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Abstract We prove a stable singularity formation result for solutions to
the Einstein-scalar field and Einstein-stiff fluid systems. Our result applies
to small perturbations of the spatially flat Friedmann-Lemaitre-Robertson-
Walker (FLRW) solution with topology (0, c0) x T3. The FLRW solution mod-
els a spatially uniform scalar-field/stiff fluid evolving in a spacetime that ex-
pands towards the future and that has a “Big Bang” singularity at {0} x T3,
where its curvature blows up. We place “initial” data on a Cauchy hypersurface
X1 that are close, as measured by a Sobolev norm, to the FLRW data induced
on {1} xT3. We then study the asymptotic behavior of the perturbed solution
in the collapsing direction and prove that its basic qualitative and quantitative
features closely resemble those of the FLRW solution. In particular, for the
perturbed solution, we construct constant mean curvature-transported spatial
coordinates covering (t,z) € (0,1] x T> and show that it also has a Big Bang
at {0} x T3, where its curvature blows up. The blow-up confirms Penrose’s
Strong Cosmic Censorship hypothesis for the “past-half” of near-FLRW so-
lutions. Furthermore, we show that the Einstein equations are dominated by
kinetic (time derivative) terms that induce approximately monotonic behavior
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near the Big Bang, and consequently, various time-rescaled components of the
solution converge to functions of x as ¢ | 0.

The most difficult aspect of the proof is showing that the solution exists for
(t,z) € (0,1] x T2, and to this end, we derive a hierarchy of energy estimates
that are allowed to mildly blow-up as t | 0. To close these estimates, it is
essential that we are able to rule out more singular energy blow-up, which is in
turn tied to the most important ingredient in our analysis: an L2~type energy
approximate monotonicity inequality that holds for near-FLRW solutions. In a
companion article, we used the approximate monotonicity to prove a stability
result for solutions to linearized versions of the equations. The present article
shows that the linear stability result can be upgraded to control the nonlinear
terms.

Keywords constant mean curvature - energy currents - parabolic gauge -
spatial harmonic coordinates - stable blow-up - transported spatial coordinates

Mathematics Subject Classification (2000) 35A01 - 35L51 - 35Q31 -
35Q76 - 83C05 - 83CT5 - 83F05

1 Introduction

In this article, we prove a stable singularity formation result for the Einstein-
stiff fluid system (see Sect. for the equations). Our work shows that
the well-known Friedmann-Lemaitre-Robertson-Walker (FLRW) solution on
(0,00) x T3 (see ) is nonlinearly stable near its Big Bang singularity.

Remark 1 Tt is well-known (see, for example, [18]) that the scalar field mat-
ter model can be viewed as a special subcase of the stiff fluid model under
the assumptions that the scalar field’s gradient is timelike, that the fluid is
irrotational, and that the metric dual of the fluid four velocity is exact up to
normalization. Thus, we can restrict our attention to the Einstein-stiff fluid
system; all of the results that we derive for this system immediately imply
corresponding results for the Einstein-scalar field system.

We derive our stable blow-up results by exploiting a new form of approximate
L2-type monotonicity that holds for near-FLRW solutions. The FLRW solu-
tion expands towards the future and contains a Big Bang singularity along
its past boundary {0} x T3, where its curvature blows up. In the companion
article [73], we derived approximate monotonicity and stability results for lin-
earized versions of the related but simpler (see Remark Einstein-scalar field
system. That is, we placed data for the linearized equations along {1} x T3 and
studied the solutions in the singular direction ¢ | 0. More precisely, in [73], we
studied solutions to a large family of linear equations formed by linearizing the
FEinstein-scalar field equations around the well-known family of Kasnerﬂ solu-
tions (see (1.6])), which are explicit and depend only on t. Exceptional cases

1 Many authors use the term “Kasner solutions” exclusively in the context of solutions
to the Einstein-vacuum equations. Hence, it would be more correct to refer to the solutions
(1.6) as “generalized Kasner solutions.”
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aside, the Kasner solutions also have Big Bang singularities at {0} x T3, and
in fact, the FLRW solution is the unique spatially isotropic example. How-
ever, in 73], we obtained compellingly strong linear stability statements only
for near-FLRW Kasner backgrounds. Roughly, in the present article, we show
that those stability results are strong enough to control the nonlinear terms
in the near-FLRW regime, which allows us to prove that the FLRW Big Bang
singularity is nonlinearly stable.

It is natural to ask whether or not our results can be extended to show
the stability of the Big Bang singularity for far-from-FLRW Kasner solutions.
We do not take a stance on what to expect. An essential first step towards an
answer would be to carry out a detailed linearized stability analysis for from-
from-FLRW Kasner backgrounds, thus going beyond the regime addressed in
detail in [73].

Our work here can be viewed as addressing various aspects of the following
two related questions:

1. Which initial data have incomplete maximal globally hyperbolic develop-
ments?El

2. How do the incomplete solutions behave near their boundary? In particular,
does a true singularity, such as curvature blow-up, occur at the boundary?

Our main results, which we summarize in Sect. [I.4] provide a detailed an-
swer to the above questions for near-FLRW solutions. Specifically, we provide
a complete description of the past dynamics of solutions launched by data
given on a spacelike hypersurface Xf that are H®-close to the FLRW data
induced on {1} x T3. We prove that the perturbed solutions “develop” a “Big
Bang” singularity to the past of X7. For simplicity, we restrict our attention
to the case X] = T3 := [-7,w]® (with the ends identified).

1.1 The Einstein-stiff fluid equations and context
The Einstein-stiff fluid equations are a special case of the the Euler-Einstein
equations, which are often used in cosmology. The role of the fluid, which is

the most common matter model used in cosmology, is to model the average
matter-energy content of the entire universe.

1.1.1 The equations
Relative to an arbitrary coordinate system, the Euler-Einstein equations are

1
Ric/l.l/ - iRg/LV = T/Ll/’ (,LL, v= 07 17 25 3)3 (lla‘)
D, T" =0, (v=0,1,2,3), (1.1b)

2 See Sect. for a rough description of maximal globally hyperbolic developments.
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where Ric,,, denotes the Ricci tensor of g, R = (g7 1)*PRicas denotesﬂ the
scalar curvature of g,,, D, denotes the Levi-Civita connection of g,,, and
T, = gwgugTo‘ﬁ denotes the metric dual of the energy-momentum tensor
TH" of a perfect fluid:

T = (p+p)uu” +p(g " )", (1.2)

In (1.2)), p denotes the fluid’s proper energy density, p denotes the pressure,
and u” denotes the four-velocity, which is a future-directed vectorfield subject
to the normalization condition

gaputu’ = 1. (1.3)

The system ([1.1a))-(1.3]) is not closed because there are not enough fluid
equations. In cosmology, the equations are often closed (see [89, Ch. 5]) by
assuming the equation of state

p=cp, (1.4)

where 0 < ¢s <1 is a constant known as the speed of sound. The stiff fluid is
the case cs = 1. This equation of state is unique among all those of the form
. In particular, our main results show that its special properties regularize
near-FLRW solutions in a neighborhood of their Big Bang singularities. By
“regularize,” we mean that the singularity formation processes are controlled,
stable, and approximately monotonic. See Sect. for additional details
regarding the special properties of the stiff fluid.

1.1.2 Connection to the Hawking-Penrose theorems and the Strong Cosmic
Censorship hypothesis

The famous cosmological singularity theorems of Hawking and Penrose (see
e.g. [42], [63], and the discussion in [43]) guarantee that a large class of globally
hyperbolicEl spacetimes are necessarily “singular” in a certain weak sense. In
fact, these theorems are able to answer question 1 posed above in a general
setting. For example, Hawking’s theorem (see [89, Theorem 9.5.1]) guarantees
that under certain assumptions verified in our problem of interest, all past-
directed timelike geodesics are incompleteﬂ However, the theorems do not
reveal the nature of the incompleteness. In particular, they allow for both of
the following possibilities: i) the spacetime is inextendible across the region
where the geodesics terminate due to some kind of blow-up of an invariant

3 We describe our summation conventions in Sect.

4 Globally hyperbolic spacetimes are those containing a Cauchy hypersurface.

5 The assumptions needed in Hawking’s theorem are i) the matter model verifies the

strong energy condition, which is (T,“, - %(g_l)aBTaBguy)X”X” > 0 whenever X* is
timelike; ii) k%, < —C' everywhere on the initial Cauchy hypersurface, where k is the second
fundamental form of X (see ) and C > 0 is a constant. More precisely, Hawking’s
theorem shows that no past-directed timelike curve can have length greater than % In our
main results, we derive a slightly sharper version of this estimate that is tailored to the

solutions addressed in this article (see inequality (15.6])).
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quantity (this is what happens, for example, in the FLRW solution ); or
ii) the spacetime can be extended as a solution in a “regular” (but perhaps
non-unique) fashion across the region where the geodesics terminate (this can
happen when a Cauchy horizon develops, as in the case of the well-known Taub
family of solutions to the Einstein-vacuum equations; see [39], [67], [21]). To
the best of our knowledge, there are no prior results that are able to distin-
guish between these two scenarios for an open set of data (without symmetry
assumptions). That is, there are no prior results that answer the question 2
posed above. Our main results fully confirm the scenario i) for near-FLRW
data due to curvature blow-up aﬁ {t = 0}. This shows in particular that
the solutions cannot be extended beyond {¢t = 0} and yields a proof of Pen-
rose’s Strong Cosmic Censorship hypothesis[] [62] in the “collapsing half” of
the near-FLRW spacetimes. The overall strategy of our proof is to provide an
exhaustive picture of the collapsing half of the maximal globally hyperbolic
developmentﬁ of the data including a description of the asymptotic behavior
of the solution near its past boundary.

1.1.3 The main ideas behind the proof and the role of the approximate
monotonicity

The main ideas behind our analysis are i) exploiting the approximate L?~type
monotonicity inequality mentioned above. When we derive energy estimates,
the approximate monotonicity manifests as the availability of some negative
definite quadratic spacetime integrals that encourage decay towards the past
and that allow us to absorb various error integrals. The approximat(ﬂ mono-
tonicity holds in certain regimes and seems to require the presence of certain
kinds of matter such as the stiff fluid. Our derivation of the approximate
monotonicity is based on a hierarchy of special structures in the Einstein-stiff
fluid equations that are visible in constant mean curvature (CMC)-transported
spatial coordinates. More precisely, the key portion of the approximate mono-
tonicity is available in part because of a favorably signed (in a subtle sense)
linear term in the fluid equations that leads to control over the lapse (the
lapse n is defined in Sect. . We provide an overview of the monotonic-
ity in Sect. and we provide the full details in Prop. [§ In Sect.
we shed light on the direction of the approximate monotonicity by recalling
an alternate one-parameter family of parabolic gauges for the lapse variable,
first introduced in [73]. For certain parameter choices, the approximate mono-
tonicity is also visible in these gauges but the corresponding PDEs are locally
well-posed only in the past direction. The CMC gauge, which we use in the vast

6 As we describe below, the relevant time coordinate t for the perturbed solution has level
sets with mean curvature —(1/3)¢7!.

7 Roughly, this conjecture asserts that the maximal globally hyperbolic development of
the data should be inextendible as a “regular” Lorentzian manifold.

8 We explain the maximal globally hyperbolic development in more detail in Section

9 The monotonicity is approximate in the sense that it yields negative definite spacetime
integrals only for some of the solution variables.
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majority of our analysis, is formally a singular limit of the parabolic family. To
the best of our knowledge, the idea of using parabolic gauges for the Einstein
equations first appeared in the numerical relativity literature in [6], where the
authors suggested that such gauges might be suitable for studying the long-
time evolution of solutions. Readers may also consult [40] for a discussion of
local well-posedness for the Einstein equations under various gauge conditions
involving a parabolic equation. ii) We commute the equations with spatial
derivatives and derive sharp pointwise and L? bounds for the inhomogeneous
terms that arise. This analysis is delicate because many terms become singu-
lar at the Big Bang, and this can cause our L?—type energies to blow-up. To
close our estimates, we must prove that the energy blow-up rate is mild in the
approach towards the Big Bang. This is where we need the approximate mono-
tonicity: without the negative definite integrals that it provides, we would be
unable to absorb certain key error integrals. Consequently, we would be able
to show only that the energies are bounded from above by the size of the data
times ¢t~¢ for a large constant C, and such blow-up at ¢ = 0 is too severe to
allow us to close our bootstrap argument. We must also derive the precise
blow-up rates for the inhomogeneous terms that cannot be absorbed into the
negative definite spacetime integrals. Some of the blow-up rates are dangerous
yet optimal in the sense that they are saturated by the Kasner solutions (|1.6)).
By “dangerous,” we mean that the rates can cause energy blow-up at the mild
rate t~° (where & is small) and that a slightly worse inhomogeneous term blow-
up rate could lead to rapid energy blow-up at the rate exp(t™°), which would
completely destroy our proof. To bound the inhomogeneous terms, we estab-
lish an intricate hierarchy of decay/growth rates that distinguishes between
the behavior of lower-order and higher-order derivatives near the Big Bang. In
short, we are able to show that the lower-order derivatives are less singular by
using arguments that lose derivatives. These improved lower-order estimates
are essential for controlling error terms and closing the bootstrap argument;

see Sects. [L.7.1 and [[L7.2

1.2 Details on the FLRW and Kasner solutions

The FLRW solution to (1.1a)-(1.1b)) when ¢, =1 is

3
: 1
g=—-dt* +t3 (da")?,  p=st7,
i=1

3 u" =4y, (t,2) € (0,00) x T3,

(1.5)

where 4, (0 < p,v < 3) is the standard Kronecker delta. It is a spatially flat
member of a family of dynamic spatially homogeneous solutions that were
first discovereﬂ by Friedmann in 1922 [32]. The family continues to strongly

10 The solutions in |32] had ¢s = 0 and positive spatial curvature (the spacetime manifolds
that Friedmann considered were diffeomorphic to R x 83), but many other values of ¢s and
other choices of spatial curvature have since been considered.
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influence the way we think about the possible structure of our universe. These
solutions model a spatially homogeneous, isotropic spacetime that contains a
perfect fluid, and many members of the family (including ) have a Big
Bang singularity at ¢ = 0. It was Lemaitre who first emphasized that many
members of the family, if extrapolated backwards in time (from, say, t = 1),
predict the presence of a Big Bang [53]. The solutions were investigated in
more detail in the 1930’s by Robertson and Walker, and hence the family is
often referred as the FLRW family.

The FLRW solution (1.5)) is also a member of the generalized (see Foot-
note (1| on pg. Kasnel' | family, a class of Bianchi type I solutionﬁ that
are spatially homogeneous but generally anisotropic. When the matter model
is a perfect fluid verifying p = c¢2p, the Kasner solutions to the Euler-Einstein

equations (|1.1a))-(1.3) are

3
gKAS:_dtQ"'Zthi(dxz)Q: p:i)t_27 11”:557 (t7x) € (ano) XTsa
i=1

(1.6)

where 6% (p,v =0,1,2,3) is the standard Kronecker delta, the constants ¢; are
called the Kasner exponents, and p > 0 is a constant denoting the pressure at
t = 1. The Kasner exponents are constrained by the relations

e
Ss
Il
L

~
Il
[

(1.7a)

g =1-2¢.%p. (1.7b)

e

I
=

3

corresponds to a choice of time coordinate such that k% (t,z) = —t7!,
while is a consequence of k% (t,x) = —t~! plus the Hamiltonian con-
straint equation , which we discuss below. Here and throughout, kij
denotes the (mixed) second fundamental form of the constant-time hypersur-
face Xy (see ) It is important to note that it is not possible to have
all three g; > 0 in the absence of matter. The solution is a special case
of (L.6), (L.7a)-(L.7D) in which ¢; = 1, p = 1/3, and ¢; = 1/3 for i = 1,2,3.
It is straightforward to compute that for any Kasner solution with ex-
ponents verifying (1.7a) and (T.7b), the corresponding Kretschmann scalar
[Riem|? := Riem®”™ Riem,s,. verifies

3 3 3
IRiemKAsléKAS:4t‘4{Zq?+ 5 q?q§+2q?—22q?} 19
=1 i=1

i=1 1<i<j<3
-4 2 2
1<i<j<3

' The vacuum Kasner solutions were discovered in 1921 [47].

12 For an overview of the Bianchi I class and other symmetry classes that we mention later,
readers may consult [20].
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where Riemg 45 denotes the Riemann tensor of gxag. In particular, unless
two of the ¢; are equal to 0, it follows that |Riemy AS|§K . blows up at the
rate t=* as t | 0. Hence, for such Kasner solutions, {t = 0} is a true singularity
beyond which one cannot regularly extend the solution.

The vacuum Kasner solutions (i.e., p = 0) are famous for the controversial
alleged role that they play in approximating highly oscillatory solutions to Ein-
stein’s equations near a singularity. Despite the controversy, it is known that
the vacuum Kasner solutions are in fact intimately connected to the dynamics
of certain spatially homogeneous solutions to the Euler-Einstein system with
Bianchi IX symmetry [69]. Under the assumptions of spatial homogeneity and
Bianchi IX symmetry, the Euler-Einstein equations reduce to a coupled sys-
tem of ODEs whose solutions exhibit highly complicated, oscillatory behavior.
Specifically, in [69], Ringstrom showed (among many other things) that under
the equation of state with 0 < ¢5 < 1, the limit points of generic (i.e.,
non-Taub) Bianchi IX solutions in the approach towards the singularity must
be either vacuum Bianchi type I (i.e., vacuum Kasner), vacuum Bianchi type
VI, or vacuum Bianchi type II. In particular, Ringstrom’s work showed that
a sub-stiff fluid has a negligible effect on the solutions near the singularity.
Furthermore, he showed that almost all such solutions are oscillatory in the
sense that there are at least three distinct limit points. Ringstrom’s work (see
also [68]) established for the first time a rigorous picture of the global behavior
of Misner’s “mixmaster” solutionﬁ [59].

In contrast to the oscillatory behavior described above, the solutions that
we study in this article behave in an approximately monotonic fashion near
the singularity. As we have mentioned, the presence of the stiff fluid plays an
essential role in driving the regular behavior near the singularity. Some of the
heuristics connected to the mollifying effect induced by certain kinds of matter
have been known for many years. Specifically, Belinskii and Khalatnikov [11]
gave heuristic arguments suggesting that a scalar field should have a regular-
izing, oscillatory-suppressing effect on solutions near the singularity. In a later
article [8], Barrow argued that fluids verifying the equation of state p = ¢Zp
should induce a similar effect if and only if ¢; = 1; he referred to the mollifying
effect of a stiff fluid as quiescent cosmology. Thus, our main result validates the
quiescent cosmological picture for spacetimes launched by near-FLRW data.
A similar effect was observed in the ODE solutions studied by Ringstrom [69],
but only for the equation of state p = p. In three spatial dimensions, the mono-
tonicity is roughly associated with the following two conditions: i) all three
g; > 0; ii) the presence of a stiff fluid (with p > 0 everywhere), which, as men-
tioned above, has properties that distinguish it from all other perfect fluids.
However, our main theorem only covers the case in which all three ¢; are near
1/3. In further contrast to the sub-stiff case, the stiff fluid plays an essential
role (albeit somewhat indirectly) in controlling the dynamics of the solution
near the singularity.

13 This is the name Misner gave to the spatially homogeneous vacuum solutions belonging
to the symmetry class Bianchi IX.
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1.3 Initial value problem formulation of the equations

It has been known since the fundamental result of Choquet-Bruhat |16] that
the Einstein equations are effectively hyperbolic and can be decomposed into
a system of constraint and evolution equations. However, because of their
diffeomorphism invariance, the hyperbolic character of the equations becomes
apparent only after one makes gauge choices. As we have mentioned, we derive
our main results in CMC-transported spatial coordinates, which has been used
in various settings such as the derivation of breakdown criteria for solutions
[52], [75], [90]. In this gauge, the Einstein-stiff fluid system comprises constraint
equations, wave-like equations for the spatial metric components, first-order
hyperbolic equations for the fluid variable components, and an elliptic equation
for the lapse function n. We present our choice of solution variables and the
corresponding PDEs that they verify in Sect. |3| (it is convenient to work with
renormalized solution variables). We normalize the time coordinate ¢ such
that data are placed at ¢ = 1 and the mean curvature of the constant-time
hypersurface X is —%t‘l. That is, k%, (t,z) = —t~1, where k;ij is the (mixed)
second fundamental form of X; (see (3.6])).

Some spacetimes do not contain any CMC slices [10]. To show that near-
FLRW spacetimes always contain one, we briefly use an alternate gauge for
the Einstein equations. Specifically, we use a harmonic map gauge, which is
closely connected to the well-known harmonic coordinate gauge (which is also
known as the wave coordinate gauge). In short, we first sketch a proof of local
well-posedness for the Einstein-stiff fluid system in harmonic map gauge for
near-FLRW data; this is a standard result - see Prop. [15} We then combine the
estimates of the proposition with a modified version of a theorem of Bartnik
to deduce the existence of a CMC hypersurface equipped with near-FLRW
fields verifying the Einstein constraints; see Prop. [17] and Corollary [3] Once
we have produced a CMC slice, we immediately switch to CMC-transported
spatial coordinates, which we use for all remaining analysis.

Before summarizing our main results and providing further context, we
state some basic facts regarding the initial value problem for the Euler-Einstein
equations. Our data consist of the three manifold X7 = T3 equ1pped with the
tensorfields (g”7 iy Dy U %). Here, g” is a Riemannian metric, k” is a symmetric
two-tensor, p is a function, and 4" is a vectorfield. If X} is a CMC hypersurface
with los“a(:v) = -1, then we write “3” instead of “X].” A solution launched
by the data consists of a spacetime (M, g, ), an embedding X 4 M such
that ¢(X1]) is a Cauchy hypersurface in (M, g,,,,), and the following additional
fields on M: a function p and a vectorfield u* normalized by gaguo‘uﬁ =-1.
The spacetime fields must verify the equations —. Furthermore, they
must be such that t*g = g, t*k = iﬂ, t*p = p, t*u = u, where k is the second
fundamental form of +(X7) and ¢* denotes pullback by ¢. The relation t*u =
denotes a slight abuse of notation; we mean that the one-form that is g—dual
to @ is the pullback by ¢ of the one-form that is g—dual to u. Throughout the
article, we will often suppress the embedding and identify X7 with ¢(X7).
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It is well-known (see Lemma that the initial data are constrained by
the Gauss and Codazzi equations, which take the following form for fluids
verifying p = c2p:

R-E%k, + (k)% = 2D(N,N) s = 2(1 + ¢;2)p(1 + t1a ") - 2p, (1.92)

° 0 ° a0 A 8 — o o oq@ o
Vak® - V;k% = -T(N, @NZ{ =(1+¢)p( +a,a%)?a;.  (1.9b)

Above, N# denotes the future-directed unit normal to £/ in (M, 8uv)s T(N,N):

TQBNaNﬁ , Vi denotes the Levi-Civita connection of g;;, and R denotes the
scalar curvature of g;;. The above equations are sometimes referred to as the
Hamiltonian and momentum constraints.

A well-known result of Choquet-Bruhat and Geroch [15] states that all
sufficiently regular data verifying the constraints launch a unique maximal
solution to the Euler-Einstein equations —. This solution is called
the maximal globally hyperbolic development of the data. More precisely, this
maximal solution is unique up to isometry in the class of globally hyperbolic
spacetimes, which are spacetimes containing a Cauchy hypersurface. The work
[15] is an abstract existence result that does not provide any quantitative infor-
mation. Our main results provide, in the case ¢s = 1, quantitative information
about the “past-half” of the maximal globally hyperbolic development of data
that are sufficiently close to the FLRW data.

1.4 Summary of the main results

We now summarize our main results. See Prop. and Theorem [2| for more
detailed statements.

Summary of the Main Stable Big Bang Formation Theorem.
The FLRW solution is a past-globally stable singular solution
to the Einstein-stiff fluid system —, p = p. More precisely,
if the perturbed “initial” data (é,,f), ,&) on the manifold ] = T3
verify the constraints (1.9a])-(T.9b) and are €? close in HY (N > 8,
and aif]jk,l::ij,ﬁ,ﬁi e HY) to the FLRW data (at time 1), then for
sufficiently small €, the maximal globally hyperbolic development of
the perturbed data contains a spacelike hypersurface X; that is near
X1 and that has constant mean curvature equal to —1/3. Furthermore,
the past of X is foliated by a family of spacelike hypersurfaces X,
t € (0,1], upon which the CMC condition k% (¢,z) = —¢~! holds. Rel-
ative to the time coordinate ¢, the perturbed solution exists on the
manifold-with-boundary (0,1] x T and remains close to the FLRW
solution. Specifically, there exist a collection of transported spatial
coordinateﬁ (z*,22,2%) and a large constant ¢ > 0 such that rel-

14 Technically, the coordinate functions (z!,z2,z3) themselves cannot be globally defined
on T3, but the vectorfields 9; = and their dual one-forms dz® can globally defined on T3
in a smooth fashion.

9
ozt
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ative to these coordinates, the components of the spacetime metric
g = —n2dt? + gupdx®dx®, the spatial volume form factor \/detg, the
components kij = —%n’lgiaatgaj of the mixed second fundamental
form of X, the pressure p, the components u’ of the g—orthogonal
projection of the four-velocity u onto Xy, the X;—normal component
g(u,N) = —(1 + ggpu®u®)*?, the spacetime Riemann curvature ten-
sor Riem, and the spacetime Weyl curvature tensor W verify the
following convergence estimates as ¢ | 0, where 4,5 =1,2,3:

[n=1] g0 S et*/3eVe, (1.10a)

|7 V/detg - viang| po SV, (1.10b)

gia [exp (210K pang)]”; - Mg‘mg‘ oo S ett/3eve, (1.10c)
[64, = (Kang) |0 £ 5, (1100)

[P = Poang| o S et**7V5, (1.10¢)

Jui|| o s €t?3eVe, (1.10f)

lg(u,N) +1] ,, 5 et*/3Ve, (1.10g)

|t Riem]} - Frang| .o s et*/*V", (1.10h)

W2 - (Fpang - ?pgw) - < et?3eve, (1.10i)

AbOVG, UBang MBang’ KBanga PBanga FBanga and (FBang - %Pé,mg)
are limiting fields on T® that are Ce close in the C° norm to the
corresponding FLRW fields, which are respectively 1, E, —%I , %, %,
and 0. Here, E;; = diag(1,1,1) denotes the standard Euclidean metric
on T? and I'; = diag(1,1,1) denotes the identity. Moreover, Fpang :=

{2054, K", ) +4K G K 42K K K K 48K KK, Y Kk, - P
thermore, exp (2IntK pqny) denotes the standard matrix exponential
of 2IntKpang, where Kpang is viewed as a 3 x 3 matrix with com-
ponents (KBang)zj. The FLRW solution has the form (1.5 relative
to the coordinates (¢, 2!, 2%, 23). In addition, the limiting fields verify

the following relations:

(KBang)“, = -1, (1.11a)

2PBang + (KBang)%(KBang)’s = 1. (1.11b)
The top order Sobolev norm I prame-rotar):n (see Def. @, which
measures the deviation of the perturbed renormalized solution vari-

ables’ components from the corresponding renormalized FLRW solu-
tion variables’ components, verifies the following bound for ¢ € (0,1] :

t%iFramefTotal);N(t) < et_Cﬁ' (112)
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Furthermore, the spacetime ((0, 1]xT3, g) is past-timelike geodesically
incomplete and inextendible beyond ¢ = 0. As ¢ | 0, the 3—volume
of the constant-time hypersurfaces X collapses to 0, the pressure
p blows-up like t72, and the spacetime Kretschmann scalar |Riem|é
blows-up like ¢t~*. Finally, the curvature singularity at ¢ = 0 is domi-
nated by the Ricci components of the Riemann curvature tensor (the

w2 . .
Wi, > remains order e throughout the evolution).
g

ratio m

[m]

Remark 2 Note that the perturbed solutions do not generally converge to the
FLRW solution as ¢ | 0, as is shown by the existence of near-FLRW isotropic
Kasner solutions.

Remark 3 The estimates (1.10b))-(1.10e)) allow for an infinite dimensional fam-
ily of possible “end states” at the Big Bang {¢ = 0}. For example, the limiting

field Ppang can in principle be any member of an open set of functions.

Remark 4 The proof of the convergence results is based on showing that the
lower-order time derivative terms dominate the lower-order spatial derivative
terms for ¢t near 0. That is, for ¢ near 0, the Einstein equations are well-
approximated by truncated equations formed by discarding spatial deriva-
tives. Isenberg and Moncrief [46] previously observed similar behavior for the
Einstein-vacuum equations in the polarized GowdyiE class. In general relativ-
ity, going back to the work [24], the truncated equations are sometimes called
the velocity term dominated (VTD) equations.

1.5 Additional connections to previous work

We now discuss some additional connections between the present work and
prior results.

1.5.1 Global solutions without symmetry assumptions

There are only a modest number of prior results in which solutions to the
Einstein equations corresponding to an open set of data (without symmetry
assumptions) have been understood in full detail. By “full detail,” we mean
that the basic qualitative and quantitative features of the data’s maximal
globally hyperbolic development (or at least a past or future half of them)
have been exposed. The existing examples can roughly be grouped into two

15 The Gowdy solutions are a special subclass of the T?—symmetric solutions. They

are characterized by the vanishing of the twist constants (g’l)““’eaﬂqu“YﬁDH/X” and
(g’l)””"eagw,Xo‘YBDurY”, where € is the volume form of g and X and Y are the Killing
fields corresponding to the two symmetries. The polarized Gowdy solutions are defined to
be those Gowdy solutions such that gaBXD‘Yﬂ =0.
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classes. The first class was birthed by Christodoulou-Klainerman’s ground-
breaking proof of the stability of Minkowski spacetime [19] as a solution to
the Einstein-vacuum equations. We remark that the corresponding spacetime
manifolds are diffeomorphic to R* and are therefore not cosmological. The
main theorem roughly states that a class of asymptotically flat near-vacuum-
Euclidean initial data sets launch maximal globally hyperbolic developments
that are geodesically complete and that look in the large like the Minkowski
spacetime. A second proof, which relied on wave coordinates and allowed for
the presence of a (small) scalar field, was given by Lindblad-Rodnianski in
[4,[55]. Various extensions of these results can be found in [13}/57,[81]. The
analysis in all of these proofs was based on obtaining a detailed understand-
ing of the dispersive decay properties of solutions to wave-like equations on
R*3 and exploiting special tensorial structures enjoyed by the nonlinearities
present in the gauges that were employed.

The second class concerns the future stability of a class of cosmological
solutions to Einstein’s equations when a positive cosmological constant A (or
alternatively, a suitable matter model that generates a similar effect) is added
to the equations. Specifically, one includes the additional term Ag,, on the
left-hand side of . This additional term creates accelerated expansion
in certain solutions, which can in turn stabilize them. The second class was
brought into existence by Friedrich’s work on the stability of the de Sitter
spacetime [34], which is a solution to the Einstein-vacuum equations with A >
0. Related future-stability results for solutions featuring various matter models
can be found in [35}/58,70H72,(79L/80]. The analysis in [34}|35/58] is based on
applications of the conformal method, which was developed by Friedrich. This
method is discussed in a bit more detail in Sect. In contrast, in |70H72,/79,
80] the analysis is based on the dissipative nature of the kinds wave equations
that are generated by expanding spacetimes in a well-chosen harmonic-type
coordinate system. That is, the spacetime expansion and the term Ag,,, lead
to the presence of friction-like terms in the PDEs, and the friction induces
monotonicity in the solutions. The analysis behind our main results has more
features in common with this framework than with the analysis of the stability
of Minkowski spacetime or the conformal method, though there are some key
novel features in the present work. In particular, we stress that our main
results are not based on dispersive effects, but rather on estimates related to
monotonicity and time integrability.

1.5.2 Global solutions based on a different form of monotonicity

Fisher and Moncrief discovered a form of monotonicity, quite different than
the one found in the present article, which holds for Einstein-vacuum solutions
in some regimes. More precisely, they constructed a reduced Hamiltonian de-
scription of the Einstein-vacuum equations [26-31] that applied to a class of
solutions foliated by CMC hypersurfaces Y. The Hamiltonian is the volume
functional of the X}, and they showed that it is a monotonic quantity for
solutions to the reduced equations. Andersson and Moncrief used this mono-
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tonicity to prove a global stability result [2] (see also [65]) that does not fit
neatly into either of the two classes described in Section[I.5.1] Specifically, they
proved a global stability result in the expanding direction for a compactified
version of vacuum FLRW-type solutions whose spatial slices are hyperboloidal
(i.e., they have constant negative sectional curvature). They showed that the
perturbed spacetimes are future geodesically complete and, in three spatial
dimensions, that they decay towards the background solution. In addition to
using the monotonicity of Fisher-Moncrief, their proof also relied, in the case
of three spatial dimensions, on Mostow’s rigidity theorem.

Andersson and Moncrief performed some of their analysis in CMC-spatial
harmonic coordinates. They imposed the spatial harmonic coordinate condi-
tion [1] to “reduce” the Ricci tensor R;; of the first fundamental form g (of
X;) to an elliptic operator acting on g. That is, in spatial harmonic coordi-
nates, R;; = —%gabaaabgij + fi;(g,0g). The spatial harmonic coordinate condi-
tion, though it may have advantages in certain contexts, introduces additional
complications into the analysis. The complications arise from the necessity of
including a non-zero X;—tangent “shift vector” X* in the spacetime metric g :
g = —n2dt® + gop (dz® + X %dt) (da® + Xdt). To enforce the spatial harmonic co-
ordinate condition, the components X* must verify a system of elliptic PDEs
that are coupled to the other solution variables.

As we discuss in Theorem [I} the spatial harmonic coordinate condition
is not necessary for proving a local well-posedness result; one can instead
use transported spatial coordinates. In transported spatial coordinates, the
additional terms appearing in the expression for the R;; are of the form
%(Bifj +0;I5), where I; is a contracted Christoffel symbol of the 3-metric
g. In the main energy identity that one encounters during the derivation of a
priori L? estimates for kjij and 0;g;x, additional terms are generated by the
contracted Christoffel symbols and are roughly of the form [ 5, g7k%0, T jdx.
Since I; = I;(g,0g), this spatial integral appears to depend on too many
derivatives of g to close a local well-posedness argument. However, after in-
tegration by parts, this integral can be replaced with — /. 5, 97 (0.k%) T dx
plus lower-order terms, and the constraint equation allows us to re-
place 0,k“ with lower-order terms. The energy estimates for the nonlinear
system therefore close. Remarkably, as we described in [73], we have not seen
this observation made in the literature. However, a complete proof of local
well-posedness requires that one derive estimates for a linearized version of
the equations. Linearization may destroy some of the structure of the system,
which may invalidate the energy estimate procedure just described. In The-
orem |1} we recall a standard way of circumventing this difficulty while still
using transported spatial coordinates.

When deriving energy estimates for the Einstein-stiff fluid system, we use a
differential analog of the integration by parts argument described in the previ-
ous paragraph. Specifically, we account for this integration by parts by includ-
ing the terms —t'/3[1+ ¢t*3W](G™1)Y [, K% and ~t'/3[1 + Y30 ](G) T, K7,
on the right-hand side of the definition ((5.12bf) for J%memc). See Sect. for
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w
(metric)
in our proof of stable singularity formation. Given these observations, it would
be interesting to see if the future stability results of |2] can be proved directly

in CMC-transported spatial coordinates.

a detailed discussion of the role played by the spacetime vectorfields J

1.5.3 Prescribed asymptotics and Fuchsian methods near the singularity

It is generally difficult to obtain a detailed picture of the asymptotics of a so-
lution launched by Cauchy data, especially near a singularity. An alternative
approach is to prescribe the asymptotic behavior and to then try to construct
solutions that have the given asymptotics. This can be viewed as a form of
“putting data on the singularity.” In the interest of obtaining a picture of the
behavior of “general” solutions, it is desirable to show that one can carry out
such a procedure for a family of prescribed asymptotics that depend on the
“maximum number” of degrees of freedom in the Einstein initial data. How-
ever, even if one can achieve the maximum number, one should be careful in
interpreting the results: it may be that the map from the space of asymptotics
to the space of solutions is highly degenerate; what appears to be a “general
class of solutions” from the point of view of function counting could in princi-
ple fail to be a large class from other more physically relevant points of view. In
particular, it could happen that the “general class of solutions” that one con-
structs in this fashion is, for example, nowhere dense (relative to a reasonable
topology on the function spaces).

In [3], Andersson and Rendall carried out a prescribed asymptotics-type
construction for solutions to the FEinstein-scalar field and the Einstein-stiff fluid
systems. They constructed a family of solutions that are well-approximated by
solutions to a VID (see Remark [4) system, and one can view the VTD solu-
tions as the prescribed asymptotics. They formed the VID system by simply
discarding all spatial derivative terms in the Einstein-matter equations. The
solutions in [3] have a Big Bang-type singularity, and a neighborhood of the
singularity can be covered by Gaussian coordinates such that the singularity
is synchronized at {t = 0}. The family depends on the same number of free
functions as do the data for the general space of solutions, and no symmetry
assumptions were made. However, the construction only produced solutions
that are spatially analytic. From the physical point of view (and in partic-
ular from the point of view of finite speed of propagation), the analyticity
restriction is undesirable, for analytic functions on a connected domain are
completely determined by their behavior at a single point. In fact, the results
derived in this article were partially inspired by [3], where they were stated
as open problems. The basic idea of the proof in [3] was to first construct a
large family of spatially analytic solutions to the VID system, and to then
expand a spatially analytic solution to the Einstein-matter equation as a VI'D
solution plus error terms. The error terms were shown to verify a system of
Fuchsian PDEs, a general theory of which (based on the earlier ideas of [7]) has
been developed by Kichesnassamy (see e.g. [48], [49], [50]). Roughly speaking,



16 Igor Rodnianski, Jared Speck

a Fuchsian PDE is one of the form
tou + A(x)u = F(t,z,u,0zu). (1.13)

Above, u is the array of unknowns and A(x) is a matrix-valued function that
has to verify certain technical conditions. In [3], Andersson-Rendall used a
slight extension of a Fuchsian existence theorem proved in [51] to conclude
that the Fuchsian system verified by the error terms has a unique solution that
is analytic in = and that tends to 0 as t | 0. In particular, they showed that
the solution to Einstein’s equations converges to a solution of the VI'D system
(which does not depend on spatial derivatives). We also remark that prior to
[3], similar results had been derived in the absence of matter under various
symmetry assumptions [45], [51], including a result of Rendall that did not
require the assumption of spatial analyticity [66]. An alternative proof of the
latter result invoking the use of second order Fuchsian techniques has recently
been provided in [12]. The results of [3] were extended to higher dimensions
and other matter models in [23]. Related results have been obtained in [5],
[14], [83].

1.5.4 Weyl curvature hypothesis and isotropic singularities

Another approach to studying Big Bang-type singularities involves devising a
formulation of Einstein’s equations that allows one to solve a Cauchy problem
with data given on the singular hypersurface {¢t = 0} itself; see e.g. [4], [22],
[60], 161], [86], [87], |88]. The spacetimes launched by this procedure are said
to contain a conformal singularity or an isotropic singularity. This approach
is motivated by Penrose’s Weyl curvature hypothesis |64], which posits that
in cosmological solutions, the Weyl tensor should tend to zero as the initial
singularity is approached. In the present work, we show that for near-FLRW
solutions, the blow-up of the spacetime Riemann curvature is dominated by the
Ricci components, with the Weyl components making only a tiny correction.
More precisely, even though |Ric|? and [W|2 are both allowed to diverge as
t | 0, we show that

2
Wig

Ric|2

sup S €, (1.14)

te(0,1]

where €2 is the size of the deviation of the perturbed initial data from the
FLRW data. We note that the estimate (1.14) is almost saturated by near-
FLRW Kasner solutions (which verify th e replaced by €2).

The established framework for studying isotropic singularities is essentially
an extension of Friedrich’s conformal method (see e.g. [33], [36]). Roughly
speaking, this corresponds to studying a rescaled metric

g= 2%, (1.15)
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where g is the physical spacetime metric of interest, {2 is a conformal scaling
factor, and g is the rescaled “unphysical” spacetime metric; analogous rescal-
ings are carried out for the other field variables. In the context of this article,
one may roughly think of {2 = 0} as corresponding to a Big Bang singularity.
The main point is that even though g degenerates along {2 = 0}, it may be
possible that g remains a regular Lorentzian metric. For example, through
the change of variables 7 = 2¢*/%, the FLRW metric can be seen to be
conformally equivalent to the standard Minkowski metric on (0, 00) x T3 :

regular when 7 =0

2 S
g= gr{—dr%;(d:ﬁ)?}. (1.16)

Thus, if Einstein’s equations are reformulated in terms of 2 and g (plus some
gauge conditions that select a choice of (2), one may hope to prove that g
remains a regular Lorentzian metric through {2 = 0}. When g does remain
regular, one can deduce sharp information about the behavior of g up to the set
{2 =0}. The conformal method has proven to be fruitful for studying matter
models such as Maxwell fields, Yang-Mills fields, and perfect fluids with the
equation of state p = (1/3)p. An important common feature of these matter
models, which seems to be necessary for applying the conformal method, is
that they have trace-free energy-momentum tensors. For these matter models,
when a positive cosmological constant is included in the Einstein equations,
the conformal method has been applied to derive global future stability results
[35], [58] for a class of rapidly expanding “de-Sitter-like” half-spacetimes.

In contrast, for the kinds of half-spacetimes we are considering, the con-
formal method does not seem to allow one to deduce a true stability result.
On the one hand, the aforementioned works [60], [61], [86], [87], [88] show that
one can locally solve the “singular Cauchy problem” for the rescaled variables
g etc. with suitable “conformal initial data” given at the singular hypersur-
face; the solution is obtained by applying the Fuchsian techniques described
above. On the other hand, there are fewer degrees of freedom in the conformal
data compared to the full Einstein data (see, for example, the discussion in
|67, Section 6.1]). Thus, the map from the conformal data to the space of full
solutions is far from onto. In fact, even the near-FLRW Kasner solutions (/1.6))
do not exhibit a nice conformal structure near their singularities.

1.6 Choice of coordinates and field variables for analyzing the Einstein-stiff
fluid system

As we mentioned above, our approximate monotonicity inequalities are visible
relative to CMC-transported spatial coordinates, which we describe in detail
in Sect. [3] In these coordinates, the spacetime metric g is decomposed into the
lapse function n and the Riemannian 3—metric g on X} as follows:

g = —ndt? + gapda®da’®. (1.17)
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Above, {dz'}3 | are the one-forms corresponding to local coordinates on T3
and ¢ is a time function on M. The coordinates are constructed such that
k%, = -t~ along %y == {(s,2) € (0,1]xT* | s = t}, where k', = —in"tg 0, ga; is
the mixed second fundamental form of Y. In order to enforce this condition,
the lapse must verify the following elliptic PDE (see (3.13])) for stiff fluid
matter:

¢V, Vy(n-1) = (n- 1){R + (k)2 - 2puaua} + R-2pugu®,  (L.18)

where V is the Levi-Civita connection of g and R is its scalar curvature. The
fluid velocity is decomposed as

u = (1+uu®)*N +u®d,, (1.19)

where N = n719, is the future-directed normal to X,. The factor (1+ uaua)l/2
is a consequence of the normalization condition .

Our most important gauge choice is the CMC time coordinate and the
corresponding lapse PDE (1.18): since Einstein’s equations are fundamentally
hyperbolic, the only conceivable way of synchronizing the singularity across
spatial slices is to construct a time coordinate by invoking a gauge that involves
an infinite speed of propagation, such as the elliptic PDE (1.18)). The important
issue of constructing an “initial” hypersurface of constant mean curvature —1/3
is addressed in Prop. Alternatively, singularity synchronization could be
achieved with the help of the parabolic lapse gauges described in Sect. [[.10]
although we do not use these gauges in the present article.

To analyze perturbed solutions, it is convenient to introduce the following
renormalized solution variables, which factor out the t—behavior of the FLRW
solution.

Definition 1 (Renormalized solution variables) We define (7,5, k = 1,2, 3)

Gij = t_Q/BQij, (G = 23447 VdetG = t7'\/detg,
(1.20a)
ink = 9" 0;9ak = (G™1)"0; G, (1.20b)
K=tk + %Iij, (1.20c)
U =¢34, Pi=t*p- % (1.20d)
W= 3 (n-1), O, = t"3on. (1.20e)

Above, ij = diag(1,1,1) denotes the identity transformation.

Remark 5 We will never implicitly lower and raise indices with the renormal-
ized metric G and its inverse G1; we will explicitly indicate all factors of G
or G L.
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Note that the CMC condition k% (t,2) = —t~" is equivalent to K¢ = 0.
All of the variables except for VdetG and y are simply time-rescaled/shifted
versions of the original solution variables. We introduced the volume form vari-
able vVdetG because it satisfies an evolution equation that has a very favorable
structure compared to the evolution equations verified by the G;;. As we will
see, the quantities n—1 and 9;n have different asymptotic (in time) properties
as t | 0. This difference is important, and thus we have chosen to replace the
lapse with two variables ¥ and ©;. We introduced the variable yjik as a new
unknown in place of 9;g;,. As we will see, the evolution equation verified by
yji . has a favorable structure. Even though in  roughly has the structure of
a connection coeflicient and is therefore not an invariant quantity, for the pur-
poses of analysis, we choose to view y jik as a tensorfield that happens to have
the form sz‘ w = (G™1)"0;G 4y, relative to our CMC-transported coordinates.

For the FLRW solution (LF), we have G;; = E;;, (G1)Y = (E™)Y,
VdetG =1, K', =0, U" =0, P=0,¥ =0, and ©; = 0, where E;; = diag(1,1,1)
denotes the standard Euclidean metric on T3.

We now provide a brief preview of the behavior of the perturbed solutions:
for perturbed data, the renormalized variable components K ij, VdetG, and p
remain uniformly close to the corresponding FLRW components, while the re-
maining variable components are allowed to deviate at worst like small amplitudex
Ve as t 1 0. Similar estimates hold for the lower-order derivatives of the so-
lution variables.

1.7 A summary of the analysis

We now summarize the main ideas behind the proof of our main results.

1.7.1 The top level picture

The proof is based on a long bootstrap argument that yields a priori estimates
for the total solution energies

2 . 2 2
@@(Total);e*;M = e*g(Metric);M + g}(Fluid);Mv (121)

which shows in particular that they remain finite for ¢ ¢ (0,1]. In (L.21)),
S(Metric);M 1S @ metric energy, & pruiqy;m is a fluid energy, 6. > 0 is a small
positive constant that we choose in Sect. [0} and 0 < M < N. Here and through-
out most of the article, NV > 8 denotes an integer representing the number of
derivatives we need to close our estimates. From the a priori estimates and a
standard continuation principle (see Theorem , we conclude that the per-
turbed solution exists on the slab (0,1] x T3. We stress that deriving a priori
estimates for the &otary;0,;m 15 the main step in the proof of stable singularity
formation.

The details of the energies (see Def. do not concern us at the
present; they are order M (0 < M < N) Sobolev-type energies that naturally
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arise from integration by parts identities, and &(arerricy;nr and & pruiay;nmr re-
spectively control the derivatives of the metric and the fluid. In order to derive
a priori estimates for the energies, we make bootstrap assumptions for three
solution-controlling norms:

%p(Frame—Total) N (t)v %(Frame—Kinetic);N—?) (t)a and (g(FTame—Potential);N—4 (t) .

The norms control the distance of the renormalized solution variables of Def. [I]
from their FLRW background values with various t—weights hiding in the def-
initions of the norms. See Sect. [p| for their definitions.

The norms J prame-Total); M (t) are built out of Sobolev norms of the com-
ponents of the renormalized solution variables relative to the transported spa-
tial coordinate frame. We stress that the 7 prqme-rotar);m (t) are distinct from
the &(rotary;o,;m (t). We introduce the norms 2 prame-rotaly;n (t) because our
energies &{(1otal);o,;m (1) are quasilinear and their control over the frame com-
ponents can degenerate as the renormalized metric G(t, z) degenerates. Hence,
for the purposes of analysis and Sobolev embedding, it is convenient to work
with norms J grame-rotar);n (t), whose coerciveness is solution-independent.
The main reason that we choose to measure the size of the solution variables’
frame components is: our derivation of strong estimates (see Sect. for the
lower-order derivatives is based on an analysis of frame components. Another
reason is that our proof of the existence of the limiting profiles Mg‘mg(x),
(KBang)ij (), etc. (see Sect. and Theorem [2)) is also based on an analysis
of frame components. We connect the coerciveness of the &(rota1):0,;0 to the
coerciveness of the J prame-Total);nr in Sect.

The norms Spﬂ(Frarmz—Kinetic);N*B‘: (t) and %(Frame—Potential);Nfél(t) are built
out of CM—type norms of the components of various renormalized solution
variables relative to the transported spatial coordinate frame. The norm € prame- Kinetic);N-3(t)
controls the “kinetic” variables and the norm % prame-potentiat);N-a(t) con-
trols the “potential” variables (see Sect. for additional discussion concern-
ing the kinetic and potential variables). We introduce € prame-Kinetic);N-3(t)
and 6(prame-Potential);N-4(t) in order to take advantage of the strong es-
timates verified by the solution’s lower-order derivatives. More precisely, the
norins (K(FT'(ITTLG—KiTLCtiC);N—-:% (t) and cg( Frame-Potential);N-4 (t) control the renor-
malized solution variables’ components with stronger t—weights than the t—weights
afforded by the Sobolev norm J rrame-Totar);n- This leads to better control
over the lower-order derivatives compared to the higher-order derivatives, a
fact that plays a key role in the proof of our main stable singularity formation
theorem. We discuss this issue in more detail in Sect. [L7.2]

To derive a priori estimates for the &(ro1a10,:17, We also need to measure
the pointwise |- | norms (see Def. [4]) of various tensorfields. The reason is
that the energies &(rotai);0,;0, Which are the quantities that we will be able
to estimate via integration by parts, control square integrals of the |-|¢ norms
of the derivatives of the renormalized solution variables. In particular, we use
the norms |- |¢ during our proof of Prop. @ In this proposition, we derive
pointwise bounds for the |- |¢ norms of the inhomogeneous terms appearing in
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the d;—commuted equations. This is a crucially important preliminary step in
our derivation of a priori estimates for &(ro1a1):0,; because square integrals
of the |- |g norms of the inhomogeneous terms drive the evolution of the
éa(Total);O*;M'

We now state the norm bootstrap assumptions that we use in our proof
of stable singularity formation. We assume that on a time interval (T,1] of
existence, the following norm bounds hold:

'%p(Frame—Total);N(t) < Et_av te (Tv 1]1 (1223)
Cg(FTame—Kinetic);N—B(t) <1, e (T7 1]3 (122b)
%(Frame—Potential);Nfﬁl (t) < t_67 e (T7 1] (122C)

Above, € and o are small positive numbers whose smallness we adjust through-
out our analysis. Our main task is to show how to derive strict improvements

of (1.22a)-(1.22d)) under a near-FLRW assumption on the data (given at ¢ = 1).
The main step in deriving the improvements is to obtain a coupled system

of integral inequalities for the &(rotary;,;0r, @ task that we accomplish in in
Prop. In simplified form, the inequalities readm

((data7’
CO@(QTotal);G*;M(t) <Cy <%ﬂ(QFrame—Total);M(1) (123)

s=1
-1 2
+cCNeE ‘/s—t S é()(Total);O*;I\/[(S) ds

=l enE o2
—1l=-CcnN\/€
+CN€ L—t S g(Total);G*;M—l(S) s+

absent if M =0

Above, ¢y and Cy are positive constants and € is the small positive num-
ber featured in the bootstrap assumptions (1.22a)-(1.22d). In Corollary [2] we
analyze the hierarchy and derive the main a priori estimates by a Gronwall
argument. Let us restate some of the estimates that appear in the proof of the
corollary: if &(7otar):0,;01 (1) S € for 0 < M < N and e is sufficiently small, then
the following inequalities hold on any slab (7’,1] x T? of existence:

Elrotatyp.n (t) < Ce'teMVe, (1.24)

With the help of the comparison estimates of Prop. and a few additional
estimates, inequality allows us to deduce an improvement of the main
Sobolev norm bootstrap assumption ([1.22a) when the data are sufficiently
small. As we have mentioned, inequal allows for mild energy blow-
up as t | 0. Because of the presence of integrals on the second line of the
right-hand side of , our methods force us to accept this loss.

16 One slight technical difficulty, which we do not discuss in detail here, is that the energies
g(zTotal);G*;]\/I do not directly control the quantities ¥, 7 s [107Glc Hsz +]10;G7 e H2L2 To

control these quantities, we derive another hierarchy of inequalities (see Prop. that is
coupled to the hierarchy (1.23).
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We now discuss some important aspects of the structure of inequality
(1.23). The factor es™! in the integral C’Ne[;:tl 5 6 otay0,00 (8) ds is the
most delicate term. It arises from a family of borderline cubic error integrals
such as the one , which leads to the presence of an error integral of the

form

s=1 R
[T I = ()8 araryg, e (5) ds. (1.25)

To bound the integral (1.25) by < Cxe fss:tl 5 6 otary 0,1 (8) ds, we derive
the following key estimate (for components):

SeE (1.26)

%)

Note that yields |[K[2, = K4 K", < €2 as desired. A slightly worse bound in
(1.26)), such as es™“¢, would lead to the integral Cye fss:tl 5‘1‘“6"(2T0ml);9*;M(5) ds
on the right-hand side of . This integral would lead to the rapid blow-up
of 0@& otal)0.0 (1) like exp(t7°), which in turn would invalidate all of our main
results. The bound is available because the lower-order derivatives of
the solution obey strong C™ estimates, as we describe in Sect. Similar
remarks apply to the integrals Cye f:::tl S_I_CN\/Eéa(QTOml);G* a1 (8) ds. Here,

3

we have conceded a slightly worse loss of es 17N Ve but this concession is
allowed because the integral depends on a lower-order energy (which, during
an inductive bootstrap argument, would already have been suitably bounded).
Again, the availability of the non-fatal factor es™1°N V¢ is a consequence of the
strong estimates obeyed by the lower-order derivatives.

1.7.2 Strong CM estimates for the lower-order derivatives

We now outline our derivation of strong C™ estimates for the lower-order
derivatives of the solution. By “strong,” we mean that they are stronger than
the estimates afforded by the bootstrap assumptions and Sobolev embedding.
Note that in Sect. we explained why these strong estimates are an es-
sential ingredient in our derivation of the a priori energy estimates. We derive
the strong estimates by taking advantage of the special structure of the Ein-
stein equations in CMC-transported spatial coordinates. The strong estimates
incur a loss in derivatives because to derive them, we fix the spatial point x
and treat the evolution equations as ODEs with small error sources that de-
pend on the higher-order derivatives. We now discuss the main ideas behind
deriving the strong estimates; see Prop. [f] for the details. We first discuss the
components K ij. The Sobolev norm bootstrap assumption guarantees

S €t79. Based on the presence of the error

only the inadequate bound ‘K ij

integral (|1.25)), this bound would lead to the following error integral on the
right-hand side of (T.23): cxe ss:tl 5—1—65(2Toml),0*,M(5) ds. As we described in
Sect. such an error integral is damaging and would destroy the viability
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of our proof. We now sketch a proof of how to derive the critically important
S € stated in (|1.26]). To derive this bound, one can

insert the bootstrap assumptions (|1.22a])-(|1.22¢)) into the evolution equation

(4.7b)) and deduce

improved estimate |k i f

‘atf(ij S et1/370 (1.27)

where Z is a positive integer that depends only on the number of terms in
the products on the right-hand side of - More precisely, to derive ,
we roughly use the following strategy. We isolate 8tK i using the evolution
equation (4 and put all remaining terms on the right- hand side. We bound
these remaining terms by using the bootstrap assumptions (1.22a)-(1.22d) +
Sobolev embedding. The bootstrap assumptions imply that in a given product,
all renormalized field variable frame components except for at most one can
be bounded in C° by ¢ °; this is where we use the lower-order bootstrap
assumptions ([1.22b —. As a consequence of the Sobolev norm bootstrap
assumption (|1.22al), the possible exceptional term in the product is bounded
in C° by at worst the “high-order bound” Cet=2/3~°. This additional factor
t~2/3 comes from the * potential terms” 'y and U appearing (implicitly) in the
norm bootstrap assumption (|1.22a) , these terms appear on the left-hand side
of (1.22al) weighted with a factor t2/3. The factors of t*/3 emerge naturally
from the structure of our energy estimates, which we discuss in Sect. [1.9.]]
(see in particular the powers of ¢ in equations (1.30a)- (L.30b)). Using this
strategy, we can more or less directly infer the power of et~/3~ U on the right-
hand side of - 11.27)) by examining the evolution equation (4 , where powers
of t explicitly appear. Roughly speaking, the “worst” power of ¢ explicitly
appearing in equation is t'/3, while the above argument has just shown
that the bootstrap assumptions allow us to bound any product of renormalized
field variable frame components in C° by at worst Cet=2/3~%9 . Thus, in total,
the worst source term for 8, K%, can be bounded by Cet'/3¢t72/3-2°  which
yields . We now integrate from ¢ to 1, use the integrability of
t71/3729 over the interval (0,1) (for sufficiently small o), and use the small-

(1,z) S e, to deduce the desired strong estimate ((1.26)).

data assumption ‘K ij

The remaining strong estimates for the non-lapse variables in Prop. [f] are
equally important and can be derived with a similar strategy, but we must
prove them in a viable order; the proofs of some of the strong estimates re-
quire the availability other ones that must be proved independently. Hence,
the proofs reveal some effective partial dynamic decoupling of the lower-order
derivatives of some of the solution variables. As a last step in the proof of
the proposition, we use the maximum principal to derive the estimates for the
lapse variables; see Sect. [I.§|



24 Igor Rodnianski, Jared Speck

1.8 The renormalized lapse variables - governed by two elliptic PDEs

We now highlight some interesting and important issues that arise in our anal-
ysis of the renormalized lapse variables ¥ and ©; (see Def. . These issues are
relevant for the derivation of strong estimates for the lower-order lapse deriva-
tives and also for the derivation of our main energy estimates up to top-order.
The main point is that the elliptic equation verified by ¥ can be expressed in
two different ways; see equations and (4.4D)). The equivalence (for lower-
order derivatives) of these two expressions is a consequence of the Hamiltonian
constraint equation 7 which connects the scalar curvature R of g to K
and the fluid variables.

The second lapse equation involves inhomogeneous terms that are
of a favorable size, but that depend on one derivative of y (because R depends
on one derivative of y). The first lapse equation involves homogeneous
terms that are of a dangerous size ~ t~*/3. However, these terms have an extra
degree of differentiability compared to the inhomogeneous terms appearing
in the second lapse equation. In view of these remarks, we adopt the follow-
ing basic strategy: whenever we want to derive estimates for the lower-order
derivatives of the lapse variables, we use the second lapse equation; the source
terms are much smaller in this equation. However, in order to close the top
order energy estimates, we are forbidden from using the favorable second equa-
tion because of its dependence on one derivative of y; there would be too many
derivatives on y to close the estimates. Thus, for these top order derivatives, we
are forced to use the first equation. We are thus compelled to prove estimates
that are just good enough to allow us to control the top order derivatives of
the lapse despite the presence of the dangerous source terms.

These estimates reflect a tension that is enforced by the Hamiltonian con-
straint . On the one hand, if one expresses R in terms of g and its spatial
derivatives, then our strong estimates show that R is an order et~(2/3+) term.
On the other hand, the kinetic terms (which are defined in Sect. in
suggest that R “wants to be” an order et~(>) term. For the lower-order spa-
tial derivatives of R, our strong estimates guarantee that the former estimates
hold, which means that there must be severe cancellation among the kinetic
terms in . For the top order spatial derivatives of R, the expression in
terms of ¢ and its spatial derivatives is not in L?, and thus the kinetic terms
in dictate the top order L? behavior of the lapse. A major aspect of our
analysis is that we constantly have to battle this kind of tension.

1.9 Dominance of the kinetic terms and VTD behavior

It is convenient to group the solution variables into two classes, namely the
“kinetic terms” and the “potential terms.” By kinetic terms, we mean the
variables K*; and P, while by potential terms, we mean y jz , and U*. Moreover,
since the variable vVdetG has analytic properties in common with K ij and P,
we will also refer to it as a kinetic variable. Similarly, since G;;, (G™)%¥, ¥, and
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©; have analytic properties in common with y ji  and U*, we will also refer to
these variables as potential variables. Our analysis (more precisely, the strong
CM estimates discussed in Sect. roughly shows that in many cases, the
kinetic terms are the dominant influence in the Einstein-stiff fluid equations
near the singularity. As an example, we discuss the evolution equation ,
which we express as

, 1.,
oy (k';) = —;kzj + linear-in-potential terms. (1.28)

The strong estimates of Sect. [7] can be used to show that the potential terms
on the right-hand side of are < et~2/3-¢V€ while the kinetic term —%klj
is of the much larger order ¢~2.

Moreover, consider (for example) inequality , which shows that the
time-rescaled field tk’; converges to a time-rescaled-near-FLRW field (K pang)’; ()
as t | 0. Another way to view this convergence is as follows: k° j(t, x) is asymp-
totic to a field t‘l(KB(mg)ij (z) that verifies an x—parameterized ODE. This
z—parameterized ODE is obtained by simply throwing away the potential
terms from equation . This is an example of the VID behavior men-
tioned in Remark [

1.9.1 The main energy integral inequality and the key approximate
monotonicity inequality

We now discuss the derivation of the integral inequality for the total
energies é’(QT otal):0.; M which is one of the main ingredients in our derivation
of the energy hierarchy . The derivation of is essentially an elab-
orate integration by parts inequality that takes into account the following
key structures: i) the availability of the strong C™ estimates for the lower-
order derivatives; ii) the partially decoupled nature of the metric and fluid
energy estimates; and most importantly, iii) the unexpected availability
of two additional favorably signed spacetime integrals that control
the lapse variables. Because of its importance, we quickly summarize here
(and describe in more detail below) the main idea behind point iii). The key
observation is that in deriving energy estimates for the d; commuted fluid
quantities, we encounter the following error integral (see (|1.33)):

_gtl/a [, (0:P) (9) da. (1.29)

Amazingly, we are able to derive identities showing that has a good
sign towards the past and in fact yields signed integrals that provide control of
t—weighted versions of the lapse quantities ||0;¥| 2 and ||0;0|q| 2. Moreover,
as we shall see, we need the signed integrals to absorb other error integrals
that would otherwise spoil our estimates.

Because our integration by parts arguments are computationally involved,
we have chosen to organize the calculations using the framework of energy cur-
rents. These currents allow us to derive L?—type identities for the derivatives
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0; of the renormalized field variables, where I is a spatial derivative multi-
index. We introduce the .abbreviated notation Kij = 6I~IA(ij, yjik. = 8I~yjik,

U o= 0;v, O, = 0;0;, P = aff?, Ut = 8fUi. The quantities K, etc. are
known as wariations. Note that the notation - in the variations has nothing
to do with time derivatives. The energy currents are spacetime vectorfields
J?Memc)[(K,j/),(K,j/)] and J’(‘Flmd)[(P,U), (P,U)] that depend quadrati-
cally on their arguments [-,-], on the solution variables G;;, P, and U?, and
in the case of J% Metric)’ also on ©. We give their precise definitions in Def.
and Def. [[1] Roughly speaking, these currents exist and have useful prop-
erties because the evolution equations are hyperbolic. A general framework
addressing the availability of and properties of energy currents was provided
by Christodoulou [17] (see also [18] regarding the existence/use of currents
for the relativistic Euler equations in Eulerian variables). However, instead of
using the general framework, we have simply derived the currents by hand in
this article.

The most important analytic properties of the currents are the following:

1. Under our bootstrap assumptions, the following positivity properties are
verified by the quadratic forms J¢y/ ..y [ ] and J{py,,0 [+

; Ao Ao A 1 4/s,.
J(()Metric)[(Kvy)a (KaY)] = |K|é + Zt4/3h/|é'7 (130&)

. 2. 2. 2 2 .
J(()Fluid)[(Pv U)7 (Pv U)] N P2 + §t4/3‘U|2G (130b)

N | =

2. By using the Einstein-stiff fluid equations for substitution, 0, (jl(—LMetric) [(k, Y), (K, 1)

and 8”(..]&%”@[(ﬁU)7 (P,U)]) can be expressed in terms of inhomoge-
neous terms that depend on the variations themselves, but not on their
spacetime derivatives 8,(]%',1'/), 8l,(f’, U), or 9,(¥,0).

We provide precise expressions for 9, (..]’(‘Metric) [(K,7), (K,y)]) and 8M(..]’(‘Flm.d) [(P,U), (P, U)])
in and . These two equations are simply differential versions of
integration by parts identities. The energies &(aretricy;mr and & pruiay; v appear-
ing in are constructed by integrating the 0 (i.e., normal) component of

the currents over the hypersurfaces X :

g(QJ\/Ietm'c);M(t) = Z L 'j(()Metric) [af(f(n/)’ af(K7Y)] dz, (131&)
[Tlsm 7

éa(2Flu7,d),M(t) = ﬁZ [E J(()Fluzd) [af(Pa U)a 8f(]37 U)] dzx. (131b)
[Il<M =t

By applying the divergence theorem, we will obtain separate a priori integral
inequalities for the energies & aretricy;m(t) and & pryiay i (t); see and
. We remark that the inhomogeneous terms that arise in commuting the
equations with d; (for |I| < M) are present on the right-hand sides of these
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inequalities. The starting points for the a priori estimates are the following
identities, valid for ¢t € (0,1] :

g(%\/[etm’c);M(t) = g(%\/[etm’c) m(1) (1.32a)

5 A 07,01 )

|T|<M
Eleruiay () = Elrruiaym (1) (1.32b)

-y f (3 1y [02(P. U, 07 (P,U)]) dx

|I|<M

which follow from the divergence theorem. The challenge is to use the equations
and , the strong estimates for the lower-order derivatives, and the
structure of the inhomogeneous terms in the Einstein-stiff fluid equations to
estimate the right-hand sides of — back in terms of & aretric);m
and & pruidy; v this is exactly what we accomplish in the energy inequality
hierarchies .

We now discuss the delicate issues that arise in combining the metric and
fluid energy integral inequalities into the fundamental total energy integral in-
equality . We first discuss the metric energy integral inequality . This
is a mostly standard energy integral inequality that arises from carefully ana-

lyzing the terms in the divergence identity (5.13) for 9, (J* (Metric (K, V), (K,7)]).

The positive spacetime integral on the left-hand side of (9.3]), which pro-
vides control of h‘/%, arises when the time derivative 9, hits the t*/3 factor
in the product.%t4/3(C';‘l)“b(G‘l)efGiji/eiai/f]b from the expression ([5.12a))

for J(()Metrzc)

[V|c|O|g that arise in the derivation of , but these terms can be respec-
tively bounded by C![y[% + C|UJ% and C~T|y|% + C|O|%. For large enough C,
the C~![y|% terms can be absorbed into the positive spacetime integral on the
left-hand side of , while the other two terms generate quadratic fluid and
lapse terms that appear with dangerous large constants; we will soon address
how we handle these large constants.

The derivation of the fluid energy integral inequality is much more
delicate and is at the heart of our derivation of the approximate L? monotonic-
ity inequality. We first discuss the more standard features of the inequality.
The positive spacetime integral involving [0;U%, = |U[%, on the left-hand side
of (9.12)) arises when the time derivative 6t hits the t*/3 factor in the product

2t4/3[P+ ] G sUUY from the expression (5.16a)) for J?Flmd)[(P,U),(P,U)].

[(K,7),(K,V)]. There are cross terms of the form |y|q|U|e and

This is completely analogous to our analysis of 0, ( (Met”c)[(K7§/), (K,y)])
The subtle feature is the origin of the positive spacetime integrals on the
left-hand side of involving the lapse variables. These spacetime in-
tegrals arise from a subtle analysis of the spacetime integral corresponding

to the —2t/3P¥ term on the right-hand side of the expression (5.17) for
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?ﬂ(j?Fluid)[(ﬁ’U)’ (]f’, U)]) The spatial integral corresponding to this term
is
2 13 5
' [ (9:P) (97%) da. (1.33)

The miracle is the following: we can use version 1 of the commuted lapse equa-
tion, namely , to replace the term -gafﬁ with %zaﬂ/, plus some error
terms (the signs and the size of the constant factors is crucially important).
Here, £ is the negative definite elliptic operator defined in ; we have
L =t*3(G1)%9,0, — 1 + error terms. We remark that this step requires the
combined use of some of the special structure of the Einstein equations in our
gauge, for in deriving the commuted lapse equation , we used the Hamil-
tonian constraint and the constant mean curvature condition. That is, the fact
that we can replace %281-15 with %E@I-W is a consequence of the original lapse
equation (|1.18)), the constant mean curvature condition, and the Hamiltonian
constrain. We then integrate by parts in (after making the re-
placement), which, up to some additional error terms, generates two negative
spacetime integrals on the right-hand side of . One of the integrals
controls [0;¥|?, while the other controls [0;0|2. These integrals are multiplied
by certain constants that are of great importance. We bring these two inte-
grals over to the left-hand side of inequality , which in total results in
the presence of the three spacetime integrals involving positive constants. The
reason that the size of the constants is important is the presence of the cross
term —4t[ﬁ + %]ZU‘l@a ~ —gtU‘l@a on the right-hand side of the expression

for GH(.']?FZUM)[(RUL (P,U)]) It turns out that the constants avail-
able are large enough such that the quadratic integral corresponding to this
term can be completely soaked up into the positive integrals on the left-hand
side of with a bit of room to spare. Furthermore, there are no integrals
on the right-hand side of the fluid energy integral inequality involving
the quadratic top order term |0yy|%. This structure will play an absolutely
essential role when we combine the metric and fluid energies.

In order to combine the metric and fluid energy integral inequalities
and into the main energy integral inequality (9.2)), we simply add a small
positive multiple 8 of the metric energy inequality to the fluid energy in-
equality . If 6 = 0, is sufficiently small, then the integrals corresponding to
the dangerous terms CO|U|2, and C6|O|% present on the right-hand side of the
metric estimate can be soaked up into the left-hand side of the fluid estimate.
In this manner, we have therefore eliminated all of the unfavorably signed top
order pure quadratic terms with large constants. This is the content of the
main energy integral inequality ; this is the aforementioned “approximate
monotonicity” inequality.

Note that we have not yet discussed the following key issue connected to
the derivation of the energy hierarchy : that of bounding the spacetime
integrals appearing (implicitly, in the divergence of the currents) on the right-
hand sides of (1.32a))-(1.32D) that arise from the inhomogeneous terms in the
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O0jy—commuted equations. More precisely, to close our estimates, we have to
bound these integrals in terms of the energies &(7otar);0,;01 (t). In Sect.
we provide a brief overview of this analysis.

The favorably signed lapse spacetime integrals described in this section
somewhat remind of Guo’s work [41], in which he proved small-data global
existence for irrotational solutions to the Euler-Poisson system in three spa-
tial dimensions. Guo’s result is far from obvious, for without the coupling to
the Poisson equation, small-data irrotational Euler solutions in three spatial
dimensions can blow-up in finite time [18], [76]. Roughly, the reasons that
small-data blow-up occurs in solutions to the irrotational Euler wave equation
are that the nonlinearities do not verify the null condition and that solutions
to the corresponding linearized wave equation decay at the non-integrable rate
(1+t)7!. The main idea behind Guo’s proof was his observation that linearizing
the wave equation verified by the velocity u in the irrotational Euler-Poisson
equations leads to a favorable linear-in-u term. That is, the linearized equation
is a Klein-Gordon equation with a decay-producing mass term. Since solutions
to Klein-Gordon equations in three spatial dimensions decay at the integrable
rate (1 +t)™%/2 (see [84]), Guo was able to exploit this property to prove
his small-data global existence result. The effect generated by the favorable
linear-in-u term is in rough analogy with the availability of the coercive lapse
integrals discussed above.

1.9.2 The inhomogeneous term integrals

In order to derive the energy inequality hierarchy , we have to bound the
spacetime integrals appearing (implicitly, in the divergence of the currents) on
the right-hand sides of (1.32a)-(L.32b) in terms of the energies &(1ozar).0,;1r ().
Most of these integrals are generated by the many inhomogeneous terms that
appear on the right-hand side of the J;—commuted equations. We carry out
this analysis Sect. [I0]and Sect. [IT} The crux of it is our derivation of pointwise
bounds for the |-|g norms of the inhomogeneous terms; see Prop. @ Following
this, we can easily estimate the spacetime integrals by squaring the pointwise
bounds and integrating. To facilitate the analysis, we divide many of the inho-
mogeneous terms into two classes: “junk terms,” whose integrals are easy to
estimate, and “borderline” terms, whose integrals have to be treated with care;
see e.g. our labeling of the inhomogeneous terms in equations —.

The borderline terms generate some of the spacetime integrals in ([1.23))
involving the dangerous factors Cyes™' and Cnes ' "°NV€. The challenge is
to show that the dangerous factors are not worse than this. The main idea
behind our analysis is to bound products ¥z, 7,147 107, vlc|07,w|c by using
the strong C’gf estimates of Prop. |§|to control the term with the least number of
derivatives on it in L*°. In the cases where |I;| = 0 or |I2| = 0, the corresponding
spacetime integral is principal order in terms of its place in the hierarchy. It
is therefore especially important that we have the best possible L* estimates
in these cases, and estimates such as with M =0 (which is implied by
(1.26)) play a distinguished role.
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1.9.8 Other matter models

We now explain what distinguishes the stiff fluid equation of state from others
of the form p = ¢?p. The main point is that for a general equation of state,
the elliptic lapse PDE contains a pure kinetic term proportional to p — p, that
is, it is of the form ¢g**V,Vy(n-1) = 3(p - p) + -+ see (3.13). Clearly this
term vanishes only in the case ¢ = 1. If present, this term would dominate the
behavior of the lapse and preclude our ability to derive the strong estimates
for it at the lower orders (as described in Sect. [I.8). Our entire proof would
therefore break down. Similar remarks hold for the evolution equation verified
by the components kij. It would be interesting to characterize those matter
models for which the relevant pure kinetic terms are absent. For such matter
models, it may be possible to prove a theorem analogous to our main stable
singularity formation theorem.

1.10 Approximate monotonicity via parabolic lapse gauges

In |73], we constructed a one-parameter family of gauges in which the approx-
imate monotonicity is also visible. The gauge condition is given by replacing
the CMC condition k%, (t,x) = —t! with

At(n-1) =tk +1, (1.34)

where A # 0 is a real number. In the case of the scalar field matter model,
we derived the approximate monotonicity whenever A > 3. In addition to im-
posing , we also used transported spatial coordinates and decomposed
g = —n2dt* + gupdz®dz® as in . Note that the case A = co formally cor-
responds to the CMC condition. Under the gauge (1.34])) with transported
spatial coordinate, the Einstein-stiff fluid equations look much as they do in
CMC case. The most significant change is that the elliptic CMC equation
(1.18) is replaced with the following parabolic lapse equation, which for A > 0
is locally well posed only the past direction:

1
?\_1;@(71— 1) +9"VoVs(n-1) = (n=1){1-A"" + R - 2pu,u”} (1.35)
-1 1 2 —21 3
AT A=2) (-1 A (0= 1)
+ R - 2pugu®.

Based on the linearized stability results of |73], we expect that the main results
of the present article could also be derived in the parabolic lapse gauge; we do
not pursue this issue in detail here.

Remark 6 An advantage of the parabolic gauges is that one does not have to
construct a CMC hypersurface.
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1.11 Paper outline

— In Sect.[2] we introduce some notation and conventions that we use through-
out the article.

— In Sect. we state the Einstein-stiff fluid equations relative to CMC-
transported spatial coordinates.

— In Sect. ] we introduce renormalized solution variables. We then state
the PDEs that are verified by the renormalized variables. The system is
equivalent to the system from Sect.

— In Sect. [5] we introduce the norms that we use to study the renormalized
solution variables. We also introduce the equations of variation, which is
another name for the equations verified by the 0;—differentiated variables.
Finally, we introduce the metric and fluid energy current vectorfields. In
Sect. 0] we use these currents in the divergence theorem to derive our
fundamental integration by parts integral inequalities for the renormalized
solution variables and their spatial derivatives.

— In Sect. [f] we introduce the norm bootstrap assumptions that we use in
the proof of our main stable singularity formation theorem. We then define
the metric and fluid energies that we use in service of our analysis of the
norms. The currents of Sect. |5 play a fundamental role in the definitions
of the energies. Finally, we deduce the coercive properties of the energies.

— In Sect. |7, we use the bootstrap assumptions to derive strong CM estimates
for the lower-order derivatives of the renormalized solution variables.

— In Sect. [8] we provide a preliminary L? analysis of the lapse variables. In
particular, we prove a key proposition that shows that a certain quadratic
term, which arises in the divergence identity for the fluid energy current,
leads to L?—control over the renormalized lapse variables.

— In Sect. 0] we derive our fundamental integration-by-parts-based energy
integral inequalities for the solution. These estimates provide preliminary
integral inequalities for the energies. However, the inhomogeneous term
integrals, which arise from the inhomogeneous terms in the dy—commuted
equations, are not estimated in this section.

— In Sect. [I0] we use the strong estimates of Sect. [7] to derive suitable point-
wise bounds for the inhomogeneous terms appearing in the Jy—commuted
equations.

— In Sect. we use the estimates of Sect. [8| and Sect. [10| to bound the L?
norms of the renormalized lapse variables and the inhomogeneous terms
by the energies.

— In Sect. [I2] we compare the coerciveness of the solution Sobolev norms to
the coerciveness of the energies.

— In Sect. we combine the estimates of the previous sections in order to
derive our fundamental a priori estimates for the norms of the renormalized
variables.

— In Sect. [I4] we discuss local well-posedness and continuation criteria for
the Einstein equations. We also show the existence of a CMC hypersurface
in the spacetimes under consideration.
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— In Sect. we prove our main theorem showing past-stable Big Bang
formation in spacetimes launched by near-FLRW data.

— In Appendix [A] we provide some basic metric and curvature relations.

— In Appendix we provide some additional details concerning the equa-
tions that we stated in Sect. Bl

— In Appendix [C] we provide some additional details concerning the equa-
tions for the renormalized variables that we stated in Sect. [l

— In AppendiXE we provide the precise form of the Jy—commuted equations.

2 Notation and Conventions

In this section, we summarize some notation and conventions that we use
throughout the article.

2.1 Foliations

The spacetime manifolds M of interest will be equipped with a time function ¢
that partitions certain regions V ¢ M into spacelike hypersurfaces of constant
time: V = (T,1] x T3 = Ute(r,112/t- The X} are often CMC hypersurfaces. The
level sets of t are denoted by X, :

Yi=A{(s,x) e V| s=t}. (2.1)

2.2 Metrics

Most (but not all) of the article concerns spacetime metrics g of the form g =
—n2dt? + gapdr®da®. n(t,r) is the lapse function, and g;;(¢,z) is a Riemannian
metric on 3.

2.3 Indices and determinants

Greek “spacetime” indices «,f3, - take on the values 0,1,2,3, while Latin
“spatial” indices a, b, --- take on the values 1, 2, 3. Repeated indices are summed
over (from 0 to 3 if they are Greek, and from 1 to 3 if they are Latin). Spatial
indices are lowered and raised with the Riemannian 3—metric g;; and its inverse
g". We never implicitly lower and raise indices with the renormalized metric
G defined in Def. I} we always explicitly indicate the factors of G and G~!
whenever the renormalized metric is involved in lowering or raising.
We use the notation

detg (2.2)

to denote the determinant of the 3 x 3 matrix g;;.
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2.4 Spacetime tensorfields and Y;—tangent tensorfields

We denote spacetime tensorfields T, .., #*"# in bold font. We denote the
g-orthogonal projection of T, ., #*"#m onto the constant-time hypersur-
faces Xy in non-bold font: T, _, aram  We also denote general X;—tangent

tensorfields in non-bold font.

2.5 Coordinate systems and differential operators

We often work in a fixed standard local coordinate system (z!,2?,23) on T3.
The vectorfields 9; := % are globally well-defined even though the coordinates
themselves are not. Hence, in a slight abuse of notation, we use {01,02,05}
to denote the globally defined vectorfield frame. The corresponding co-frame
is denoted by {dx!,dz? dx®}. The spatial coordinates can be extended to
a local coordinate system (2°,z!, 2%, 23) on manifolds-with-boundary of the
form (T,1]xT?3, and we often write ¢ instead of 2°. The precise manner in which
this is carried out is explained at the beginning of Sect. [3| The corresponding
vectorfield frame on (7,1] x T? is {9y, d1,a,03}, and the corresponding dual
frame is {dx®,dxz!,dz?, dz3}. Relative to this frame, the FLRW metric g is
of the form . The symbol 0, denotes the frame derivative 8%” and we
often write 8 instead of 9y and dt instead of dz®. Most of our estimates and
equations are stated relative to the frame {aﬂ} and the dual frame

1=0,1,2,3
{dm#}uzo,l,z,?f

We use the notation df to denote the spatial coordinate gradient of the
function f. Similarly, if © is a X;— tangent one-form, then 9@ denotes the
Yi—tangent type (g) tensorfield with components 9;0; relative to the frame
described above.

If T = (ny,ng,n3) is a triple of non-negative integers, then we define the
spatial multi-index coordinate differential operator 0; by 0; = 07" 05205°. The
notation |f| := ny + ny + ny denotes the order of 1.

Throughout, D denotes the Levi-Civita connection of g. We write

m
Haepm 1t por B -1 Ol 1 fom
DT =0, T, ... + Z rs.T * (2.3)

VS vpevn V1sUn
r=1

n
->r2, T Hatm
V Vp V1 Ve 1 Qi1 U
r=1

to denote a component of the covariant derivative of a tensorfield T (with
components T, #1"#m) defined on M. The Christoffel symbols of g, which
we denote by I' %, are defined in (A.19a)).

We use similar notation to denote the covariant derivative of a X;—tangent
tensorfield T' (with components Ty .y, @174 with respect to the Levi-Civita

connection V of the Riemannian metric g. The Christoffel symbols of g, which

we denote by I';%, are defined in (A.19b)).
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2.6 Commutators and Lie brackets

Given two operators A and B,
(4, B] (2.4)

denotes the operator commutator AB — BA.
If X and Y are two vectorfields, then

LxY =[X,Y] (2.5)

denotes the Lie derivative of Y with respect to X. Relative to an arbitrary
coordinate system,

[X,Y]" = X0, Y" - Y0, X" (2.6)

2.7 L? norms

All of our Sobolev norms are built out of the (spatial) L? norms of scalar
quantities (which may be the components of a tensorfield). If f is a function
defined on the hypersurface X, then we define the standard L? norm ” fH 2
over X; as follows:

1/2
=Wl ( [l atanfar) 2o

Above, the notation “ [15 f dz” denotes the integral of f over T3 with respect
to the measure corresponding to the volume form of the standard Fuclidean
metric E on T?, which has the components E;; = diag(1,1,1) relative to the
frame defined in Sect. 2.5

2.8 Constants

We use C, ¢, etc. to denote positive numerical constants that are free to vary
from line to line. We allow C,c¢ to depend on N, but we always choose C,
¢ so that they are independent of all functions that are sufficiently close to
the FLRW solution. We sometimes use notation such as C'y when we want to
explicitly indicate that C' depends on N. We use symbols such as Cy, ¢, etc.,
to denote constants that play a distinguished role in the analysis. If A and B
are two quantities, then we often write

A<B (2.8)

whenever there exists a constant C' > 0 such that A < CB. Furthermore, if
A< B and B S A, then we often write

A~ B. (2.9)
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3 The Einstein-Stiff Fluid Equations Relative to CMC-Transported
Spatial Coordinates

In this section, we provide the Einstein-stiff fluid equations relative to CMC-
transported spatial coordinates. For additional details concerning the deriva-
tion of the equations starting from the system (1.1a])-(1.4) (with c, = 1), see
Appendix [B]

Before stating the equations, we first define the variables that play a role in
the standard CMC-transported spatial coordinates formulation. We begin by
discussing the spatial coordinates. We assume that (M, g) is a cosmological
spacetime containing a region V that is foliated by spacelike hypersurfaces 3/,
where t € (T, 1] is a time function. In this article, X; = T2, i.e., V = (T, 1] x T3.
We will soon impose the condition that the X; are CMC hypersurfaces. The
existence of CMC hypersurfaces in the spacetimes of interest is guaranteed by
Prop. Let (2,22, 23) denote local coordinates on a neighborhood U c X.
We can extend these spatial coordinates to a spacetime coordinate system
(t,x",2%,2%) on (T,1] xU c V by requiring that —Nz? = 0 for i = 1,2, 3. Here,
N is the future-directed normal to X, and we are slightly abusing notation
by using the symbol “2*” to denote both the transported coordinate function
and also its restriction to Xy. This provides us with a coordinate system on
(T,1] xU c V. On (T,1] xU, g can be uniquely decomposed into a lapse
function n and a Riemannian 3—-metric g on X} as follows:

g = -n2dt ® dt + gopda® ® da, (3.1a)
gl =-n20,® 9, + g8, ® 0. (3.1b)

Above, ¢ denotes the inverse of gij- The future-directed normal to Xy is

N=n"19,. (3.2)

We denote the Levi-Civita connection of g by D and that of g by V.
We assume that there is a stiff fluid present in V. The fluid’s four-velocity
can be decomposed as

u = (1+uu®)*N +u%d,, (3.3)

where the factor (1 +u,u®)/? enforces the normalization condition (T.3]). The
energy-momentum tensor (1.2]) of the stiff fluid can be decomposed (with the
indices “downstairs”) as

T = T(N, N)Nb ® Nb - T(N, 3a) (Nb ® dz® + dz*® ® Nb) + Tabdma ® dﬁcb,

(3.4)

where (Nb)u = gWNa is the metric dual of N,
T(N,N) = p+2p(1 + uqu®), (3.5a)
T(N, ;) = -2p(1 + uqu®)?u;, (3.5b)

T35 = 2pugu; + pgi. (3.5¢)
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The second fundamental form & of X is defined by requiring that following
relation holds for all vectorfields X,Y tangent to X} :

g(DxN,Y) = -k(X,Y). (3.6)
It is a standard fact that k is symmetric:
E(X,Y) =k(Y,X). (3.7)

For such XY, the action of the spacetime connection D can be decomposed
into the action of V and k as follows:

DxY =vVxY - k(X,Y)N. (3.8)

Remark 7 When analyzing the components of k, we will always assume
that it is written in mixed form as k’; with the first index upstairs
and the second one downstairs. This convention is absolutely essential
for some of our analysis; in the problem of interest to us, the evolution and
constraint equations verified by the components kij have a more favorable
structure than the corresponding equations verified by k;;.

Throughout the vast majority of our analysis, we normalize the CMC hy-
persurfaces X as follows:

ke = -2, te(0,1]. (3.9)

In order for to hold, the lapse has to verify the elliptic equation (3.13)).

A slightly inconvenient fact is the following: T? cannot be covered by a
single coordinate chart. One coordinate chart can cover all but a measure 0 set,
but it takes several to cover all of T?. Hence, we need more than one coordinate
chart to carry out our analysis. This motivates the following definition.

Definition 2 (Standard atlas, standard charts, standard coordinates,

and Euclidean metric) We fix a finite collection of charts {(Up,, (x},, 22,23 ))}M_,
that cover T?. We require that the transition maps z,,, o x;nl2 are translations
defined on subsets of R3. We refer to this collection as the standard atlas on

T3 with standard charts and standard coordinates.

We then fix the Euclidean metric £ on T%. We can view F either as ten-
sorfield inherent to T2 or as a spacetime tensorfield that is defined along the
hypersurface ¥; ~ T% and that has vanishing components in the direction N.

From the former point of view, E has components E;; = diag(1,1,1) relative
to any of the standard charts.

Using the above construction for transporting coordinates and the standard
atlas, we can construct transported spatial coordinates that, together with ¢,
cover the spacetime region V = (T, 1] x T?. Each spacetime chart is of the form
(T, 1] x Up, (t, k22, 23 ). We refer to this collection as the the standard

m>

atlas on (T,1] x T3 with standard charts.
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The Euclidean metric can be extended to each leaf Xy, t € (T, 1], by re-
quiring that £_FE =0 and that any contraction of ' with IN vanishes. Here,
L _gFE denotes the restriction of the spacetime tensorfield £_gF to X;. Given
any tensorfield T tangent to the Xy, the components of T relative to the coor-
dinate vectorfield bases {%inj}i:l,g’g for 5 =1,2) and dual bases {dac:nj bic1,2.3

(for j =1,2) on the overlapping regions {t} x Up, N {t} xUp,, are independent
of the chart. Hence, one can morally carry out the analysis as if there were
only a single chart.

We never need to directly refer to the spatial coordinates, but rather only
the components of tensorfields relative to the coordinate bases described in
the previous paragraph and also coordinate partial derivatives of these com-
ponents. Hence, there is an alternative way to think about the above con-
struction that is useful for our ensuing analysis. One can imagine that we have
fixed a globally defined smooth holonomic frame field {e(y,e (), ey} on Xy
that is orthonormal with respect to the Euclidean metric. The corresponding
dual frame field, which we denote by {8, 02 G} verifies Q(i)(e(j)) = (5;-,
where 5; is the Kronecker delta. Relative to any of the standard charts on X,
we have e(;) = 0;, 0¢) = dz'. The frame {eq),e(2),€(3)} can be extended to
each leaf Y, t € (T, 1], by requiring that £ ne(;) =0, (i = 1,2,3). Here, N is

)

a renormalized version of N such that Nt = 1 (i.e., N = & relative to any lo-

cal transported coordinate system). Similarly, the dual frame {1, 9(2) 9(3)}
can be extended to each leaf Xy, ¢t € (T,1], by requiring that QfNH(i) =0,
(i=1,2,3).

Any type (f,) tensorfield T' that is tangent to the X; can be decomposed

as T' =T, ., " €(ny) ® " ® €(n,) ® 90™) @ ... @ #(™) . The components
Ty, (t, ) are globally defined functions on ;. We can then view the

Einstein-stiff fluid equations in CMC-transported spatial coordinates, which
are presented just below, as PDES in the components of various tensorfields.
Furthermore, we can view our estimates as estimates of these components and
their frame derivatives e,)T,,,, ..., """ 1= el(’a)ﬁbTml,,_mrm'""S. This quantity
agrees with the coordinate partial derivative 0,7, ™ Ts in any of the
standard charts.

Having established the above conventions, we now state the equations.

1My

Proposition 1 (The Einstein-stiff fluid equations in CMC-transported

spatial coordinates) In CMC-transported spatial coordinates normalized by

k%, = -+, the Einstein-stiff fluid system conszstspf the follo‘wmg equations.
The constraint equations verified by gi;,k';,p, and u' are:

2T(N,N)
——
R- kabkba + (kaa)Q = 2p + 4puaua7 (310&)
——
t—2
Vak® — Vik® = 2p(1 + uqu®)?u; . (3.10b)
N——

0 -T(N,9;)
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The evolution equations verified by gi; and k' ; are:

Ogij = —2ngiak?;, (3.11a)
8t(kij) =—g""V,V,n+ n{Rij + k%, k:ij ~2pu‘u }, (3.11b)
—— —_—
—t71 -Ti+(1/2)I*, T

where R denotes the scalar curvature of g5, Rij denotes the Ricci curvature of
gij (a precise expression is given in Lemma , and Iij = diag(1,1,1) denotes
the identity transformation.

The stiff fluid equations (i.e., the Euler equations with p = p) are:

(1+ uaua)l/zatp +nu*Vep + Zp{(l + uaua)_l/Qubatub + nvau“} (3.12a)

= 2p{ - %(1 +ugu®)Y? +n(1+ uau“)_1/2kefueuf - uavan},

Zp{(l + uqu®) 297 + nuavauj} + (1 +uqu)Y?u?0,p + n(g?® + W u)Vap
(3.12b)
=4np(1 + uau“)l/ijbub - 2p(1 + uqu®)g’’vyn.

The lapse equation (for a general perfect ﬂm@ 18:

9V, Vp(n-1) = (n- 1){R+ (K )2 —(p + p)uau® + > (p - p)} (3.13)

. , 2
t—2
a 3 a \2 a
+ R~ (p+p)ugu +§(p—p)+(ka) = 0 (k%,) -
——
0

4 The Equations Verified by the Renormalized Variables

In this section, we reformulate the Einstein-stiff fluid CMC-transported spatial
coordinate equations in terms of the renormalized variables of Def. We
decompose the resulting equations into main terms, borderline error terms
that must be handled with care, and junk error terms that are easy to control.
In Appendix [C] we provide a more detailed derivation of the equations; here,
we only state them. The two main merits of working with the renormalized
variables are i) they make the time dependence of the FLRW background
solution explicit and thus help us to identity order 1 and approximately order
1 quantities in the study of perturbations; ii) they yield equations with a
favorable structure.

17 We state the lapse equation in the case of a general perfect fluid because we referred to
this equation earlier in the article. However, our main results only apply in the case of the
stiff fluid equation of state p = p.



Big Bang Formation 39

4.1 Constraint equations for the renormalized variables

Proposition 2 (The renormalized constraints) In terms of the renor-

malized variables of Def. the constraint equations (3.10a))-(3.10b) can be

expressed as follows:

R= 2t_2p i t—Q(Border)f) n t_Q/S(Junk)fJ, (418,)

8akai _ %GiaUa " (Border)mi + t4/3(Junk)9;ni’ (41b)

where R denotes the Ricci curvature of the non-rescaled metric g, and the error
terms (Border)f), (Junk)yj’ (Border)m«ti’ and (Junk)g:nZ are deﬁned n "

(C. 7)), (C.7c), and (C.7d).

Furthermore, the following alternative version of (4.1bf) holds:

(Border) ~.
+

. N 2 . unk) ~. ;
(G 0,K7, = U7 o+ 13 g (4.1¢)

(Border)

M and (Junk)iﬁ“(j are defined in (C.8b)) and

where the error terms

(1C.8d)).

4.2 The elliptic equations verified by the renormalized lapse variables

The following negative-definite linear elliptic operator plays a fundamental
role in our analysis of the lapse.

Definition 3 (The elliptic operator L)
L=t3(G1)"9,8, - (1+f), (4.2a)

PPN N 2 4
f::zp+1rgkfl+2#“fmszﬂUb+éfﬂﬁszaU@ (4.2b)

Alternatively, with the help of equations (C.1)) and (C.6a)), £ can be ex-

pressed as follows:

L=t"3(G 19,0, - (1 + f), (4.3a)
f’:: _%t4/3(G—1)efae,yfaa n t4/3(G—1)ab8an i t4/3(Ricci) Aaa (43b)

JW%QWWM%W@WW%

where the error term (Ri“i)Aij is defined in (C.4).
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Proposition 3 (The equations verified by the renormalized lapse vari-
able) Assume the stiff fluid equation of state p = p. In terms of the renor-
malized variables of Def. 1], the lapse equation can be expressed in the
following two forms:

LU = 2t_4/3p 4 t—4/3(Border)m i (Junk)gzL (443)
cw = PG g (4.4b)
order) ~ unk) ~
where the error terms (Border)oqy (Junk)gy » )‘ﬂ, and v )‘)? are defined

in (C13a), (C-13D), (C.14a), and (C.140).

4.3 Evolution equations for the renormalized variables
4.3.1 Fvolution equation for the renormalized volume form factor

Lemma 1 (Evolution equation for \/detG) The renormalized volume form
factor \/detG of Def. 1| verifies the following evolution equation:

9y InVdetG = t1/3w. (4.5)

4.3.2 Evolution equations for the renormalized metric variables

Proposition 4 (The renormalized metric evolution equations) The
renormalized metric G;; and its inverse (G4 of Def.|1| verify the following
evolution equations:

8,5G¢j = —2t71Gmkaj + tl/g(Junk)ﬁij, (468,)
8 (G 1Y = 27 Gy kT 4 413 I G, (4.6b)

(Junk) ~

where the error terms (J“nk)(ﬁ,-j and &Y are defined in (C.19al))-(C.19b).
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Furthermore, the quantities v, and Kij verify the following evolution
equations:

)
Ayl = -2 1+ tPw)0. Kb + gt‘l/?’@elbi (4.7a)

—l(Border)g b +t1/3(Junk:)g b

e 1

+1
s (R b (4)
1 -1\ia -1\e 1
LA LRl 2 () Oa( Gn(G™) fyebf—iyjbb)
I
1 1/3 4/3 -1y\ia —~1yef., b 1
PP 0, (G (@YY - Sy )
Iy

) 1 ) )
-1 1/3g, 11 1/3(Junk) gi
~H(G7)"0.0; + ot Byrt 4! &,

where the error terms (Berder)g b, (Junk)g b, and (Junk)ﬁz are defined in

m, and (C.21¢ m Above, I'; denotes a contmcted Christoffel sym-

bol of the renormalized metric Gy;.

4.83.8 Evolution equations for the renormalized stiff fluid variables

Proposition 5 (The renormalized stiff fluid evolution equations) In
terms of the renormalized variables of Def. |1}, the stiff fluid equations (i.e., the
Euler equations with ¢ = 1) can be decomposed as follows:

P Y31+ + U 12 Ue 4.8a
O P + 2 3 [1 + B [1+ 443G, U U] P[P+ ]a (4.8a)
1+t*30][P+ 4]
_ 94503 [ G UU°D.U!
[1+ 3G uet]

__Zapy, {3(Tumk)g



42 Igor Rodnianski, Jared Speck

QU — 31 + Y301 + 1B G,, U Ub]

[1+t30]
[1+¢43G,UU?]
[1+t3w]Uco.U
[1+ 453G, Uau]
L [1+430] {(G 1)+ 3UiU<} 0. P
o1+ 143G, Ua U] *[ P + 1]

3
— —t_1/3(G_1)ja@a 4 t—l(Border)uj + tl/S(Junk:)L[j7

UioUe (4.8b)

+19/3 73 Ces U UUDUY

+ 1113

where the error terms YUz (Border)yi - onq (Junk) (i gre are defined in

(C254), [C.250), and (C:259).

4.4 The commuted renormalized equations

To complete our analysis, we must commute the equations of Sect. @ with the
differential operators 0;; see the notation defined in Sect. The commuted
equations are straightforward to derive but lengthy to state. Hence, to avoid
impeding the flow of the paper, we have relegated this material to Appendix
DI

5 Norms, Equations of Variation, and Energy Currents

In this section, we introduce the C™ norms and Sobolev norms that play a
fundamental role in our analysis of the renormalized solution variables. Next,
we introduce the equations of variation, which are the PDEs verified by the
Oj—differentiated quantities. We then define the metric and fluid energy cur-
rents, which are vectorfields that depend quadratically on the 9;—differentiated
quantities. The currents will be used in Sect. [9] via the divergence theorem to
derive energy integral inequalities for the dy—differentiated quantities. Finally,
for use in Sect. [9] given a solution to the equations of variation, we compute
the divergences of the corresponding energy currents.

5.1 Norms

We will derive strong C™ estimates for the lower-order derivatives of the solu-
tion variables by analyzing their components relative to the transported spatial
coordinate frame. However, in order to close our energy estimates, we will also
need to measure the size of tensors by using geometric norms corresponding
to the metric G. We therefore introduce the following definitions.



Big Bang Formation 43

Definition 4 (Pointwise norms) Let T be a X;—tangent tensor with com-
ponents Tblmb:l"'“’” relative to our standard atlas (see Def. l on T3. Then
|T| Frame denotes a norm of the components of T relative to the standard atlas:

3 3 3 3
2
|T|?’mme = Z Z Z Z |Tb1--~b:1 o (5.1a)
ai1=1 am=1b1=1 bn=1

|T|¢ denotes the G—norm of T, where G is the renormalized spatial metric:

|T|%;' - Gala'l "'Gama’m (G—l)lnb'l “.(G—l)bnblnTblMb:qv--amTbrlmb:«/r“a;n . (51b)

In proving Theorem [2| we also use the norm |- |,, which is defined like
but with g in place of G.

Similarly, if T is a spacetime tensor with components Tﬁlu_ﬁ:‘l"'am, then
we define the g “norm” of T by

|T|é = gala’l"'g(xma;n (g_l)61,81"'(g_l)'Bnﬂ"Tﬁl‘..lgflmamTﬁi.,,ﬁflmam. (52)

Note that the quantity (5.2]) can be non-positive since g is Lorentzian.

Our main bootstrap assumptions will concern Sobolev norms of the com-
ponents of the solution variables and also C™ —type norms of the lower-order
derivatives of their components. Our derivation of energy estimates will in-
volve similar norms but with geometric G-type norms in place of the frame
component norms. We will make use of the following norms.

Definition 5 (H and C™ norms) Let T be a Y;-tangent tensor with
components T, _,“*"*" relative to our standard atlas (see Def. |2) on T3. Let
G be the renormalized spatial metric. We define

AP A PR O LD D [17% A (0] M (5.3a)
[I|<M
1T s = 1T (8) = 30 WOt s s (5.3b)
|T|<M
ITley  =ITlex  (#)= Y swp|o;T(t )|, (5.3¢)
mngeT:;
ITlca = 1Tlea ()= sup|0;T(t )], (5.3d)
‘T‘SMm€T3

where 0;T is defined to be the tensorfield with components

T ] (5.0

1bn

Remark 8 Note that J; does not commute with the lowering and raising of
indices of T with g and ¢g~!. Thus, in (5.4)), the location of the indices in the
tensors T of interest is understood to have been established by Def. [T}
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Remark 9 For scalar-valued tensors T, there is no point in writing the sub-
script on the norms and we simply write, for example, |T|, |T||car, or |T|| g

Definition 6 (Norms for the solution)
The specific norms featured in our near-FLRW bootstrap assumptions are
defined as follows:

%Frame—Total);M(t) = Z || |afG|F7'a’me HL2 * Z || afG_l |F7'ame ”L2
1<|I|1<M 1<|I|1<M
absent when M =0 absent when M =0

(5.5a)

Frame

o L P e S e
Frame

P W ses + 18lyeca, | + 1w+ P16y,

e

+12 [W|| graeen + 473 H@HHIJT‘VI +¢8/3 ||| graeve + t2 lO] HM+

|2 s + PPN gy

)
Frame

%(Frame—Kinetic);M(t) =K cM + HpncM ) (55b)
%(FramefPotential);M(t) = HG - EHCIJ;/ITJ::mc + ”G’_1 - E_l Hcgﬁllme (550)
+ vl cn

Frame

-2/3
o+ POy

rame

+ Ul om

Frame

We remark that the Euclidean metric F appearing on the right-hand side of
(5.5¢) was constructed in Sect. 3| It is understood that Sobolev norms are
omitted from the above formulas when their order is negative.

5.2 The metric equations of variation and the metric energy currents

Our fundamental integration by parts identities for the ;—differentiated quan-
tities are computationally involved. To facilitate the presentation, it is conve-
nient to introduce the following notation for the differentiated quantities, also
known as wvariations.

Definition 7 (Variations)
Kij = aff(ij, ink- = 61’ink7 (5.6a
. 7 _ 1
I=0Tr = GG Yoyl - §8ijbba (
W= 0.0, 0, = 8;0;, (5.6¢
P =8P, 07 = 0,07 (5.6d

Note that the notation - is unrelated to time derivatives.
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We also introduce notation for some of the inhomogeneous terms in the
commuted equations.

Definition 8 (Shorthand notation for some inhomogeneous terms)
We use the following notation for the inhomogeneous terms in equations (D.1a)),
(D.1b)), (D.8a), (D.8b), (D.12a)), and (D.12b)):

o, = (DiBorden)gp, /3D (Junk)gn, (5.7a)
ﬁj _ (f);(Border)ﬁtj N t4/3(f);(Junk)9’j’/tj’ (5.7b)
gjik _ t_l(f);(Border)gjik N tl/g(i)§(-7unk)gjik7 (5.7¢)
/= t1/3(f)§(Ju”k)ﬁij, (5.7d)
P 1= (13D (Junk)eyy (5.7¢)
(U = -1 Di(Border) (5 41/3(D)i(Junk) (5 (5.7f)

The next definition captures the essential structure of the commuted con-
straint equations (D.la])-(D.1b)), the commuted metric evolution equations
(D.8a)-(D.8b)), and also the CMC condition

d;K° = 0. (5.8)

Definition 9 (The metric equations of variation) We define the metric
equations of variation to be the following system of equations:

X 2 .
vl = —2t7 1+t P00 K, + gt’l/?’@elbi (5.9a)
+ gebi’
I 1 .
Ky = -t Pt Pw)(GT oy (5.9b)

1 , .
LA LA 4 ((Cap iy
1 , .
+ 5t1/3[1 +t PG o, T,

~t(G71)"9,0; + étl/SAﬂj

subject to the constraints
X 2 . .
0, K% = gGmU“+§m¢, (5.10a)
) 2 Q. L
(G109, K7, = gUJ + 07, (5.10b)

and the CMC condition
K* =0. (5.11)
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Remark 10 The precise form of the term %t1/3AIij from the right-hand side
of equation is not important. Specifically, this term is the next-to-last
term on the right-hand side of . What matters is that it is proportional
to the identity. As we discuss at the end of the proof of Lemma [2| this term
completely cancels out of our metric energy current divergence identity .
This cancellation is absolutely essential for the proof of our main stable sin-
gularity formation theorem, for otherwise, our fundamental energy integral
inequality would involve a top order quadratic integral that we would
have no means of controlling.

(Metric)
will apply the divergence theorem to these vectorfields in the region in between

Yy and X in order to derive energy identities for the metric variations. The
currents provide a convenient way of bookkeeping during integration by parts.
To the best of our knowledge, it has not previously been noticed that it is
possible to derive such energy identities relative to CMC-transported spatial
coordinates; see the discussion near the end of Sect. [[.5.1]

We now introduce our metric energy currents J/ [-,-]- In Sect. @ we

Definition 10 (Metric energy current) To the metric variations (IA(ij,i/jik)lgm,kgg,
we associate the following spacetime vectorfield, which we refer to as a metric
energy current (where j = 1,2,3):

j(()N[et7-ic)[([;(aY)7 (K»V)] = (Gil)abGijf(iaf(jb (5.12a)
+ it“"(G*l)“b(G*I)efGijv'Jnf b
Hrrerio[(KA), (K 9)] = 14 690 ) (G (G G K
(5.12b)
F (GO, K,
B[+ V3] (G L K,
B[+ PGy R

Note that J ? Metm‘c)['v -] can be viewed as a positive definite quadratic form in

(K ,Y)- This property will result in coercive metric energies for the 9;—differentiated
quantities. The next lemma shows that for solutions to the metric equations

of variation, d, (.']é‘MemC) [ ]) can be expressed in terms of quantities that

do not depend on the derivatives of the variations (K ,v¥)- This property of

3 IJ‘ . . . . . . .
J(Mem,c)[-7 -] is, of course, an essential ingredient in our derivation of energy

estimates.

Lemma 2 (Differential identity for the metric energy current) For a
solution (Kij,i/jik)lgm,kgg to (5.9a)-(5.11)), we have the following spacetime
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coordinate divergence identity:
O (Hsgeanio (KA (D)) (5.13)
1 -1\a -1ye i J
= §t1/3(G 1) b(G 1) fGine anjb
1 .
+ UG O
4 . .
+-tUu%e,
3
4 1/3r7a 1
-=t7°UT,
3
+20(GH%m, 0,
OB BT, - [+ )G T
1 s B s A
+ §t4/3(G_1)abGij(G_I)Efgelayfjb +2(GH*G, R K7,

+ A ]+A

J(Metricyi(Boraery [(K7),(K,7) J(wetricy(runiy [(E¥),(KA)T

where

. _ oyl 4/3 —Ivacy b fri i
j(]VIatric);(Border)[(R7‘Y)7(R7Y)] =2 [1+t W](G ) GUK CK aKb (5148,)

27 1+ #430)(G7) G K K K,

" %tl/i‘)[l " t4/3§[/](G_l)ab(G_l)chijf(ecyeianjb

v %t1/3[1 PG NGN Y G R Y T

_ %tl/s[l " t4/3¢](Gil)ab(Gfl)echjf(Cﬂ/ei ayfjb’

]. 5 ) ]
A =t PG (E)T Gy v, (5.14D)

Jrerrionrunm (KK 6
F 0 [0, {[1+ P0) (@)Y G K
+2[0,(G | K%,6,
— 1B [0, {[1+ £w)(G) Y] K
— 30 {[1 + PGV K
Remark 11 The first two products from the right-hand side of cancel
when K ij = K ij (this claim follows from the symmetry property k;; = kj;),
but they do not generally cancel when K*; := 0;K";.

Proof The derivation of (5.13) involves a series of tedious computations. We
first discuss the case when the coordinate derivatives hit the coefficients of the

variations. First, we remark that the error term A. o
’ J(Metric);(Junk) (K V), (K, V)]
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contains all of the terms that are generated when the spatial derivatives 9; hit
the coefficients of the variations in ([5.12D)).

In contrast, when 0; hits the coefficients of the variations in , many
important terms are generated. Specifically, when 0, falls on the ¢*/® factor in
(5.12a)), this generates the %tl/?’(G_l)“b(G_l)efGiji/eiai/fjb term on the right-
hand side of . When 0, falls on any of the factors of G or G~! in ,
we use equations and to substitute for 0,G and 9;G~'. We place
the resulting products involving K on the right-hand side of as part

of A, T while we place the remaining terms on the
J(Metricyi(Border) (K, V), (K, 7))’ p &

right-hand side of ([5.14b)) as part of A,

3 (areerieyruniy IS, (K )]
All remaining terms on the right-hand side of (5.13) are generated when

the spacetime derivatives 0; and 0; fall on (K ,Y). More precisely, we use
the equations of variation (5.9a])-(5.9b), (5.10a])-(5.100), and (5.11)) to replace
the derivatives of (K,v) with the terms on the right-hand side of (5.9a))-
(5.9b)), (5.10a)-(5.10b), and (5.11); we omit the tedious but straightforward
calculations that correspond to this replacement. However, we do note three
important cancellations. First, the term 2¢t(G™1)(8;6,)K’, generated by the
spatial divergence of J?

(Metric) is canceled by the product arising from the term

~t(G1)9,0; on the right-hand side of (5.9b); this product appears when 9,

falls on the K factors in the term (G™1)%G,; K', K”, from the right-hand side

of (5.12a) and (5.9b)) is used for substitution. _
Next, the terms —t1/3[1+t4/3W](G‘1)ij(8jfa)lA(ai and —t1/3[1+t4/3u7](G_l)ia(ﬁjfa)f(ji

generated by the spatial divergence of Jg Metric)

arising from the terms %t1/3 1+t4/3W](G‘1)m6‘afj and %t1/3[1+t4/3¢](G‘l)majfa
on the right-hand side of (5.9b)); these products appear when 0; falls on the

K factors in the term (G‘l)abGijf(iaf(jb from the right-hand side of (5.12al)
and ([5.9b])) is used for substitution.

The final cancellation we discuss is the one mentioned in Remark The
cancellation is connected to the next-to-last term on the right-hand side of
(5.9b)). This term enters into the right-hand side of (5.13) when 0, falls on
the K factors in the term (G‘l)“bGiniaKjb from the right-hand side of
(5.12a) and (5.9b) is used for substitution. The resulting product is of the

form §t1/3A(G‘1)“bGiinaIA(jb. Thanks to equation (5.11)), this term vanishes.

are canceled by the products

5.3 The fluid equations of variation and the fluid energy currents

In this section, we extend the discussion of the previous section to apply to
the fluid variables.
The next definition captures the essential structure of the commuted fluid

equations (D.12a])-(D.12b)).

Definition 11 (The fluid equations of variation)
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We define the fluid equations of variation to be the following system of
equations:

0.+ 2L 1P PG 0" P[P Lo (5.152)

[1 +t4/3¢][15+ %]

—t%/3 ]1/2

G UUD.U!
[1+¢43G,UaU?

2 . .
= —gtl/gw + m,

QU7 — 1+ P01+ 453G, U U]

[1+#1/70]

[1+ 143G, UeU?] '
[1+¢3w]Uco.U
[1+ 143G, Uat]?
N A N LR 0.P

21+ t4/3GabUan]”2[P +1]
- B(GTYO, + V.

U’ioue (5.15b)

+ 1573

G U'UUD.U!

+¢13

We now introduce our fluid energy currents Jé‘ rwiay Lo -] These are the
fluid analogs of the metric energy currents from Def. Roughly speaking,

these currents exist because the Euler equations are hyperbolic and derivable
from a Lagrangian. The energy current framework in the context of relativistic
fluid mechanics was first introduced by Christodoulou in 17| and [18]. This
framework has been applied by the second author in various contexts connected
to relativistic fluid mechanics; see [77-80L82].

Definition 12 (Fluid energy current) To given fluid variations (P, U, U?,U?),
we associate the following spacetime vectorfield, which we refer to as a fluid
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energy current (where j =1,2,3):

j(()Fluid) [(pa U)v (pv U)] (5168,)
. P+l .
2 [1+t43G,UU?]
4/3 er7f1?
A3l e ()
+ ablU?
iy (B0 (P.O)] (5.16b)
iy [1+*Bw]ul -,
o1 + 435G, U]
A1
ol [1+ t4/3W][P + g] b
[1 + t4/3GabUan]1/2
2
4/3 D 1 j orrf12
Jr2t1/3[1 l W][P+ 3] v’ #Bq et - [t4/3Ger Uf}
[1 + t4/3GabUan]l/2 ef [1 + t4/3GabUan] ’

We note that j(()Flm'd)['7 -] can be viewed as a positive definite quadratic form

in (P,U) (this is clearly the case whenever |Ulg is sufficiently small, but it is
also true when |U|g is large - see e.g. the discussion in [18]). This property
will result in coercive fluid energies (see Lemma 4)).

The next lemma shows that for solutions to the fluid equations of varia-

tion, the divergence of jf‘Fluid)[(fD, U),(P,U)] can be expressed in terms of

quantities that do not depend on the derivatives of the variations (P, U) The
lemma is the fluid analog of Lemma and equation ([5.17)) from the lemma is
analogous to [18, Equation (1.41)].

Lemma 3 (Differential identity for the fluid energy current) For a so-

lution (P,Ul,UQ,UB) of (5.15al)-(5.15b)), the spacetime coordinate divergence
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of J(Fluid)[(jé’, U), (]57 U)] can be expressed as follows:
0u (3100 [(P.0). (P01

_28

3
—4t[P+ ] Ueo,

3

e IR peRea

3

— 41 +t4/3w][P+ ] G KU
+ ]5‘43 + 4154/3[]5 + %] G Ustb

4/3 [P * %]
[1+¢43G,UU?]

o3 [P * %]
[1+¢43G,UU?]

+ 2t fé)Gereilf

G UTI

- 2
— 483 [P+§] GofUU! G U'W
[1+ 843G, Uaut] <! K

3
+ A 2. FRPIN
= J(Fruidy:(Junk), [(PU),(P,U)]

where the error terms A. are
J (Fluiay; (lunk),[(P U), (P 0)]

J(qu a):(Junk)y [ (P U) (P U)]

=2]0, |3 GoUe |VOr P
[1 +t4/3G bUan]

cat3{o ([P + 1] )} Gost0
S
o { e
1+t4/3G bUan]

(5.17)

(5.18a)
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A (5.18b)

I (Pruidy(runkyy (PU)(PU)]

1+t 3wu? :
=131 p, ( [1+ 1] 1/2) p2
2 ]

1+t4/3GabUan
1+t*3w]| P+ L .
+ 21131 9; [ ][ 31]/2 Uip
[1+ 3G ,U U]
2
4/ py1 j errf12
ol |y [1+¢ 3@][P+3] U’ S 3]G U°UY
\ [+ saguer™ 17 [1+5GaUU"]
2
1+t*B3w]|P+ i U
+2t5/3[ i ][ ' 3] (0,Gep)UeU!
4 1/2 \YitTef
[1+ 3G, UU?]
. 2 )
_4t3[1+t4/3w][P+%] U [[GeaUU][0(GesU)]UY
[1+643G,,Ue00] " [1+t3GaUU®]
2
1+ 3| P+ 1| U crrd]?
+2t13/3|: ][ 3] 1/2 { [GCdU U ] 28j[GereUf]},
[1+t4/3GabU“Ub] [1+t4/3GabU“Ub]
A s O (518C)
J(Fiuid);(Junk)s [(PU),(PU)]
P+l
= 20w Py ] G0t - S Lag) G UUT i
3 3 3 [1+t4BG,UU?)
2
[]5+%] . []5+%]
_9 Pc'c 47/3 . errf c'C.
t[1+t4/3GabU“Ub] Qe+t [1+t4/3GabU“Ub]G SUTTUe

Proof The error term A. contains almost all of the

J(Fluid);(.lunk)l[(IéaU)a(ﬁvU)]
terms that are generated when O; hits the coefficients of the variations in
(5.16a)). Three exceptional terms of this type are singled out and are not in-

cluded in A, 2. - . . The first exceptional term arises when
J(Fruid);(Junk), [(PU),(P,U)] P

. 2 .
Oy falls on the t*/3 factor in the product Q[P + %] t*3G . ;U°U7 from (5.16a).
. 2 .

This generates the %tl/B[P + %] GopUU? term on the right-hand side of
(5.17). The second and third exceptional terms arise when 0; falls on the
. 2 ..

Gy factor in the product 2[P + %] t4/3GereUf from ([5.16a]). We use equa-
tion (4.6a) to substitute for 0,G.; and place one of the resulting two terms,

. 2 N
namely —4¢/3[1 +t4/3w][P+ %] G K%.UU7, on the right-hand side of (5.17).
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. 2 .
The other resulting term %t‘r’/gkl'/[P + %] G UU" is placed on the right-hand
side of (5.18¢|) as part of A, BB

J(Fluid):(Junk)s [

The error term A . contains precisely the terms that

J(Flu,id);(Junk)Z[(f’7U)7(1§7U)]
are generated when 0; hits the coefficients of the variations in (5.16bj).
The remaining terms on the right-hand sides of (5.17)) and ([5.18¢)) are gen-

erated when the spacetime derivatives 0; and 0; fall on (P, U ). More precisely,
we use the equations of variation ([5.15al)-(5.15b)) to replace the derivatives of
(P,U) with the terms on the right-hand side of (5.15a)-(5.15b); we omit the

tedious calculations that correspond to this replacement.

6 Bootstrap Assumptions, Energy Definitions, and Energy
Coerciveness

In this section, we state our bootstrap assumptions for the solution norms.
We also define the metric and fluid energies and provide a simple lemma that
reveals their coerciveness properties.

6.1 Bootstrap assumptions

Recall that our solution norms are defined in (5.5al)-(5.5c)). Our proof of stable
singularity formation is based on the following bootstrap assumptions, which
we assume on a time interval ¢ € (T,1]:

%Frame—Total);N(t) < etiga e (Tv ]‘]ﬂ (61&)
%(Frame—Kinetic);N73(t) <1, te (T7 1]7 (61b)
%(Frame—Potential);N—4(t) < t_ca te (T7 1] (616)

Above, € and o are small positive constants whose smallness will be adjusted
throughout the course of our analysis.

6.2 Definitions of the energies

The main idea of our proof of stable singularity formation is to derive strict
improvements of the bootstrap assumptions — under near-FLRW
assumptions on the data (given at ¢ = 1). In order to derive these improve-
ments, we will apply integration by parts along the hypersurfaces X; to the
OJj—commuted equations, which are specific instances of the equations of vari-
ation. Equivalently, we will apply the divergence theorem using the energy
currents introduced in the previous section. The energies are the coercive geo-
metric quantities that will naturally emerge from the integration by parts iden-
tities. In this section, we define the energies. In Section we will connect the
energies to the norms J{ pyqme-rotar); () and the quantities Cigfiem 110;Gle H2L2 +

107G~ a1z
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Definition 13 (Metric and fluid energies) Let (Kij,yjik) i be the
1<i,j,k<3

array of renormalized metric variables, and let (P,U i) be the array of
1<i<3

renormalized fluid variables. We define the metric energies & aretricy;nr(t) 2 0
and the fluid energies & piyiay;ar(t) 2 0 by

g(%Wetric);M(t) = ﬁz '/; j(()Metric) [af(kv’Y)’ 8T(K7Y):| dl‘, (623‘)
|I|lsM ¥ =T

iy ® = ¥ [ Ry [0,(P0).0,(P.U)]dw,  (6.20)
|[IlsMm =77

where ..](()Memc) [0;(K,Y),d;(K,v)] and j(()Flm'd) [0;(P,U),0;(P,U)] are de-
fined in ((5.12a)) and (5.164)).

Remark 12 Note that the energies é”’fMetTiC)_ 1 (t) do mnot directly control the
quantities ;7 as 110;Glc |32 + [10;G7 |32 We will derive separate esti-
mates to control these latter quantities (see Prop. .

6.3 Coerciveness of the energies

For the background FLRW solution, we have & aretricy;n (t) = 0 and & pryiay v (t) =
0. In the next lemma, we explicitly quantify the coercive nature of the energies
in terms of the | - | g norms of the solution variables (which are defined in

Def. .

Lemma 4 (Coerciveness of the metric and fluid energies) Assume that

P

o S6 23 1Ul o, <e. (6.3)

There exists a constant €9 > 0 such that if € < €g, then the following coer-
civeness estimates hold:

(g)(Metric);M ® “K”Hé‘;/f + t2/3 HYHHé‘;/Ia (643‘)
E(Fluid)y;M ¥ ||P||HM + t2/3”UHHg- (6.4b)

Remark 13 In Prop. [6] we show that the hypotheses of Lemma [4 hold for
near-FLRW solutions.

Proof Lemma [4 is a straightforward consequence of Def. the expressions
(5.12a]) and (5.16al) for J(()Metric) [07(K,v),0;(K,v)] and J(()Flm.d) [07(P,U),0;(P,U)],
and the G-Cauchy-Schwarz inequality.
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7 Strong Estimates for the Lower-Order Derivatives

In this section, we use the bootstrap assumptions of Sect. [f] to derive strong
estimates for the Cé/[ norms of the lower-order derivatives of the renormal-
ized solution variables. The strong estimates provide additional information
beyond that provided by the bootstrap assumptions and Sobolev embedding.
This additional information plays an essential role in the proof of our main sta-
ble singularity formation theorem. Our derivation of the strong estimates relies
on the special structure of the equations verified by the renormalized variables.
In particular, we exhibit and exploit an effective partial dynamical decoupling
of various renormalized solution variables. As an intermediate step, we derive
estimates for the components of the renormalized solution variables relative to
the transported spatial coordinate frame. Interestingly, in some cases, we are
able to prove better estimates for the C  mnorms than we are able to prove
for the more invariant C' norms (compare the estimates and in
the cases 1 < M < N -3). Roughly speaking, we derive the strong estimates by
treating the evolution equations verified by the components of the lower-order
derivatives as ODEs with source terms that have a favorable t—weighted struc-
ture. The sources depend on higher-order derivatives and hence our estimates
incur some loss in derivatives. We collect together these estimates in Prop. [6]
We stress that the order in which we derive the strong estimates in the proof
of the proposition is important.

Proposition 6 (Strong estimates for the lower-order derivatives) As-
sume that on the spacetime slab (T,1]x T2, the renormalized variables of Def.
verify the constraint equations (4.1al)-(4.1d)), the lapse equations .
and the evolution equations (&.6al)-(4.6b)), (4.7a)-(.70), and . As-
sume that for some integer N > 8, the bootstrap assumptions hold
for t € (T,1]. Assume further that the initial renormalized metric verifies the
near-Buclidean condition |G - Elgo (1) <e. Then there exist a small con-
stant oy > 0 and an integer Zn >0 depending on N but not depending on
the other constants such that if € < 0 < oy, then the following estimates
also hold on (T,1] for the renormalized metric G, its inverse G™*, and their
derivatives:

lo[c - E]| oy S G- Eloy et (M <N -3),
(7.1a)

[0 G -E |y s |G -ET oy +et™, (M<N-3),
(7.1b)

IG-FEloyu +|G-Elcuset™, (M<N-3), (71c)
|G =E e +|GT =E ey set™,  (M<N-3). (7.1d)

Frame

Above, E;; = diag(1,1,1) denotes the standard Fuclidean metric on T3, and
the norms || - HC% and | - Hcgf are defined in Def. @
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The following estimates also hold on (T, 1] for the renormalized trace-free
second fundamental form K and its derivatives:

||atf<||cy Set M3 Ine (M <N -3), (7.2a)
K oy 86 (M <N-3), (7.2b)

2 € (M = 0)7
K Cgf S {Et_cs, (1 < M < N—3) (72(3)

The following estimates also hold on (T,1] fory and its derivatives:

l0vley  set Myl +et™t,  (M<N-4),  (73a)

Ylewm — +lvlew set™, (M <N -4). (7.3b)

Frame

_ The following estimates also hold on (T,1] for the renormalized pressure
P and its derivatives:

|0:P| ar s et7H372N0, (M <N -3), (7.4a)

~

|1P] one s€ (M <N -3). (7.4b)

The following estimates also hold on (T,1] for the renormalized velocity U
and its derivatives:

10Ul Set™|[Ulen +et™7% (M<N-4), (T.5a)

1Ullew  +|Ulea § Vet V", (M<N-4). (7.5b)

Frame

The following estimates also hold on (T, 1] for the renormalized lapse W,
the renormalized lapse gradient @, and their derivatives:

|@nr s etV (M < N-5), (7.6a)
[Ollcy  +[Olcy s et** V", (M <N -6), (7.6b)
|0, co $ et Ve, (7.7)

Proof We first discuss the top level strategy. Recall that the norms |- o

are defined in Def. [5} To prove the desired estimates, we will have to bound
quantities that are schematically of the form

, (7.8)

0
CF'r‘ame

l
HF(t;t*“lvl,t“sz,w,t“"vz) [1(97,va)
a=1

where for 1 <a <],

va €{G,(G™), K.y, P,U,¥,0} (7.9)
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is a renormalized solution tensor, the A, are positive constants, and F is a
smooth scalar-valued function of its arguments that, by virtue of the bootstrap
assumptions, will verify

| F(t;t4 01, 8220y, -t ) | co S 1. (7.10)

For the multi-indices I under consideration, the bootstrap assumptions ([6.1al)-
(6.1c)) allow us to estimate the quantity (|7.8]) using the following strategy:

— If |I,] is small, then at worst we have 107, vallco St7O.

Frame
— If |1,| is large (but still within the range we are considering in this proof),
then at worst we have |07 valco < et2/3-9_ T derive this estimate,

rame

we used Sobolev embedding and the norm bootstrap assumption .
More precisely, we will often make use of the Sobolev embedding result
HM*2 (T3) » CM _— (T?) without explicitly mentioning it.

— The integer N has been chosen to be large enough so that in any product,

there is only one term with a “large” indez.

Consequently, following this strategy, we deduce the following crude bound:

l l
HF(tAlm,tAzm,...7tszl) H(af Va) < H Haf ”a”co < et’2/3*Z"7
a=1 c9, .. a=l @ Frame
(7.11)
where
Z <l (7.12)

is a non-negative integer (which we view as a constant that is free to vary from
line to line) that counts the number of factors in the product [T,_, (07, va) that
contribute a ¢t~ factor. Clearly Z is independent of ¢ and o.

For the majority of the quadratic and higher-order terms that we will
encounter, the estimate will suffice for our purposes. However, when we
are deriving the strong estimates for G, G7!, v, U, ¥, and ©, some of the
quadratic terms will not be bounded with the crude estimate but will
instead be bounded using the already-established strong estimates for other
quantities. That is, we will derive the strong estimates in a particular order,
and the order is essential. Some of the linear terms that we will encounter can
also be treated with the crude estimate , while other linear terms will
require special care.

We begin the detailed proof of the proposition by noting that the crude
estimate implies the following bounds for the junk terms appearing on
the right-hand side of equations ([D.6a])-(D.6b)), (D.8a)-(D.8b), and (D.124)-

o120
H(D;(Junk)@H

(D)5(Tunk) 55 . ”(f);<Junk>9H0M (7.13)

Frame

N-3
CFrame

(D)s(Junk) ﬁH

N-3
CFrn,m,e

. | |<f>;<Junk>q3‘

+

+
CN-3

(I);(Junk)}JH < et 2320,
Cren o me
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Proof of (|7.2a]), (7.2b)), (7.2c|) in the case M =0 only, (7.4a)), and (7.4b)): To
derive (7.2a)), we let |I| < M < N -3 be a multi-index. We have to estimate the

terms on the right-hand side of the evolution equation (D.8b]) for aff{ ij. The

term (Di(Junk) gi ; has already been suitably bounded in (7.13)). The remaining
terms, some of which are linear, can be bounded in a similar fashion with the

help of the bootstrap assumptions (6.1a))-(6.1c|) (see equation (D.10]) for the
definition of (V) 17,):

28 [+ PGB0 o+ 2 |14 P0G 0,0

co
(7.14)
P[Pl o DL, (G 0.0;0,] o
+t 30T o s et P70

The one term that requires some special attention is the next-to-last term on
the left-hand side of . The bootstrap assumptions and Sobolev embed-
ding imply that [[(G™1)"80,0;0;], $°° 1Oy % et=*/3-2°  Hence, we
truly need the factor ¢ that multiplies this term in order to reach the desired
conclusion. We have thus shown .

Inequality follows from integrating in time when M < N -3:

) 1
K K (1)+e/ sBZ0gsce (1.15)
Frame s=t

1) <
oy, DS

where we used the small-data estimate HIA(”CN_s (1) < Ce, and we have as-
Frame

sumed that o is small enough for ¢~/3-%° to be integrable over the interval
te(0,1].

To derive in the case M = 0, we use the symmetry property k;; = kj;
to deduce
2
K

a
b 0
CFTame

The desired estimate (|7.2c]) then follows from (7.16]) and (7.2b)).
Inequalities ([7.4a)) and (7.4b)) can be derived in a similar fashion with the

help of the evolution equation (D.12a)) for 97 P; we omit the details.

S22 s -1yab iofrd b
K|, =(G™H)"G;K' K7, = K|

(7.16)

Proof of (7.1a)-(7.1d) and (7.2¢) in the cases 1 < M < N - 3: To derive
(7.1a), we let |I| < M < N -3 be a multi-index. We then use equation
to derive an evolution equation of the form 8t8f[Gij - EZ] = ... Next, we

use the bootstrap assumptions (6.1a))-(6.1c|) and the strong estimate ([7.2b]) to
bound the right-hand side of the evolution equation in the norm C%__  which

easily leads to the desired estimate ((7.1a)). Inequality (7.1b)) can be derived in
a similar fashion with the help of the evolution equation (D.6b)). We stress that
for our upcoming estimates, it is essential that the coefficient of |G - E|

Frame

on the right-hand side of (7.1a)) is precisely et~!, and not a worse power of .
The same remark applies to inequalities (7.1b]), (7.3a)), and (7.54)).
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To derive the estimate for |G - E| o in (7.1c), we integrate (7.1 in
time and use the small-data estimate |G — EHcng (1) < Ce to deduce the

following inequality, which is valid for M < N -3:

G-Eley, (<1G-Elgy. (1) (117)
1 1
+Cef 57t ds+cef sYG-E|lgn  (s)ds
s=t s=t Frame

1
SCe(1+|1nt|)+cef sUG-E|ou  (s)ds.
t

S= Frame

Applying Gronwall’s inequality to (7.17)), we deduce that
”G_EHCI{M (t) < Ce(1 + |Int|)t™c. (7.18)

We have thus bounded |G- FE Hcy by the right-hand side of (7.1c) as
desired. Similarly, HG’l -EB! H oM can be bounded by the right-hand side
Fr

of ([7.1d)) with the help of inequalita};n. Finally, from the definition (5.3d)

of the norm |- | car, we deduce that

G- Eloy $167 oo 1G-Ely (7.19)
HG_I B E_chgf S HGHcgmme G- E_chgfmm : (7.20)

Therefore, |G - EHCé\;f and |G7! —E’l”cM can each be bounded by Ce(1 +
G

|Int])¢~°¢ by using the already-established bounds for |G - EHCI{EI and |G™! -

Similarly, the estimate (7.2c|) in the cases 1 < M < N -3 follows from
the estimate (7.2b)) and the already-established bounds (7.1c) and (7.1d)) for
|G-El|co and |G =B,

Frame Frame

Proof of (7.3a)-(7.3b): To derive (7.3a)), we let |[I| < M < N -4 be a multi-
index. We will use the bootstrap assumptions (6.1al)-(6.1c) and the strong

estimate ([7.2b]) to estimate the terms appearing on the right-hand side of the
evolution equation (D-8a) for d7y.’;. The first two terms on the right-hand
side of (D.8a)) are bounded by

1+ P ]0.0; K5 s et (7.21)

t713)0;0.1%| s et ™30 (7.22)

Note in particular that in deriving (7.22)), we used the assumption |I| < N -4 in
order to bound |0;0.| 5 [ O] my-2 S et”?. Using similar reasoning, we bound

1(1);(Border)gebi term on the right-hand side of by

t_l (f);(Border)g b,

e 1

the t~

set M ylew +etO (7.23)

E_l ||CI\/I

Frame



60 Igor Rodnianski, Jared Speck

The term /™) L. on the right-hand side of has been already been

suitably bounded in . Combining these estimates, we have thus shown
=,

Inequality for [v[ga  (when M < N —4) then follows from inte-
grating in time, using the small-data estimate HVHCﬁ,Tfme(l) < Ce¢, and
applying Gronwall’s inequality (as in our proof of )

To obtain the desired bound for |y| cu; we first use the definition
of the norm |- |car to deduce

_ 1/2
Wley $167 ey, 1GIE  Wley,. (7.24)

Frame Frame

The desired bound for |y| cu in (7.3b)) then follows from (7.24), the already-

established bound for HyHCgfmme, and the strong estimates (7.1c) and (7.1d)
for |G- E o and ||G™! —E‘lﬂcoF
Proof of (7.5a)-(7-5h): Let |I| < M < N -4 be a multi-index. To deduce
the estimate (|7.5a), we have to estimate the terms in the evolution equation
D.12h) for 9;U7. The (Di(Junk) (7 term on the right-hand side of equation
D.12b) was suitably bounded in (7.13). Using the bootstrap assumptions
6.1a))-(6.1d), we bound the term —t'/3(G71)7%9;0, on the right-hand side
by

(G 0;0,] s et 320 (7.25)

To estimate the term ¢~ (Di(Border) (i o the right-hand side of (D.12b)), we
use the bootstrap assumptions (6.1a])-(6.1c) and the strong estimates (7.1¢)),

(7.1d), (7.2b), (7.3bf), and (7.4b) to deduce

1 ‘(I’);(Border)uj‘ S et HU”CQJ + 6275_1_067 (7.26)

which is clearly bounded by the right-hand side of (7.5a).
We similarly estimate the last four terms on the left-hand side of (D.12b)),
thus arriving at the following inequalities:

23 [1+ B0 [1 + 1B G U0 Ui 00,0 s A3EO . (1.27)
1+ t*3g ,
o3 [ ] G UUIU%D,0;U7 | 5 11727, (7.28)
[1+ 143G, Uat]?
4/3 T7d
t1/3 [1+t W]UcacaIU] Sth—l/B—ZO‘, (7.29)
[1+ 143G, Uat]?
B [ K (G LX) L B (730
/215 1 ~ ) )
2[1+ 3G, UUY] 7P+ 1]
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Note in particular that involves a linear term, which yields only a single
power of € on the right-hand side of . Combining the above estimates,
we arrive at inequality .

To prove , we integrate inequality in time, use the trivial esti-
mate 5717 < s717V< for s € (0,1], and use the small-data estimate HUHCQ’*‘* (1)<

rame

Cle, thereby arriving at the following inequality, which is valid for M < N —4:

1 1
Uy (#) <10l (1)+Ce/ s-l-cﬁdﬁcef sSUUlew  (s)ds
e e . e

s=t s=
(7.31)
1
< OV VE 4 ce f [Ullcar (s)ds.
s=t rame
Applying Gronwall’s inequality to (7.31)), we deduce
Hchg{ < C\/Etfc\/g. (7.32)

We have thus bounded the term |[Ulca  on the left-hand side of (7.5b) by
the right-hand side of (7.5bj).

To obtain the desired bound for the term | U”Cgf, we first use the definition
(5.3d)) of the norm | - ”Cgl to deduce the inequality

1/2
[Uley <ICGlgs Ul .- (7.33)
We then insert the bound (7.5b) for [Ufca  and the strong estimate (7.1c)
for |G- E o, into (|7.33)), which yields the desired estimate for ”U‘lcé\;/f in
(75E). ’

Proof of (7.6a])-(7.6b)) and (7.7): To prove (|7.6al), we will apply the maximum
principle to the elliptic PDE (D.3b)) verified by 0;¥. To this end, we first bound

I);(Border) ~ I);(Junk) ~ 3 3
the inhomogeneous terms (D7 )‘ﬁ and (D7 )‘ﬁ on the right-hand side

of (D.3b)) using only the strong estimates (7.1c|), (7.1d), (7.2b)), (7.3b)), (7.4b),
)

(7.5D), together with the bootstrap assumptions U)gr- + O gy-2 5
et™9. This results in the following bounds for M < N -5

Z (I);(Border){)‘,'t‘ < €t—c\/E, (734)
\T|<M co

Z (1)§(Junk)§'t‘ < Et—o—c\/é. (7.35)
\[<M oo

From similar reasoning, it follows that the term f from (£.3D) can be
bounded by

I flco s €. (7.36)
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Then by examining equation (D.3b]) and applying the maximum principle
for the operator t/3(G1)%9,dy, we see that at a maximum point for 9;%,

we must have (1 + ]7)8]-@ < —(I);(Border)ﬁ— tz/?’([);uunk)’ﬁvt. Similarly, at a
minimum, we have (1 + f)aiy'f > —(I);(BOTder)i)ﬁ"I - tz/g(l);(Junk)gl. Thus,
Wlows 3 [P 0G 2O (7.37)
Co

|T|<M

Combining (|7.34)-(7.35) and ([7.37)), we deduce that the following estimate
holds for M < N -5:

@ | om < etV (7.38)

Also taking into account (7.1d)) and the fact that © = t*/39%, we have proved
(7.6a)) and (7.6b) for the quantity |©]ca . To deduce the desired bound for

(7.6b) “9H0g47 we first use the definition (5.3d) of the norm | - Hcgf to deduce
the inequality

-11/2
1€l <1Gds  1lon (7.39)

Frame

We then insert the bound ([7.6b)) for H@HC% ~and the strong estimate (7.1d)
for |[G1-E71 leo, into ([7.39), which yields the desired estimate for O car.

I);(Border) ~
We remark that the restriction M < N -5 comes from the terms in (D)i(Bor er)‘ﬁ

that depend on |I]+1 derivatives of y. These terms can be estimated (in part)
using the strong estimate whenever |I| < N - 5.

The proof of is similar to the proof of , so we only give partial
details. Upon commuting with 0;, we see that the quantity 0,¥ veri-
fies an elliptic PDE of the form , where the differential operator 0; is
replaced with 0;. The previously proven estimates imply that at the points of
maximum and minimum for ;¥ (where 9;0; = %t’l/ 30,¥), the inhomogeneous
terms in the elliptic PDE can be bounded in C° by $ et"17¢V¢. The desired
estimate thus follows in the same way that follows from .

8 Preliminary Sobolev Estimates for the Lapse and the Key
Coercive Quadratic Integral

In this section, we use the strong estimates of Prop. [f] to derive some pre-
liminary Sobolev estimates for the lapse variables ¥ and ©;. The first lemma
and the corresponding corollary provide standard elliptic L?-type bounds for
these variables in terms of the inhomogeneous terms in the PDEs that they
satisfy.

In contrast, the estimates of Prop. [7] are subtle and rely on the special
structure of the Einstein equations in CMC-transported spatial coordinates.
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In Prop. |7} we analyze the spatial integral of the term —§t1/315w' on the right-
hand side of the expression for the divergence of the fluid energy current.
This integral will appear in Sect. [9] during our derivation of our main energy
integral inequalities for the fluid. In order to bound this quadratic integral, we

use the lapse + Hamiltonian constraint equation to substitute for P.
After integrating by parts, we will discover that the resulting integral
identity is coercive (with a good sign “towards the past”) in the
lapse variables. This key estimate, which will lead to suitable control for ¥
and ©;, is one of the main reasons that we are able to prove our main stable
singularity formation theorem. We think of this estimate as “extra control of
the lapse that comes for free from the fluid estimates” because of the special
structure of the equations.
We now derive the first lemma and its corollary.

Lemma 5 (Negative definiteness of the operator £) Assume that the
hypotheses and conclusions of Prop. @ hold on the spacetime slab (T,1] x T3.
Then there exist a small constant o >0 and a large constant C > 0 such that
if €< 0 < on, then the operator £ := t**(G™1)0,0, - (1+ f) defined in
is negative definite in the following sense for t e (T,1]:

fxt (0;9) L0 dx < —(1 - Ce) fZ 0761, d - (1~ Ce) fz

Proof We first integrate by parts in the integral on the left-hand side of (8.1))
to obtain

fzt (0;9) Lo dax = —113 fx o700, dx—/;t
—fzt g -t fZ (0.7} (0, ) (200 ) .

The term f from (4.2b) can be bounded as follows by using (7.1c)), (7.2b)),
[FT), and (F3D):

2
o dz. (8.1)

2
afw‘ da (8.2)

lf| < Ce. (8.3)

From the G-Cauchy-Schwarz inequality and the estimates (7.1d]) and (8.3)), it
follows that the magnitude of the last three integrals on the right-hand side
of (8.2)) can be bounded by

Sclop|?, + etl?

o707| (8.4)

2
L2
The desired estimate (8.1) follows from (8.2)), (8.4), and the fact that 9;¥ =
t=230;.

Corollary 1 (Preliminary bound for the lapse) Assume that the hy-
potheses and conclusions of Prop. @ hold on the spacetime slab (T,1] x T3. In
particular, assume that ¥ verifies the lapse equations (4.4a))-(4.4b)), and let
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(I);(Border) ~

t—4/3(f);(Border)m+ (f),(Junk:)m and m+t2/3(f)§(Ju”k)~

N be the inho-
mogeneous terms from the right-hand sides of the O;—commuted lapse equa-

tions (D.3a) and (D.3b)). Then there exists a small constant on >0 such that
if e< o <op, then the following estimates hold for t € (T,1]:

072, + |[o:€] R 0706 , (8.5a)
< t_4/3 ||aiﬁ) Lo +t_4/3 “(f);(Border)m“L2 4 H(D,(Junk)m‘ . (|j| < ]\/v)7
lorl,. +lose] | | | e || L ans -,
2 2 2

(8.5b)
Proof Using equation (D.3a) and Cauchy-Schwarz, we estimate the left-hand
side of (8.1) by

1 B N
n (0p)Lopw o) < 5 |00}, + 01 o,

’, (8.6)

+ O3 ”(f);(Borde'r)mHi2 L C “(T);(Junk)m‘

2
L2’

The desired estimate for the first two terms on the left-hand side of (8.5al)
now follows from (8.1I) and (8.6). The estimate (8.5b) follows similarly with
the help of equation (D.3b)).

To derive the estimate (8.5a]) for

parts to deduce

ﬁfa@‘GH , we first use integration by
L2

fz (GG D0:00) (0,040 da (8.7)
- L t
; fZ (@ (@G ) (0070 (0:0,077) di

- fZ (0 {(G™)™(G7)}) (8.070) (94007 de.

From (8.7)), the estimate (7.1d)), and G—Cauchy-Schwarz, it follows that

2
(G 00507 da

[ @ E 0,0.00)(0,000,0) do (88)

2
SOL |(G71)ab3aab51~W‘ d:c+C’et’C€fZ (G’l)ab(aa[)TW)(aban)dz'

The second integral on the right-hand side of (8.8 has already been suitably
bounded. To deduce the desired estimate for 9;00, it remains to estimate the
first integral on the right-hand side of (8.8]). To this end, we first use equation

(D.3a)) to deduce

t3(G1) 0, 0,000 = (1 + F)Op + 2730 4 43 (DiBerdengn | (DiCTunk) gy,
(8.9)
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We now square both sides of , integrate over T2, and use (8.3)) to deduce

813 fz \(G-l)abaaabafwf dz (8.10)

2
scf o7 | dx+Ct_8/3f
D) D)

+Ct_8/3f (f);(Border)m|2dx+Cf
I P

We now combine (8.8), (8.10) and the previously proven estimates for the first
two terms on the left-hand side of (8.5al) to deduce the desired estimate for

12/ afa(—)\a = (43 |afaaw\a

2
OP| do

; 2
(I);(Junk)m‘ de.

L2 L2 .

513 L (G (G™1)o(8,0.0,0) (940403 dax (8.11)

< Ct‘8/3f
< .
+ Ot 83 /
P

We now provide the key proposition that will enable us to control the lapse
variables.

2
8I*P‘ dx

= 2 = 2
(I);(Border)m‘ de +C (I),(Junk)m‘ dz.

P

Proposition 7 (The key coercive quadratic integral) Assume that the
hypotheses and conclusions of Prop. @ hold on the spacetime slab (T,1] x T3.
In particular, assume that the lapse equation (4.4a)) (which was derived under
the assumption that the Hamiltonian constmin holds) is verified on the
same slab. Then there exist a small constant o >0 and a large constant C' > 0
such that if e < 0 < on and « >0 is any positive constant, then the following
estimate holds for t e (T,1]:

2t [ (07 (9P)do (8.12)
> (1-Cet’? f

P

_ 0(_1t_1 /2 (f);(Border)m‘2 dr — 0(_1t5/3 f

b
Proof We multiply the commuted equation (D.3a)) by ¢*/30;¥ and use the
Cauchy-Schwarz inequality for integrals to deduce that

o [ (970)(9;P) da (8.13)

> —t5/3 /;‘t (8f!17)£8]~Wd:c

Zd:v

0w

0,012 da + (1 - Ce - )t fz

N 2
(I)%(Junk)cﬂ‘ dz.

—octS/BfE 10,02 dz

—O(_lt_lf (f);(Border)m‘Q dI—O(_lt5/3[
oM P

sk g
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The desired estimate ([8.12]) now follows easily from (8.13]) and inequality (8.1)).

Remark 14 The integral on the left-hand side of 1] arises in our main
energy identity for the fluid (see the proof of Lemma [7)). If we had tried to
crudely bound this integral in absolute value by bounding 8I~P in terms of
the fluid energy and by using elliptic estimates to bound ¥ in terms of the
metric and fluid energies, then our top order energy estimates would not close.
Hence, we truly need the special structure revealed by Prop. [7] One reason
that the estimates would not close without Prop. [7] is that the first term on
the right-hand side of comes with a large (implicit) constant that would
lead to a damaging top-order energy integral. Another reason is that we need
the positive terms on the right-hand side of in order to counter some
other dangerous top-order quadratic integrals (see the proof of Prop. .

9 The Fundamental Energy Integral Inequalities

In this section, we derive our fundamental energy integral inequalities for the
near-FLRW solutions. The main ingredients are the divergence identities for
the metric and fluid currents provided in and ([5.17)), the strong estimates
of Prop. @ and the key estimate proved in Prophich will provide L?
control of the lapse variables.

9.1 The fundamental energy integral inequalities

We begin by defining a family of energies for the metric 4+ fluid solutions. Our
fundamental energy integral inequality involves a member of this family.

Definition 14 (Total metric + fluid energies) Let M > 0 be an in-
teger, and let &(aserricy;nr(t) and & ruigy;n(t) be the metric and fluid en-
ergies defined in and . For each real number 6 > 0, we define
E(Totat);o;n (t) 2 0 by

éa(zTotal);@;M = 060(2]\/Ietric);M + é()(QFluid);M' (91)

Our main goal in this section is show that there exists a real number 6, > 0
such that é"(QTO tal):0s: 7 (t) verifies a useful a priori integral inequality. The main
result is contained in the next proposition.

Proposition 8 (The fundamental integral inequality for the total en-
ergies) Assume that the hypotheses and conclusions of Prop. @ hold on the
spacetime slab (T,1] x T3. Let éa(Toml);g;M(t) be the total solution energy de-
fined in Def.[I]} Then there exist a small positive constant . >0 and a small
constant o >0 such that if e< o < on and 0 < M < N, then Erotary;o,;m(t)
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verifies the following integral inequality for t € (T, 1] :

s=1 s=1
oo ®+ [ 8 Wy dse [ UGy ds (92

s=1 s=1
+ / 513 | @))% ds + / s513 O 3ar ds
s=t s=t G

S g(zTotal);O*;M(l)

+f521 U3 k|2 derfS:1 s1/3
t s=t
+ Z f 5/3

\Tl<M

2 su|<f>;~m>ﬁ|guz e g [ g )

+z[

.2
ds

|T|<M
s=1 = s= I);(Junk) ~ 2
3 \\|<f>:<iunk>m\(;\\iz s & [T | as
2. . 2
Sy
+e/8_st_ sTUI|K i[M ds
+ f _1
:.ZM/ —
N I); ) o= 2
+I|2Mf /3 H‘(I);(Border)m|GH ds + Z f 173 ||| (Ds(Borde )m‘G B ds
= [ olha

Remark 15 Note that inequality (9.2)) involves the norms |-|g. These are the
norms that we can access via integration by parts and hence these norms play
an essential role in our analysis.

The proof of Prop. [§is located in Sect. In the next two sections, we
separately derive preliminary inequalities for the metric and fluid energies; we
will combine these separate estimates in a suitable fashion to deduce (9.2)).
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9.1.1 Preliminary metric energy inequalities

Lemma 6 (Preliminary energy inequalities for the metric) Assume
the hypotheses of Prop. @ and let Enretricy;m (t) be the metric energy defined
in . Then there exist a small constant on >0 and a large constant C >0
such that if e < 0 < onx and 0 < M < N, then & pretricy;m(t) verifies the
following integral inequality for t € (T,1]:

g(]V[m‘rv(') M(t) + (7 - C\/_) Z f 1/3 L ’af'\/’z dx ds (93)

\I\<M
<£)(Metmc)M(1)+C Z f 1/3'/;; fA ; dx ds
|I|<M s
+Ce Y f s [ Nkl dads
|T|l<M s
st3 > dx ds
[Tl<M
73 2 duds
< 7578
+C Z f 1/3/ |(I.);(Border)m‘2 dr ds
b5 G
[I|<M s
- 2
el f s [ |OCom| dads
by G
|I|l<M s
oy f 1/3f @ (B‘”d”)sm‘ dz ds
[Il<M
(I)(Iunk)
ey / f dmds
|Tl<M
. 2
1/3 (I);(Border)
+C Y f L| g‘G dxds
[Tl<M s
- 2
o> f f Diunk) g gy ds
\T]<M 25‘ ‘G
oS f f | <J“"k)ﬁ| da ds.
[Tl<M

Proof By the divergence theorem, we have that
g(QI\/[etM'c) M(t) - Cg)(QJ\/IetTic);M(l) (94)

fstf n Jl(ijetmc)[aj(R,Y),6f(f(,'y)]) dz ds.

|T|<sM
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Our goal therefore is to estimate the right-hand side of using the expres-
sion . The expression is valid because the differentiated metric
variables 0;(K,y) appearing in verify the Jy—commuted metric equa-
tions of Sect. which are specific instances of the metric equations of
variation. .

We recall that the variations K etc. are defined in Def. El We first discuss
the integrals corresponding to the term %tl/?’(G_l)“b(G_l)efGijﬂ/eiai/fjb on
the right-hand side of . The corresponding integrals appearing on the
right-hand side of are therefore

1 s=1 4 '
_g fs=t 51/3L (G_l)ab(G_l)efGij(6]”‘}/51@)(8f’}/fjb)d.l?ds. (95)

We then move the integrals (9.5)) over to the left-hand side of (9.3]). We note
that at this stage in the proof, these integrals are multiplied by a +% factor

rather than the final +% factor that appears on the left-hand side of (9.3)).

We next discuss the integrals corresponding to the term %t(G’l)ab@aybcc
on the right-hand side of (5.13]). We first note the following simple pointwise
inequality, which is valid for any constant 3 > 0:

1 -1\aby +, ¢ [5 . B_l :
§t|(G %07, | < gtl/%’% +t5/3?|9|%:- (9.6)

The corresponding integrals are therefore bounded in magnitude by

s=1
B 13 f
3 Js=t X

If 3 is small enough, then the first integral in can be absorbed into the
left-hand side of (9.3]), while the second integral is clearly bounded by the
right-hand side of . The absorbing reduces the aforementioned +% factor
(by a small amount if § is small). The spacetime integrals corresponding to
the terms

2 Bt sl 2
qedss S [705P [ o deds. (07)

0 Iﬂ/

4 e . L.
- gtl/dU“Fm ~t3[1+ Pl
o 1 o
—t1/3[1 +t4/3W](G_1)“b§man, §t4/3(G_1)abG’ij(G_l)efgeZanjb

on the right-hand side of (5.13|) can be treated similarly. We recall that the
inhomogeneous terms 91 etc. are defined in Def. [§f The 9t terms result in the
presence of the inhomogeneous term integrals such as

s=1 1/3 (I);(Border) 2
cy [ s L| | deds

\Fl<pr 757t

on the right-hand side of (9.3]). After all of the absorbing, the positive integrals

on the left-hand side of (9.3 appear with their “final” constant factor +é.
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The same reasoning allows us to bound the spacetime integrals correspond-
ing to the terms

4 . . B . . B LA
gtUa@a, 20(G7H) MOy, 2(GTHGR K,

appearing on the right-hand side of (5.13)), except that we don’t absorb any
of the integrals.
It remains for us to discuss how to bound the integrals corresponding to
the t A 5 Iy d A. A . th
OV B retrion o KAV M T3 ety un (K1), (K1) O 7€
right-hand side of (5.13). We first discuss the first two terms on the right-
hand side of the expression (5.14al) for Aj(Metric);(Bordw)[(ff,*'y),(f(d/)]' These
two terms can be handled similarly, so we will only carefully analyze the first
term. We use the G—Cauchy-Schwarz inequality and estimates (7.2c|) (in the
case M =0) and (7.6a]) to deduce that

207 [1+ 1 P0] (GG KK K| 5 et K (9.8)

Therefore, the corresponding spacetime integrals are bounded by the integrals

Ce Y /tlslfz

|T|<M

0 K|?, dads (9.9)

on the right-hand side of (9.3)). Similarly, the integrals corresponding to the
last three terms on the right-hand side of the expression ([5.14a]) can each be

bounded by
=l s
ce = [ "),
¢ Z s=t 5 Xs

|T|<M

2
o dxds. (9.10)

Ory

When e is sufficiently small, these integrals can be absorbed into the positive
integral on the left-hand side of (9.3).
Finally, we discuss how to bound the integrals corresponding to the term

Foareeriorcramm [ ()] O the right-hand side of ([5.13). These terms all
make negligible contributions to the dynamics. To proceed, we use the G—-Cauchy-

Schwarz inequality and the estimates (7.1c]), (7.1d)), and (7.6a]) to deduce that

A

‘A (9.11)

J(aretricy:(Tuniy (K V),(K,¥)]

S Ve IR + VeV + Vet OR,

We now integrate inequality (9.11)) over [¢,1) x T?. The integral corresponding
to the term |y|é can be absorbed into the positive integral on the left-hand
side of (9.3) when € is sufficiently small. The integrals corresponding to the

terms |K|%, and |©|% are clearly bounded by the right-hand side of (9.3) as
desired.
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9.1.2 Preliminary fluid and lapse energy inequalities

We now derive preliminary energy inequalities for the fluid. Thanks to Prop.
our estimates will also lead to control over the lapse variables.

Lemma 7 (Preliminary energy inequalities for the fluid and lapse)
Assume the hypotheses of Prop. @ and let & pruiay;m(t) be the fluid energy
defined in . Then there exist a small constant o > 0 and a large constant
C >0 such that if e < 0 < on and 0 < M < N, then & pruiay;m(t) verifies the
following integral inequality for t € (T,1]:

é‘zmmd)M(tw(f—of) > [ fz sdvds  (9.12)
|I|<M s
e g
< 7578
s=1 9
—_C f 1/3f o:Ul, ded
(g-ovi) = [ [ ol ares
<£(Flu1d)M( )
+C Y f= -1/3
|Il<M
R 2
+C Z [ —lf ‘(1);(Border)m| dr ds
[T|<M s
0y f S (OO g s
[T|<M s
ey [ f | (J“”’“>q3| dz ds
|I<M
= 2
+C Z f —1[ ‘(I);(Border)u| dx ds
[T|<M s ¢
+Cy f f | <J“”’“>u| dx ds.
|[T<M
Proof By the divergence theorem, we have that
Elrridy:nr (B) = Elrruiaynr (1) (9.13)
fs t f (321010 [0:(P. ), 0P, U] d ds.

|IlsM

Our goal therefore is to estimate the right-hand side of using the ex-
pression . The expression (5.17)) is valid because the differentiated fluid
variables 0;(P,U) appearing in (9.13) verify the 0;—commuted fluid equations
of Sect. [D.3:3] which are specific instances of the fluid equations of variation.
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We first estimate the integrals corresponding to the first three terms on

the right-hand side of ([5.17). We recall that the variations K etc. are defined
in Def. [7] The corresponding integrals on the right-hand side of (9.13)) are

2 s=1

S f (9;P) (afsz/)dxds (9.14)

f P+ Y(0,U%)(9;0,) de ds
2
3f 1/3f P+§] Gap (07U (0;U") daz ds.

Applying the crucially important Prop. [7]to the first spatial integral, and using
the estimate ([7.4bl), the algebraic estimate % |(81~U“)(8f9a)| < % (|an|2G + |61~@|Z,),
and Cauchy-Schwarz, we can bound the sum of the integrals in (9.14]) by

1 2\ s
s—g(l—e—g)f 55/3/2 2 drds (9.15)
s=t s
s=1 ;
—1(1—Ce— 55/‘3
3
(%—§—Ce) T slB 2 drds

1 -~ 2
g(x,l f 71 f ‘(I) (Border)m‘ drds + = (X—l f 5/3 f ‘(l)(funk)m‘ dx ds.
=t s

Setting o = 1 /2 in , we have produced the first three terms on the left-
hand side of (9 [Where at thls stage in the proof, the 1ntegral fs gl fz |(9 U|Z dx ds
is multiplied by the factor 5> rather than the factor o= that appears on the

left-hand side of (9.12))], as well as the integrals 1nvolv1ng ‘(1)’(B°Td€’>m| and
. 2
(I);(J“"k)‘ﬁ‘ on the right-hand side.

. 2 NI
To bound the integrals corresponding to the —4t'/3 [1+t4/3W] [P+%] Gi K%UUY

term on the right-hand side of ([5.17)), we use the G—Cauchy-Schwarz inequality
and the estimates (7.2d)) (in the case M =0), (7.4b]), and (7.6a]) to deduce

s=1
f s1/3f [
s=t X
s=1
56/ s'/3
s=t

Thus, when € is small, we can absorb these integrals into the left-hand side of
(19.12)).

To bound the integrals corresponding to the term 15‘]3 on the right-hand
side of (5.17) (where P = t/3:Junksy e simply use Cauchy-Schwarz to

L[PGk 0,0 007)] doas (016)

2 dx ds.
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deduce

s=1
f s'/3
s=t

Xs

f f ‘(” (J“”k>m| dz ds.

Clearly, the right-hand side of (9.17) is bounded by the right-hand side of
(9.12)) as desired.

. 2 .
To bound the integrals corresponding to the term 4¢4/3 [P + %] G Ub
on the right-hand side of (5.17) (where {{ = {1 (Di(Border) g +t1/3(f)9(“7""k)11j),
7.4b)

we first use the estimate ([7.4bf) to deduce that there exists a constant C > 0
such that for any constant 3 >0, we have

A3

. 112 o ) )
[P + g] GapU| < CREVRIUE + OB, (9.17)

Thus, the corresponding integrals can be bounded by

e L

drds
(9.18)

Gap(0;U%) (S—l(fﬁ(BordeT)ilb4_81/3(fﬁ(Junk)ilb)

=1
51/3 2 drds

+ CE) s=1 1/3 f ‘(I) (Border)u‘ dx ds

+ 05*1 T Diumby g * g ds.
s=t X G

If 3 is chosen so that C B < 7 then we can absorb the first integral on the
right-hand side of ( into the left-hand side of -, which reduces the
constant in front of the thlrd integral to its listed value of & 5-. Furthermore, the
second and third integrals on the right-hand side of are clearly bounded
by the right-hand side of as desired.

The integrals corresponding to the next three terms on the right-hand side
of are easy to estimate because of the large powers of ¢ available. To es-

o]
[1+t4/3G,lbUan]

from the right-hand side of -7 we use the estimates and ( - ) to
deduce that

timate the integral corresponding to the term 2¢4/3 PG U,

4 [P+ 5] 2 . X .
43 PG yUSH | < t1/37VE P2 4 et P2, (9.19)
[1+t43G,UU?]
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From ({9.19), it follows that the corresponding integrals can be bounded by

s=1 .
5/ 51/3_0\/gf |(9fP|2 dz ds (9.20)
s=t Xs

s=1 7 2 s=1
+ef 51/3f (I)(BordeT)il‘ dxds+ef 33[
s=t X G s=t s

Clearly, the integrals on the right-hand side of (9.20) are bounded by the
right-hand side of (9.12) as desired. The integrals corresponding to the terms

24413 [P i %]
[1+t43G,UU"]
~ 2
[P + %]
[1+ 483G, UU?]

(j)(J””k)ilr dz ds.
G

G UUT,

8/3 GepU U GyU'W

from the right-hand side of (5.17)) can similarly be bounded with the help of
the estimates ([7.4b)) and ([7.5bf); we omit the straightforward details.

It remains to bound the integrals corresponding to the terms A . T
& ponding 3 (praiay:runi, (PO, (PO)]

from the right-hand side of (5.17)). These terms make only very minor contri-
butions to the dynamics. To proceed, we insert the strong estimates of Prop. [6]

into the expressions ([5.18a))-(5.18¢]) and use the G—Cauchy-Schwarz inequality
plus simple estimates of the form ab g (7 1a? + ? to deduce that

3
>
=1

SVe {tlfcﬁﬂ)’% + til/3|jé’|2 + t7/3*0ﬁ|g}|2 . t7/376\/g|(9|2G} .

A (9.21)

j(Fluid);(Junk)l [(P,U),(P,U)] ‘

We now integrate (9.21)) over [t,1) ><.'I[‘3. For sufficiently small €, the integrals
corresponding to the terms |UJ%, [¥|?, and |©% can be absorbed into the
positive integrals on the left-hand side of (9.12). The integral corresponding

to |[P|? is clearly bounded by the right-hand side of (9.12) as desired.

9.2 Proof of Prop.
Recall that the total energies are

Cga(2Total);0;M = 0é0(21\/let7'ic);M + g(Fluid);M- (922)

We simply add 6 times inequality to the inequality . If6=0,>0
is chosen to be sufficiently small, then 6, times the third and fourth integrals
on the right-hand side of can be absorbed into the positive integrals on
the left-hand side of (9.12)). The desired inequality thus follows.

i



Big Bang Formation 75

10 Pointwise Bounds for the Inhomogeneous Terms

In this section, we derive pointwise bounds for the |-|¢ norms of the inhomoge-
neous terms (j);(‘]“"k)‘ﬁ, (i);(Border)‘ﬁ, (i)?(‘]“”k)g, (f)?(Bm’d”)g, etc., appearing
on the right-hand sides of the 9;—commuted equations. The right-hand sides of
the bounds feature the d;—differentiated renormalized solution variables mul-
tiplied by various t—weights, some of which are of crucial importance. Because
these same inhomogeneous terms also appear in the fundamental energy inte-
gral inequality (9.2)), these bounds are an extremely important ingredient in
deriving the a priori energy and norm estimates of Sect. The main tools
used in the proof are the strong estimates afforded by Prop. [6}

Proposition 9 (Pointwise bounds for the inhomogeneous terms) As-
sume that the hypotheses and conclusions of Prop. [6 hold on the spacetime
slab (T,1] x T3. Then there exist a small constant on > 0 and a large con-
stant ¢ > 0 and such that if e < 0 < ony and 0 < M < N, then the following
pointwise bounds are verified by the junk inhomogeneous terms appearing in

the commuted equations (D.lal)-(D.1bf), (D.8al)-(D.8bf), and (D.12a])-(D.12h))
on (T,1] x T3

(I);(Junk) (1);(Junk) «~
ng‘ m|6‘ ' im‘g (10.1)
I);(Junk )i (Junk
+|f|§M‘( h )R|G+|( 8 )g|G
D R R T AV D SR 1C RV SR 7
1<|I|<M 1</ fl<M
absent if M =0 absent if M =0
NG |af(f(,y,15,U,w,@)|G.

|T|<M
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In addition, the following estimates for the junk inhomogeneous terms ap-
pearing in equations (D.6a)-(D-6b) hold on (T,1]x T® for 1< M < N :

> | PPl vty (10.2a)
1<|T|<M 1<|f|<M
+et”
|T|l<M
+ 3 o
|T|=M
+\/Etfc¢g Z
(I); (Junk)~ c
3 ‘ S \etove Z G (10.2b)

1<|T|sM 1<|T|<M

+ /et Ve

|T|l<M
|T|=M
+ /et Ve >
| Fl<M-1

The following estimates for the borderline inhomogeneous terms appearing
in the commuted equations (D.6a))-(D.6b) hold on (T,1]x T? for 1 <M < N :

5 |(f);(Border)6‘G < \/EQZ |6TG‘G + Jet Ve 3 |BJG‘

|T|<M |I|=M 1<|J]sM-1 ¢

—_—
borderline, principal order borderline, below principal order
(10.3a)

+ > |o:K]|, + Vet Ve S 195 7K, ,

[|l=M1 |JlsM-1

borderline, principal order borderline, below principal order

(T“B"’"d”)é‘ VD Y T VA D Y B

G |Il=M 1<|J|<M-1

2

|T|<M

borderline, principal order borderline, below principal order
(10. 3b)

+ Z ‘81’K‘G + \/_t eve Z

[7|=M |Jl<M -1

———
borderline, principal order borderline, below principal order
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In addition, the following estimates for the junk inhomogeneous terms ap-
pearing in the commuted equation (D.3a)) hold on (T,1]x T3 for 0< M < N :

5 ‘(1) (Junk)m| JetoVE > |8 G‘ + et Ve ‘8TG‘1‘G (10.4)
|T|<M 1<|T|<M 1<|T]<M
absent if M =0 absent if M =0
Vet e o],
|fl<M
e Y o w| +/e Z 0;6),
|Fl<M-1 |T]<M
VNS 0P|+ etV Y |6jU‘G
[Il<M |I|<M

+/JetoVE > ‘5’

|J|<M-1

The following estimates for the borderline inhomogeneous terms appearing
in the commuted equation (D.3a)) hold on (T,1]x T3 for0< M < N :

‘(I) (Border)m| \/E Z |aff(|G n \/gt—c\/g Z |8j[A(|G

|I|l<M |I|=M |J|<M -1

[ —
borderline, principal order borderline, below principal order
(10.5)

The following estimates for the junk inhomogeneous terms appearing in the

commuted equation (D.3b) hold on (T,1]xT? for0OS M <N -1:

D |(” R PVCEL S SR O Y, (10.6)
|T|lsM |H|=M+1
- —C\€ -1
ICINEEDY e Y 067,
1<|I|1<M 1<|I|1<M
absent if M =0 absent if M =0

+/etoVe
\T|<M

(K. PU,0)|
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The following estimates for the borderline inhomogeneous terms appearing
in the commuted equation (D.3b)) hold on (T,1]xT? for0O< M < N -1:

(I);(Border) ~
> | s ¥ |om], (10.7)
I |H|=M+1
+\/Et7Cﬁ Z 8fG| +\/Et70ﬁ Z ‘ﬁfG’l‘
1<|T|<M ¢ 1<|T|<M ¢
absent if M =0 absent if M =0
WS o,
|I|<M

+\/Et_c\/g Z |8f]5‘+\/gt_c\/g Z 6TU|G.
[T|<M T|<M

Finally, the following estimates for the borderline inhomogeneous terms ap-

pearing in the commuted equations (D.1a))-(D.10)), (D.8a)-(D.8b), and (D.12a))-
(D-12b) hold on (T,1]x T3 for 0< M < N :

Z ‘(I);(Border)g‘as\/gt—c\/g ‘Z
fleM

|T|l<M [I|<

N Ve ) ‘3ﬂ/|
M G

[ S ——
borderline, principal order
(10.8a)

borderline, below principal order

VRS S 90|,

|J|<M-1
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‘(I)(Border)u‘ < Vet cve Z ‘3 G‘ et cve Z |8G |

\I\<M 1<||<M 1<|I|<M ¢

absent if M =0 absent if M =0
(10.8b)

+\eteVe

|T|<M

SN Pl Ve Y |ogU]
[T|sM |T|=M

borderline, principal order

N a z |ajU\G :

<M1

borderline, below principal order

S |Dterdenan] a );(B‘”d”)zﬁt’ (10.8¢)
7 G
|1|
<\ Jet Ve > ‘8G| +Jet Ve ‘1‘
1<|T|<M 1<|T|<M ¢
absent if M =0 absent if M =0
+ \/Etfc\/g Z |8TK]G +
|T|<M 1\ M

| —
borderline, principal order

VY |orPle Ve Y |ogul
|T|<M |I|=M

———
borderline, principal order

borderline, below principal order
Remark 16 In the above estimates, sums of the form Zlfl <1 are understood
to be absent when M = 0. Furthermore, sums of the form 3, <|JleM-1 BTe
understood to be absent when M = 1.

Remark 17 Some of the above powers of € stated above are non-optimal.
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Proof We first discuss the top level strategy. Much like in ([7.8)), we will be de-
riving pointwise estimates for the |-|g norm of tensorial products. In particular,
we will estimating quantities of the form

l
F(t;t4 vy, t42 0y, -, t400) H(afava) , (10.9)
a=1 G

where for 1 <a <],
v, €{G,(G™"),K,y,P.U,¥,06} (10.10)

is a renormalized solution tensor, the A, are non-negative constants for 1 < a <
[ (the t4« appear explicitly in the equations), and F' is a smooth scalar-valued
function of its arguments that, by virtue of the bootstrap assumptions, will
verify

|F(t:t4 0y, 4209, t40) | oo S 1. (10.11)

Aside from a few exceptional cases involving the quantities t43¢ and 230,
(the exceptional cases are easy to estimate and are handled later in the proof),
the estimates in Prop. [g] are derived using the following strategy, which is a
slight modification of the strategy used in our proof of Prop. [6}

— We bound terms using the norms |-|¢ and | - [ca instead of the frame
component norms used in the proof of Prop. [6]

— In the non-exceptional cases, there is at most one “large index” factor
o Vaparge N1 with so many derivatives on it that the strong

Large
estimates of Prop. [6] don’t apply. If there are no large index factors, then

choose one of v's and designate it as “v,,,,,..”
— For a # aparge, we bound 97 v, in | - |co, using the strong estimates for
the norms || - Hcgf proved in Prop. @ The proposition implies that these

Vatararge H(Jg S VeteVe,

or in some important cases (depending on famngﬂ and the field variable
”aiange) by Haf

a*ararge

— Since |Gl = |G = V/3, the quantities |G|g and |G~} never appear
explicitly in our estimates.

— In the non-exceptional cases, this strategy allows us to apply the G—Cauchy-
Schwarz inequality and to bound all quadratic and higher-order products

of the form ([10.9) by

quantities can be bounded by at worst [9;

'FAarge

Vazararge ” cy, Se.

S\et™?

l
F(t;tM oy, t%20g, -, t%0)) T (07, va)
a=1

01, Vararge| >
Large G

G
(10.12)

where B is either 0 or at worst c\/e. The right-hand side of (10.12)) then
appears as one of the terms on the right-hand side of the inequalities of

Prop. [0
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— In a few cases, the product to be estimated is multiplied by an overall
factor t4 for some A > 0; this factor of ¢4 is incorporated into the bounds
on right-hand side of the inequalities of Prop. [0

— In many cases, the bound is non-optimal with respect to the powers
of € involved. However, for simplicity, we will often be content with such a
non-optimal bound when it is strong enough to allow us to prove our main
stable singularity formation theorem.

The majority of the products that we have to bound are “non-borderline:”

— For these terms, the loss of t~® is harmless in the following sense: the
estimate leads to a “non-borderline” integral in inequality or
the energy integral inequality (13.4). For these terms, it would be possible
to derive the main a priori norm estimate even with a significantly

worse (i.e., larger) value of B in (10.12).

On the other hand, there are also “borderline” terms, which we treat as
follows:

— For the principal order (i.e., order M) borderline terms, we must derive
estimates with B =0 in . Otherwise, our proof of the main a priori
norm estimate would break down.

— For the lower-order (i.e., order < M — 1) borderline terms, we derive esti-
mates with B = ¢\/€, where ¢ > 0 is a constant. Such an estimate is good
enough to allow our proof of the main a priori norm estimate ((13.10a)) to
go through.

Proof of (10.1)): First, by inspecting the equation (D.9d) for (D (Junk) @ (and
similarly for the other terms on the left-hand side ), we see that the
lapse gradient variable © always appears in products that feature the weight
23 The vast majority of the terms appearing in :(/*"®) & etc. (all of which
are quadratic) are non-exceptional and can be bounded by using with
B = c¢\/e. There are a few exceptional products involving t4°% and t*°6.
In these exceptional cases, it is possible to have a product such that two of
the factors (one of which is %/ 38fa1/) or t% 38fa@) have too many derivatives
to bound them by the strong estimates of Prop. [f] Two examples are the
products -1 [0y, [1 + t4/3W](G’1)ef] aeyfi ; and —t?/3 [07,(G™)"*] 9.0, on the
right-hand side of (]% . To estimate such products, we first note that we
have the inequalities t73 || on-s +%/3 H@@Hcg-s S 6t2/3_z‘j¢%ﬂ(pmm6_qﬂoml);1\; S

et?/3-29 where Z > 0 is an integer. These inequalities follow from the bootstrap
assumptions (6.1a)-(6.1c)) and Sobolev embedding. The remaining factors in
the product (i.e., the non-lapse factors) can be bounded in |- | norm by at

worst ¢¢V€ |95 much like in (10.12))). It follows that in total,
I

Va
L
ALarge arge

0~

AL arge

the exceptional products are bounded by et?/3-20-cve , where

Vararge

Vapa,e 18 @ non-lapse variable. This is a far better bound than needed, and
inequality (10.1]) thus follows.
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Proof of (10.2a))-(10.2b): The proof is essentially the same as the proof of

(10.1)), and there are no exceptional products. However, some of the terms that
occur when all derivatives fall on ¥ are linear and we bound them by the term

ZIfI:M |3I~W| on the right-hand sides of ([10.2a])-(10.2b)). All of the other terms

that occur when all derivatives fall on ¥ are quadratic and involve the factor
K for these products, we use the strong estimate to also bound them
by ¥ 7 |077| (without a loss of °V¢). The remaining terms to be estimated
are quadratic. In these cases, we simply allow the loss B = c¢y/€ in , and
the desired bounds — follow.

Proof of ([10.3a)-(10.3bf): We only prove (|10.3a)) since the proof of (10.3b]) is
nearly identical. We need to pointwise bound the |- |g norm of the right-hand
side of (D.7a)). That is, we have to bound tensors of the form

Ty = (07,Gia) (07, K7%), (10.13)

where || +|Io| < M. If |I;] = M and |I5| = 0, then the strong estimate (7.2d)
implies the bound

IT|e s ey a,«G\G , (10.14)
|T|=M

—————
borderline, principal order

which is § the right-hand side of (10.3al). Similarly, if |I;| < M -1 and |I5| < N-3,
then the strong estimate (7.2¢)) implies the bound

Tl < C2AAEDY ‘ajG‘G , (10.15)
|F|<M-1

borderline, below principal order
which is S the right-hand side of (10.3a)). If |I;| = 0 and |I5| = M, then

Tl s > |6;X|G : (10.16)
|T|=M

————
borderline, principal order

which is § the right-hand side of (10.3a]). Finally, if |I;| < N -4 and |I| < M -1,
then the strong estimate (7.1c)) implies the bound

|T|G S Eticﬁ Z ‘8ff{
|FlsM-1

10.1
L (10.17)

borderline, below principal order

which is $ the right-hand side of ((10.3a)).
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Proof of (10.4): To prove (10.4), we have to estimate the term (i (Junk) e
from equation (D.4b)).

Step 1: Bound for the 8I~(J“”k)‘ﬁ term from (D.4D). The term (Junk) ig
defined in (C.13b). To bound d; of the first product on the right-hand side of
(C.13bl), we have to pointwise bound e.g. possibly exceptional products of the
form

T =307, (G ) (07,7 1) (97,60 (10.18)

where |I|+|I2|+|I5| < M. Exceptional products [in which more than one factor
in (10.18)) has too many derivatives to apply Prop. @ can occur if |I3] < N - 4.
To handle these cases, we use the estimate t2/%( 0| N4 S et?3=29 which can

be proved in the same way as the estimate t2/3[00| ov-s $ €t*/37%% used in the

proof of (10.1). Also using the strong estimate ([7.1d)), we deduce that when
|I3] < N -4, we have

IT| s Jet?3-Zo-eve |afy|G. (10.19)
|I|<M

Clearly implies that |7 is S the right-hand side of as desired.
In the remaining (non-exceptional) cases of (10.18), we can simply bound |T|
by using the estimate and then taking into account the factor ¢/ in
; the desired bound follows.

To bound 95 of the second product on the right-hand side of , we
have to pointwise bound (non-exceptional) terms of the form

T = (07, P)(97,Gan) (07,07 (07,U"), (10.20)

where |I; |+ |Io| +|I3|+|I4] < M. In all cases, we simply allow the loss B = ¢\/€ in
, and the desired bound for the term follows. A similar argument
applies to the last product on the right-hand side of .

Step 2: Bound for the commutator terms in . The commutator term
213 [81-, (G’l)ab] 04,0, which involves some exceptional terms, can be bounded
by using an argument similar to the one we used to bound .

To bound the [ai, K“bf(ba] ¥ term from the right-hand side of , we
have to pointwise bound products of the form

ta b
T = (07, K4%)(07,K".)(07,%), (10.21)
where 1 < |I;| +|Ip| +|I3] < M and |I3| < M — 1. If [I3] < N - 5, then we use the
strong estimates (|7.2c) and (7.6a)) to derive the bound
T s Vet™ Ve Y |0:K],- (10.22)

|I|<M
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The bound ((10.22)) implies that |T| is $ the right-hand side of (10.4]) as desired.
In all other cases, we use the frame component norm estimates from (7.2b)) to
derive the desired bound

TIsve Y afu?|. (10.23)
|

Il<M-1

The commutator term 2[8I~,]5]L17 on the right-hand side of can
similarly be bounded with the help of the strong estimate .

The last two terms on the right-hand side of are non-exceptional
and easy to bound. We simply allow the loss B = ¢\/€ in and then use
the fact that these terms are multiplied by the factor ¢4/3.

Proof of (10.5): To prove (10.5), we have to pointwise bound the term

(D):(Borderyon from equation (D.4al). That is, we have to bound products of
the form

T = (07, K4)(07, %), (10.24)

where |I;| +|I5| < M. Principal order borderline terms occur when either |I;| =
M or |I | = M. In either case, one of the factors occurs with no derivatives,
and the estimate allows us to bound the |-|g norm of this factor by e.
Thus, we have

T < e Y oK, (10.25)
|T|=M

————
borderline, principal order

in this case. In the remaining cases of (10.24)), we have 1 < ||, |Io| < M - 1.
In these cases, we allow the loss B = ¢y\/€ in , and the desired bound
follows.

S (D);(Junk) =
Proof of : We have to pointwise bound the term N from equa-
tion . The proof of is essentially the same as the proof of .

The only new feature is that there are products on the right-hand side of
(D.4d)) that depend on |I|+ 1 derivatives of 'y, and these products are multi-
plied by the factor t%/3.

T ;(Border) ~ .
Proof of (10.7): We have to bound the term (DB S rom equation

(D.4c). That is, we have to bound the products that arise when 0; is ap-
plied to the right-hand side of (C.14a)) and |I| < M < N - 1. No exceptional
products occur. If all derivatives fall on dy, then the resulting terms are each
S 2iHl=Ma1 8;1}/‘G, which is § the right-hand side of ((10.7)) as desired. Other-
wise, we allow the loss B = ¢\/e in ((10.12f), and the desired bound follows.
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Proof of (10.8a): We have to bound the term 8T(B°Td")gebi from the right-
hand side of equation . That is, we have to bound the products that arise
when 05 is applied to the right-hand side of . The first two products
on the right-hand side of can be estimated in the same way. By the
product rule, to bound these terms, we must estimate the |-|¢ pointwise norm
of tensors T,% of the form

%= (0, K")(05v.%), (10.26)

where |I1|+|I2| < M. If |Io| = M, principal order borderline terms are generated.
However, in this case, |I1| = 0, and the strong estimate (7.2¢)) implies that

» |[“)jy|G . (10.27)

T Se
|I|=M

——
borderline, principal order

In the remaining cases, we have |Io| < M — 1. In these cases, we allow the loss
B=c/ein , and the desired bound follows.

To bound 95 of the last product on the right-hand side of , we have
to estimate the |- |g norm of

' = *(06.) (0, K",), (10.28)

where |I,|+|I2) < M. Principal order borderline terms occur when |I,| = M and
[I5] = 0. Again using (7.2d]), we see that when |I;| = M,

Tl sea®® Y |aj@‘c . (10.29)
\T|=M

borderline, principal order

In the remaining cases of (10.28)), we have |I;| < M - 1. In these cases, we allow
the loss B = ¢y/e in (10.12)) and account for the factor t*/% in (10.28)), and the
desired bound follows.

Proof of (|10.8b)) To prove (|10.8b)), we have to bound the |- | norm of the

quantity 1 BFerder i defined in , where |I] < M.

Step 1: Bound for the 8f(BordeT W term from (D.13D)). To derive the de-
sired bound, we must apply 0; to the product of terms on the right-hand side
of and estimate the |- |g norm of the resulting terms. More precisely,
we have to estimate the |- |g norm of

9 = (0, K7, )(05,U°), (10.30)
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where || + |I5| < M. Principal order borderline terms occur Whean1| =0 and
|I3] = M. From the strong estimate ([7.2c), it follows that when |Io| = M, we
have

IT|c se Y |8iU‘G . (10.31)

borderline, principal order

In the remaining cases of @, we have |I| < M —1. In these cases, we allow
the loss B = ¢\/€ in @ , and the desired bound follows.

Step 2: Bound for the commutator term from , In this step, we
have to bound the |- |g norm of

1

17 = (07,(G7)°)(05,0.P) < oy, 21+ 143G, UTP] [P+

] . (10.32)
where 1 < ||+ || +|I3| < M, and |I5] < M - 1. In all of these cases, we simply
allow the loss B = ¢/€ in (|10.12)), and the desired bound follows.

W=

Proof of ([10.8d): We only discuss the estimates for ‘(f);(BOTdeT)Qﬁ|G; the

(I);(Border) ~

estimates for zm‘ are nearly identical. We have to pointwise bound
G

the |- |¢ norm of the term (f);(BOTder)Emi from (D.2al).

Step 1: Bound for 8f(Border)9ﬁi. We must bound the |- |g norm of the
products that arise when 0; is applied to the right-hand side of (C.7c)). The
first product can be bounded in the same way that we bound the second

product. For the second product, we have to pointwise bound the |- |5 norm
of

T = (0, (v + vt = (G Comav,?) ) (05,K%), (10.33)

where |f1| +ﬁ|f2| < M. Principal order borderline terms are generated when
|I1] = M, |I3] = 0, and all derivatives fall on vy. In these cases, the strong

estimate ([7.2c)) implies that
Tle < ey |afy| . (10.34)
Ty el

—_———
borderline, principal order

Clearly, the right-hand side of (10.34) is < the right-hand side of (10.8¢) as
desired. In all of the remaining cases of ((10.33|), we allow the loss B = ¢y/€ in

(10.12)), and the desired bound follows.
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For the third product of terms right-hand side of (C.7¢|), we have to point-
wise bound the |- |¢ norm of

T; = (9, P)(05,Gia) (91,U°), (10.35)

where lf 1|+ o]+ |f§ | < M. Principal order borderline terms are generated when
|[I1] = |I2] = 0 and |I3] = M. In these cases, the estimate (7.4b]) implies that

IT|g s e Y |ogu] , (10.36)
|I|=M ¢
———
borderline, principal order

which is clearly < the right-hand side of (10.8b)) as desired. In the remaining
cases of ([10.35]), we have |I3] < M —1. In these cases, we allow the loss B = c\/e
in (10.12)), and the desired bound follows.

Step 2: Bound for [6I~,Gm]U“. We must bound the |- | norm of
T; = (07,Gia ) (07,0%), (10.37)

where 1 < || +|I| < M and |I| < M - 1. In all of these cases, we simply allow
the loss B = ¢\/e in (10.12)), and the desired bound follows.

11 Sobolev Bounds for the Lapse and for the Inhomogeneous
Terms

In this section, we use elliptic estimates to bound |¥| zm and HQHHg’ in terms
of the total energies &(rorary0.;m and ¥y g 107Gl re + 110;G | 2. We
also derive similar bounds for the L? norms of the inhomogeneous terms
7y. I);(Junk)~ (7. . .

(Di(Junk) g5 (D:(Jun )05, (Di(Junk) g ete., that appear in the PDEs verified
by the differentiated quantities 0;G, 8fG_1, 0;K, Oyy, 07¥, 070, 0;P, and
0;U. In particular, these L? bounds will allow us to control the spatial in-
tegrals involving the inhomogeneous terms (/“"®) & etc., appearing in the

fundamental energy integral inequality (9.2). All of the estimates will follow
easily thanks to the pointwise bounds of Prop. [0

11.1 Sobolev bounds for the lapse variables and the corresponding
inhomogeneous terms

In the next proposition, we provide the aforementioned Sobolev bounds for
the lapse variables and the corresponding inhomogeneous terms appearing in
the Jy—commuted lapse equations.
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Proposition 10 (Sobolev bounds for the lapse in terms of the total
energies and the metric norms) Assume that the hypotheses and conclu-
sitons of Prop. @ hold on the spacetime slab (T, 1]xT3. Then there exist a small
constant oy > 0 and a large constant ¢ > 0 such that if ¢ < 0 < o, then the
following L* estimates for the inhomogeneous terms hold on (T,1]:

.Z H(D%(Border);ﬁHLg S \/Eg(Total);G*;M + \/Et_cﬁéa(Total);é’*;M-l’ (M <N),
(11.1a)
,Z H(f);(Junk)gtHLz SVt VG oy, (11.1b)

+ \/EHWHHgI*I + \/EHQHHg

NG \aI-G|G o |a,-G*1|G (M),
1<| <M L L
absent if M =0
(11.1c)
(I);(Border) ~ _
Z N St 2/3£}(Total);9*;M+1 (111d)
|T|l<M Le
+ \/Et72/3ic\/gé{’(Total);9*;M7 (M <N - 1)5
(f);(.]unk)rv - —c\/€

‘Z N L S et 3 \[éo(Total);Q,,;M (11.1e)

|I|<M
et VO (M<N-1),

Furthermore, the following Sobolev estimates for W, @, and 00 also hold
on (T,1]:

1@ s + O] prar + 2/ 106 gras (11.2a)
S t74/3g(T0tal)§‘9*;M + \/Et74/370\ﬁ@@(Total);9*;M—l
absent if M =0
~ -1
|a,G\G 0:G \G

etVE Y ‘ ,  (M<N),

1<|T|<M

+
L2 L2

absent if M =0
¥ e + 1O gras (11.2b)

S T orary0 e + Vet Y E rorano.

NN |a,~G\GH ot | . ar<n-1).

1<|T|<M L2

GHL2

absent if M =0
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Remark 18 Some of the above powers of € stated above are non-optimal.

Proof We first note that the estimates (7.4b) and (7.5b) imply that the hy-
potheses of Lemma [ are verified when e is sufficiently small. We now square
both sides of the inequalities (10.4)-(10.7) and then integrate over T3. With
the help of Lemma , we bound the integrals corresponding to (Vi(Berderiogy
(i.e., the integrals corresponding to the terms on the right-hand side of (10.5)))
by

Z “(f);(Border)m‘

8ff(|2, dx + QZ efce/; |8jIA(|2G dz
|Jl<M-1 ¢

2
Y Ef
B fem
(11.3)

2 —ce p2
s 6éa(Total);G*;M +et g(Total);H,gM—l’

which implies the desired estimate ((11.1a]). Inequalities (11.1b])-(11.2b]) can be

proved in a similar fashion; we omit the straightforward details.

Inequalities (|11.2a]))-(|11.2b]) then follow from Lemma the estimates (8.5a])-
(8.5b)), and the estimates (L1.1al)-(11.1e). We remark that in deriving these

bounds, we soaked the \/€[¥| -1 and \/€[O]ya terms on the right-hand
sides of ([11.1b) and (11.1€) into the left-hand sides of (11.2a))-(11.2b]) (this is

possible when € is sufficiently small).

11.2 Sobolev bounds for the metric and fluid inhomogeneous terms

In the next proposition, we extend the analysis of Prop. to the non-lapse
variables. Specifically, we bound the L? norms of the inhomogeneous terms

(f);(J”"k)QS, (I);(Junk)@, etc., that appear in the PDEs verified by the differ-

entiated quantities 0;G, GfG_17 8fK, 0ry, 0;P, and 0;U. As in Prop.
the right-hand sides of the bounds feature the total energies &(rota1);0,;0 and
P 1etion 110:Glal e + 107G e

Proposition 11 Assume that the hypotheses and conclusions of Prop. [ hold
on the spacetime slab (T,1] x T, Let (Di(Junk)gy - (Di(Border)gn - oyc be the
inhomogeneous terms appearing in the 0;—commuted equations -,
(D-6a)-(D.6b), (D-8a)-(D-8L)), and (D.12a)-(D.12b). Then there exist a small

constant oy > 0 and a large constant ¢ > 0 such that if e < 0 < o, then the
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following L* estimates hold on the interval (T,1] for 1< M < N :

2
—4/3 02 —4)3-c /e p2
2 St g(Total);B*;M +et g(Total);O*;M—l

>

1<|T|<M

(I.);(Junk:)qs‘
G
(11.4a)

+eteVeE Z H|8ﬂ¥|a

2
5 )
1<|T|<M L

B 2
(D);(Junk) ~ —4/3 02 —4/3-c\/E 22
Z ®‘G 25t /éa(Total);O*;M"'Et / \[éa(Total);é’,,;M—l
1<|I|<M L
(11.4Db)
etV ” 9;G™! :
1<|T|<M | |G L2
(DyBordery | ||° < 22 Ve o2
Z ' ‘ 6‘(; R Séo(Total);@,,;M +et™* 6éa(Total);G*;M—l (1153‘)
1<|Tj<M L
2 2
+€ Z |6I~G‘ +et Ve Z ‘(%G‘ ,
[T|=M Glir 1<|J|<M-1 Glirz
absent if M =1
- 2
(I);(Border) ~ 2 —c/€ p2
> (’5‘ S E(Totat)0.:0r T € \[g(Total);G*;M—l (11.5b)
= Gllr2
1<|I|<M
2
-1 —-c\/e -1
ve Y |lose |G e S os6 \G 2
|[]=M L 1<) J|<M-1 L

absent if M =1

In addition, the following L? estimates hold on the interval (T,1] for 0 <
M<N:

) 2 ~ 2 . 2
Z ‘(I);(Junk)gn| . ‘ |(I),(Junk)9n‘ 4 ‘(I);(Junk)ﬁ| (11.6)
|T|l<M Glipz Glirz Glir2
Dsunky | P o (Db |[(Dsrunkyg| |
* lil%:M ‘ 7 g|G 2 * 1 m‘ L2 * ‘ 7 u‘G L2
2 2
Set Ve o +eteVE H 0;G +etToVE H 9;G™ :
2 otays.nd KUZKM o6l IS%SM o6 |

absent if M =0 absent if M =0
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Z |(f);(BonET)mft‘ 2 + ‘ ‘(f);(BordET)éjvq ’ (117)
|I|<M Glire iz
(I);(Border) : (I);(Border) ’
;(Border s(boraer
N R e

~4/3 2 —4/3-c/E p2
Set éa(Total);G*;M +et é()(Total);G*;M—l

absent if M =0

2
+eteVe 3fG| et oVe Z H|8fG_1‘
1<|T|<M Glirz 1<|T|<M Glire
absent if M =0 absent if M =0

Proof The proof is very similar to the proof of Prop. we square the inequal-
ities in Prop. |§| and integrate over T2. For example, to derive the estimates for

|(f)?(Bm”der)g‘G in , we square both sides of inequality (10.8a]) and
L2

integrate over T3. The integrals involving 070 are bounded with the help of
Prop. [10] while the remaining integrals are controlled by the terms [|0;G|c|2.
and [|0;G™|¢ |72 on the right-hand side of (11.7), the definition of the ener-
gies E(1otal);0,;0m> and Lemma El The remaining estimates in the proposition
can be proved in a similar fashion.

12 A Comparison of the Sobolev Norms and the Energies

Our bootstrap assumptions involve the solution norm J prame-7otai); N> While
the fundamental energy integral inequality of Sect. 0] will allow us to derive a
priori estimates for the quantities &(rotary;0,;0 (see the proof of Corollary [2).
These a priori estimates will also involve the quantities 3,7/ 107Gl 72
and ¥ 7cnr 110;G™|c|%.. In this short section, we establish comparison es-
timates between these quantities, which will ultimately allow us to derive an
a priori estimate for J{ prame-Total);N-

Proposition 12 (Comparison of norms and energies) Assume that the
hypotheses and conclusions of Prop. |6 hold on the spacetime slab (T,1] x
T3. Let A Frame-Total);M (1) e the solution norm defined in and let
S(Total);0.;0 be the total solution energy defined by , where the choice of
the constant 0. > 0 was made in Prop.[8 Then there exist a small constant
on > 0 and large constants Cyr,car > 0 such that if € < 0 < oy, then the
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following comparison estimates hold for 0< M < N and t € (T,1]:

Cgo(Total);O*;M(t) < CMt_CM\/E%Frame—Total);M(tL (1218')

<%iFramefTotal);JV[(t) < CMt_CM\/E Z H 8Iﬁc;’|GHLz (t) + |||afG_1|G||L2 (t)
1<|T|<M

absent if M =0
(12.1b)

+ CMt_CM\/géa(Total);H*;M(t)'

Proof Inequality (12.1a]) follows from Lemma |4} the strong estimates (7.1c]),
7.1d)), (7.4b)), and (7.5b]), and the G-Cauchy-Schwarz inequality. Inequality

12.1b)) follows similarly with the help of the estimates (11.2a))-(11.2b]).

13 The Fundamental A Priori Estimates for the Solution Norms

In this section, we use all of the results obtained thus far in order to derive a pri-
ori estimates for the solution norms J rrame-rotal); N> €(Frame-Kinetic); N-35
and G Frame-Potential);N-4 (N 2 8) from Def. @ This is the main step in our
proof of stable singularity formation. Our estimates will require the assumption
that the data are near-FLRW. As preliminary steps, in the first two proposi-
tions of this section, we derive hierarchies of time-integral inequalities for the
quantities |||8TG|G||L2 and H (‘3I*G_1|G||L2 and for the total energies & rotar);0,;m
from Def. [14 The 1mmportant point is that these hierarchies are amenable to
analysis via Gronwall’s inequality. We then use these hierarchies to derive the
main a priori norm estimates in Corollary

In the next proposition, we derive the first hierarchy.

Proposition 13 (A hierarchy of integral inequalities for |||8TG|GHL2 (1)
and ||

hold on the spacetime slab (T,1]xT3. Then there exist a small constant o, >0
and large constants Cn,cy > 0 such that if € < 0 < 04, then the following

81‘6'_1|G||L2 (t)) Assume that the hypotheses and conclusions of Prop.@
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hierarchy of integral inequalities is verified for t € (T, 1] whenever 1 < M < N :

IR el W ORI S 7€/ I T e) (13.1)
1<|T|sM 1<|T|<M
v 9
cowe x [yl s)as
1<|T|<M

conve X [ o6l (s

1<|J|sM -1

absent if M =1
CN 1 B
: % [s:t s lg(zTOtal);G*;M(S) ds

1
+ C'I\/'\/E ‘/;:t S_I_CNﬁg(QTotal);G*;M—l(s) ds.

Furthermore, the same estimates hold if we replace ’8[-G|G and lajG‘G respec-

tively with ‘(%G_l’G and |8jG’_1|G n .

Proof We first use the evolution equation ([4.6b)) for 9;(G*)%¥ and the G-Cauchy-
Schwarz inequality to deduce the estimate

0. (10:G1&)| < 4t |K|610; Gl + 4¢P 1| K |6 10; Gl (13.2)
4
+ §t1/3|W||8fG|é +2|0,0;G|c|0;Glc-

We next integrate the quantity 0 (|8fG|é) over the spacetime slab [t,1] x T3

Sreiient 10,6161 )

To complete the proof of , we have to bound the integral of the
right-hand side of over the spacetime slab [t,1] x T by the integrals
on the right-hand side of . To this end, we first pointwise bound the
coefficients of [0;G|% in the first three products on the right-hand side of
(13.2) by using the strong estimates and l-b We then integrate the
first three products on the right- hand 81de of ([13.2) over [t,1] x T3. We have
thus bounded these spacetime integrals by the rlght hand 51de of as
desired.

It remains to bound the spacetime integral of the product 2|0;0;G|¢|0;G|a
from the right-hand side of by the right-hand side of . To derive
such a bound, we first use the following simple inequality:

2/0,0;G|c|0;Gla < t|8t6 Gl% + Vet 10;GlZ. (13.3)

7

The spacetime integral of the second term on the right-hand side of (13.3)) is
manifestly bounded by the right-hand side of (13.1]). To bound the spacetime
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integral of the first term on the right-hand side of , we use the evolution
equation to replace 0,0;G with inhomogeneous terms and then bound
the integrals of the inhomogeneous terms by using the estimates and
e

With the help of the evolution equation for (')fG_l, we can use a
similar argument to derive analogous estimates with G™! in place of G.

We now derive the hierarchy of integral inequalities for the total energies.

Proposition 14 (A hierarchy of integral inequalities for &(1sa1);0,:0: (1))
Assume that the hypotheses and conclusions of Prop.[f hold on the spacetime
slab (T,1] x T3. Let S(Total);0.;0 be the total solution energy defined by ,
where the choice of the constant 0, >0 was made in Prop.[§ Then there exist
a small constant o, >0 and large constants Cn,cny >0 depending on N such
that if € < 0 < 0, then the following hierarchy of integral inequalities is verified
forte (T,1] whenever 0< M < N :

g(2Total);9,,;M(t) < CN%%rame—Total);M(l) (134)

cone Y[ ol o, () ds
1<|fj<mr 7=t

absent if M =0

cOove Y [P e, () ds
1</ f|<nr 5=t

absent if M =0

s=1
"N fs=t 56 otaty 0,00 (5) ds
s=1 1o
" e [s:t 5 éa(TOtal);H*;M(S) ds

s=1
+ CN€ / 57176N\/g(g)(2T0tal).9 'M—l(s) ds.
s=t e
absent if M =0

Proof To derive inequality (|13.4), we have to bound the integrals on the right-
hand side of inequality (9.2 by the right-hand side of (13.4)). To this end, we

first use the estimates of Prop. and Prop. |[11] to bound the inhomogeneous
= 7 . 2 = 7 . 2
term integrals such as [S:l $5/3 ”(I)’(Junk)‘T(H , ds, f;tl 57! ”(I)’(Border)‘ﬁ‘ Lo ds,
etc. on the right-hand side of inequality (9.2) and make use of the bound
@@(2Toml);0*;M(1) < CM%QFTame—Total);M(l) implied by Prop. Some of these
bounds result in the presence of some spacetime integrals with the integrands
soVe H 8I-G|G||2L2 or s7Ve |||(’9I-G"1|G||2L27 where the loss of s7°V¢ comes from
the right-hand sides of the estimates of Prop. [10] and Prop. By inspection
of the right-hand side of inequality (9.2, we see that every time such an in-
tegrand appears, it is multiplied by an extra factor of s/ or better (this is
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- 2
clearly true for all integrands except for s H(I);(Bord")‘)’tHN, which by ((11.1a))

can be bounded independently of |||8I-G|GH22 and |||8I-G’1|G||2LQ). Hence, such
spacetime integrals can be bounded by the first two integrals on the right-hand
side of .

The remaining spacetime integrals on the right-hand side of inequality
can be bounded by the integrals Cn fss:tl 5_1/35(%“&[);0*;1\4(5) ds and

Cye [5] s’lfg’éoml);e*;M(s) ds on the right-hand side of (13.4) with the help

=t
of Lemma,

We now use Prop. and Prop. to derive our main a priori estimates
for the solution norms. We will use the following Gronwall lemma to esti-
mate solutions to the hierarchies of integral inequalities that appear in the
propositions.

Lemma 8 (A Gronwall estimate) Let y(t) > 0,2(t) > 0 be continuous
functions. Suppose that there exist constants C,c > 0 such that the following
inequalities hold for t e (T,1]:

1 1
y(t) < CS3t Ve + ey /fe f sty(s)ds + % [ s z(s) ds, (13.5a)
s=t € Js=t

1
2(t) < Ce't™Ve + Ce f si3=evVey(s)ds (13.5b)
t

1 ) N 1
+C[ sT32(s) ds+ce/ s 2(s) ds.
s=t s=t

Then there exist constants C',c’ > 0 such that the following inequalities hold
forte(T,1]:

y(t) < O3V, (13.6a)
2(t) < C'efteVE (13.6b)

Proof We define
Q1) :=ey(t) + z(¢). (13.7)

With the help of (13.5a)-(13.5b), we see that there exist constants C,& > 0
such that @ verifies the following integral inequality for ¢ € (T, 1] :

Q) gée4t-‘5ﬁ+éf_lt 5‘1/3Q(s)d5+6\/2f1t s1Q(s)ds.  (13.8)

Applying Gronwall’s inequality to (13.8)), we deduce that there exist constants
C’,c’ > 0 such that

Qt) < C'e't Ve, te(T,1]. (13.9)
The desired inequalities ([13.6a])-(13.6b)) now follow from ((13.9)).
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We derive our main a priori norm estimates in the next corollary. These
estimates are the backbone of our main stable singularity formation theorem.

Corollary 2 (The main a priori estimate for the norms when N > 8)
Let %ﬂ(Frame—Total);N’ %(Frame—Kinetic);N—?n and %(Frame—Potential);N—4 be the
solution norms from Def. [0 Assume that the hypotheses and conclusions of
Prop. and Prop. hold on the spacetime slab (T,1] x T3. In particular,
assume that for some integer N > 8, the solution norm bootstrap assumptions
— hold for t € (T,1]. Assume in addition that the initial renormal-
ized metric verifies the stronger near-Euclidean condition |G — E|| o (1)<

Frame
€2 in place of the previous assumption |G = FElco (1) <e. Then there exist
a small constant e > 0 and a large constant cy > 0 such that if € < ey and
A Frame-Total);N (1) < €2, then the following norm inequalities are verified for

te(T,1]:

1
jﬁF’r‘ame—Total);N(t) < ieticN\/E, (13108,)
1
%(Frame—Kinetic);N—i’)(t) < 563 (1310b)
1 -c €
%(FT'ame—Potential);N—4(t) < §6t N\[o (].3].0(3)

Remark 19 The powers of € stated in the estimates (|13.10aj)-(13.10c|) are non-

optimal and could be improved with additional effort.

Proof We will prove by induction in M that there exist constants C,, ¢y, >0
such that if e is sufficiently small, then the following inequalities hold for
te(T,1]:

> Al 15 0+ 10,674l (0} < Cetrae, (1M <N,
1<|I|<M
(13.11)

g(%l“otal);G*;M(t) < C;\J€4t763\4\/g7 (0 <M< N)
(13.12)

Then from Prop. (13.11), and (13.12)), we conclude that there exist con-

stants Cp, ¢y > 0 such that
%%’rume—Totul);M(t) < 5M€3t_EM\/E7 (1313)

and the desired estimate (13.10a)) thus follows whenever ¢ is sufficiently small.
The estimates ((13.10b)) and (13.10c)) then follow from revisiting the estimates
proved in Prop. |6, where the assumption |G - E|co (1) < €* and the esti-

Frame

mate (13.13)) (with M = N) are now taken as hypotheses in these propositions
in place of the original assumption |G — E||¢o (1) < € and the original

Frame

bootstrap assumption J{ prame-rotar);n (1) < €7,
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It remains for us to prove (13.11))-(|13.12)). To this end, we first inductively
assume that the case M — 1 has been shown; we remark that our argument

will also apply to the base case M = (0. We now define

. {o, (M =0),
= 2 2
Y Sigiien 107Gl 2 (O + Zagrenr 187Gl (1), (1 < M),

(13.14)
Z(t) = éa(2Total);c9*;M(t)' (1315)

Inserting the induction assumption estimates into inequalities and
(including the analogous but unwritten version of that holds for 9;G™1)
and carrying out straightforward computations, we deduce that there exist
constants C,c > 0 such that hypothesis inequalities (13.5a)-(13.5b]) hold. The
inequalities — immediately imply the desired estimates (13.11])-
. This closes the induction.

14 Local Well-Posedness, the Existence of a CMC Hypersurface,
and Continuation Criteria

Before we can prove our main stable singularity formation theorem, we first
need to address several aspects of the local-in-time theory. Hence, in this sec-
tion, we briefly discuss local-in-time theory for the Einstein-stiff fluid system
in two different gauges. We have two main goals. The first is to show that
near-FLRW data launch a local solution that contains a spacelike hypersur-
face with constant mean curvature equal to —1/3. We need the existence of
such a hypersurface because most of our previous analysis was carried out
relative to CMC-transported spatial coordinates. In service of this goal, we
sketch a proof of local well-posedness in a harmonic map gauge. This result
(see Prop. provides us with estimates that are sufficient to apply methods
similar to those used by Bartnik [9], which will guarantee the existence of the
desired CMC hypersurface (see Prop. . To simplify our proofs, we have
chosen to adopt near-FLRW hypotheses in both Prop. [L5| and Prop. these
hypotheses could be relaxed with additional effort. Our second goal is to sketch
a proof of local well-posedness and continuation criteria in CMC-transported
spatial coordinates (see Theorem .

14.1 Near-FLRW local well-posedness in harmonic map gauge

In this section, we sketch a proof of local well-posedness for the Einstein-stiff
fluid system in harmonic map gauge.

Proposition 15 (Near-FLRW local well-posedness in harmonic map
gauge) Let N >4 be an integer. Let (é,k,ﬁ,ﬁ) be initial data (at time 1) on
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the manifold Xy ~ T for the Einstein-stiff fluid system (T.1a))-(1.4), cs = 1
(which by definition verify the constraints (1.9a)-(1.9b)). Assume that

inf () >0, (14.1)

and that relative to the standard coordinates on T (see Def. @, the components
of the data verify the following estimates for i,j=1,2,3:

o 1.
k' + gllj
Above, E;; = diag(1,1,1) denotes the standard Euclidean metric on T3 and
Iij = diag(1,1,1) denotes the identity. Let (M, (g,p, u)) be the mazimal glob-
ally hyperbolic development of the data (see the discussion in Sect. . In par-
ticular, the variables (g,p,u) verify the Einstein-stiff fluid equations —
, cs = 1. Then if € is sufficiently small, there exists a collection of co-
ordinates (t,x', 2% %) covering a subset V := Ure[1/2,3/21 2t = [1/2,3/2] x T3
of M. The coordinate t is a time function defined on V, the (z*,x2,23) are
(spatially locally defined) standard local coordinates on T3 (see Def. @, and
each Xs:={qe V| t(q) = s} ~ T3 is a Cauchy hypersurface. Relative to these
coordinates, the FLRW solution can be expressed as

+

IGij = Eijl gner +
HN

1 ,
p- *H f @ gn <e<oo.  (14.2)
3w~

3
g =—dt* +t** Y (da')?, p=gt =4y (14.3)
i=1
Above, 6% (u,v=0,1,2,3) is the standard Kronecker delta. Furthermore, rel-
ative to these coordinates, the perturbed solution’s components verify the fol-
lowing estimates for p,v=0,1,2,3:

sup

10 (&0 = Byuw )| yyvarone < Ce, (0<M<N+1), (14.4a)
te[1/2,3/2]

sup ||8tM(p—17)”HN_M < Ck, (0< M <N), (14.4b)
te[1/2,3/2]
sup ||8,fw(u“ - ﬁ“)”HN_M < Ce, (0<M<N). (14.4c¢)
te[1/2,3/2]

In addition, the harmonic map condition (g’l)o‘B(I‘a“B —fa“ﬂ) =0 is verified
on V. Here, I‘a“ﬁ 1s a Christoffel symbol of g and fa“ﬁ is a Christoffel symbol
of . Finally, the map from the initial data to the solution is continuous. By
“continuous,” we mean continuous relative to the norms on the data and the
norms on the solution that are stated in the hypotheses and above conclusions
of this proposition.

Proof We use a hyperbolic reduction of Einstein’s equations described in [37].
This reduction is an extension of the fundamental ideas developed by Choquet-
Bruhat [16]. More precisely, as discussed in [37, Section 5], there exists a
harmonic map gauge for the Einstein equations in which

(g (r),-T ), =0 (14.5)
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Since T/ 5 fa“ 5 1s a tensor, the condition (14.5)) has a coordinate invariant
meaning. It also allows us to work globally in space, even though T3 cannot be

covered by a single coordinate chart. Relative to the standard local coordinates
on T3, the non-zero FLRW Christoffel symbols are

= 1 _ I
L)%= 3! P, Ly =3t Kes (14.6)
where §;;, = diag(1,1,1) and 5jk =diag(1,1,1) are standard Kronecker deltas.

In these coordinates, ([14.5)) is equivalent to (for i = 1,2, 3)

1 .9 )
I\O _ §t71/3(g—1)ab5ab’ T = gt—1/3(g—1)01. (147)
Above, T'* := (g’l)‘ml"ofﬁ is a contracted Christoffel symbol of g. To be com-
patible with both the Einstein initial data and (14.5)), g,, and 0:g,, are
equipped with the following initial data (given at ¢ = 1) relative to the stan-
dard coordinates on T? :

goo = -1, goi = 0, gij = Gij» (14.8)
1., o0 va , 1., :
0¢8oo = 2 (gg PSap + K a) . Oigoi = " (aagbi - iaigab) 048y = 2k .
(14.9)

The above data enforce the harmonic mapping condition (14.5) at ¢ = 1. The
data for the pressure and the four velocity are

p="p, u’ = /1 + gapi®il, u' =il (14.10)

In this gauge, the Einstein-stiff fluid equations —, cs = 1 are equiv-
alent to a reduced system comprising constraint equations, quasilinear wave
equations for the spacetime metric components, and first order hyperbolic
equations for the fluid variables. Local well-posedness in the Sobolev spaces
stated in the proposition, the estimates stated in the proposition, the con-
tinuous dependence of the solution on the data, and the preservation of the
constraints and the harmonic mapping condition are all standard re-
sults; see e.g. the discussion in [70], which addresses all aspects of the theorem
except continuous dependence on the data and how to estimate the fluid. The
article [79] provides details concerning the derivation of energy/Sobolev esti-
mates for the fluid using energy currents and the divergence theorem; similar
analysis was carried out in Sect. [§] For the main ideas behind continuous
dependence on the data, see e.g. [78].

14.2 The existence of a CMC hypersurface

We would now like to show that the spacetimes launched by Prop. [15| contain
a spacelike hypersurface graph of constant mean curvature precisely equal to
—%. In the next lemma, we recall the quasilinear elliptic PDE verified by such
graphs.
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Lemma 9 (Prescribed mean curvature PDE) Let g be the spacetime
metric solution from the conclusions of Prop. and let (t,z*,2%,23) be
the corresponding coordinates (the x* are spatially locally defined). Let X :=
{(t,z) e RxT? | t = p(x)} be a hypersurface graph. Let .#,(x) be 3x the mean
curvature of X (relative to g) evaluated at the spacetime point (p(x),z). Let
Lyt T3 > R x T3 be the function defined by

tp(@) = (p(x), ). (14.11)

Let T\.[1/2,3/2] x T? denote the bundle of future-directed unit timelike vectors
over [1/2,3/2] x T?, and let F(t,2;X) be a function on T,[1/2,3/2] x T3. Let
I‘a"ﬁ be the Christoffel symbols of g relative to the above coordinates, let h*"
be the reciprocal first fundamental form of X' relative to g,,,,, and let H* be a
rescaled version of h*¥ | which are defined as follows:

h*[go 1y, d¢] = (g7 )" 01, + N#[go1,,00]N"[go1,,00],  (14.12a)
H" [g o, 0¢] = NI [g 0 1y, Dp]h""[g 0 1, Dp]. (14.12b)

Above, N* s the future-directed normal to X, which is defined by

N¥[go 1y, 0¢] = [N[g' [g 0 1, D] (87 )" 0 1, N, [0p], (14.13a)
Nu[0¢] =Dy (-t +¢), (14.13Db)

Nlg[g o 1o, 001 = [ = (87)™ o1, +2(87)™ 0 1:0up — (871)™ 0 1(0a0) (Oo0)
(14.13c)

Note that (14.13d)) slightly contradicts (5.2) in the sense that in (14.13d), we

require |N|g to be non-negative.
Then M, can be expressed as follows:

My =-H"[go1,,00]0.000 - H*[go1,,00]T 4[g 01y, ((01,0)8) 0 1]
(14.14)

+ Haﬁ[g Olp, 880]:[‘07,8[% 0Ly, ((0r,0)8) © L, ]0atp-

1/2

Therefore, X is a hypersurface of prescribed mean curvature %F(gp(ac)7 x; N[go

L, 0p]) if and only if ¢ verifies the quasilinear elliptic PDE

H*[go Lp; 00]0a0pp = —F (1 N[go L, 0]) (14.15)
-H"[go1,,00]T. 4(g 01y, ((01,0)g) 0 L]
+H[g o1y, 00]T % 5[g 0 Ly, ((01,0)8) © 1] 0atp.

Proof The hypersurface ¥ = {(t,z) e Rx T3 | t = ¢(x)} is the 0 level set of
the function

&(t,x) = -t +p(x). (14.16)
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The spacetime one-form that is normal to the level sets of @ is
N,=D,9o. (14.17)

The corresponding future-directed g—unit normal vector is
Nt = — (g "D, &, (14.18)

where
[NJg = |(g7)** Do D 5 1/2. (14.19)
The reciprocal first fundamental form of X is
h* = (g7h)* + NANY, (14.20)
while the second fundamental form is
k" = -g,.gsh"*h"*D,N”. (14.21)

The trace of the second fundamental form, which is defined to be 3 times the
mean curvature of Y, is therefore given by

L

~(DaN) ooy = - ( N haBDaDﬁ@) oLy (14.22)

Setting (14.22)) equal to F', expanding covariant derivatives in terms of the
Christoffel symbols of g, and carrying out straightforward computations, we

thus deduce equation (14.15)) from ((14.22]).

We now provide a proof of the existence of a hypersurface of constant mean
curvature precisely equal to —1/3 in the spacetimes of interest. Our proof makes
use of the estimates of Prop. as well as the following fundamental Leray-
Schauder fixed point result from degree theory.

Proposition 16 [56, Theorem 4.4.3] Let 8 be a closed, bounded subset of the
Banach space B. Assume that 0 € interior(R). Let T : & > B be a compact
map. Assume that for all real numbers A € (0,1), there is no element k € 0K
such that AT (k) = k. Then there exists an element k. € R such that 7 (k.) =
k.

a

Our proof of existence is simpler than Bartnik’s similar proof |9, Theorem

4.1] because ours takes advantage of the smallness of e. One key difference

is that Bartnik’s proof only addressed the case in which go; = 0, (i = 1,2,3),
while in our harmonic map gauge, we generally have gg; # 0.
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Proposition 17 (Existence of a CMC slice) (38| c.f. Lemma 6.2][9, c.f.
Theorem 4.1] Assume the hypotheses and conclusions of Prop. (in partic-
ular assume that € is sufficiently small). Assume in addition that N > 5. Let
(gw,p, u") be the solution on [1/2,3/2]xT? guaranteed by the proposition. Let
(t,x', 2% 2) be the corresponding coordinates (the x* are spatially locally de-
fined). Let Xy = {t} x T3 denote a constant-time hypersurface and let My(t, )
denote 3x its corresponding mean curvature (with respect to g) evaluated at
the spacetime point (t,x). Then there exists a constant C, >0 such that if € is
sufficiently small, then there exists a pair of times

ty =1+ Cye, (14.23)
such that

sup —Ao(ty,x) <1< i?']é —Mo(t-,x). (14.24)

zeT3
Furthermore, there exists a function ¢ on T such that

o e HN*2(T?), (14.25a)
t_ < inf p(x) < sup ¢(z) < ty, (14.25b)
zeT3 2eT3

and such that X := {(p(z),x) | x € T3} c (t_,t,)xT? is a spacelike hypersurface
with mean curvature (relative to g) constantly equal to —% (i.e., the PDE
is verified with F(1,;N) = -1),

Furthermore, there exists a constant C > 0 such that if € is sufficiently
small, then the following estimates are verified by ¢ and the components of
h*¥ relative to the above coordinates:

I = 1]l grase < Ce, (14.26)

|h%[g 0 1y, O] + 1] s < Ce, (14.27a)
Ih%[g © 1, Dp] | srves < C, (i=1,2,3), (14.27b)
Ih[goi,,0p] - (E™1)Y | gna < Ce, (i,j=1,2,3). (14.27¢)

In the above estimates, v, is defined in (14.11)), h*¥[gov,,0¢] is defined in
(14.12a)), and (E~1)" = diag(1,1,1) is the standard inverse Euclidean metric
on T~.

Finally, relative to the above coordinates, the solution’s components have
the following regularity properties for pu,v =0,1,2,3:

H{wa(gw—gw)}OLS(,“HNHfM < Ce, (0<M<N+1), (14.28a)
{6} (p-P)} o o] i < Ce, (0<M < N), (14.28b)
{oM (w =)} oty | ynwone <Ce, (0 M <N), (14.28¢)

where the components g, D, U" of the FLRW solution are given by (14.3).
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Proof Note that the function F' from is constantly —1 in the present
context. Throughout this proof, we will repeatedly use the assumption that
€ is sufficiently small without mentioning it every time. The main idea is to
derive a priori estimates for a modified version of the elliptic PDE (14.15)). The
modification depends on a small positive real number 6. The a priori estimates
will allow us to apply Prop. [16] to deduce an existence result for the modified
PDE. We then take a limit as & goes to 0 in order to deduce existence for
the actual PDE of interest. The final step is to improve the Sobolev regularity
of both (g,p,u) o, and ¢(x). The former estimates require us to revisit
the estimates of Prop. instead of using the divergence theorem/energy
estimates to derive L? estimates along the hypersurfaces X, as was done in
the proposition, we instead derive analogous L? estimates along X.

Step 1 - Linearize, modify, and change variables via ¢ =1+ x: Let
AMy(t,x) be 3 times the mean curvature (relative to g) of the constant-time
hypersurface Xy evaluated at the spacetime point (¢,2). We now note that a
slightly modified version of the PDE ((14.15|) can be written in the following
form:

1

H[g o 1y, 09]0aOpp = —F (1, N[g o 1, 0p]) +.4p 0 1, (14.29)
+Ygoty, ((0:,0)8) 0Ly, 00]0.0 +8(p —1).

Above, 8 € (0,1] is a small positive constant and the term 5(¢ — 1) was artifi-
cially added to the equation for reasons to be explained. We will let 6 | 0 later
in the proof. Furthermore, Y *[---] is a smooth function of its arguments as long
as g is invertible and |[N|g > 0. The .#{ o, term is derived by isolating and
subtracting off this term from the H*’[g o, eI Y slg 0 Ly, (9, 0)g) o 1]
term on the right-hand side of . More precisely, we view —H"[g o
Lo, 690:|I‘a05[g Oly, ((6t78)g) ° Ls@] = f[g Oly, ((atv 8)g) Olp, 650:|a where f is a
smooth function of its arguments. Then .#,(¢,z) = f[g(t,z),(9g)(t,x),0],
Mooy, = f[g 0 Ly, (08) 0 ty,0], while the difference f[g o ¢y, ((0¢,0)8) ©
Lo, 0] = flg oLy, ((0¢,0)8) 0 Ly, 0] is (by Taylor expansion) incorporated into
the Y[g o vy, ((9;,0)8) © Ly, 0p]0ap term on the right-hand side of (14.29).
We also make the change of variables x = ¢ — 1, where we think of x as small.
We then consider a linearized version of (14.29)). More precisely, given a known
function o € HY=!, we consider the linear (in ) PDE

H"[g011.0,00]0a00X = 1 + My 0 114 (14.30)
+Y[got11p, ((O1,0)8) 0 t140,00]0ux + dX.

The reason for adding the term §(p—1) = dx is the following: by the maximum
principle for classical solutions, this Oth order term ensures that the linearized
PDE has unique (in the class C?) solutions.

Step 2 - Identifying a fixed point space: We choose to first prove
existence in a space of relatively high regularity. The estimates of Prop.
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imply that there exists a constant C, > 0 such that (14.23]) and (14.24) hold.
We will work with closed, bounded subsets of HV~! of the form

&= {o | loluvr < 1,[IN [go t1gs0]] . <2, loli= < Cuc}.  (14.31)

Note that the function ¢ = 0 belongs to the interior of £.. This fact is an
important hypothesis in Prop. The reason that we assume N > 5 is that
Sobolev embedding implies the existence of a constant C' > 0 such that

|0(H[g 0 1140, 00])|| .o < C (14.32)

whenever € is sufficiently small and g € R; the availability of this estimate
simplifies our analysis.

Step 3 - The linearized map: For each 6 > 0, let .75 be the map that
sends elements p € K. to the corresponding solution x to the linear PDE
, i.e., 50 = x. Note that for ¢ € &, the modified linear PDE, which
is of the form a™(x)8;0;x + b*(x)9;x + cx = d(x), is uniformly elliptic with
a¥ (x) positive definite, ¢ <0, and a¥,b%,c,d e HN=2. Standard elliptic theory
and the Rellich-Kondrachov theorem ensure that 5 : &, - HY - HN!
is a well-defined compact (in HN"1) map. We are using in particular the
maximum principle and the fact that ¢ < 0 to conclude that the map x —
a(x)0;0;x +b'(2)0;x +cx has a trivial kernel. We are also using the fact that
the components g, are elements of CV~1([1/2,3/2] x T?) and the Christof-
fel symbols I‘a”,8 are elements of CV=2([1/2,3/2] x T?). This ensures, for ex-
ample, that g, o1, € HY 1, I‘a“ﬁ[g 0 140, ((01,0)8) 0 L14,] € HY72, and
HY[got1,,,00] € HY2.

Step 4 - A priori estimates and fixed points: In order to apply
Prop. we will show that the following fact holds: for each real number
A € [0,1], any A—quasi-fixed point ¢ of F5 that belongs to & must lie in the
interior of K. By definition, a A—quasi-fixed point is a solution to the equation

ATs0 = o, (14.33)
which can equivalently be expressed as

H"[g011.0,00]0a000 = M1+ 4y 0 1110} (14.34)
+Y[goti1g, ((Or,0)8) © L1+0,00]0u0 + S0

After we have shown the aforementioned fact, Prop. [I6] will immediately imply
the desired existence result for the modified nonlinear PDE. To prove the
fact, we will derive the following two a priori estimates: i) if A € [0,1], € is
sufficiently small, and g € &, verifies ), then |o|| g~ < Ce; ii) if A€ [0,1],
e is sufficiently small, and g € K. solves (14.33)), then ||g|co < C.e, where C,
is the constant appearing in definition (14.31)). i) and ii) together imply that
when A € [0,1] and e is sufficiently small, there are no A—quasi-fixed points g
of 75 with g € .. Our proofs of i) and ii) are based on standard L?-type
Sobolev estimates and the maximum principle. We first prove i) via Sobolev
estimates. Specifically, we multiply by o, integrate by parts, use the
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bounds implied by , use the uniform positive definiteness of H¥ in the
regime we are considering, use the estimate , use the standard Sobolev
calculus, and apply Cauchy-Schwarz (for the inverse metric HY) to deduce
that there exists a constant C' >0 (independent of & € (0,1]) such that

fTS H[g 0 114,,00](920) (9y0) dz < CA? [T L+ Mo irsg) de+ C fT 0% du.
(14.35)

The estimates of Prop. [L5| imply that for g € K., we have

|1+ 4 0 t1+p]lco < Ce. (14.36)

Furthermore, the definition of & implies that |o|co < Ce. Since HY is uni-
formly comparable to (E71)% in the regime we are considering, we therefore

conclude from (|14.35) that
/T (B (0,0)(Bh0) do < CE. (14.37)

Similarly, we commute equation (T4.34) with 95, |I| < N -2 and repeat the
argument to inductively derive

[T (E)(0,070)(9070) dux < O, ] <N-2. (14.38)

To estimate the Nth order derivatives of g, we first note that for [I| = N -2,
we have

0a(H™[g © 1144, 00]940;0) = [7, (14.39)

where | f7] 2 < Ce. Tt follows that J;p is a weak solution to a uniformly elliptic
divergence form PDE with H[g o 11,,,00] € HY"2 & CN~4. From standard
elliptic theory (c.f. [25, Theorem 1 of Section 6.3.1]), we conclude that ;0 € H?
and

1070l < C(I f¢ll2 + 070l 1) < Ce (14.40)
as desired. In summary, we have shown that
lo—1|g~y < Ce, (14.41)

where C' does not depend on b € (0,1].

To prove ii), we show that when A € [0, 1], any A—quasi fixed point g € R,
must avoid the two obstacles +C,e. We argue by contradiction using the maxi-
mum principle. If o(z,) = Cy¢, then x, must be a maximum. Thus, 9;0(x.) =0,

(i=1,2,3). Therefore, it follows from ([14.24) and (14.34)) that

H[g(1+Che,x,),0]0,000(xs ) = M1+ Mo(1 + Cre, 1)} + Cred  (14.42)
> 0.
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Since HY[g(1 + Cy¢,-),0] is a uniformly positive definite 3 x 3 matrix, this
contradicts the maximum principle for the operator H®[g(1+C\e, . ),0]0,0,
and shows that o(x.) = Cye is impossible. Similarly, it is impossible for ¢ to
touch —C.e. It follows that

lollco < Che. (14.43)

We can now apply Prop. to conclude that the PDE has a solution
¢ =1+ o, where p € R..

Step 5 - Limit as 6 | 0: We have now produced a family of solutions s
to the modified nonlinear PDE that verify the bound . By weak
compactness and the Rellich-Kondrachov theorem, there exists a sequence of

numbers 6, ! J,oo 0 such that the sequence g5, converges (weakly in HY and
strongly in HV~1) to the desired solution ¢ € HY n &, of the nonlinear PDE
with & = 0. The solution ¢ also verifies the bound .

Step 6 - Upgraded regularity of the solution to the Einstein-stiff
fluid equations: The above arguments have produced a CV=2 hypersurface
Y ={(p(x),x) | x € T} of mean curvature —1/3 that is sandwiched in between
the hypersurfaces X, and X, , where ¢ is the time coordinate from Prop.
and t- = 1-Cye, t; = 1+ Cye. Let 2 = (8w, 08w, P, U )o<p, <3 denote the
array of solution components appearing in the conclusions of Prop. [I5] and
let Z denote the array of FLRW components [see equation ] The main
difficulty that remains to be resolved is that even though Prop. [15]| guarantees
that OM (2 - Z)(t,-) e HN"M for 0 < M < N, it does not automatically follow
that, for example, [aj(f— %] o, € L? when || = N; this difficulty would be
present even if ¢ were known to be C*°. The standard trace theorems allow
for the possibility that the spacetime function 9M (2 - 2’7) loses some Sobolev
differentiability when restricted to the hypersurface X. To avoid any loss, we
will revisit the estimates proved in Prop. along the hypersurfaces X; and
deduce analogous estimates along Y. Specifically, we claim that one can derive
the following Sobolev estimate for the solution along X whenever M +|I| < N :

fTB 0M (% - F[* 01y dp<C /T 0Moy(2 - ZY (t_,x)de  (14.44)

ty —
-an'fi75 |3t]‘/[8f(i‘”—f)|2(s,x)dxd5
<Ce.

Above, du = vdr, where v = y/det(E¥) is the volume form factor corre-
sponding to Eﬁ = L;Ef, and ¢, denotes pullback by ¢,. Here, E~ is the
first fundamental form of X relative to E, where E,,,, := zdiag(1,1,1,1) is the
standard Euclidean metric on [1/2,3/2] x T3. In components, we have

N.N,
nv |N|%3 )

E, =E (14.45)
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where N, is defined in (T4.13B) and |NJ% := (E1)*’N,Nj. The estimate
(14.41)) implies that

[v—-1| < Ce. (14.46)

The estimate can be derived by commuting the Einstein-stiff fluid
equations in harmonic map gauge with the operators 9 0;, by applying the
divergence theorem (with the metric E) to the region in between X;_ and X,
and by overestimating the corresponding spacetime integral by the spacetime
integral in (14.44). The “¢” on the right-hand side of is guaranteed by
the estimates of Prop. |15 and the estimate . The vectorfield used in the
divergence theorem is the same vectorfield that is used to derive the energy
estimates in the proof of Prop.

Step 7 - The HY*? regularity of ¢: Now that we have the estimates
(14.284)-({14.28d)), we can return to the PDE (14.34)) (with & = 0 now) and de-
rive the additional Sobolev regularity/estimates for up to order N + 2 deriva-
tives of ¢, as in the proof of . The desired estimate ([14.26)) thus follows.

Step 8 - Sobolev estimates for h*”[got,,d¢]: The estimates (14.27a))-
14.27) follow from definition (14.12a)), the estimates (14.26) and (14.28a)-
14.28¢|), and the standard Sobolev calculus.

In the next corollary, we show that the fields induced on the CMC hyper-
surface X are near-FLRW. This implies that they can be used as the “data”
in our main stable singularity formation theorem.

Corollary 3 (Near-FLRW fields on the CMC hypersurface) Assume
the hypotheses and conclusions of Prop.[I7, and let X be the CMC hypersurface
provided by the proposition. Leth,,, = g#agyghaﬁ denote the first fundamental
form of X [see /, let v, = hyou® denote the one-form that is dual to the
g-orthogonal projection of u onto X, and let k,,, := g,.k®, denote the second
fundamental form of X [see / Let v, denote the embedding v, (T3 o X,
tp(x) = (gp(z),x), and let 1, denote pullbac by tp. Then there exists a
constant C' >0 such that if € is sufficiently small, then the following estimates
for components hold relative to the coordinates of Prop. (fori,7=1,2,3):

+
HN

1
=g vl < Ce

(14.47)

" 1
kaij + g ij

HL;h” - EU HHN+1 +

where E;j = diag(1,1,1) denotes the standard Euclidean metric on T? (see
Def. @

Furthermore, the fields 17 h
straints -.
Proof The estimates in follow from the estimates of Prop. the rela-
tion , and the standard Sobolev calculus. The fact that the fields verify
the Einstein constraints is a consequence of the diffeomorphism invariance of
the Einstein-stiff fluid equations.

ijs toKij, Lpp, and L v verify the Einstein con-

18 For example, tphyg = (8;14)(95t8 ) 8ua © LpBup © 1,08 [go 1y, 8p).
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14.3 Local well-posedness and continuation criteria relative to
CMC-transported spatial coordinates

By Corollary [3] we can now assume that the perturbed spacetime contains a
spacelike Cauchy hypersurface X' equipped with near-FLRW fields verifying
the Einstein constraints and with mean curvature constantly equal to —%. We
now discuss local well-posedness and continuation criteria for the Einstein-stiff
fluid system relative to CMC-transported spatial coordinates.

Theorem 1 (Local well-posedness relative to CMC-transported spa-
tial coordinates. Continuation criteria) Let N > 4 be an integer. Let
(é,iﬁ,ﬁ,’fb) be initial data on the manifold Xy ~ {1} x T3 for the Einstein-stiff
fluid system -, cs = 1 (which by definition verify the constraints
—). Assume that k* = —1. Assume that relative to standard coor-
dinates on X1 = T3 (see Def. @, the eigenvalues of the 3 x 3 matriz §;; are
uniformly bounded from above by a positive constant and strictly from below
by 0, that

inf p(z) >0, (14.48)
zeT3

and that the components of the data verify the following estimates for i,j =
1,2,3:

+

7 1
kj+§Ij .

1 .
;3——H @ gn <00 (14.49)

195 = Eijll e + 3w

Then these data launch a unique classical solution (gij,kij,n,p, u') to the
FEinstein-stiff fluid CMC-transported spatial coordinates equations (3.10a)) —,
(3.11a)-(3.11b)), (3.12a))-(3.12b), (3.13). The solution exists on a non-trivial
spacetime slab (T, 1] x T3 upon which the CMC condition k%, = —t~1 holds and
upon which its components have the following properties:

p(t,z) >0, n >0, (14.50)
gij € CNH(T, 1] x T2); k' e CNTA((T, 1] x T%); (14.51)
neCN((T,1] x T?); pu' e CN2((T,1] x T?). (14.52)

The quantities (., p,u") verify the Einstein-stiff fluid system -,
cs = 1. Here, g == -n2dt? + gopdz®da®, and u is the future-directed vectorfield
such that u® = u® and g(u,u) = —1. Moreover, on (T,1]x T3, the eigenvalues of
the 3x3 matriz g;; are uniformly bounded from above by a positive constant and
strictly from below by 0. Furthermore, g, is a Lorentzian matriz on (T, 1] x T3
and for t € (T, 1], the sets {t} x T3 are Cauchy hypersurfaces in the Lorentzian
manifold-with-boundary ((T, 1] x T3,g).
The solution’s components have the following Sobolev regularity:

gij — Gi; € CO((T, 1], HN*Y); K-k ecO(T,1],HY);  (14.53)
n-neC°(T,1], HN*?):;  p-pu' -T e CO((T,1],HN).
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Above,

Gy =t"PE;,  F; = —%t*lﬂj, n=1, pP= %t’Q, =0 (14.54)
are the components of the FLRW solution. )

In addition, there exists an open neighborhood O of (Qij, k‘ij,ﬁ, &i) such that
all data belonging to O launch solutions that also exist on the slab (T,1] x T3
and that have the same regularity properties as (gi;, kij,n,p, u'). Furthermore,
on O, the map from the initial data to the solution is continuous; by “contin-
uous,” we mean continuous relative to the norms for the data and the norms
for the solution that are stated in the hypotheses and above conclusions of this
theorem.

Finally, if Tynin denotes the inf over all times T such that the solution
exists classically and has the above properties, then either Ty =0, or one of
the following breakdown scenarios must occur:

1. There exists a sequence {(tm,Tm)} oy € (Timin, 1] x T? such that the min-
imum eigenvalue of the 3 x3 matric g;; (tm, xm) converges to 0 as m — oo.

2. There exists a sequence {(tm,Tm)}o_y € (Timin, 1] x T3 such that n(t,, Tm)
converges to 0 as m — oo,

3. There exists a sequence {(tm:Tm) ey € (Tonins 1]x T3 such that p(ty,, Tm)
converges to 0 as m — oo,

4. hmtlem SUPycs<1 Hg” CZ.ume
Q.

(s) =

(s)+[nlce(s)+Iplor (s)+ul oy

Frame

(s)+|klcy

Frame

Remark 20 Conditions (1) - (4) are known as continuation criteria. Condi-
tions (1) and (2) correspond to a breakdown in the Lorentzian nature of g.
Condition (3) is connected to the fact that the Euler equations can degenerate
when the pressure vanishes.

Proof (Sketch of a proof) Theorem [I]can be proved using the ideas of [74, The-
orem 6.2], which is based on the proof of |19, Theorem 10.2.2]. The main dif-
ficulty is that R;; cannot generally be viewed as an elliptic operator acting
on the components of the Riemannian 3—-metric g. Hence, equations (|3.11al)-
do not immediately imply that the components g;; verify wave equa-
tions corresponding to the wave operator of the spacetime metric g. The main
idea behind circumventing this difficulty is to replace the evolution equation
for k;; with a wave equation corresponding to the wave operator of
the spacetime metric g. The wave equation is obtained by commuting
with 9;, and is treated as an additional constraint. The other equations
are used to substitute for the terms that appear on the right-hand side of the
wave equation for k;;. If this procedure is properly implemented, then the re-
sulting “modified” system is mixed elliptic-hyperbolic (the elliptic part comes
from the lapse equation). Local well-posedness for such systems, including the
solution properties stated in the conclusions of the theorem, can be derived
using the standard methods described in [1]. It is important to prove that if
a solution to the modified system initially verifies the constraints, then the
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constraints remain verified throughout the evolution. To this end, one shows
that for a solution to the modified system, the constraint quantities verify a
homogeneous system of evolution equations for which energy methods imply
the uniqueness of the 0 solution; the conclusion is that the constraint quanti-
ties remain 0 if they start out 0. The proof that the sets {t} x T are Cauchy
hypersurfaces can be found in |70, Proposition 1]. Finally, the continuation
criteria (1) - (4) are quite standard; see e.g. the proof of [44, Theorem 6.4.11]
for the main ideas.

15 Statement and Proof of the Stable Singularity Formation
Theorem

In this section, we prove our main theorem demonstrating the global nonlinear
past stability of the FLRW Big Bang spacetime. By Prop. [I7] and Corollary [3]
we may assume that the perturbed spacetime contains a spacelike hypersurface
21 with constant mean curvature equal to —% and equipped with near-FLRW
field “data” that verify the Einstein constraints. Specifically, the data are the
fields ¢ by, 1 ki, Lgp, L, vi from the conclusions of Corollary In this section,
we denote these fields by g;;, locij, P, ;. Furthermore, we renormalize the time
coordinate so that ¢t = 1 along X;. There are two kinds of statements presented
in the conclusions of the theorem: i) existence on the entire spacetime slab
(0,1] x T3, and ii) sharp asymptotics/convergence estimates as t | 0. As in
our proof of the strong estimates of Prop. @ our proofs of ii) incur a loss
in derivatives. The reason is that in deriving these estimates, we freeze the
spatial point x and treat the Einstein-stiff fluid equations as ODEs with small
sources. The sources depend on higher-order spatial derivatives, which leads
to the loss. The main ingredients in the proof of the theorem are the a priori
norm estimates of Corollary

Theorem 2 (Main Theorem: Stable Big Bang Formation) Let (g}, l::,ji, fl)
be initial data on the manifold X, = T® for the FEinstein-stiff fluid system

(1.1a)-(1.4), cs = 1 (which by definition verify the constraints (1.9a)-(1.9b]) ).
Assume that the data verify the CMC' condition

ke, = -1. (15.1)
Assume further that the components of the data verify the following near-
FLRW condition relative to the standard coordinates on T? (see Def. @) for
some integer N >8 and i,5=1,2,3:

+

o1
K+ oIt
HN

3 J

. 1 g

l455 = Esgllnos + o) il ses 52)
HN

Above, E;; = diag(1,1,1) denotes the standard Euclidean metric on T3 and

I'; = diag(1,1,1) denotes the identity. Let (M, (g,p, u)) be the mazimal glob-

ally hyperbolic development of the data (see the discussion in Sect. . Then



Big Bang Formation 111

there exist a small constant €, >0 and large constants C,c > 0, where the con-
stants depend on N, such that if € < €, and (15.2) holds, then the following
conclusions hold.

— The field variables (g, p,u) are classical solutions to the Finstein-stiff fluid
equations —, cs = 1.

— There exists a collection of CMC-transported spatial coordinates (t,xz', x2, 2?)
covering V = Upe(o,112 = (0,1] x T3, where V is the past of X1 in M. The
coordinate t is a time function defined on V, the (z', 2% 23) are (spa-
tially locally defined) transported spatial coordinates (see Def. @), and each
Y,={qeV |t(q) =s} =~ T3 is a Cauchy hypersurface. The CMC condition
k® = —t~! holds along each X;. Relative to these coordinates, the FLRW
solution can be expressed as

3
, 1
g=—dt? + 123 (da')?, p= gt*, = oY, (15.3)
=1

where o¥ (u, V= 07'1,2,3) is the standard Kronecker delta.
— Let (gij, k';.n,p, u")1<i,j<3 denote the components of the perturbed solution
relative to the CMC-transported spatial coordinates, where

g = -n2dt* + gapdada®, (15.4a)
u=(1+ gabuaub)1/2N +u%0, (15.4b)

are respectively the spacetime metric and the fluid four-velocity, N = n=1o;,
kij = —%n’lgmatgaj are the components of the mized second fundamental
form of Xy, n is the lapse, and p is the fluid pressure. The following norm
estimates (see Def. @ are verified by the renormalized solution variables’
frame components (see Def.|1|) for t € (0,1]:

%Frame—Total);N(t) < Et_c\/g7 (155&)
(g(FT'a7ne—Kinetic);N—3 (t) <e€ (155]3)
Cg(Frame—Potential);N—4(t) < 5t76ﬁ~ (155C)

In addition, the solution has the following properties.

Causal disconnectedness: Let {(s) be a past-directed causal curve in ((0,1]x
T37g) with domain s € [$1,8r1axz) such that {(s1) € Xy. Let ¢* denote the co-
ordinates of this curve in the universal covering space of the spacetime (i.e.,

(0,1] x R3). The length £[(] := fiM‘”” \/ (Eap 0€)C2Cb ds of the spatial part of

S
the curve as measured by the Fuclidean metric is bounded from above by

0[¢] < (g ; C’e) 213-ce (15.6)

The constant C' can be chosen to be independent of the curve . Thus, if
q,m € Xy are separated by a Fuclidean distance greater than 2 (% + C’e) {2/3=ce
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then the past of q does not intersect the past of r.

Geodesic incompleteness: FEvery past-directed causal geodesic { that em-
anates from Xy crashes into the singular hypersurface Xy in finite affine pa-
rameter time

7(0) < (g . C’e) | (1) (15.7)
where < (t) is the affine parameter along ¢ viewed as a function of t along
(normalized by </ (1) =0).

Convergence of time-rescaled variables: There exist functions Vpang, PBang €
CN=3(T3) and a type G) tensorfield (KBang)ij e CN=3(T3) such that the
lapse, time-rescaled volume form factor, time-rescaled mixzed second fundamen-

tal form, time-rescaled pressure, three-velocity, and four-velocity X;—normal
component g(u,N) = —(1 + gapu®ul) /2 wverify the following convergence esti-
mates for t € (0,1]:

Cet'l3-vVe (M < N -5),
[n =1 gar < {CetQ/?’"C\/E, (M<N -3, (15.8a)
_ Cet*3-eVe (M < N -5)
1 ) = )
|7 V/detg - viang| e S {CGtQ/:;—cﬁ’ (M<N-3), (15.8b)
Cet*3-eVe (M < N -5),
||tk‘ - I(Bzmg”cllyrmne S {C€t2/3_c\/g, (M <N- 3)’ (15.8C)
Cet*3=eVe (M < N -5)
2, ) = )
[P = Poang] oar < {Cetz/g_cﬁ, (M<N-3) (15.8d)
lull s < Cet!Pmeve, (15.8¢)
lg(u,N) + 1| .y, < Cet*/3eVe, (15.8f)
In the above estimates, the frame norms | - |cu are defined in Def. E
Furthermore, the limiting fields are close to the g(;y;’eresponding time-rescaled

FLRW fields in the following sense:

HUBang - ]-HCN—S < 067 (159&)
1
HKBang + *I‘ < CE, (159b)
3 C;‘_\";aine
1
HPBang - g‘ N5 < Ce. (159C)

In addition, the limiting fields verify the following relations:

(KBang)®s = -1, (15.10a)
2PBang + (KBang)ab(KBang)ba =1 (1510b)
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Behavior of the spatial metric: There exists a type (g) tensorfield Mgang €
CN=3 on T? such that

|MP — By <Ce (15.11)

Frame

and such that the following convergence estimates hold for t € (0,1]:

|g * exp (2IntK Bang) = MP| (15.12)

Frame

Cet*3-eVe (M < N -5),
T\ Cet?PeVE (M < N -3),

where g * - denotes left multiplication of the type (i) matriz - by the type (g)
matric g;;.

Quantities that blow up: The |-|, norm of the second fundamental form k
of Xy verifies the estimate

[t1kly = 1(E Bang) s (K Bang) ol " oo < Cet*~V%, (15.13)

which shows that |k|, blows up like t™" as t ] 0.
The |-|g norm of the Riemann curvature of g verifies the estimate

|| Riemly| po < Cet™2/37<. (15.14)
The spacetime Ricci curvature invariant \Ric@ verifies the estimate
|t |Riclp = 4P, | o < Cet*7Ve, (15.15)

which shows that |Ric|? blows up like t™* ast | 0.
The |- |§ norm of the spacetime Riemann curvature tensor verifies the es-
timates

|t |Riem]? - Frang|| o < Cet*/*Ve, (15.16a)
2
HFBang L e (15.16b)
27 |l co

where Fpang = {Z(K“bea)2+4K“bea+2K“becK°'dea+8K“beCK°'a}| K=Kpang-
Note that (15.16a)) and (15.16b)) imply that |Riem|é blows up like t™* ast ] 0.

The ||12g norm of the spacetime tensor Pqg,, = Riemqg,, — Wag,, verifies
the estimate

20
t4|P|§ - gpéang

< Cetl3-oVe, (15.17)
CO

which shows that |P|§ blows up like t™* ast | 0. Above, W g 15 the spacetime
Weyl curvature tensor.



114 Igor Rodnianski, Jared Speck

The |- [Z norm of W ap,, verifies the estimates

20

3

20
HFBang 3 PBang

t4|W|é - (FBany

= Plans) ‘ < Cettl3-eve, (15.18a)

< Ce, (15.18b)
co
which, when combined with the relation |Riem|§ = |P|§+|W\é and the estimates

(15.164) and (15.17), shows that the dominant contribution to the |Riem|Z
singularity at t =0 comes from the Ric components of Riem.

Remark 21 Some of the powers of € stated in the above estimates are non-
optimal and could be improved with additional effort.

Proof (Proof of Theorem Let 0, be the positive constant from Prop.
Prop. and Corollary [2| By local well-posedness (Theorem , if (15.2))

holds and e, is sufficiently small, then the initial data launch a unique classi-
cal renormalized solutlo to the renormahzed constraints - the

renormalized lapse equations | , and the renormahzed evolution
equations ([4.5)), (4.6a))-(4.6b)), 4 7 | 4 7b , and (4.8a))-(4.8D)). The renormal-
ized solutlon exists on a maximal slab (T 1] x T3 upon which the following
bootstrap assumptions hold for the renormalized solution variable norms:

ﬁ%ﬂ(Frame—Total);N(t) < et_g*, (1519)
%(Frame—Kinetic);N—3(t) < ]-a (1520)
%(FramefPotential);N—4(t) <t (1521)

In deriving —, we have used the standard Sobolev calculus to
deduce the smallness of the renormalized variable norms — from the
conclusions of Theorem [I} which are stated in terms of the original variables. In
fact, by combining the estimates of Theorem [I] with standard elliptic estimates
for n, we deduce that the perturbed renormalized solution remains Ce? close
to the renormalized FLRW solution for times ¢ near 1.

It follows that if e, is sufficiently small, then all of the assumptions of
Corollary [2| hold. Thus, we conclude from the corollary that there exists a
constant ¢ > 0 such that the following estimates necessarily hold for t € (T,1] :

1 e
<%0(Frame—Total);N(t) < id; \[7 (1522)
1
%(Frame—Kinetic);N—?)(t) < 56» (1523)
1 cve
%(Frame—Potential);N—4(t) < get \[ (1524)

By further shrinking e, if necessary, we may assume that c\/e < 0*. We now
show that (7, 1] x T? must be equal to (0,1]x T? and that (15.5a)-(15.5d) hold

19 Recall that the renormalized equations are equivalent to the original equations.



Big Bang Formation 115

for t € (0,1]. Suppose for the sake of contradiction that T € (0,1). We then
observe that none of the four breakdown scenarios from Theorem [I] can occur
on (T,1] xT3:

— 1is ruled out by , which shows that the eigenvalues of the 3 x3 matrix
2131 = (G71)¥ are bounded from above in magnitude by 1+Cet=¢; hence
the eigenvalues of t~/3g;; := G;; are bounded from below in magnitude by
(1+Cet™*¢)~! and can never turn negative since they were positive at t = 1.

— 2 is ruled out by (7.6al) and the relation n:=1 Jit4/3LD.
— 3 is ruled out by (7.4b)) and the relation t?p:= P + %

— 4 is ruled out by the estimates (15.22)-(|15.24)) and Sobolev embedding.

It therefore follows from the time-continuity of the solution norms that the
solution can be extended to exist on a strictly larger slab (7' - A, 1] x T? (for
some number A > 0) such that on (T - A, 1], the estimates (15.22)-(15.24)
hold with 2 replaced by %. We have therefore derived strict improvements

of (15.19)-(15.21)] on a time interval strictly larger than (7,1]. In total, we

have contradicted the maximality of the slab (7, 1] x T3. We conclude that the

solution exists on (0,1] x T> and that the estimates (15.5a)-(T5.5¢) hold for
te(0,1].

Proof of (15.6): Let ¢ = ((s) be a curve verifying the hypotheses of the
theorem. Here we use the notation ( = %C (s). Note that the component ¢°
can be identified with the CMC time coordinate. For any causal curve, we
have g(¢,¢) <0, which implies that

GanCEt <n?(E)2 (15.25)

Using the previously established fact that the eigenvalues of G;;(t,x) are
bounded from below by (1 + Cet™¢)7!, the estimate (7.6al), and the fact that

—éo > 0 for past-directed causal curves, we deduce from that
(Eap 2 €)¢*¢" < ([(1+ Cet™*)Gap] 0 €)¢"C" (15.26)
< (1+COE) ().

Integrating the square root of (15.26)) and using the assumption ¢°(s;) = t, we
arrive at the desired estimate ((15.6)):

[N Eaeidas<arcg [ s asen

~(1+Ce) [sMaz d 01975 ce

B 2/3-ce Js %“C 7 ) ds
_ (1 +C€) 2/3—ce 2/3-ce

- 2/3—C6{t _SIVICLQC }

< (g + C’e) t213-ce,
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Proof of (15.7): Let ¢(«) be a past-directed affinely parametrized geodesic
verifying the hypotheses of the theorem. We can view the affine parameter o/
as a function of ¢ = ¢° along ¢. We normalize </ (t) by setting /(1) = 0. We

also define {M = ﬁ(“ and &' = %Jz%. By the chain rule, we have

.1 .0 .0d - , "
o =L &=l (B (15.28)
dt
¢
Using the geodesic equation (A.26a)), the g—Cauchy-Schwarz inequality, (15.25)),
and (|15.28)), we deduce

|£/’\ < (n7Y0yn] + 200nl, )| | + nlk|y| |- (15.29)

Inserting the estimates ((7.2¢)) (in the case M =0), (|7.6a)), (7.6b)) and (7.7]) into
(115.29)), we deduce

”

|Jz¢

<! (% + ce) o], te(0,1]. (15.30)
Applying Gronwall’s inequality to , we deduce

|\ (4)| < | (1)|t=(/3+ee), te(0,1]. (15.31)
Integrating from ¢t = 1 and using /(1) = 0, we deduce

o (t) < m(l — 2/37c€), te(0,1], (15.32)

from which the desired estimate (15.7]) follows.

Proof of (15.8a)-(15.8f), (15.9a)-(15.9c), and (15.10a)-(15.10b): The esti-
(531

mate (15.8¢) follows directly from (15.5c). The estimate ) then easily
follows from inequality (7.1c) and the estimate (15.8¢].
Inequality (15.8a) follows from (7.6a)) (for M < N —5) and (15.5a) plus

the the Sobolev embedding estimate |n - 1|on-s $ t2/3<%”(me€_T0tal);N (for
M=N-4,N-3).

To prove (|15.8b]), we use equation (D.5)) and inequality (15.8a]) to deduce
that

Hat In (\/detG)HcM < {Ziﬁ*cff E% 2 x:g; (15.33)



Big Bang Formation 117

If 0 <t_ <ty <1, then it follows from integrating (15.33)) in time that

Hln (VdetG) (t-) - In (VdetG) ()

< ejt;otl/f‘—cﬁdt, (M <N -5),
oM © e [t 3eVEdL (M < N - 3)
(15.34)

et (<N -5),
et~ VE (M < N -3).

Hence, if {t,,}o_, is a sequence of positive times such that ¢, | 0, then
implies that the sequence ln(\/detG) (tm,-) € CM is Cauchy in the
norm | - [¢ar. The existence of a limiting function vpeny € CV ™3 and the de-
sired estimate thus follow. The estimate then follows from the
small-data estimate ||\/ detG(1) - 1||CN*3 S €. The estimates (15.8c)-(15.8d)
and (|15.9b)-(|15.9¢) follow similarly from the evolution equations (D.8b|) and
(D.12a)), the strong estimates of Prop. @ and the Sobolev norm bouq@;
we omit the tedious but straightforward details.

The relation is a trivial consequence of the CMC condition k%, =
~t~1 and (15.80).

To prove ([15.10b)), we multiply the renormalized Hamiltonian constraint

(A1a) by t> and let ¢ | 0. Lemmal[l9and the estimates (7-1d), (7.1d)), and (7-35)

imply that t?|R| - 0, where R denotes the scalar curvature of gi;. Similarly,

the estimates (7.1d), (7.4b), and (7.5b) imply that ¢4/3|¢/“"*) &| - 0. Also using
the estimates (15.8c) and (|15.8d]), we arrive at the desired result (|15.10b|).

Proof of (15.11) and (15.12): From equation (3.11a) and the estimates
(15.82), (15.8¢)), and (15.9b]), it follows that

8tgij = _Qt_lgia(KBang)aj + giaAajy (1535)

where the following estimate for the components A’ ; holds:

et'/3ve (M < N -5),

15.36
et™\3=eve (M < N -3). ( )

14 o {

Introducing the matrix integrating factor exp (2IntKpang) = exp (2IntK gang(z))
and using the fact that the type (}) matrix 0y (2IntKpeng) commutes with

the type (1) matrix exp (2IntKpqng), we deduce the following consequence of

(15.39):
O { g1a [exp (20K pang)]"; | = 910 A% [exp (21 tK pang))’;. (15.37)

Using the estimates (7.1¢)), (15.9b]), and ([15.36)), we bound the right-hand side
of (15.37)) as follows:

et'/3eve (M < N -5),

15.38
et /3=Ve (M < N -3). ( )

|gia [exp (2IntK ang)], A e # {
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From the differential equation ((15.37)), the estimate ((15.38)), and the small-
data estimate |g;;(1,-) — Eij|cn-3 S €, we argue as in our proof of (15.8b))
to deduce that there exists a field Mg‘mg (z) on T? such that the desired

estimates (15.11f) and ((15.12f) hold.

Proof of (15.13): To prove (15.13), we use the identity t|k|, = t|k% k", |*/?
(which follows from the symmetry property k;; = k;;) and the estimates (15.8c)
and (15.9bf) to deduce the desired inequality:

S ett3eve  (15.39)

Frame

[t1klg = (K Bang) s (K Bang)"al 72| $ [t = K pang

Proof of : To prove , we first note that
|Riem|§ = Riem* Riem, . (15.40)
We now claim that the following estimate for the components Riemalfd holds:
| Riem g, co s et™/3c. (15.41)

The desired estimate (15.14) will then follow from (15.40) and (15.41). To
, (7.1d 3

prove ([15.41)), we first use the strong estimates ([7.1¢)) ; and (7.3b) and
the relation (C.1)) to deduce the following estimate for the components Ric’; :

|Ric';|co 5 et™2/37c. (15.42)

The estimate (15.41)) now follows from (15.42)) and the identities (A.8) and
E12).

Proof of (15.15)-(15.18bf): To derive (15.15]), we simply insert the estimates
(15.8d)) and (15.9¢)) into the identity (A.27d]).

To derive (|15.16a))

t*|Riem]} = t'Riem, "Riem ;* + 4t'Riem *Riem " (15.43)

-(15.16b]), we first observe the relation

’ gl
— 4072t oo gaar g Riemy " Riemg,, ¢ .

We then claim that the following estimates for components hold:

| Riem, - (£2k°, k% — 2k k) | co  et?/P7oVE, (15.44)
[?Riem,, 0 — (tkS, + t2k° k%) | o S et?/37eVE, (15.45)
[*Riem, | co < t1/37¢VE, (15.46)

Let us accept (15.44)-(15.46)) for the moment. The desired estimates (I5.16a))-
(T5.165) then follow from (15.43), (15.44), (15.45), (15.46), (15.8d), and (15.90).
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To derive ([15.44)-(15.46[), we insert the previously derived estimates into
the curvature expressions (A.29al)-(A.29¢)). For example, to derive ([15.45)), we
bound the error term A ¢ defined in (A.30b) by

| & o6 lco s et™/37eVe, (15.47)

More precisely, the estimate ([15.47)) follows from inserting the strong estimates
of Prop. |§| into the expression (A.30b)). The time derivative term 9;(tk°,) is

estimated by using the evolution equation (3.11b) to express it in terms of
spatial derivatives. We then multiply the expression (A.30b) by t? and use
the estimate , thereby arriving at . The estimates and
can be derived similarly.
To derive , we simply insert the estimates and into
A27g)

the identity ( .

Finally, the estimates (|15.18a))-(15.18b|) follow from inserting the estimates
(15.9¢)), (15.16a), (15.16b) and (15.17) into the identity (A.17).

Acknowledgements The authors thank Mihalis Dafermos for offering enlightening com-
ments that helped them improve the exposition. They also thank David Jerison for providing
insights that aided their proof of Prop.

A Calculations and Identities for the Metrics and Curvatures

For convenience, we have gathered some standard metric and curvature re-
lations in this appendix. We state many of the relations without proof. For
additional background, readers can consult . Throughout, g = —n?dt? +
gapdz®dz® denotes a Lorentzian metric defined on a four dimensional mani-
fold.

We adopt the following sign convention for the Riemann curvature Riemgg,, :
D,DsX, -DsD. X, = (g7)" Riemas,. X, . (A1)
We have the relation (see e.g. [89} pg. 48])
(871" Riemgpgu = 0T, - 0T, + T4, L), -T/\T5,, (A2
where the Christoffel symbols I‘#)‘U of g,,,, are defined in (A.19al).

The spacetime Schouten tensor Sch,,, its trace S, and the tensor Pug,,
corresponding to g, are defined by

1 1
Sch,,, = gRij - ERgW’ (A.3)

S:= (g7 1)*?Schyg, (A.4)
P.su = Sch,,g,5 — Sch,.g,5 + Sch, 38, — Sch,38,q, (A.5)
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where
Ric,, = (g7!)*’Riem,,3,, (A.6)
R := (gfl)o‘ﬁ(gfl)”yRiemaugy (A7)

are the Ricci curvature and scalar curvature of g,
The Schouten tensor Sch’; corresponding to g;; is defined to be

i S
Sch'; := Ric'; - ZRI s (A.8)
where
Ric'; := Riem, ", (A.9)
R := Ric", (A.10)

are the Ricci curvature and scalar curvature of g;;.
The Weyl tensor Wag,, of g,, can be expressed in terms of Riemgg,,
and P,g,, as follows:

Waﬁuu = Riemaﬁﬂu - Paﬁ/,w (All)
. 1 . . . .
=Riem,g,, - §(glecU5 - gaRic, s + gs Ric,a — gs,Ric,q)
1
+ ER(gangB - gauguﬁ)‘

Because the Weyl tensor of the 3—metric g;; vanishes, the Riemann tensor
Riemijkl of g;; can be expressed as follows in terms of its Schouten tensor:

Riem;;* = Sch*I'; - Sch*,I'; + Sch' . 1% - Sch! . 1%, (A.12)

The following properties are verified by Riemag,., Waguy, and Paguy

Riem,g,, = -Riemgay,, = ~Riemag,, = Riem,,as, (A.13)
Waﬁ,uu = _Wﬁa#u = _Waﬁup, = W,uz/ozﬂa (A14)
(g_l)aﬁwab’w/ = (g_l)auwaﬁuu = 07 <A15)
[Pl = 8|Schlg +4S?, (A.16)
[Riem[; = W[ + [P[;. (A.17)

Lemma 10 (Christoffel symbol calculations) Let
g = —n2dt* + gopda®da® (A.18)

be a Lorentzian metric on (T,1] x T3. Let
1 - o
Fp,)\l/ = i(g 1))\ (augau + avgp,cr - 6agw), (A19a)
7 1 ia

I = 9" (09ak + OkGja = Oagik) (A.19Db)

2
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respectively denote the Christoffel symbols of g,,,, and g;; relative to the coordi-
nates in (A.18). Then fori,j k =1,2,3, we have (recall that 0ygij = —2ngiok*;)

Ty =0 Inn, I‘joo =0;1nn, I‘in = —n’lgmkaj, (A.20a)
T/, = ng’dun, T,y =-nk';, =T (A.20D)
Proof The lemma follows from straightforward computations.

Lemma 11 (Christoffel symbol identities) The Christoffel symbols Fik
and the contracted Christoffel symbols I'; of gi;, which are defined by (A.19b))
and the equations

= gabFaib, I;:= gijgablzljb7 (A.21)

satisfy the following identities (recall that yjik = 9"0;gar):

I k= %(Y]‘ik + 'Ykij ~ 9" 95 Va k) (A.22a)

LS5=1% = %gabaigab = 0;In\/detg, (A.22D)

I'=g"y - %gmvabb, (A.22¢)

;= giag”* v % - %vi“a = 9*° Oagri - %g“baigab. (A.22d)
Furthermore, we have

¥, = 20 In\/detg, (A.23a)

Y. = T + 0 In\/detg, (A.23b)

and
029" = =g"°g"0uger, = —9""V4' p = 9"V =~ - g"*0, In\/detg.  (A.24)

Proof The relation (A.22b)) is proved in [89, Equation (3.4.9)]. The remaining
identities in the lemma follow from straightforward computations.

Lemma 12 (Geodesic equation) Let
g = —n2dt? + gapdada® (A.25)

be a Lorentzian metric on (T,1] x T3, and let ¢ : [0, A) —» (T,1] x T3 be an
affinely parameterized geodesic. Then relative to the coordinates in (A.25), the
components of ¢ verify the following system of ODEs:

&4 ()| (€)? + 2(0ann)| ¢ ¢ — (07 guek)IcC"C =0, (A.26a)
&+ (g 0un)le (€)= 2(nk? )¢ + 1,7)c€"¢ =0, (A.26D)

where the Fjik are the Christoffel symbols of g;, é“

denotes the affine parameter.

= ﬁ(“(d), and o/
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Proof The geodesic equation is (see e.g. Equation (3.3.5)]) EH+I‘O¢“5|C¢Q¢B =
0. Equations (A.26al) m ) thus follow from Lemma

Lemma 13 (Curvature tensors in terms of the matter) For a solution

to the FEinstein-stiff fluid system 11.4), cs = 1, the following relations

hold:
R =-2p, (A.27a)
Ric,, = 2pgﬂagy5uauﬁ, (A.27b)
[Ric|} = 4p°, (A.27c)

1
Schy, = pguagusu®u’ + <pgu, (A.27d)
1
S= ~3P (A.27e)
Schg = zp 7 (A.27f)
20 2.

P2 = (A.27g)

Proof Contracting (T.1a)) against (g~)*”, we deduce that R = T = —2p. This
proves (A.27a)). The relation (A.27b)) then follows from (I.1a)) and (A.27al).

.27d)) then follows from (A.27b) and (1.3)). (A.27d)) then follows from
, and (A.27b)). (A.27€¢) then follows from (1.3), (A.4), and (A.27d).
follows from (A.27d) and (I.3). (A:27g) then follows from (A.16

A.27¢]), and (A.271).

Lemma 14 (Decomposition of Riem,gs,,, Ric,,, R, and W,g,, into
principal terms and error terms) Let

g = —n’dt* + gopdxda® (A.28)

be a Lorentzian metric on (T,1]xT3. Assume that (g, p,u) verify the Einstein-
stiff fluid equations (1.1a)-(L1.4), ¢s = 1 and that the CMC condition k°, =
~t71 holds. Then relative to the coordinates in (A.28), the components of the

spacetime Riemann tensor Riem, " = (g~ (g7 Riemyp,r,r can be
decomposed into principal terms and error terms as follows:

Riem,,"" = k° k% — k% k% + A, (A.292)
Riem,° =t 7'k, + k. kS, + A0, (A.29D)
Riemg," = &, (A.29¢)
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where the error terms are

Aade = Riemade, (A.30a)

A0 =t (k) + T (n Tt - 1)ES, (A.30b)
-n1g%0,0.n + n g, O,

A, = ng 0. (k%) = ng™ 0 (k%) (A.30c)

+ng® edfkfb -ng“rl, 'fbkdf - ng"leljE ka‘fb + nngFe ";kcf.

. Y ’ . .
Abowve, Rzemalfd = ¢ g% Riemgpeq denotes a component of the Riemann
tensor of gi;.

The components of the spacetime Ricci tensor Rict,, := (g‘l)””,Ricu,l, can
be decomposed into principal terms and error terms as follows:

Ric’ = 12 + k4 kb, + A9, (A.31a)
Ric’, = A, (A.31b)
Ricij = Aij, (A.31c)

where the error terms are

AOO =t2(1-n"1) = n ' g%0,0,n + n g™, Den, (A.32a)

Aio . _ngabaa(kib) _ ngabFaickcb + ngab[vacbkic’ (A32b)

Aij = —n‘lt‘lat(tkij) +t (nt - l)kij -n"tg"0;04n + n_lg“iFj b Oy + Ricij.
(A.32¢)

Abowve, Rij := g""R,; denotes a component of the Ricci tensor of gi;.

The spacetime scalar curvature R can be decomposed into principal terms
and error terms as follows:

R=-t2+k%kb +A, (A.33)
where the error term is
A=272(1-n7Y) = 207 g™ 0, 0pn + 207 g0 T, 4, 0en + R. (A.34)

Above, R denotes the scalar curvature of g;;.
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The components of the spacetime Weyl tensor W ;""" := (€ )" (g™ Wapgun
can be decomposed into principal terms and error terms as follows:

1
Wade = kcakdb - kdakcb * 6 E (Icaldb - Idalcb) (A35a)
-2p

1
d d d d d
+ALC —i(ICaA y— 1L A+ 1% A —15A7),

1
Wy, 0 =tk 4 kL ke, + . R I% (A.35b)
-2p
1 4 -2 ge .f oa L a 1oa 0
—ifb(—t +kfke)+A0b _iA”_ﬁle s
————
0
C C 1 C C
WObd:AObd—i(I‘ibA 015 8%). (A.35¢)

Above, Iij = diag(1,1,1) denotes the identity transformation.

Proof To derive (A.29a)-(A.30d), we use the relation (A.2) and Lemma

(A.31a)-(A.32c|) then follow from definition ((A.6]). (A.33|) and (A.34) then fol-
low from Def. To derive (A.35a)-(A.35c|), we simply substitute (A.29al)-

(A.30d)) into the right-hand side of (A.11]).

B Derivation of the Einstein-Stiff Fluid Equations in
CMC-Transported Spatial Coordinates

In this appendix, we provide some additional details regarding the deriva-
tion of the equations of Sect. |3 We begin by recalling that relative to CMC-
transported spatial coordinates, g can be decomposed into a lapse function n
and a Riemannian 3—metric g;; induced on X as follows:

g = —n2dt* + gapdada®. (B.1)
The future-directed unit normal to X is

N=n"19,. (B.2)

The second fundamental form & of X, is defined by requiring that the following
relation hold for all pairs of vectors X,Y tangent to the X :

k(X,Y)=-g(DxN,Y). (B.3)

For such XY, the action of the spacetime connection D can be decomposed
into the action of V and k as follows:

DxY =vVxY - k(X,Y)N. (B.4)
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The energy-momentum tensor of a perfect fluid is

T = (p+p)uu” +p(g™ )" (B.5)
u is future-directed and normalized by
goputu’ = 1. (B.6)

u can be decomposed as
u = (1+uu®) N +u®d,, (B.7)
where the factor (1+wu,u®)*/? enforces the normalization condition (B.6). The

energy-momentum tensor ([1.2)) of the perfect fluid can be decomposed (with
the indices “downstairs”) as

T=T(N,N)N,®N, - T(N,9,) (N, ® dz* + dz" ® N,) + Tppda® ® dz”,

(B.8)
where (N,),, := g,oN® is the metric dual of N,
T(N,N) =p+ (p+p)(1+uqu®), (B.9a)
T(N,8;) = —(p+p)(1 +uqu®)?u;, (B.9b)
Ti; = (p + p)uiu; + pgij- (B.9¢)

The deformation tensor ™ of N will play an important role in our deriva-
tion. It is defined by

Mg = Lys, (B.10)
where £ denotes Lie differentiation. Relative to arbitrary coordinates, we have
Mg, =D,N, +D,N,. (B.11)

If X and Y are any pair of vectorfields tangent to X, then
Nz (N, N) =0, (B.12a)
MNr(X,Y) =g(DxN,Y) + g(DyN, X) = —2k(X,Y), (B.12b)
NN, X) = X Inn. (B.12¢)

If X is any spacetime vectorfield, then we can decompose X into its normal
and XY;—tangential components as follows:

X = —g(X,N)N + X%0,. (B.13)
We have the following divergence identity:
D, X" = -Dg[g(X,N)] + V, X" + X9, Inn + k% g(X,N). (B.14)

The following identity holds for any spacetime vectorfield X and any vec-
torfield Y tangent to X} :

g(DxX.Y) = -2g(X, N)g([N. X],Y) + 25(X, N)k, X, Y"  (B.15)
+[g(X,N)PY*V,Inn+ XY,V X"
Here, [X,Y] denotes the Lie bracket of the vectorfields X and Y (see (2.6).
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B.1 The constraint equations

Lemma 15 (The constraint equations relative to a CMC foliation)

Consider a solution (g,p,u) to the Einstein-stiff fluid system (|1.1a)-(1.4)),
cs = 1. Assume that the CMC condition k%, = —t™' holds. Then the following

constraint equations are verified along Xy :

2T(N,N)
——
R— k%KY, + (k%,)* = 2p + dpuqu’, (B.16a)
N——
t—2
Vak® = Vik®, = 2p(1 + uqu®)u; . (B.16b)
N——
= ~T(N.9;)

Proof See e.g. |89 Ch. 10], and note that our k has the opposite sign convention
of the one in [89].

B.2 The metric evolution equations

Lemma 16 (The metric evolution equations in CMC-transported
spatial coordinates) Consider a solution (g,p,u) to the FEuler-Finstein
system -, . Then for a general perfect fluid matter model in
CMC-transported spatial coordinates normalized by k%, = —t™*, the following
evolution equations are verified by g;; and kij :

019ij = —2ngiak*;, (B.17a)

¢t

—

7 a 7 a 7 7 1 7
(k') = =g"VaVm+ n{ R’ + K, k'~ (p+ p)u'u; + 5Ij(p-p)}, (B.17b)

-7, +(1/2)I', T

where Rij denotes the Ricci curvature of g;; and R denotes the scalar curvature
of gij-

Proof These calculations are standard; see e.g. |74 Section 6.2] or [85] Section
10 of Chapter 18].

B.3 The lapse equation

Lemma 17 (The lapse equation in CMC-transported spatial coordi-

nates) Consider a solution to the Euler-Einstein system (1.1a)-(L.1b]), (1.3]).
Then for a general perfect fluid matter model in CMC-transported spatial co-

ordinates normalized by k% = —t~', the following elliptic PDE is verified by
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the lapse n :

gUVLT(n - 1) = (- D{R - (p+ pusu® + (K,)? +g(p— »)  (Bg)

a a a 3
+ R=(p+phugu + (k)7 = 0,(K) +5 (0= p),
—
=0

Proof To derive (B.18)), we take the trace of (B.17b) and use the CMC condi-

tion k%, = —t71.

B.4 The stiff fluid equations

We first discuss the stiff fluid equations relative to an arbitrary spacetime
coordinate system. The equations are , the equation of state p = p, and
the divergence relation

D, T =0. (B.19)

By projecting (B.19) in the direction u” and then onto the directions
ga IT*® that are g—orthogonal to u, it is straightforward to verify that the

system (B.6), p = p, (B.19) is equivalent to together with the following

system:

u“D,p + 2pD,yu” =0, (B.20a)
2pu®D,u” + IT"*D,p =0, (B.20Db)
" = (g )" + utu”. (B.20c)

We now derive the stiff fluid equations in CMC-transported spatial coor-
dinates.

Lemma 18 (The stiff fluid equations in CM C-transported spatial co-
ordinates) In CMC-transported spatial coordinates normalized by k%, = —t~*,

the stiff fluid equations + (B.20a)-(B.20c)) can be expressed as follows:
(1+ uau“)l/gatp +nu*Vep + 2p{(1 + uau“)_1/2ub(‘3tub + nvau“} (B.21a)

= 2p{ - %(1 +uqu)? +n(1+ uau“)_1/2k€fueuf - uavan},

Zp{(l + uqu®)29u7 + nuavauj} + (1 +uqu)Y?u?0,p + n(g’® + W u)Vap
(B.21b)
=4np(1 + uau“)l/ijbub - 2p(1 + uqu®)g’’vyn.
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Proof The normalization condition implies that the following relation
holds relative to CMC-transported spatial coordinates:

nu® = (1 +uqu®)/2. (B.22)
The relation implies the identity
u*Dop=n"'(1+ uau“)l/Qﬁtp + UV p. (B.23)
We also claim that the following identity holds:

D,u®=(1+ uaua)_l/2 {—kefueuf + n_lubatub} + Vau® (B.24)
+ 1V n — k%, (1 + upub) V2.
Let us momentarily take (B.24)) for granted. Then multiplying both sides of

(B.20a)) by n and using (B.23) and (B.24)), we deduce (B.21aj).
To derive (B.24)), we will apply (B.14]) with X = u. We first note that

implies that

g(u,N) = —(1 + ugu®)?. (B.25)

Then using (B.2)), (B.17a), and (B.25)), we deduce

-Dy[g(u, N)] =(1+ uaua)_l/2 {%n_l(&ggef)ueuf + n_lubé‘tub} (B.26)

=(1+ uaua)_l/2 {—k:efueuf + n_lubatub} .

Finally, inserting (B.25) and (B.26) into (B.14)), we arrive at (B.24)).
To derive (B.21b)), we project (B.20b) onto the spatial j component (i.e.,
B.20b))

we set =7 in (| ) and make use of the following identities:

IT°Dap=nt(1+ uaua)1/2uj8tp + g7 p + WUV o, (B.27)

wDow = 07 (1 + uqu®) 207 - 2(1 + uaua)1/2ubkjb (B.28)

+(1+ uau“)gjbvb Inn +uvau’.

(B.27) follows easily from (B.22)), while we momentarily take (B.28) for granted.
Then multiplying both sides of (B.20b)) by n and using (B.27)-(B.28)), we de-

duce .

To derive (B.28), we will make use of the identity (B.15)). Setting Y to be
the g— dual of d2’ (i.e., g(X,Y) = X7), X = u, and using plus the
relation g([N, X],Y) = N(X7), we see that the identity follows from
(B15).
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C Derivation of The Renormalized Equations

In this appendix, we derive the reformulation of the Einstein-stiff fluid equa-
tions that was presented in Sect. [dl We use the conventions for lowering and
raising indices that are described in Sect.

Lemma 19 (An expression for R';(g)) In terms of the renormalized vari-
ables of Def. |1, the Ricci curvature of the Riemannian 3-metric g, which we
denote by R ;(g) := g"*Raj(g), can be expressed as follows:

% 1, -1\e 7 1, —-1\ic
R'j(9) =5t (G byl 4 (G @Iy + 01)  (C)

" t—2/3(Ricci) Aija

where
-1\ef., a 1 a
I =Gia(GT )y - 3Yia (C.2)
1
87'1—‘.7 = Gja(Gil)efa’L‘Yeaf - 58’Lyjaa (C.3)

+ GjC(G_l)ef‘yica‘yeaf - GjC(G_l)efyiaeYacf’

icct 7 1 -1\ic,, a 1 -1\ic,, a 1 -1\e a i
(Riech a? ;= -Gy, bYe s~ F(GTY, bY et 3G "vlovy
(C.4)

+ i(G_l)iC‘Ybaa‘chj + E(G"l)“vbaﬂjbc - i(G"l)ef YaYf
- i(G‘l)“vc“bvabj - i(G‘l)”vcf’CVﬁb - i(G‘l)inc“mba
+ i(GJ)Z‘CGab(Gfl)efYCaerbj + i(Gil)iCGab(G&)erechfae
- %(G’l)“vb%va”j.
Proof The lemma follows from the identity
Ric';(g) = 90T, = g0 + g I, .Y = g I T,", (C.5)

(see e.g. |89, Equation (3.4.4)]), the identities of Lemma and tedious but
straightforward computations.

C.1 The renormalized constraint equations

In this section, we derive the constraint equations verified by the renormalized
variables.
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Proposition 1 (The renormalized constraints) In terms of the renor-

malized variables of Def. |1}, the constraint equations (B.16a)-(B.16b]) can be

decomposed as follows:
R= 2t_2p+t_2(BOTdET)f) _’_25—2/3(Junk)5~j7 (063)
aakai - ;GiaUa i (Border)mi +t4/3(‘]“"k)imi, (CGb)

where the error terms (Borden) g (Junk) g - (Border)op. = opq (Junk)on. are de-
fined by

(Border) gy . o b (C.7a)

(Junk) g . %GabU“U” +APGU T, (C.7b)

(Bordeng = -yt K+ 2 (v + vt = (GG 1) KS (CT0)
+2PG;, U,

g = 2B Pl (1 + 4G U 0) " - 1]Gr U (C.7d)

" ;t"l/g[(l #1486, U ") 1] U,

Furthermore, the following equivalent version of (C.6b|) holds:

(G0, B = 209+ PN G 1B ()
3
where the error terms and (Border)fﬁ?j and (Junk)fﬁ?j are defined by
(Border) ~ 1 _1\ia i i -1\j mY o
M == (G (v + vy o = (G Coav§) K (C8D)
1 _1\ia - m\ 17
" i(G 1) (Yabi +Yiba - (G 1)bleaYl i )K]b
+ 215Uj,

(Junk) ~. :

M o= 2t‘4/315[(1 HBG, U

-1 (C.8¢)

+ gt—4/3[(1 + 148G, U T) " - 1o,

into equation (B.16a]), make use of the CMC condition k%, = —%, and perform

tedious algebraic computations. The only slightly subtle computation is the
identity

Proof To derive (C.6al), we substitute the renormalized variables of Def.

t72
—

kGRS, - (k%)% +2p =2t 2P+t 2 K4 K, (C.9)
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the proof of which relies on the relation K @ =0; this relation is a consequence
of k% =-1.
To derive (C.6b)), we first note the identity
~ 1 ~ 1 N
tv@kai = 6aKaz + §‘YbaaKbi - 5 (Yabi +yiba - (G_l)bleale) abv (CIO)
which follows from (A.22a)) and the fact that Valji = 0. We then multiply

the momentum constraint equation (B.16b)) by ¢, use the identity (C.10]), sub-
stitute the renormalized variables of Def. [I| and perform tedious algebraic

computations.
The proof of (C.8a)) follows similarly with the help of the identity

HG Y Vak, = (@) 0uK7 + LG (v, + v~ (G Gt D) K,
(C.11)

1 -1\ia - mY\ 1-J
G (G e D)

C.2 The renormalized lapse equations

In this section, we derive the elliptic PDEs verified by the renormalized lapse
variables.

Proposition 2 (The renormalized lapse equations) Let £ = t*/3(G™1)%*9,0,-
(1+f) =t3(G1)™8,8, — (1 + f) be the elliptic operator from Definition @)-
Assume the stiff fluid equation of state p = p. Then in terms of the renor-
malized variables of Def. |1}, the lapse equation can be expressed in the
following two forms:

LW = 2473 p 4 =43 (Border)i | (Junk)gn (C.12a)

Lw = PG sy (C.12b)

where the error terms BTN and N are defined by
(Border)m - kabkba’ (C.lSa)

un - e 1 - a c
g 2 (G - 56 ) € (C.13b)

R 2
+2PGUU° + gGabU“Ub,

Border) ~ Junk) ~
and the error terms ( )‘ﬁ and ( )‘ﬁ are defined by

(Border) ~

=2 Dy Fa+ (GNP9I, + Fieeh pc (C.14a)

D
N 2
—2PG,UU° - §GabU“U”,

(Junk) ~ “1ve 1 -1\a c
T= (Gt - 5@ ) o (C.14b)
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The quantities 0,1, and (R“Ci)A“a appearing in (C.14a) are respectively de-
fined in (C.3)) and (C.4).

Proof To derive 7 we multiply by t%/3, use the relation k%, = —%,
the identity g®V,Vyn = g*°0,0y(n—1) — g*°I,0p(n— 1), the relation ,
Lemma Def. [I} and perform straightforward algebraic computations.

The proof of is similar. The only difference is that we replace the
two occurrences of the scalar curvature R in with the right-hand side
of the Hamiltonian constraint equation .

C.3 The renormalized evolution equations

In this section, we derive the evolution equations verified by the renormalized
variables.

Proposition 3 (The renormalized volume form factor evolution equa-
tion) In terms of the renormalized variables of Def. |1}, the renormalized volume
form factor \/detG verifies the following evolution equation:

Oy InVdetG = t1/°w. (C.15)
Proof We first note the standard matrix identity
1
Op\/detg = B detgg“batgab. (C.16)

Using (B.17a]) to substitute for d;g.p in (C.16)), and making use of the CMC

condition k%, = -1, we deduce

=-4
Opy/detg = +/det % (C.17)

The identity (C.15) now follows from substituting the renormalized variables
of Def. [1] into (C.17)

Proposition 4 (The renormalized metric evolution equations) In terms
of the renormalized variables of Def. the renormalized metric G;; and its
inverse (G™1) werify the following evolution equations:

0iGyj = —27'Gio K + 3R @, (C.18a)
8 (G 1Y = 21 (G kT 4 413 I i, (C.18b)

(

Junk) ~. .
where the error terms (J""k)ﬁij and & are defined by

(Junk) g .~ oW, K% + ZWGZ- ;. C.19a
J J 3 J

(Junk)aéij . QW(G_l)iaKja _ gy"/(G—l)U (Clgb)
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Furthermore, the quantities v, and Kij verify the following evolution
equations:

- 2
Oyl =-2t""[1+ t4/3W]8eKbi + gt_l/g@elbi (C.20a)
i t_l (Border)gebi + tl/S(Junk)gebi7
. 1 .
O K" = —§t1/3[1 + t4/3!P}(G_1)€f86yf’j (C.20D)

1 -1\ia -1\e 1
TR 4 ((cpp i (e eRD EAAFEESPY

I

1 -1\ia -1\e 1
+§t1/3[1+t4/3kp](G h 5j(Gab(G " fyebf_§Yabb)

Iy
-1\ia 1 0
-t(G™h) aa@j+§t1/3mj
+t1/3(Junk)ﬁij7

where the error terms (Border)g b (Junk)g b= qnd (J”"k)ﬁij are defined by

(Border)gebi - 2kbaye - 2Ka ,ye - 2t2/3@ Kb (CQla)
(Junk)gebi - QQ,f(ba'ye ’ ZLPKaye s (C.21b)
SHDro— (C.21¢)

1 -1\ia - m
+ 5752/3((; 1) (Yabj +ija -(G 1)bleaYl j)@b
+ |:1 + t4/3w](RzCC’L)A1j
2 ,
- 5[1 + 130G, U U
-2[1+ 30| PG, U,
and (RiCCi)Aij is defined in (C.4)).
Proof To derive (C.18a]), we simply substitute the renormalized variables of
Def. I into (B.17a] 17 Equatlon (C.18b)) follows from (C.18a)) and the matrix
identity 0;(G~ 1)” = (G (G)7°0,G p.
To derive , we first use the definition v_.’; = g%°0.g4s, the matrix
identity 0,g = —gaegbf Oigey, and equation (B.17a) to deduce the identity

oyl = 2ny %k, - 2ny b kY — 2(8.n) K" - 200, (KY). (C.22)

Equation (C.20al) now follows from substituting the renormalized variables of
Def. [I] into (C.22))
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To derive ((C.20b)), we first multiply (B.17b)) by ¢ to deduce

i 1, ; ; n-1 . : )
O [tklj + gfzj] =—tg""0,0;n + tngabjabn - %[tk’j] + nt{le - 2pujul}.
(C.23)

We then substitute the renormalized variables of Def. [1] into (C.23), use the
relation (A.22a), and use (C.1) to substitute for R’;. Tedious algebraic com-
C.20Db))

putations then lead to (

Proposition 5 (The renormalized stiff fluid evolution equations) In
terms of the renormalized variables of Def. |1}, the stiff fluid equations can be
decomposed as follows:

0P + 2 2[1 + B [1 4 443G, U U] P[P+ é]@CUC (C.24a)
1+t*B0|[P+ 3
—2t5/3 [ + ][ +3] GereUcach

[1+ 143G, Uau?]

= _§t1/3@ i tl/3(]unk)m7

1/2

QU —t'B[1+ t*Pw][1 + 3G U U] U 8. U° (C.24D)
1+t43w ;
ppnn Y] 5 Ces U U U QU
[1+ 143G, UU?]
Ry [1+t3w]|Ueo.U
+
[1+ 143G, Ua]?

L [1+ B3] {(G 1)+t 3Uive} o.P
2[1+ t4/3GabU“Ub]1/2[f3 +1]
_ _t—1/3(G—1)ja@a " t—l(Border)L[j " tl/B(Junk)LLj7
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where the error terms JURIp, (Borden)g(i g Tunk) (i gre defined by

(Junk)gy . oy p (C.25a)
- 3[1 + 3]G U U?
- %[1 + 3 PG, U U?
- %[1 + P K G, U U*
-2[1+ ¥ PK% G, UU®

- %[1 FtBP[1 4 143G, U U]

YfeeUf

- [1 + t4/3!l7][1 + t4/3GabU“Ub]1/2l—:’yfeeUf

N 1t4/3 [1 + t4/3W]Gij (Yeif +yfi - (G—l)iche,chf) Ueufui
s [1+ 43G, UeU?] "
L 4403 [1 + t4/3w]15Gij (Yeif +Yfi - (G—l)icheycdf) UeUl U
[1+ 403G, U]
(Bordeny = 2K, U°, (C.25b)
(Junk) g .o %Q/Uj (C.250)
2 ,
+ 5[1 +t 30 G U U T?
+ 20 K7 U
231 (146936, 0 0] NG Yoo,

+[1+ )R, Gy U U
1 [1+ 430 (yejf +yfje - (G‘l)jCGdeyCdf) veut

2 [1+ /3G, Uat]?

+ %[1 + t4/3!P][1 + t4/3GabU“Ub]1/2yfeeUij
[1+ 3] Gac (v, "5 +v e = (G Gey, ) UUUTU

L3
-t
172
]

2 [1+t43G ,UeU?
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Proof We first contract (B-21b]) against u; and multiply by p~ (1 +u,u®)™* to
deduce

(1+ uaua)_1/2ub6tub =-n(l+ uau“)_lueufveuf (C.26)
1
- 5(1 + uqu®) 2

+2n(1+ uau“)_l/zkefueuf —u'Van.

1
upuld; Inp - gnuava Inp

We then substitute 2px the right-hand side of (C.26) for the first product in
braces on the left-hand side of (B.21a)) and multiply the resulting equation by
(1 +uqu®)'/? to deduce

Op —2np(1 + uaua)_l/Queufveuf +2np(1 + ugu®)Y?vyub (C.27)

(n-1)

t

1
= —Q;p -2 p- Z?puaua — 2npkuqu’.
To eliminate the first term on the right-hand side of (C.27)), we multiply
both sides of (C.27)) by t? and use the identity t20;p = at[t2p—% —2tp, thereby
arriving at the following equation: _

1
O [tQp - g] - 2n[t2p](1 + uau“)_l/QueusEuf + 2n[t2p](1 + uau“)l/vaub
(C.28)

(n-1)
t

=-2

[tp] - 2% [t%pluqu® - 2n[t*p]k% uqub.

Equation (C.24a) now follows from expanding covariant derivatives in terms
of partial derivatives and Christoffel symbols in (C.28)), substituting the renor-
malized variables of Def. [I]into (C.28), using the relation (A.22a]), and carrying

out tedious algebraic computations.

To derive ((C.24b)), we first use (C.27) to substitute for d;p in (B.21b)) and

perform straightforward algebraic computations to deduce

Au? —n(1+ ugu®) Pl Vyu + n(1 +ugu®) Pubvyud (C.29)

1/2 1/2

+n(l+uqu®)” (7 + W/ u*)Vqlnp
BRI TCE)
3t 3 t

| , , 1 ,
+2n[k7, + gt‘lﬂa]u“ +nu? [k% + gt"llab]uaub — (1 +uqu®) g7 vyn.

, 1
wuupveul + §n(1 +uqau)”

P2 .n
w + —u! —uqu”
3t

Multiplying (C.29) by t~'/3, using the identity d; [t‘l/?’uj =t~ 139,07 —%t_l [t‘l/Buj]
to eliminate the first term on the right-hand side of (C.29)), and expanding co-
variant derivatives in terms of coordinate derivatives and Christoffel symbols,
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we deduce
O [t’1/3uj] —n(1 +ugu®)/? [t’l/g’uj] (Opu® + % u) (C.30)
L+ ugu® ) Y2 (0[] + 1 [£))
+n(1+uqu®)H? [t_l/?’uj]ueuf (aeuf + Feéub)
+ %n(l +ugu®)"H? (t_l/?’gj“ + [t_1/3uj]u“) O, Inp

1(n-1)_ qo2n L ;
= gf[t 1/3UJ:| + gzuau [t 1/3U‘7]

w20, 4 26 [ o e 1 g [
— 731 + uqu®) 2 g7 Oyn.

Finally, we substitute the renormalized variables of Def. [I|into (C.30)), use the
relation (A.22a)), and perform tedious algebraic computations, thereby arriving
at (C.241).

D The Commuted Renormalized Equations

In this appendix we provide the full structure of the 0;—commuted equations.
They can be derived in a straightforward fashion by commuting the equa-
tions of Appendix |§| with the operator J;7, and we therefore omit the proofs.
Throughout we use the commutator notation [-,-] of Sect.

D.1 The 0;—commuted renormalized momentum constraint equations

Proposition 1 (The 0;-commuted renormalized momentum constraint
equations) Given a solution to (C.6b) and (C.8a)), the corresponding 0p—differentiated
quantities verify the following constraint equations:

aaaikai - %Giaana i (f);(Border)mi i t4/3(IQ);(Jun,"c)‘;):ni7 (Dla)
; ~ i 2 ; I);(Border) «~. - D);(Junk) ~. ;
(G)“0,0;K7, = Z0;U7 y (DiBordengng gDt ga, (D.1b)

(f);(Border)mi’ (f);(Junk)mi’ (i)?(BOT’dCT)g"J’,tj, and (i);(Junk)gAjtj

where the error terms

are defined by

(Di(Border)gy ._ g (Border gy | %[af, Gm]U‘l, (D.2a)
(f);(Junk)mti . 81«(‘]“”’“)9)&7 (D.2b)

(f);(Border)i)’j«,tj _ 8f(Border)ﬁtj B [8f, (G’l)m]aaf(jp (D.2¢)
(D);(Junk) (Junk)

M 2= 0; M (D.2d)
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Border) ~. . Junk) ~ .
and (Borderay,  (Junk)gy. ( )Dﬁj, and( )SDTJ are respectively defined

in (C.7¢), (C.7d)), (C.8b), and (C.8¢).

D.2 The 0;—commuted renormalized lapse equations

Proposition 2 (The 0;-commuted renormalized lapse equations) Given

a solution to (C.12a) and (C.12b), the corresponding differentiated quantity
0;¥ werifies both of the following elliptic PDEs:

Lo = 2t‘4/38f15 4 43D (Border) gy | (i);(Junk)% (D.3a)

(1:);(307‘d67"){ft + t2/3(f);(Junk) ~

LOW = N, (D.3b)

where L is the elliptic operator from Def. @ the error terms (DiBerderlqy o g
DiJunk)en are defined by

(f);(Border)m - a]_(Borcler);:n7 (D4a)
(f);(Junk)m - 8f(Junk)m _ 4213 [6f7 (G_l)ab] 0,6y (D.4b)
+2[0;, P|w

+ [aj’, Xab}:\{ba] Q
+ 267307, PG U U | W + §t4/3 (07, GapU U] W,

the error terms (1);(Border)§l and (I);(Junk)‘ﬁ are defined by
(I);(Border){]vt o (Aa‘f(Border);j«t7 (D4C)
DR 2 9,7 F - [0;, (G71)] 0,6, (D.4d)

- PP [0n @0y )0+ 2 [0, (60,10
+ t2/3 [6i, (R’chi) Aaa] W _ 2t2/3 [af7 PGabUan] w

- §t2/3 [6f, GabUan] v,

Border) ~ Junk) ~
(Border)gn (Junk)egq (Borde )‘ﬂ, and( “r )‘)T are respectively defined in (C.13a]),

(C.13b), (C.14a)), and (C.14D), and the Ricci error term (¢ A s defined
in (C.4
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D.3 The 0;—commuted renormalized evolution equations
D.3.1 The 07—commuted volume form factor evolution equation

Lemma 20 (The 0;-commuted renormalized volume form factor equa-
tion) Given a solution to (C.15)), the corresponding differentiated quantity
0y ln(\/detG) verifies the following evolution equation:

0:0-1n (VdetG) = t'/20-w. D.5
I 1

D.3.2 The 0;—commuted renormalized metric evolution equations

Proposition 3 (The 0;-commuted renormalized metric evolution equa-

tions) Given a solution to (C.18a)-(C.18b)), the corresponding differentiated

quantities 0;Gyj and 8I~(G_1)” verify the following evolution equations:

atafGij _ t—l(f);(Border)ﬁij 4 tl/?;(f);(Ju'rLk:)Qﬁij7 (Dﬁa)
0,0:(G )i = -1 DD G 1z TGy (D.6b)

7. 7). I);(Border) ~. . D);(Junk) ~ . .
where the error terms (I)’(BOTd”)QSij, (I)’(J“"k)ﬁij (D¢ )05”, and( 3 )05”

are defined by

(i);(Border)(,jij = —20; {Gzaf(aj}, (D.7a)
(f);(Junk)@ij - aI,(Ju"k)@ij, (D.7b)
(f);(BordeT’)gij . 287{(G71)mf%ja}, (D.7c)
(D)3(Tunk) i o, g (D.7d)

Junk) ~ . .
and the error terms (‘]u”k)Qﬁij and " )05” are respectively defined in (C.19a)

and (C.19D)).
Furthermore, given a solution to (C.20al)-(C.20b)), the corresponding differ-

entiated quantities 3I~yebi and 8ff(ij verify the following evolution equations:
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007yl = 2t 1+ 20 ]0.0; K" (D.8a)
+ ;t_l/gaf@elbi

+t_1(f);(Border)g b, +t1/3(f);(Junk) b

8i0; K" = —%tl/?’[l + PG00y (D.8b)
+ %t1/3[1 + PGy, 0Ty
+ %tl/?’[l P (G0, T,
HGTY0,0,0, + étlf?’afwj
+ t1/3(f);(.]unk)ﬁij,

(I);(Border) b (f);(Junk:)gb

where the error terms and (I);UUM)W']. are de-

fined by . o
(f);(Border)gebi = g, (Border)g b (D.9a)
(D) b oo 077 Mgt —2[07, w] 0.K", (D.9b)
(f);(Junk)ﬁij . af(]unk)ﬁij (D.9c)
- % [07,[1+ 30 [(G) |0y
+ %[1 +t PG (07, G (G TV - Gin (G VL)Y
b o[ P @ Y [0, GG 0wy
+ % (07, [1+ 2] (G™1)!*] Bu
+ %[1 + t4/3W](G"1)i“ (07, Gac(G_l)eijcb - Gab(G_l)fcyjec] yebf
+ %[1 + t4/3W](G_1)m [6f7 Gab(G_l)ef] aﬂ/ebf
. % [07.[1+ 20 )(G Y] 9, T,
- t*3]0;7,(G™1)"*] 0.6,
(f)I“j = (G oy - laﬂjbb’ (D.10)

2
— e 1 — e C - C, e
aaFj = Gjb(G 1) falﬂ/ebf - Eaa’yjbb + G]C(G 1) fYa bYebf - Gjb(G l)f Ya cYebf7
(D.11)
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and (Berder)g b (Junk)g b= gnd (J“”k)ﬁij are respectively defined in (C.21al),

[CZ15). and (C219).

D.3.3 The 0;—commuted renormalized stiff fluid evolution equations

Proposition 4 (The 6~—c0mmuted renormahzed stiff fluid evolution
equations) Given a solutzon to m, the corresponding differen-
tiated quantities O P and 0p U’ vemfy the following evolution equations:

0,0;P + 263 [1 + (B [1 + 1B G U] P[P+ ]aa U (D.12a)
[1+*30][P+ 1]
[1+ 143G, Uaut]?

—245/3 G UUD.0;U*

_ —§t1/38ﬂ/ + AR gy

0,0:U7 — 1M3[1 + 143w [1 + 143G, U U] P U7 9,0:U° (D.12b)
[1+ /50

[1+ 453G, U]

L+t )U°0,.0;U7

+ %3

G UUIU®D,0;U7

L3 [
[1+t43G,,UU?
[+ Be]{(GYye + 1 PUIU€) 9.0; P
21+ 143G, Ua U] *[ P + 1]
t—l/S(G—l)JaaI_Qa +t—1(1);(Border)uj _’_151/3(f);(Ju/rLk:)L[j7

where the error terms (f);(‘]“"k)%, (f);(Bomer)ilj, and (f);(‘]“”k)ﬂj, are defined
by

(f),(Junk)m - 8f(Junk)q3 (D13a)
—2[8 [1+ 301+ 143G, U°v?] [ P %]]&Uc
1+t*B30][P+ L
P P thaaid | +31]/2GereUC o.U7,
[1+ 483G, UU?]
(D(Border) (i ._ g (Border) (i (D.13b)
(Ghye :
_lafv 1/2 1 ]acp7
2[1+ 143G, UeU] " [P+ L]
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(f);(Junk)uj - a]_(]unk)uj (D].-?)C)
- [07,(G™1)*] 0¥

" [a,«, [1+3w][1+ t4/3GabUan]l/2Uj] .U
Y] PO LS Rt Pe
[1+ 143G, Ueu?]
[1+e*Pw]Ue .
-9s, 7 007
[1+t43G,UU?]
[1+t3w]|Uive .
- afa 72 - 3CP
| 21+t BGLUUY] [P+ 3]
[ -1\jc
_ ai’ W(G )] T 8CP7
| 21+t BGUUY] [P+ £

and vk (Borden)y(i - p g Junk) i gre respectively defined in (C.254),
(C.25b)), and (C.25¢).
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