Y,€ + (C, —A*)/ s_lH%e’w)(s) ds—l—C’/ sTITOD2(s) ds.
t t

Proof. We stress that throughout the proof, C' and C\ denote constants that have the properties stated in
Sect.[I.11] and that these constants can vary from line to line. In particular, the “final” constants appearing
in ((5.53a)—(5.53c|) do not have to coincide with the constants appearing in the proof.

To proceed, we first integrate the differential energy identity over [t,1] x T® with respect to dsdz,
sum the resulting identity over all ¢ with « = N, use to control the top-order derivatives of the lapse,
use the estimates ||n — 1lwr.e(s,) St° and [le ||W1 o) S < ¢t~1+2° (which are simple consequences of (2.58),
the inequalities in , and the bootstrap assumptions), and use the Cauchy—Schwarz inequality for integrals
and sums and Young’s inequality to deduce that the following estimate holds for ¢ € (T'goet), 1], where Ci > 0
and C' > 0 are as in the statement of the proposition:

1
S>> Bk s, + §t2A*+2 > S 10vislias,

=N L,J=1,0,D =N I,J,B=1,-- ®
= OH (v, k)( )
1
+(C*_A*)/ > Z 2A*+1H8bk1‘1||%2(25)+ Yo > ST YLslias, ¢ ds
t le|=N1.J=1,: |t|=N1,J,B=1,---,D

=+ Z Z / 2A,+1 Hﬁ(Borde'rL ds

[t|=NI,J=1, L2(%,)
+ Z Z / 2A,.+3 qu(Border ) 2 ds

|t|=NI,J,B=1,- L2(%s)
+ / 24,43 Hm(Border i) ds

ZNJ 12: L2(3,)

Artl A+1 (Junk )
+C Z Z / 5418 ks || 12 & e
=NI,J=1,
Astl Au+1 g5 (Junk;e)
+C Y Z / |s4+ 1o & s ds
|t|=N I,J,B=1,-
+c Z Z / {||5 *HaLYUBHL2 . +57D(s) sA*“gmg“"k”)
|t|=N I,J,B,E=1, L)

s 2 / T s N0 kg |z {lls™ 10V BERL2(5,) + 57D(5)} ds.

||=NI1,J,B,E,F=1,
(5.54)
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Using Lemma , we deduce that the three integrals involving the borderline terms ﬁ(Border ) ®§§%Tder L),
(Border;u
and 9N} are

1
< (. / y i (8) + H%¢)(s)} ds + C/t 571D (s) ds,

and that (in view of Deﬁnition the three integrals involving the terms ﬁ(‘]unk 9 65‘?3’6 ) and sz;’“"’“‘”
are < Cfl s71t9D2(s) ds. Moreover, appealing to Definition we see that the integrals

C Z Z / _H—GHS *+18Lk”||L2(E ) {HS *+18L‘YBEF||L2 ) —&-SU]D) } ds

|t|=N I,J,B,E,F=1,-

on the last line of RHS are < C’fl s711°D2(s)ds. From these estimates, we arrive, in view of
Definition at the desired estimate (5.53a)).

The inequality follows from a similar argument based on the scalar field differential energy identity
and the error term estimates of Lemma we omit the details.

To prove (5.53d), we first set P := A, + ¢ in equation and multiply it by 2[t4*T99" (e} — €%)] to
deduce

, , 2(A,
0 ([t 190" (ef — N’} = (%Q)[t*“ T4 (e — &)]?
24 P A (e — )] + 2 e ) a9 — @),

(5.55)

We then argue as in the proof of (5.53a)), but using (5.55) in place of (5.34) and the error term estimates of
Lemma [5.15|in place of those of Lemma Summing the resulting inequality over I,i =1,--- ;®© and also
noting that C'e < C,, we deduce that the following estimate holds for ¢ € (T'goet), 1]:

tQ(A*JFQ)”eHi'[N(Et) S HeHHN(E ) +C / _1H(V k) dS+C / _1H(e "U)( )dS

fA*/ 1{ A+ ”HN(E )} derC’/ s7ITOD2(s) ds.
t t

Next, we note that the one-form components {w?!};;—; ... o satisfy the same inequality, that is, holds
with w in place of e; to see this, one argues as in the proof of , but using the evolution equation
with P := A, + ¢ and the last two error term estimates in Lemma Adding this top-order energy
inequality for the {w{}l,i:L... o to the inequality , and considering the definition of He,w)(t),
we arrive at the desired estimate (5.53d). We have therefore proved the proposition. O

(5.56)

5.9 Proof of Proposition
We start by adding the integral inequalities (5.43]) and (5.53a))—(5.53c) to obtain, in view of Definition

and (5.1), the following inequality for ¢ € (TBoot, 1], valid under largeness/smallness assumptions on the
parameters that we describe just below (and we again stress that constants labeled “C.” — though we allow
them to vary from line to line — are always independent of Ny, N and A,):

1 1
D2(t) < C&2 4+ (C, — A*)/ STUHE L (s)ds + c/ s~1HOD2(s) ds. (5.57)
t t

We now fix A, to be sufficiently large so that the factor C, — A, on RHS is negative. For this fixed
value of A, and any fixed integer Ny > 1, we choose N to be sufficiently large (in a manner that depends on
Ny, A, ®,q, and o) and then ¢ to be sufficiently small (in a manner that depends on N, Ny, A,, D, ¢q, and o)
such that all of the previous estimates proved in the paper hold true. For this fixed value of A,, this justifies
inequality . We now note that the negativity of the factor C, — A, ensures that we can discard the first
time integral on RHS (5.57), that is, for ¢ € (TBeot, 1], we have D?(t) < Cé?+C f s71T°D2(s) ds. From this
inequality and Gronwall’s lemma, we deduce that D?(¢t) < Cé2. From this estimate and (5.6), we conclude
the desired bound . O
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5.10 Existence of perturbed solutions on the entire half-slab (0, 1] x T®

In the next proposition, we use the a priori estimates of Propositionand standard local well-posedness/continuation
results to show that the perturbed solution exists on (0,1] x T®.

Proposition 5.28 (Existence of perturbed solutions on the entire half-slab (0, 1]xT®). Let (X; = T?, g, Ioc, 1/01, gzb)
be geometric initial data (see Sect, for the Einstein-scalar field equations verifying the constraint equa-

tions (1.2a)—(1.2b) and the CMC' condition trk = —1 (see Remark , and let {ér}i=1,... o be the initial
orthonormal frame (on ¥1) constructed in Sect.|5.11, Recall that L(,)(t), H,y(t), and D(t) are norms from
Definition [3.1] and that & := D(1). Assume that the following conditions are satisfied:

o Ny >1.

A, > 1 is sufficiently large.
e N is sufficiently large in a manner that depends on Ny, A, D,q, and ©.
e The norm € defined in (5.1)) is sufficiently small in a manner that depends on N, Ng, Ay, D, q, and .

Then there exists a constant Cn N, A,,,q,0 > 0 such these data launch a perturbed solution

i I
(n7 kry,Yris.er, w;, ¢)17J,B,i:1,--- D

to the reduced equations of Proposition that exists classically on (0,1] x T® and satisfies the following
estimate for t € (0,1]:

D(t) + ]L(n) (t) + H(n)(t) < CN,NO,A*,Q,q,Gé- (5.58)

Moreover, if we define g;; and g in terms of the reduced variables by g;; := wfwf and g := —n’dt @ dt +

Japdz® @ da® (where t is the CMC time function and {z'};=1... o are the transported spatial coordinates),

then the tensorfields (g,v) are also classical solutions to the FEinstein-scalar field system (1.1a)—(1.1b) on
(0,1] x T®.

Proof. We first fix Ny > 1, A, sufficiently large, and N sufficiently large such that if the bootstrap smallness
parameter ¢ is sufficiently small, then all of the estimates proved in the previous subsections hold true on
(TBoot, 1] x T, as long as the bootstrap assumption holds for t € (Toot,1]. By standard local well-
posedness, if € is sufficiently small and C is sufficiently large, then there exists a maximal time Thsq. € [0, 1),
such that the solution (n,k,y,e,w,n,¥) to the reduced equations of Proposition exists classically for
(t,z) € (Trraz, 1] x T® and such that the bootstrap assumptions hold with Tgoot = Thraz and € := CE.
By enlarging C' if necessary, we can assume that C' > 2Cn ny, 4, 99,0, Where Cn Ny, A, ©.q,0 1S the constant on
RHS . For the reader’s convenience, we now comment on the “standard local well-posedness” mentioned
above. Specifically, readers can consult [6] for the main ideas behind the proof of local well-posedness in a
similar but distinct elliptic-hyperbolic gauge for Einstein’s equations, or [59, Theorem 14.1] for a sketch of a
proof of local well-posedness in CMC-transported spatial coordinates; local well-posedness for the equations
of Proposition [2.2| can be proved via similar arguments. We emphasize that, as is stated in Proposition
solutions to the reduced equations (including the constraints) are also solutions to the Einstein-scalar field
system 7, where the spacetime metric can be reconstructed from the reduced variables via the
equations g = —n’dt ® dt + gupdr® @ da® and g;; = g(0;,0;) = wz-cch (see (2.7)). Moreover, in view of the
norms defined in Definition [3.1] it is a standard result (again, see [6] for the main ideas) that if € is sufficiently
small, then either i) Thrqr = 0 or ii) Thrar € (0,1) and the bootstrap assumptions are saturated on the time
interval (Thqz, 1], that is,

sup  {D(t) + Ly (t) + Hiy (1)} =e. (5.59)
tG(T]uaI,l]

The latter possibility is ruled out by inequality (5.2]) when € is small enough. Thus, Thsq, = 0. In particular,
the solution exists classically for (¢,z) € (0,1] x T®, and the estimate (5.58)) holds for ¢ € (0, 1]. O
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5.11 Construction of the initial orthonormal spatial frame

Thus far, we have not constructed the initial orthonormal spatial frame {é;};=1,.. » on ¥;. To achieve
this away from symmetry, we simply apply the Gram—Schmidt process to the transported spatial coordinate
vectorfield frame {9;};=1.... ». More precisely, with ¢ denoting the Riemannian metric on £, we set

PR O (5.60a)
1= = = = ’ .
Vg +/g(d1,01)
Enpri=0mi1— Y, Geadirsr€f €r, M=1,--,9-1, (5.60b)
L:L---,M%’_D/
9(Onm+1,€L)
. _ Eni _
En1 = - - , M=1---,9—1. (5.60c)
gchM+1Ej‘\l4+1

By construction, for 1 < I, J <D, we have the desired identity ¢(ér,€;) = 877, where 85 is the Kronecker
delta.

In the polarized U(1)-symmetric case with ® = 3, we proceed in a similar fashion, but starting with
é3 1= \/%3; = \/g(%z,,ag)' Note that for metrics that are initially polarized and U(1)-symmetric in the sense

described in Lemma[2.3] this Gram-Schmidt process leads to an initial frame that respects the 93 symmetry:
Lo, = 0 for I = 1,2,3. Hence, Lemma @ ensures that throughout the classical evolution, we have

e3 = \/‘99% and Ly,ey =0 for I =1,2,3.

5.12 The near-Kasner smallness condition on the geometric initial data

Before proving our main theorems, we will first define a norm of the “geometric” initial data (X =
Tg,é,lﬂs,z/;,d;) minus the background Kasner data. The smallness of this difference will be sufficient for
the validity of our main results. We highlight that the lapse n is not among the geometric initial data; it is a
gauge-dependent quantity that can be controlled in terms of the geometric data. Then, in Lemma we
show that if the geometric data are sufficiently near-Kasner, then the full data norm D(1) 4L, (1) + H, (1)
is small, i.e., we have smallness not only for the geometric data, but also for all of the gauge-dependent
quantities such as n — 1, e} — gip kry—krj, etc.

To proceed, we let (X, = Tg,é,;},lz,(z) be an initial data set, as described in Sect. Recall that
relative to standard coordinates on T®, the Kasner background data (on ¥;) have the following components:
f)f]{As = 04y, IOCEAS = —q;dij, Q/ZKAS =0, QDSKAS = E, where 6;; is the Kronecker delta, we do not sum
over repeated underlined indices, and by assumption, the Kasner exponent constraints are satisfied.
For N € N, we define the following norm which, relative to the standard coordinates on T*, measures the
perturbation of the initial data set away from the Kasner background:

&=&(N) = Y gy = Sullavaey+ D ki + @il (ro)
ij=1, D ij=1,,D (5.61)
+ [l an+r ey + |0 — Bllaw (1o).
In the next lemma, we show that the norms appearing in the bootstrap assumptions (3.9) are initially
small, provided & is sufficiently small.

Lemma 5.29 (A near-Kasner smallness condition on the geometric initial data implies smallness of all
solution variables along ¥1). Recall that D(t) is the total norm of the dynamic variables and that L, and
H,) are the norms of the lapse (see Definition . For N € N, we define

&= &(N) :=D(1) + Ly (1) + He,y (1) (5.62)

Let & be the norm of the perturbation of the geometric initial data away from the Kasner data, as defined in
. Let {ér}i=1,... o be the initial orthonormal frame constructed in Sect. and let the initial lapse
n = nl|y, be the solution to the elliptic PDE . Fiz Nog > 1. There exists a constant C = Cn n,» > 0
such that if N is sufficiently large in a manner that depends on Ny and D, and if & is sufficiently small, then

¢ < Ci. (5.63)
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Sketch of the proof. This is a standard result, so we will only sketch the proof. Throughout, we will assume
that & is sufficiently small. From , we see that the ® x ® matrix §;; is equal to the identity matrix up
to an error matrix whose components are bounded in the norm || - || g~x+1(po) by < & From this fact, the
Gram—Schmidt process described in Sect. and the standard Sobolev calculus (i.e., estimates of the type
appearing in Lemma [4.1)), it follows that for 1 < I,i <®, we have ||} — 8% ||g~+1(ro) S &, where 8} denotes
the Kronecker delta. To complete the proof of , we must show that when ¢t = 1, the remaining norms
in Definition are all < &. This can be achieved by working relative to the standard spatial coordinates
{z'};—1... » on X and using the definition of &, the definitions of the quantities appearing in the norms
of Definition the standard Sobolev calculus, and elliptic estimates for the lapse, similar to the ones we
used to prove Proposition As one example, we will show that [[vrsp|lg~s,) S & First, we note that
YraBls, = Gab§(0.6%)eh + ééh b, where Tipy = L {0,y + 038 — OpGij} ave the (lowered) Christoffel
symbols of g relative to the spatial coordinates {z'};—1 ... » on 3;. Thus, from this expression for yrsp|s,,

calculus, we conclude the desired bound ||yrsB| g~ (s,) S & This concludes our proof sketch. O

6 The two stable blowup theorems

In this section, we prove our two main theorems. The derivation of the a priori estimate (5.58) was the
difficult part of the proof, and based on this estimate, the proofs of the main results will unfold in a natural
fashion.

6.1 Statement of the theorems

In this section, we state the two theorems. The proofs are located in Sect.[6.4] Before proving the theorems,
we will first establish, in separate sections, some of their key aspects. We start by stating our main theorem
for solutions without symmetry.

Theorem 6.1 (Precise version of stable Big Bang formation without symmetry assumptions). Let g :=
—dt @ dt + Z?:l 241 dg! @ dal, 1) := Blogt be an explicit generalized Kasner solution on (0,00) x T®, where
the constants {qr}r=1,.. » and B satisfy the algebraic constraints Z?zl gr =1 and 2?21 @ =1- B2 as well
as the following stability condition:

qr + 47 — q 1. 1
p g pax  {ar+4r—qs} < (6.1)

I<J

Note that in the vacuum case, we have B = 0. As we discussed in Sect. in the vacuum case, the set
of Kasner solutions satisfying the algebraic constraints and the condition is non-empty when © > 10,
while in the presence of a scalar field, the set of Kasner solutions satisfying the algebraic constraints and the
condition is non-empty when ® > 3. Let kry = —q;815t™1 be the components of the second fundamental
form of ¥ relative to the Kasner metric, with respect to the background orthonormal frame vectors ey =
t‘zﬁﬁb where we recall that we do not sum repeated underlined indices. Let (X1 = T®, §,k, 1, ¢) be geometric
initial data (see Sect. for the Einstein-scalar field equations verifying the constraint equations 7
and the CMC' condition trk = —1 (see Remark , and let {ér}r=1.. o be the initial orthonormal
frame (on 1) constructed in Sect,. Note that 1/1 = ¢ = 0 corresponds to the Einstein-vacuum equations.
Let

do= > i = Sijllgmereny + D> ki + @bl ro)
i.j=1,,D ij=1,,D (6.2)

+ |

denote the norm of the perturbation of the geometric initial data away from the Kasner data, as defined in

(5.61). Assume that:

e Ny > 1 is a fized positive integer (we are free to choose Ny ).

|v+1 oy + ||<I3 - EHHN(TQ)
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o A, is sufficiently large in a manner that depends on © and the parameters ¢ and o fized in (3.6)).
o N is sufficiently large in a manner that depends on Ny, A.,®,q, and o.
o & is sufficiently small in a manner that depends on N, Ny, Ay, D, q, and o.

Then the following conclusions hold.

Existence and norm estimates on (0,1] x T®. The initial data launch a unique solution

(n, ks, V1B, €l W], ) 1.0,B,i=1, ©
to the reduced Finstein-scalar field equations of Proposition existing on the slab (t,x) € (0,1] x T®.
Moreover, if we define g;; and g in terms of the reduced variables by g;; = w;“w;‘ and g := —n2dt ® dt +
Japdz® @ dz® (where t is the CMC time function and {x'};—1... o are the transported spatial coordinates),
then the tensorfields (g,v) are also classical solutions to the FEinstein-scalar field system f on
(0,1] x T®. In addition, there exists a constant C = Cn Ny.A. D.q.0 Such that the following estimates hold
fort e (0,1]:

o o o
Z t9)ler — € llw oo () + Z 9w — ‘I’{HWNOM(EQ"' Z tvrrBllwnoe(s,)
Ii=1 Ii=1 1,7,B=1
D _ ° ~
+ Z thkrs = krllwworioo(s,) + thHelw”WNva(Et) + [t = Bllwnot1.0(s,) (6.30)
1,J=1 =1 :
o
+ t_GHn — 1||WN0+1,00(2t) + Z tq_GH@In”WNO’m(Et)
i
<Cq,
o o o
Z t4F 9 ef — €l g s,y + Z 4T wf — & [l g s,y + Z 4 vrssl gy s,
Li=1 Li=1 1,7,B=1
o o
+ Z tA*HHkIJHHN(zt) + ZtA*+1||€I¢||HN(zt) +tA*+1||at1/’||HN(zt) (6.3b)
I,J=1 =1 :
o
+ ||”||HN(zt)+tA*+1||5”||HN(zt) + Z tA*HHBNﬁHHN(Zt)
=1
< Cua.

Kasner-like behavior. The scalar component functions {tkIJ(t,x)}LJ:L__.’@ of the renormalized second
fundamental form of £, with respect to the g-orthonormal frame {e;(t,z)}1=1,... o, as well as the renormalized
time derivative t0;)(t,x) of the scalar field, have continuous WNo+1:2(T®) limits, denoted respectively b

{Kgc}o)(m)}l . and B (x), as t | 0. Moreover, the following estimates hold for t € (0,1]:

ST lthrs(t) = K5 lwvosrroy < C&t, t0(t, ) — B yyngrrm(ray < C&t®,  (6.4a)
I,J=1,-,
S Ik 4+ @b llwrorioeroy < O, IBC) — Bllyyno+1.00 oy < Ck. (6.4D)
1,J=1,,

In addition, for each x € T, the symmetric ® x ® matriz (—Kgof) ())1,9=1,.. ® has® (possibly repeated)

eigenvalues q§°°)(x) — which are the “final” Kasner exponents of the perturbed spacetime — that can be ordered

such that
@™ a5 € CO(T®) (6.5)

39Here we are slightly abusing notation by, for example, using the expression KgoJO)(a:) to denote the function z — Kg?) (z).
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and such that the following estimate holds:
lgi™ - Grll L (roy < Ca™. (6.6)

Moreover, the {qgoo)(x)}IZL... o and B(>®)(x) satisfy the following pointwise algebraic relations:

o]

D

S @) =1, Sl @) =1 - B ()] (6.7)

I=1 I=1

Curvature blowup. The Kretschmann scalar of g, namely Riemo‘“ﬁ”Riemwﬁu, blows up ast | 0, as is

evident from the following pointwise estimate, valid for (t,x) € (0,1] x T®:

D
2
Riem"" Riemas, (1 7) = 474 3° [(@) = ¢ @] + Y (@™ @)*(¢f @)

I=1 1<I<J<LD

+ O(&t™ 1) (6.8)
2 2

=4ty (@@l + ) @y 0.
I=1 1<I<J<D

Inextendibility. The spacetime is past-inextendible as a C? Lorentzian manifold.

Remark 6.2 (No regular limit is claimed for the orthonormal frame vectorfields). Despite the convergence
of the renormalized component functions {tkr;(t,2)}; ;_; ... », our proof does not yield (or require!) that
the component functions {e% (¢, )} =1.... o of the frame vectorfields with respect to the transported spatial
coordinates can be rescaled by powers of ¢ so as to have non-trivial, regular limits as ¢ | 0.

Remark 6.3 (In general, no additional regularity is claimed for the final Kasner exponents). Although
Kg?]o)(a:) € WhNotL(T®) (where we assume Ny > 1), in general, the function space C°(T®) in and
the norm || - || o (o) on LHS are optimal (in the class of C™(T®) spaces with m € N), due to the
fact that the background solution is allowed to have repeated Kasner exponents. However, by analyzing
the dependence of the characteristic polynomial of the matrix (tk”(t,x))LJ:l,_“ o on the entries tky;, we
could show that if g7 # ¢y for 1 < I < J < D, then the space C°(T®) in could be replaced with
CNot(T?), the norm || - || oo (roy on LHS could be replaced with || - ||y ~o+1,0 (o), and the factor &
on RHS could be replaced with &. However, we would have to impose another smallness assumption

on &: & K 1< }ni}l<©|?]} — |- We thank one of the referees for providing helpful comments tied to this issue.
sI<J=s

Remark 6.4. The eigenvectors of the symmetric matrix (K(IC}O) ())1,5=1,... » might fail to be continuous in
z, for example in the case where the qgoo)(a:)’s have contact points of infinite order; see [38, Chapter Two,

Example 5.3].
We now state our main theorem for polarized U(1)-symmetric solutions.

Theorem 6.5 (Precise version of stable Big Bang formation for polarized U(1)-symmetric Einstein-vacuum
solutions in 1 + 3 dimensions). Let g = —dt @ dt + t*Tda! @ do! + t22dr? @ da? + t2Bdx® @ dx® be a
“background” Kasner solution on (0,00) x T3 with Kasner exponents satisfying

3 3
~ »-\2 _ ~
D= a =1 max g <l (6.9)
I=1 I=1
Let EU = —qrd75t~" be the components of the second fundamental form of ; relative to the Kasner metric,

with respect to the background orthonormal frame vectors e; = t~9L9;. Let (¥ = T3, g, k) be polarized U(1)-
symmetric initial data (see Sects, and for the Finstein-vacuum equations verifying the constraint
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equations (L2a)-(L:21) (for ¥ = 0) and the CMC condition trk = —1 (see Remark , and such that
X := 05 is the hypersurface-orthogonal Killing vectorfield of the data. Let & be the norm of the perturbation
of the initial data away from the Kasner data, as defined in (where the scalar field data on RHS
are vanishing by assumption). Let {e;}r=1,23 be the g-orthonormal frame obtained by constructing the initial
orthonormal frame as in Sect. and then using Lemma[2.4) to ensure that throughout the evolution, the
corresponding frame solution to the Fermi—Walker transport equation verifies eg = \/‘{;% and Lo,er =0
for I =1,2,3, where L denotes Lie differentiation. Assume that the parameters N, Ny, A, q, 0, & satisfy
the assumptions of Theorem where in polarized U(1)-symmetry, q, ¢ are fized constants verifying

0 < 20 < 20 + max{|q], |¢2], |¢3]} < ¢ < 1—20. (6.10)

Then the conclusions stated in Theorem [6.1] hold for the solution to the reduced equations of Proposition[2.9
(which also yields a solution to the Einstein-vacuum equations, i.e., with ¥ = 0) that arises from the
prescribed polarized U (1)-symmetric initial data (g, k) Moreover, the solution is polarized U (1)-symmetric in
the sense that relative to the transported spatial coordinates, 03 is a hypersurface-orthogonal Killing vectorfield

of the spacetime metric g, and g is of the form (2.37)).

6.2 Limiting functions

In the next proposition, we show that the scalar functions {tkr;(t,")}; ;—; .. o and t0:¢(t,-) have limits
in WNo+1(T?) as t | 0. Moreover, the limiting fields obey a limiting Hamﬂtonian constraint equation and
exhibit other “Kasner-like” properties.

Proposition 6.6 (Asymptotic, Kasner-like limits). Under the assumptions and conclusions of Proposition
the scalar component functions {tkr;(t,x)}; ;_, .. o of the renormalized second fundamental form of ¥
with respect to the g-orthonormal frame {er(t,x)}r=1,... » and the renormalized scalar field velocity tOp)(t, x)

have continuous limits in WNo+1.°(T®)  denoted respectively by {KSJ)( )}I T and B (z), ast ] 0.

Moreover, the following estimates hold:

ST ltkrs(t) = K5 lwvosteroy S é6° [t04b(t, ) — B ||yymorioe(poy S €69, (6.11a)
I,J=1,- D
S Ik + @b rallwror e (roy S & IBC — Blly ot (roy S €. (6.11b)
I1,J=1,--,©

In addition, for each x € T®, the symmetric ® x ® matriz (—K&OJO) (®))1,9=1,.. ® has® (possibly repeated)
eigenvalues q}oo) (z) — which are the “final” Kasner exponents of the perturbed spacetime — that can be ordered
such that qioo), 7q§3°°) € C%T®) and such that the following estimate holds:

Z Hq‘(f — 1l (o) S es. (6.12)
I=1,. D

Moreover, the {q§°°)(:c)}1:1,... o and B (x) satisfy the following pointwise algebraic relations:

D
Zq“’o) Dol @) =1 B (@) (613)
I=1

Proof. Let {t,}52; C (0,1] be a decreasing sequence of times such that lim,,_, t, = 0. A straightforward
modification of the proof of ([5.48)), based on the evolution equation 1) and the estimate ([5.58]), yields
that when 0 < a < b < 1, we have [lakr;(a,-) — bkr(b,-)|lw~o+100(roy S ef s71T°D(s)ds < €b°. Hence,

) , verifies

{tnkry(tn, )}, is a Cauchy sequence in WNotL OO(11’9)7 and its limit, which we denote by K(Ii’]o
K — thrs(t, ) lw oo roy S €6°. In particular, kS — krs(1,)|lwsosie (o) S €. Since [krs(1, )+

ardrillwnotiee(roy = [[krs(1,-) — Erllw o, o120y S €, we infer from the triangle inequality that HKU +
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qrdry|lwno+r.0o(roy S €. We have therefore proved (6.11af) and (6.11b) for K . Moreover, the symmetric

matrix (Kg?,o)(x))LJ:L... o is O(é)-close to the diagonal matrix diag(—gq, - - - ,—qg). Thus, at each fixed z,
—(Kgc}o) ())1,5=1,... » is diagonalizable, and by standard perturbation theory (see [63, Theorem 1.4 in Chapter

IV]), its (possibly repeated) eigenvalues g;(z) can be ordered such that ¢{° (z), - - ,qgo)( ) € C°(T?®) and
such that the following estimate holds:

(6.14)

> 1@ -al s \K§3°>x 1517
I=1,--9 IJ1

From ([6.14)) and (6.11b)), we conclude (6.12]).

The convergence results and estimates for t9;1) can be proved in a similar fashion by making straightforward

modifications to the proof of (5.51])

To derive the first relation in (6.13]), we employ the CMC condition 7) (which is equivalent to —1 =
tkcc) and the estimate || K(oo) —tkry(t,-)|lwno+1.00 (o) S €% proved above to deduce the following pointwise
estimate:

D
—1 = ttrk(t, x) = O(&t°) + trx(™) (z) = O(&t”) = Y ¢ (2), (6.15)

where to obtain the last equality, we used that the trace of the ® x © matrix (K?}o))wzlyi.. o is the sum of

its eigenvalues —q%oo)7 . —qgo) Taking the limit ¢ | 0 on RHS (6.15]), we obtain the desired relation.
To derive the second relatlon in , we multiply the Hamiltonian constraint (| m by t? and use

the estlmate (5-58), the inequalities in (3.6), and the estimates ||KU — thry(t,)|lwno+roo(roy S €7 and
| B(>®) — t@tw( , )||WNO+1,OO(T©) < ét° noted above to deduce the following pointwise estimate:

1 = t?kop(t, x)kep(t, x)—t* {2ecYppC — YepEYEDC — YoopYEED ) (t,2)

n=2 [t (t, 2))° + P [ec(t, @)lect (t, x)

o (6.16)

= 5D (@)kS) (2) + (B (@) + 0(&t°) = 3 [0 (@) + B (@) + O(&t°).

I=1

The desired second relation in (6.13)) now follows from taking the limit ¢ | 0 on RHS (6.16). This completes
the proof of the proposition. O

6.3 Monotonic blowup of curvature

In the following proposition, we show that the Kretschmann scalars of the solutions studied in the present
paper blow up like t~%.

Proposition 6.7 (Monotonic blow up of the Kretschmann scalar). Under the assumptions and conclusions
of Proposition the Kretschmann scalar Riemo‘”B”Riemwgy obeys the following pointwise estimate for

(t,z) € (0,1] x T®, where the functions {qgoo)(m)}sz... o are as in the conclusions of Proposition .'

D

2
Riem* Riemos,(t,2) = 47 {3 [ @) = @)] + > (6P (@) @)?
I=1 1<I<JL<D
+O(ét=*1°) (6.17)

=4t~ +O(et™).

M 5
|
S
™
ot
=

1:1 1<I<J§©
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Proof. We first use the standard symmetries and antisymmetries of the Riemann curvature tensor of g to
compute the following identity for its Kretschmann scalar:

Riemo‘”’g"Riemaﬂgu = Riem(ey, er,ep,e;)Riem(eq,er,ep,e5)
+ 4Riem(eq, €5, €p, ;) Riem(eq, e, €p, € ) (6.18)
— 4Riem(ey, er,e0,e5)Riem(ey, er, eq, ).

Next, using the Gauss equation (2.29), the estimate ([5.58)), the inequalities in (3.6)), and the convergence
estimate (6.11a)) for tk;;, we derive the following pointwise estimate:

’Riem(ea, e, ep, ) = (thr)(thap) — (thas)(thpr) + O(&)t7 = k) — ) L o@&)te. (6.19)
Similarly, with the help of the Codazzi equations (2.33) and (2.19), we compute the following pointwise

estimate:
t*?Riem(ea, ez, eq, e) = t* {€50:krs — €50ckas —Yarskps — Yasskis +Yiaskps +Yisskas}
— 0@

Similarly, with the help of (2.28) and (2.22a)), we deduce the following pointwise estimate:

(6.20)

t?Riem(eg, e, eo,e;) = —tkry — (tkic)(tkcy)
+t*{e50.Y15D — €50:YDID — YDICYCID — YDDCOY1IC — (ert)e v} (6.21)
K§?,°> K kS + 0(e)te
Inserting (6.19) into 7 we deduce the following pointwise estimate:
Riemo‘“ﬁ Riemwg,,
=17 (TG = EPREI (KGR — <G + Al + FRENET +kFRE ) (6:22)
+ O(ét=0).

Consider now the symmetric matrix K := (Kg(.)]o))j"jzl’“. -, whose eigenvalues are —qgoo), e ,—q(DOO). Using

that for m € N, we have tr(K™) = Z?:l[—q§°°)]m, we rewrite the expression in braces on RHS (6.22)) as
follows:

(k7 ks = <R 55 = BT + AT i (kT + R ED)

= 2[tr(KK))? + 4tr(KK) + 8tr(KKK) 4 2tr(K KK K)
)

=193 [<q§°°>>2 D SRRl
I=1 1<I<J<®

Combining , We arrive at the first equality stated in (6.17). To prove the second equality stated

in (6.17), we snnply use ) to replace all factors of K( ) on RHS (6.22) with —g;87; up to O(€) error
tcrms (wh1ch in view of thc factor of t=* in front of the braces in (6.22), leads to the error term O(ét=*) on

RHS (6.17). This completes the proof of the proposition. O

(6.23)

6.4 Proof of Theorems [6.1] and [6.5]

We first prove Theorem [6.1] The conclusions regarding existence and norm estimates, generalized Kasner
behavior, and blow up of curvature follow from Propositions [5.28] u . and [6 . 7l and the estimate . The
C?-inextendibility is a direct consequence of the curvature blowup.

To prove Theorem we simply note that the polarized U(1)-symmetric solutions satisfy the same
estimates as the solutions from Theorem Hence, the same arguments used to prove Theorem [6.1] also
yield Theorem Finally, we note that the symmetry properties of polarized U(1)-symmetric solutlons
relative to CMC-transported spatial coordinates stated in the conclusions of the theorem are provided by
Lemma

O
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