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ZUSAMMENFASSUNG

In dieser Dissertation untersuchen wir das Verhalten relativistischer Fluide in langsam
expandierenden Raumzeiten. Sie werden durch Systeme hyperbolischer Differentialgleichun-
gen modelliert, die anfillig fiir die Bildung von Schocksingularititen sind. Expandiert die
zugrundeliegende Raumzeit exponentiell, so wird die Entstehung solcher Singularitéten
unterdriickt. Wir untersuchen, welche Expansionsgeschwindigkeit ausreicht, um das Fluid
zu stabilisieren. Fiir lineare barotropische Zustandsgleichungen mit Schallgeschwindigkeits-
parameter K zeigen wir nichtlineare Stabilitéit linear expandierender, raumlich kompakter
FLRW-Modelle fiir die Félle 0 < K < 3 und den Fall ohne Druck (K = 0). Diese Resul-
tate sind die ersten ihrer Art im Regime linearer Expansion. Fiir die Falle 0 < K < %
zeigen wir zudem die nichtlineare Stabilitdt der homogenen und isotropen Loésungen der
relativistischen Euler-Gleichungen auf einem fixierten, linear expandierenden Hintergrund.
Weiters untersuchen wir diese Losungen mithilfe analytischer und numerischer Methoden
in (14 1)-Symmetrie auf raumlich flachen Raumzeiten mit abnehmender Expansionsge-
schwindigkeit. Unter der Annahme eines Potenzgesetzes fiir den Skalenfaktor, a(t) = t*,
zeigen wir Stabilitat jenseits der kritischen Expansionrate, gegeben durch die Beziehung
K(a) =1 — 2. Auierdem diskutieren wir numerische Evidenz fiir eine Schockbildung
unterhalb dieser Expansionsrate. Zuséatzlich verallgemeinern wir das Stabilitdatsresultat
jenseits der kritischen Expansionsrate auf 3 + 1 Dimensionen. Zuletzt zeigen wir, dass sich

in den Fillen von verschwindendem Druck (K = 0) und Strahlung (K = %) auf einem

3
fixierten, raumlich flachen Hintergrund Schocksingularitdten bilden. Fiir Strahlung gilt dies

bei a < 1 und im drucklosen Regime bei o < %
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ABSTRACT

In this thesis, we investigate the mathematical behavior of relativistic fluids in cosmological
spacetimes with slow expansion. These are modeled by systems of hyperbolic differential
equations, which are prone to shock formation. Such singularities are suppressed if fluids
evolve in an exponentially expanding spacetime. We show that shocks still form if the
expansion is not sufficiently fast and investigate where this transition occurs. For a linear
barotropic equation of state with speed of sound parameter K, we prove the full nonlinear
stability of linearly expanding spatially compact FLRW models as solutions to the Einstein-
Euler system in the cases of dust (K = 0) and massive fluids (0 < K < ). These results are
the first of their kind in the regime of linear expansion. In the case of massive fluids, we also
prove the nonlinear stability of the homogeneous and isotropic solutions to the relativistic
Euler equations on fixed backgrounds of linear expansion. Furthermore, we investigate such
solutions on spatially flat, decelerated spacetimes in (1 + 1)-symmetry, using analytical and
numerical methods. In the context of a power law inflation, a(t) = t*, we prove a stability
result beyond the critical expansion rate, which is given by the relation K(a) =1 — 2. In
addition, we provide numerical evidence for shock formation below this rate. Furthermore,
we relax this symmetry assumption proving stability in 3 + 1 dimensions. Finally, we
provide generic instability results for fluids close to the homogeneous and isotropic state
for radiation (K = %) and dust on fixed spatially flat background, using the method of
characteristics. In particular, we show that radiation fluids are unstable for @ < 1, whereas
dust is unstable for o < %
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PREFACE

The mathematical analysis of fluids in the context of general relativity has been an active
field of research over the last decades. Besides isolated fluids and models of collapse, perfect
fluid solutions to the Einstein equations are the predominant model used in cosmology.
To understand the global behavior of solutions close to this class, their nonlinear stability
is investigated. While fluids in non-expanding spacetimes generically form shocks, such
singularity formation is suppressed for rapidly expanding models. However, the conditions
regarding the expansion rate and the speed of sound under which a transition from stability
to instability takes place, are currently not known. The present thesis seeks to bridge this
gap by investigating solutions to the Einstein-Euler system as well as the relativistic Euler
equations in the regimes of linear and decelerated expansion.

In chapter 1 we present a panoramic view of classical and relativistic fluid dynamics. We focus
on key physical and mathematical aspects, relevant to the contents of the following chapters.
This includes the classical and relativistic Euler equations, mathematical cosmology and
systems of hyperbolic equations.

In chapter 2 we discuss the current state of the art regarding the stability of cosmological
fluid models. In addition, we discuss how the contents of this thesis tie into the research in
this field.

Chapter 3 is based on joint work with David Fajman and Zoe Wyatt and is published as
[40]. The key novelty is a proof of the stability of the Milne universe as a solution to the
Einstein-dust system.

Chapter 4 is based on joint work with David Fajman, Todd Oliynyk and Zoe Wyatt and is
published as [38]. Tt treats the massive fluid case and is split into two parts. The first part is
concerned with the stability of the homogeneous solution to the relativistic Euler equations
in linearly expanding backgrounds. The second part generalizes this to the stability of the
Milne universe as a solution to the Einstein-Euler system.

Chapter 5 is based on joint work with David Fajman, Maciej Maliborski, Todd Oliynyk and
Zoe Wyatt. It is currently under review and available as a preprint [36]. This letter-style
article is concerned with solutions to the relativistic Euler equations in the decelerated
regime in symmetry. We use analytical methods to identify a stable region depending on
the expansion rate and the speed of sound. Furthermore, we present numerical evidence for
instabilities in the complement of this region.

Chapter 6 is based on joint work with David Fajman, Todd Oliynyk and Zoe Wyatt. It is
currently under review and available as a preprint [37]. This article is mainly concerned
with generalizing the stability result of chapter 5 to 3 + 1 dimensions. In addition, it
presents a new straightforward method for identifying the sharp expansion rate that is
necessary for shocks to form in the case of dust and radiation matter as solutions to the
relativistic Euler equations on a spatially flat expanding spacetime.
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CHAPTER 1

INTRODUCTION

1.1 THE FLUID MODEL OF THE UNIVERSE

In modern-day cosmology, the matter content of our universe is modeled by a fluid.
Individual fluid elements contain stars and galaxies and are assumed to be in thermodynamic
equilibrium. This is done in analogy to the classical case, where fluids provide a simplified
continuum description of a large number of particles with complex individual dynamics.
While the fluid description does not give a complete picture of every microscopic interaction,
it provides a very good macroscopic approximation with remarkably few quantities. A
handful of variables like the density, velocity and pressure of the fluid give almost complete
information about its dynamics.

As is the case in most of physics, there are different levels of approximation for fluids. The
simplest model in this regard is one of vanishing viscosity and heat conductivity. This is
usually referred to as a perfect fluid. It is governed by the Euler equations, which are a
special case of the more general Navier-Stokes equations. The models predominantly used
in cosmology describe the matter content of the universe as a perfect fluid. The Euler
equations are, however, derived from the laws of classical mechanics and are therefore
insufficient to model the dynamics of very massive objects.

Indeed, a relativistic analog is needed for a description on cosmological scales. Hence,
Einstein’s theory of general relativity is used to formulate the laws of cosmology. The
conservation of energy and momentum then imply a new set of equations, which resemble
the classical Euler equations. These are referred to as the relativistic Euler equations and
reduce to their classical analog in the Newtonian limit. They can be coupled to the Einstein
equations that govern the structure of spacetime to form the fully dynamic Einstein-Euler
system. This system has many interesting solutions. However, cosmological observations
suggest that some are particularly accurate in modeling the large-scale structure of the
universe. These solutions originate from a point of singularity, the big bang, and expand
continuously over time. They can be derived under the assumption that spacetime as well
as the fluid contained in it are highly symmetric at each instant in time. The problem then
reduces to solving the Friedman equations that relate the density and pressure of the fluid
to the expansion rate of spacetime. We will refer to solutions of this type as Friedman
solutions. They are homogeneous and isotropic, meaning that they have no preferred spatial
point or direction, respectively.

The post-inflation history of the universe can be split up into three parts, each of them
corresponding approximately to one type of fluid component. In the first era, the radiation
content of the universe determines the expansion rate. Afterwards, it cools down and the
matter content becomes dominant. In the third and final epoch, expansion accelerates,



driven by so-called dark energy. This dark energy is modeled by the cosmological constant
in Finstein’s equations and its physical origin is currently not well understood. However, it
explains the current rapid expansion of the universe.

In this thesis we will discuss the stability properties of cosmological solutions to the
relativistic Euler equations and the Einstein-Euler system, with a focus on linear and
decelerated expansion. Before doing so, however, we will provide an overview of the physical
and mathematical concepts involved.

1.2 FROM CLASSICAL TO RELATIVISTIC FLUID DYNAMICS

We start by introducing some notation. We use the Einstein summation convention. This
means that if a term contains the same index as sub- and superscript it is tacitly assumed
to be summed over. As an example, consider

5Z~juivj (E z": 5ijuiuj>.

ij=1

In this thesis Greek letters «,3,7... denote spacetimes indices, while roman letters
a,b,c,... denote spatial indices.

The symbol V denotes the Levi-Civita connection.

Let f € C.(M), where (M, g) is an oriented Riemannian manifold. We define

/( wof = | favi,

where p*dV, = \/det(¢*g)dz* A --- A dx™ for every oriented chart ¢ : R" DU — O C M.
If the context is unambiguous, we will simply write

/f - /(My) )

On subsets of R™ the metric g is always assumed to be Euclidean.
Minkowski space is the (n + 1)-dimensional Lorentzian manifold
(Rn’l, n= —dtQ + (Sljdl'zdl'j)

Hence, we use the ‘mostly plus’ convention. For definitions and a review of Lebesgue and
Sobolev spaces on manifolds see [56].

As is common in the mathematical literature, we set the speed of light ¢ and the Einstein
constant Kk = 82—4(; to 1. This ensures that the Einstein tensor is equal to the energy-
momentum tensor.



1.2.1 The hydrodynamic equations of a perfect fluid

In this section, we will give a concise description of a perfect fluid at the expense of being
rather informal. All maps are assumed to have a domain of the type D = I x U, where
I C R is an open interval and U C R", n > 2, is open. In addition, all maps and boundaries
are assumed to be as regular as needed. We will use (¢, z) as coordinates on D.

We can think of a fluid as a tuple (p,u,e,p), where p,e,p : D — R are functions on D
and u: D — R" is a vector field. The quantities p,u,e and p are referred to as (mass)
density, velocity, specific internal energy and pressure of the fluid, respectively. The mass
m contained in a region W C U at time t is defined as

W.t) = / t,-).
m(Wt) = | plt,)
A fluid particle at zy at time sq is described by a path v : I D J — U, satisfying

1(s) = uls,7(s)), (o) = wo. (1.2.1)

Hence, fluid particles follow integral curves of the vector field w. This notion is important,
as it allows us to describe the local acceleration

§(s) = (Diu) (5,7(5))

in terms of the global quantity u. The operator D, is defined as

D, f(t,z) = Cclif(t,fy(t)) = (0 +u'(t,2)0,) f(t, ). (1.2.2)

It is called the material derivative.

Remark 1.2.1. This highlights a fundamental property of fluid dynamics. Assume that at
some point ¢y in time, the configuration of all particles is known. We can then flow forwards
and backwards in time from every point £ € U using unique solutions of the ODE given in
(1.2.1). The coordinates (t,&) are known as the Lagrangian or material description of the
fluid. They are related to the coordinates (¢, z) of the Eulerian description via

(t,z) = (t,7(1), (o) =,

where v is the integral curve of u. Under suitable conditions this is a diffeomorphism. We
will encounter situations in which either one or the other picture is beneficial. From (1.2.2)
we see that D, is the pushforward of % along the transformation from the Lagrangian to
the Eulerian picture, justifying its name.

To complete our definition of a fluid we impose the following heuristic physical laws.

(i) Mass can neither be destroyed nor created.
(ii) Newton’s second law applies.
(ili) Energy is conserved.

(iv) Every fluid element is in thermodynamic equilibrium.

Furthermore, we say that a fluid is a perfect fluid, if it satisfies the following additional
conditions.



(v) For any surface the only source of stress acting on it is pressure, which is normal to
the surface.
(vi) Thermal conductivity vanishes.

A perfect fluid satisfies the following set of equations.

Dip + pdivu =0, (1.2.3a)
1

Dyu+ —gradp — F =0, (1.2.3b)
p

pD.e + pdivu = 0. (1.2.3¢c)

The quantity F' represents the external body force per unit mass. The system (1.2.3)
represents the equations of motion of a perfect fluid. The continuity equation (1.2.3a)
corresponds to conservation of mass (i), whereas the balance of momentum (1.2.3b) follows
from (ii) and (v). Equations (1.2.3b) are usually referred to as Euler’s equations. The last
equation (1.2.3c) describes the evolution of the specific internal energy € and follows from
(iii), (iv) and (vi). For a classical derivation see, e.g., [20] or [104], whereas a particularly
elegant derivation via kinetic theory can be found in [92].

Remark 1.2.2. The system (1.2.3) is still somewhat heuristic. It can be derived from simple
physical laws and provides a starting point for a rigorous formulation including proper
definitions of a domain, boundary, initial data and regularity.

Furthermore, note that (1.2.3) is a system of n+2 equations for the n+ 3 variables p, u', p, ¢,
where ¢+ = 1,...,n. To close the system, we need a thermodynamic equation of state

p= p(€7 P)-

A common way of simplifying (1.2.3) is to require the flow to be incompressible, meaning
that divu = 0. This leads to conservation of specific internal energy along flowlines via
(1.2.3¢), making thermodynamic considerations superfluous.

1.2.2 Relativistic perfect fluids

Having discussed the dynamics of a classical compressible perfect fluid, we will now translate
this idea to the relativistic regime.

The Einstein equations in their most general form are given by
1
Ric[g] — ER[Q] +Ag =T, (1.2.4a)

where ¢ is a Lorentzian metric, Ric[g] and R[g] denote the Ricci tensor and Ricci scalar of
g, respectively, A € R is the cosmological constant and 7T is the energy-momentum tensor.
Due to the Bianchi identities, the left-hand side of (1.2.4a) is divergence-free, which implies
the desired conservation of energy-momentum,

v, " =0, forall ve{0,1,2,3}. (1.2.4Db)



Solving the Einstein equations (1.2.4a) for a fixed A amounts to finding:

« a Lorentzian manifold (M, g);
 a symmetric (0, 2)-tensor field T’

that satisfy (1.2.4a) on all of M. For physical considerations and a discussion of (1.2.4) see
for example Einstein’s original work [29]. For a more modern treatment we refer to the
books by Chrusciel [23] and Choquet-Bruhat [17].

We will mostly restrict ourselves to the energy-momentum tensor of a perfect fluid, given by
T" = (p + p)u"u” + pg"”. (1.2.5)

In the relativistic context p denotes the total energy density, p is again the pressure, while
u denotes the four-velocity, which is a timelike, future-directed vector field satisfying the
normalization condition

g(u,u) = —1. (1.2.6)
In the context of (1.2.5) and (1.2.6), we refer to (1.2.4) as the Einstein-Euler system.

Physically, the form of T"in (1.2.5) is derived from the the asssumptions of a perfect fluid,
which imply isotropic pressure and vanishing energy flux. For a detailed discussion see,
e.g., [92].

Remark 1.2.3. Note that p is the total energy density as opposed to the mass density used
in (1.2.3). We can therefore further split

p=po(l+e), (1.2.7)

where pg is the rest mass density and ¢ is the specific internal energy. Without setting
c =1, we have that p = pg(c*+¢) and see that p is indeed an energy density by dimensional
considerations.

As for now, we only have the equations of relativistic hydrodynamics in their conservation
form given by (1.2.4b). We define the projection tensor II as

" = g" 4+ utu”. (1.2.8)

It projects any tensor onto the orthogonal complement of u. For the projection of (1.2.4b)
we get that

0=1",v, 7
= (6", + utu,) (u”uO‘VQ(p +p) + (p+p)(u*Vau” +u"Vau®) + g"“Vap)
= (p+ p)u*Vut + TIH*9,p,

where we used the normalization g(u,u) = —1 and consequently g(u, Vu) = 0. We have
thus found the relation

(p+ p)uVut 4+ 11**04p = 0. (1.2.9a)

Equations (1.2.9a) are the relativistic Euler equations. Their classical counterpart are
(1.2.3b). Note that the gravitational body force is now hidden in the connection V.



Similarly, we can project (1.2.4b) onto the vector field w, which yields
0=u,V, T
=u, (u”uava(p +p) + (p+p) (U Vau” + u’Vau®) + g”avap)
= —uVap — (p+p)Vaus.

Therefore, we have found
u*Vap+ (p+p)Vau® = 0. (1.2.9b)

In addition to conservation of energy and momentum, represented by (1.2.4b), we need to
impose the relativistic version of mass conservation (1.2.3a). This is given by

V' =V, (pou") = 0. (1.2.9¢)

The system of equations in (1.2.9) are the equations of motion of relativistic hydrodynamics
for a perfect fluid. Using (1.2.9¢), we can simplify (1.2.9b), and identify it as the relativistic
analog of the energy equation (1.2.3c).

Remark 1.2.4. The equation for u’ > 0 is not independent, as u° can be determined from

(1.2.6), once u' are known. The system (1.2.9) in n + 1 spacetime dimensions therefore
consists of n + 2 equations for the n + 3 variables (u’, py, €, p). A thermodynamic equation
of state, e.g., p = p(po,€), is needed to close the system. This equation describes the
thermodynamic character of the fluid contained in spacetime. For a detailed statistical
discussion of different equations of state see [92, Section 2.4].

1.3 MATHEMATICAL COSMOLOGY

Cosmological observations suggest a high degree of symmetry in our universe on large scales.
For various aspects and extensive discussion see for example [7]. Mathematically, this is
described by the following conditions.

Definition 1.3.1 (Cosmological principle). A Lorentzian manifold (M, g) is said to satisfy
the cosmological principle, if there exists a time function t. : M — R called the cosmic
time, such that its level sets ¥, , equipped with the induced metric ¢*g, are homogeneous
and isotropic Riemannian manifolds. Here, ¢ : 3;, < M denotes the isometric embedding.

A class of spacetimes satisfying the cosmological principle is of the form (I x .#,g), where
the metric g is given by

1
1 — kr?
Here dQ? denotes the standard round metric on the 2-sphere. The metric in (1.3.1) will be
referred to as the Friedman-Lemaitre-Robertson-Walker (FLRW) metric. The manifolds
(34, *g) are spaces of constant curvature, meaning that the sectional curvature at each point

is independent of the chosen plane and constant on all of ;. The parameter k € {—1,0, 1}
signifies whether the curvature of the Riemannian hypersurface is negative, zero or positive.

A + a(thydride’ = —di? + a(t)? < ar? + r2d92> . (1.3.1)

Remark 1.3.1. Spacetimes with an FLRW metric are not the only ones satisfying the
cosmological principle. For a discussion of this fact and many other comments see [23,
Chapter 6].
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1.3.1 Modeling the universe as a solution to Einstein’s equations

Note here that the FLRW metrics described by (1.3.1) are just Lorentzian metrics with a
high degree of symmetry, but a priori have nothing to do with general relativity. However,
they can be used to generate cosmological solutions to Einstein’s equations.

One of the first attempts was by Einstein himself in [30]. His considerations start out with
the assumptions of a closed spatial universe, which implies that the curvature is positive,
i.e., k = 1. The matter content in Einstein’s static universe is given by T* = pufu".
Furthermore, the scale factor a(t) = ag is assumed to be constant. Plugging this into
(1.2.4a) yields the relation A = %, which necessitates A > 0.

Another early model was that of de Sitter, see [101] or [17, Chapter 5] for a more modern
treatment. In this model, Einstein’s approach of a spherical universe was extended to 3 + 1
spacetime dimensions. The result is a one-sheeted hyperboloid as a Lorentzian submanifold
of (4 + 1)-dimensional Minkowski space. On a subset of this hyperboloid, coordinates can
be chosen so that the metric assumes the FLRW form

—dt? + VARt da (1.3.2)

This is referred to as the flat slicing of de Sitter space. It solves the vacuum Einstein
equations with A > 0. The de Sitter universe represents a first step towards the ACDM-
model [7], which is widely accepted at present time. It is based on the idea that our universe
is not static, but rather expands continuously over time.

1.3.2 The Friedman models

A systematic approach to generate cosmological solutions to the Einstein-Euler system
(1.2.4) was found by Friedman [48] and Lemaitre [64]. Another improvement was made by
Robertson [95], generalizing the approach to arbitrary constant sectional curvature. For a
modern treatment, see also [17, Chapter 4] and [23, Chapter 6]. Plugging the metric (1.3.1)
into the Einstein equations (1.2.4a) yields the set of ODEs

3% — p(t) + A, (1.3.3)
F Z(?)(;) - 228 —p(t) — A (1.3.4)

Equation (1.3.3) is the Friedman equation. Together, (1.3.3) and (1.3.4) imply the evolution
equation p ;

- (p(t)a(t)®) + p(t) (a(t)*) =0. (1.3.5)
Given a barotropic equation of state, i.e., p = p(p), and choosing a suitable domain and
initial data (ag, po) the system given by (1.3.3) and (1.3.5) has a unique solution. This, in
turn, corresponds to a solution of the Einstein-Euler system.



In cosmology, it is common [7; 92] to assume a barotropic equation of state of the form

p(p) = Kp, Ke {o, ;] | (1.3.6)

We will proceed to discuss some of these models.

The Einstein-de Sitter (EdS) universe. Proposed in [28], this model assumes k = A = 0
and dust, meaning that K = 0. The fluid is therefore pressureless and only interacts
gravitationally. Given positive initial data (po,ag) at tg > 0, we find the solution

t

4 o -2
<[t0,oo)><]1§3’_dt2+a(2)(tto) 5,-jd$td;pj>, p(t):p0<to> L wu=0a. (137

The metric in (1.3.7) becomes singular as ¢ — 0 and expands continuously towards the
future. Models of this type are referred to as decelerated, as d—za(t) < 0 on the whole

dt
domain [ty, 00).

The spatially flat radiation universe. Statistical considerations lead to an equation
of state p(p) = %p for fluids modeling particles moving at, or close to, the speed of light.
This is sometimes referred to as the ultrarelativistic regime [92, Chapter 2]. Analogously to
(1.3.7), in the context of k = A = 0, we find the solution

t

t o —2
([to, o0) x R?, —dt? + agto&jdx’dx]) . p(t) = po <to> ,  u=0}. (1.3.8)

Except for the scale factor a(t) o ¢, this model is similar to the EAS universe.

Remark 1.3.2. We can interpolate between the EAS and the radiation model to create new
Friedman models by choosing K € (0, %) These again feature a decaying energy density

2
p(t) oc t72 and have a scale factor a(t) oc t30+%)1. We refer to these as massive fluids.

Remark 1.3.3. If we fix ty > 0 and prescribe data (ag, po) the metric does not always take
the form given in (1.3.7) and (1.3.8), but rather a(t) asymptotes to the respective power
law scale factor. However, we can always shift {5 depending on py so that the desired
form is achieved. As we are only interested in long-term dynamics, this choice of the time
coordinate is irrelevant.

The Milne universe. This model was proposed in [76] and arises as a vacuum solution
in the context of A =0 and k = —1. The solution is given by

t2
((0, 00) x M, —dt* + 5 ) : (1.3.9)
where (M, ) is a Riemannian Einstein manifold with Ric[y] = —2~. This model will be
important in the discussion below, as it is the only class of FLRW models with linear

. . 2
expansion, i.e., j?a(t) =0.

For the sake of completeness, we mention the de Sitter model (1.3.2) as an example of an
accelerated model, meaning that %a(t) > 0 for all ¢ in the domain.
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1.4 HEURISTICS OF STABILITY AND SHOCK FORMATION

Whether the solutions discussed above are good candidates for describing our physical uni-
verse can be tested by fitting data from observations. However, the symmetry assumptions
leading to such models are never satisfied exactly in nature. Clearly, the distribution of
matter and spatial curvature of our universe is not completely homogeneous, but rather is
subject to small fluctuations.

Mathematical analysis allows us to understand the long-time asymptotics of small per-
turbations of these solutions. Suppose we start by imposing initial data on some spatial
surface at time ty. This data describes the state at said time and encodes the behavior of
the fluid and spacetime at t,. We denote this initial state by s(¢y), which will typically be
an element of some suitable function space. For the Einstein-Euler system s(tg) includes
the spatial metric g, the second fundamental form k, the density p and the velocity u at a
spatial hypersurface ¥;,. It is chosen close to the data that corresponds to the state of the
exact Friedman solution s, i.e.,

Is(to) — sm(to)]|< 6. (1.4.1)

Here, ||-|| is some appropriate norm and § > 0 is a small constant. The Einstein-Euler
system can then be understood as a system of evolution equations, transporting this data
to a later state s(t) at time ¢.

As t tends to infinity, several behaviors could potentially be observed. The initial pertur-
bation at time ¢y could decay. In this case, the solution converges back to the Friedman
solution, i.e., we have that

lim ||s(t) — sge(t)]|= 0.

t—o00

If there exists a § > 0 sufficiently small, such that all data satisfying (1.4.1) exhibit this
behavior, the solution is referred to as asymptotically stable. Another possibility would be
that the perturbation oscillates near the background, i.e., there exists some £ > 0, such
that for all ¢ > ¢,

|s(t) — spe(t)]| < €.

If this behavior is generic for sufficiently small d, we refer to this state as Lyapunov stable.
While these cases are sometimes distinguished, we will generically refer to them as stable. A
case in which the difference grows but is still bounded pointwise is not of particular interest
to us.

However, a classical solution to the system could cease to exist in finite time. This means
that there exists a ¢, > tg, such that the solution exists on [to, ,) but cannot be extended
to [to, t«] in a classical sense. A continuation principle will then tell us that at ¢, some type
of singularity forms, i.e.,
Jim [5(t) = s (t)|= o0

If such solutions satisfying (1.4.1) exist for all § > 0, we refer to the state as unstable. In
the case of fluid dynamics the quantity that blows up would typically be the gradient of the
fluid velocity. In this context, we refer to this behavior as shock formation. If shocks form,
the solution loses regularity and becomes discontinuous. However, it might be possible to



extend the solution in a weak sense, considering the integral counterpart of the differential
equation.

Shocks form in nature during supersonic flows. If an object travels faster than the speed of
sound of its surrounding medium, the disruption cannot be transported fast enough, leading
to a pressure discontinuity. This situation can be described by a unique weak solution
of the system. A very simple mathematical model displaying this type of behavior is the

inviscid Burgers equation,
2
u

2

It is a one-dimensional conservation law, forming shocks for generic non-trivial initial data
on a compact domain.

Whether Friedman solutions to the Einstein-Fuler system are stable or unstable is of
fundamental interest to physics. Using mathematically rigorous methods, we can infer
whether the matter content of the universe forms shocks or stabilizes in a given epoch. The
current rate of expansion is exponential and it is known for some time that such models
are mathematically stable. However, little is known about the stability of previous matter
configurations that are characterized by slower expansion. The present thesis intends to
answer some of these open problems.

1.5 THE INITIAL VALUE PROBLEM FOR RELATIVISTIC FLUIDS

From now on, we will focus exclusively on barotropic models with an equation of state as in
(1.3.6). This is an important restriction, since it decouples the relativistic Euler equations
(1.2.9a) and the energy equation (1.2.9b) from the conservation of mass (1.2.9¢). We will
now introduce two initial value problems that will form the foundation for the remainder of
this thesis. Before that, however, we give a brief exposition of the 3 + 1-decomposition.

To pose the Einstein equations as an evolution problem, we need to separate a time direction
and split the tensorial equations in (1.2.4a). This analysis is similar to the derivation of
(1.2.9a) and (1.2.9b) and is known as a 3 4+ 1-decomposition. One begins by choosing a
foliation of the spacetime manifold M with unit normal vector n € X(M), usually done
along a time function ¢. This foliation then provides a natural decomposition of vectors into
the normal and tangential part, the latter of which is given by the orthogonal projection
(1.2.8) (after replacing u by n). On every foliation hypersurface ¥; C M, we can decompose

O =an+p (1.5.1)

where the lapse function a corresponds to the normal and the shift vector field g to the
tangential part of 0;.

Remark 1.5.1. Inverting (1.5.1) yields
n=a (0, —B).

Heuristically, the lapse function « at a point tells us how fast a normal observer moves
through the foliation, while the shift 5 indicates their spatial displacement from one leaf to
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another. Given a coordinate system on a leaf >;, and fixing these two quantities gives us a
unique coordinate system on the neighboring leaves. In general relativity, this is referred to
as a gauge choice.

Given the spatial Riemannian metric v on the leaf ¥;, the line element for the local spacetime
slab is given by

gudrtdr’ = —a?dt* + v, (dz’ + B'dt)(da? + Bdt). (1.5.2)

Performing the decomposition we obtain evolution equations for the metric v and the second
fundamental form k as well as the Hamiltonian and momentum constraints, given by

Rly] + k> —k;j kY = 2,

; (1.5.3)

VI ki =Vlik = pi.
Here, k = v k;;, E = T(n,n) and p; = —I1*;T,,,n*. For a detailed discussion of the
3 + 1-formalism, see [53].

With these tools at our disposal we can now formulate the initial value problem.

Definition 1.5.1 (Initial value problem for the Einstein-Euler system). We assume the
following;:

e (X,%) is a Riemannian 3-manifold.
o k is a symmetric covariant 2-tensor field on .
e /p is a non-negative function on 3.

e 1 is vector field on .

Furthermore, we assume that the constraint equations (1.5.3) are satisfied and the gauge is
fixed. In that case we refer to the tuple (3,7, /2, p, 1) as initial data set for the Einstein-
Euler system. Given such data, to solve the (initial value problem for the) Einstein-Euler
system means to find a four-dimensional Lorentzian manifold (M, g), a function p on M
and a timelike vector field u € X(M) with g(u,u) = —1, such that (1.2.4a), (1.2.9a) and
(1.2.9b) are satisfied. In addition, given the isometric embedding ¢ : ¥ — M, the quantities
(7, k, p,u) of the embedded submanifold ¢(¥) must agree with the initial data set.

Often, we will be interested in the fluid equations alone. We will define this as a separate
problem.

Definition 1.5.2 (The initial value problem for the relativistic Euler equations). Consider
a four-dimensional Lorentzian manifold (M, g), a spacelike hypersurface ¥ C M, a non-
negative function p and a vector field @ € X(X). Then (p, @) is referred to as an initial data
set for the relativistic Euler equations. Given such data, to solve the (initial value problem
for the) relativistic Euler equations is to find a function p on M and a timelike vector field
u € X(M) with g(u,u) = —1, such that (1.2.9a) and (1.2.9b) are satisfied. In addition, the
restriction p and the projection of u onto ¥ must agree with p and u, respectively.

Remark 1.5.2. In section 1.2.1, we referred to the momentum balance (1.2.3b) as Euler
equations, as these are the original equations written down by Euler [32]. The relativistic
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analog of momentum balance and therefore the relativistic Fuler equations are (1.2.9a).
However, in the previous definition the system comprised of (1.2.9a) and (1.2.9b) are
referred to as the relativistic Euler equations. This slight abuse of terminology is common
in the literature centered around the Cauchy problem for relativistic fluids. Hence, we will
adopt it for the rest of this thesis.

In section 1.3.2 we discussed several important solutions to the Einstein-Euler system. To
gain insight into their plausibility as physical models, we would like to inquire about their
stability. As outlined in the informal introduction, this amounts to the question whether
solutions launched by initial data close to some symmetric state terminate in finite time.
Before we analyze this, however, we have to check if our problem is well-posed. Going back
to Hadamard [54], this means that, given suitable initial data,

o there exists a solution;
 the solution is unique;
it depends continuously on the initial data.

We will now give a summary of the results on well-posedness of the initial value problem
concerning the Einstein-Euler system as well as the relativistic Euler equations.

1.5.1 Hyperbolic partial differential equation

Hyperbolic differential equations derive their name from the quadratic form that induces
their operator. The prime example is the wave equation

(=0} + 92)y(t, x) =0, (1.5.4)

with its quadratic form ¢(x,y) = —2* + y*. This equation has many interesting properties,
well-posedness being the most prominent one. Therefore, ‘hyperbolic’ is promoted to a more
general archetype, meaning that a suitable initial value or Cauchy problem is well-posed.
In addition, hyperbolic PDEs are expected to have finite speed of propagation, meaning
that information travels along characteristic curves, and hence spatially separated regions
can only communicate after a certain amount of time has passed. When studying the
initial value problem for the Einstein-Euler system, we formulate it as a hyperbolic set of
equations.

We consider a first-order system of the type
At9u = Bu + f, (1.5.5)

where A* and B are n x n-matrices, f is a vector of dimension n and v = (u',...,u") is

the solution vector. In the simplest case, A*, B and f are constant. If these quantities are
functions on spacetime we speak of the linear problem (with variable coefficients). We will,
however, mostly be interested in the case were we will allow A#, B and f to be functions of
the solution u itself. In standard PDE theory, this is referred to as the quasilinear problem.

There are various notions of hyperbolicity, each suited to specific setups. One of the most
widely used and most relevant to our considerations is the following.

12



Definition 1.5.3 (Symmetric hyperbolic systems). A quasilinear or linear system of the
type (1.5.5) is said to be symmetric hyperbolic, if A* is symmetric for all u and A° is
uniformly positive-definite.

Remark 1.5.3. More generally, if a map S° exists, such that S°x(1.5.5) is symmetric
hyperbolic, the system is referred to as symmetrizable. The linear case was famously
explored by Friedrichs in [51]. Therein, the author proved existence and uniqueness of weak
solutions using functional analysis.

Due to its archetypal significance, we will prove an elementary result here.

Lemma 1.5.1 (Friedrichs-type estimate). Consider the symmetric hyperbolic system
A“(t,x)auu(t,x) = B(t,l’)U('[J, l') +f(t,9§'), (t,l‘) € [07t*] X Rd? (156)
where A*, B are smooth matriz-valued functions, that are bounded and have bounded deriva-

tives. Then, there exists a constant o > 0, such that for allu € C([0,t.]; H') N C*([0, t.]; L?)
that are solutions to (1.5.6), the priori estimate

Ju(te, Y (a0, Vst [ 156V ]32)

holds.

Proof. First we look at the evolution of the energy (A%, u)z2. Using the equation (1.5.6),
we find

jt; ul A%y = ;/UT(&:AO)U + /uT(—A’@ + B)u + /qu
= ;/UT(&AO + 0, ANu + /uTBu + /qu.
Integrating in time and using Hoélder’s inequality as well as the fact
%g§ﬂ3“A”hWBL|AO—-ﬂ!)<iC
for C' > 0, we find that
(A%u(t) w(t)) 2 < (A°u(0), w())s2 + (4C + 1) [ Ju() B+ FO)
For a new constant C’ > 0 we therefore find that

IW@W%SCﬂW@M%+AMMﬂMﬁMﬂﬂM0-

An application of Gronwall’s inequality yields

Ju(t) < e (Ju@)Et [1FOI).

13



This Friedrichs-type estimate provides a powerful tool that can be used to establish local
well-posedness in the linear case. The proof relies on pseudo-differential calculus and a
duality argument. The obtained weak solution can be upgraded to a strong one of the same
regularity as the initial data. For a detailed discussion, see [8, Chapter 2].

Once an existence theory for the linear equation is established, we can proceed to the
quasilinear regime. A very general local well-posedness result is due to Kato in [61]. We
shall state a simplified version of this, taken from [43]. The proof is based on the existence
theory of the linear equation and a fixed-point argument.

Theorem 1.5.1. Let s > g—f— 2, U C H® open and 6 > 0. Consider the quasilinear,
symmetric hyperbolic system
Owu(t, r) + A'(t, x,u)Ou(t,x) = f(t,z,u), (t,7) € (—6,0) x R% (1.5.7)

We assume that:

o for allu € U, we have that A*(-,-,u), f(-,+,u) € H®,
o Al f are rational functions in u with non-zero denominator.

Then, given ug € H?, there exists 0 < & < 0, such that there is a unique solution
(AS C<<_€7 5)7 Hs) N Cl((_ga 5)7 Hs_l)

to (1.5.7) with u(0,-) = ug. Furthermore, in a suitable neighborhood € can be chosen
uniformly and the solution map uy — u is continuous in the H*-topology.

A particularly useful tool in the global analysis is given by the following theorem taken
from [8, Chapter 10].

Theorem 1.5.2 (Continuation theorem). Let u be the solution in Theorem 1.5.1 on an
interval [0, T). Furthermore, assume that there exists r > 0 such that

sup [|u(t, -)[|wr.eomay< 7
t€[0,T)

Then u can be extended to a solution in C([0,T"]; H®) with T' > T.

This is very powerful, as it allows us to show that solutions exist globally, simply by
analyzing an appropriate norm. In L2-based Sobolev spaces, these norms are reminiscent of
the kinetic energy of a particle, m2“2. Hence, analysis of the local and global behavior of
solutions using decay estimates of norms is often referred to as the energy method.

Remark 1.5.4. The results discussed in this section are also valid for systems where A = 1
and A’¢; has real eigenvalues and a complete set of eigenvectors for all &; € R™. This
setting is often referred to as strictly hyperbolic. For a recent review, see [25].

1.5.2 Well-posedness theory of relativistic fluids

There are various proofs of local well-posedness for the relativistic Euler equations and the
Einstein-FEuler system. Many of them are based on results in the spirit of Theorem 1.5.1 or
take inspiration from the theory of the classical compressible Euler equations. We shall
provide an overview for the most useful ones.
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The relativistic Euler equations. We begin the discussion by mentioning a two-part
series of articles by Makino and Ukai [72; 73]. Both of them treat the Cauchy problem for
the relativistic Euler equations on Minkowski space (R*!,7) with initial data for which
p is bounded from below. While [72] focuses on a barotropic linear equation of state

p(p) = Kp with parameter range 0 < K < g, [73] considers general barotropic ones

satisfying 0 < p/(p) < 1. The proof is based on the construction of a symmetrizer and a
Friedrichs-type argument.

A detailed and elegant account of the equations of motion of relativistic fluid- and magneto-
fluid dynamics is given in Anile’s book [5]. This discussion is not restricted to the barotropic
setting and uses the entropy formulation, where, instead of considering mass conservation
(1.2.9¢), the adiabaticity condition

u'Vys =0 (1.5.8)

is used. This warrants an equation of state p = p(p, s). The argument presented for local
well-posedness is based on the theory developed by Lax and Friedrichs [52] among others.
It is achieved by the following observation. Assume we are given a conservation law

! + O FF (u) = 0, (1.5.9)
and an additional conservation law

QU (1) + Opf*(u) = 0. (1.5.10)
Simply by applying the chain rule, we find that

D U0 F7r = 0, f*

if and only if (1.5.10) follows from (1.5.9). Taking another derivative d,», we find that

Uni '™ + U B = 1,
implying that Uy, F/™* is symmetric in b ¢ [. From (1.5.9), we find that

UnjOn? + Uy FP* (w)dpu! = 0.

Hence, provided that Uy; is positive definite, it acts as a symmetrizer. In the case of a
perfect fluid, we therefore use the conservation laws

vV, =0, V,(pou")=0,
together with the supplemental conservation law
Vﬂ(posuu) - 07

to establish local existence. Note that this method also requires d,p(p, s) > 0.

The Einstein-Euler system. Due to its simplicity, the first place to start investigating
well-posedness is in vacuum. There, the Einstein equations (1.2.4a) take the simple form

Ry, = 0. (1.5.11)
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Choquet-Bruhat studied this system in her seminal work [45], which remains influential to
this day. As discussed in section 1.5, we have to make a choice of gauge for our initial value
problem to be well-posed. In [45], the coordinate condition used is given by

9" = 0. (1.5.12)

In this gauge, the coordinates z® satisfy L,z = 0, justifying the name wave coordinates.
Sometimes, (1.5.12) is also referred to as harmonic coordinates or isothermal coordinates,
as they are called in [45]. In this formulation, (1.5.11) takes the form of second-order
hyperbolic system for the metric g. Much of [45] is concerned with developing an existence
theory for such systems. For a detailed discussion of this topic see, e.g., [17, Chapter 6]. In
contrast to this result, a lot of modern literature resorts to a first-order formulation of the
Einstein equations. Hence, we mention [44] by Fischer and Marsden, where the authors
prove a well-posedness result for quasilinear symmetric hyperbolic systems. They then
proceed to find a first-order formulation of the Einstein equations in vacuum (1.5.11) and
apply the aforementioned theorem.

In a follow-up work [46], Choquet-Bruhat proved well-posedness results for the Einstein-
Euler system. Therein, she treats dust, p = 0, as well as general barotropic fluids for which
she uses a formulation based on the Helmholtz equations. Her analysis relies on the theory
of higher-order hyperbolic systems introduced by Leray [65].

Lichnerowicz” work [66] is also based on Leray theory. There, the author extends [46]
to the non-barotropic setting. It provides a local well-posedness result for the complete
Einstein-Euler-entropy system. For a modern discussion of this topic see [24].

The results described above require the density to be positive, i.e., p > 0. This is, however,
very restrictive, as it does not allow for the physically relevant case of compactly supported
data. This was pointed out and treated by Rendall [89] for polytropic equations of state
p(p) = Kp+b/m K n € RT. It is based on the following observation. One can easily
transform the relativistic Euler equations into a system of the form (1.5.5). However, to
symmetrize this system, we have to multiply one equation by (p+p)~!, which is singular in a
vacuum region. To avoid this, Makino came up with an approach for the compressible Euler
equations in [74]. The key insight is to introduce a new variable w(p) = \/4Kn(n + 1)p2r,
which is adapted to the specific equation of state. Rendall then uses this variable to put
the system in manifestly symmetric hyperbolic form, proving well-posedness.

We also mention an article by Friedrich and Choquet-Bruhat [19] which proves a local

well-posedness result for the Einstein-dust system for compactly supported data. It again
uses the theory of Leray [65] to establish hyperbolicity.

1.5.3 Shock formation

To start our discussion on shock formation, we present a classical result.
Lemma 1.5.2 (Blowup of Burgers’ equation). For all non-zero data ug € CX(R), the
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unique classical solution to the initial value problem

{@u(t, r) + 81(“(%@2) =0,

w(0,7) = u(z), (1.5.13)

terminates in finite time.

Proof. Commuting (1.5.13) with 0,, we find that
O10,u(t, x) + (Opu(t,x))? + u(t, z)02u(t, z) = 0.

For any o € R, we define the physical characteristic 7, as the unique solution to the ODE

jt%(t) = u(t; (), 70(0) = zo.

Tracing the gradient (0,u)(t,70(t)) along a characteristic, we find that

d%(t)

L (D)t 0(8) = (002 (1, 70(1)) — udPu(t, (1)) + Bu(t, 20(1) i (1.5.14)

dt
= —(0su)*(t, %(t)).

The solution to (1.5.14) blows up in finite time for non-trivial initial data. But since vy is
compactly supported and non-trivial, there exists an zg, such that (0,ug)(xo) # 0. [

In general, an equation of the type
Y (1) = As(D)y2(t) + An(D)y () + Ao(t) (15.15)

is referred to as a Riccati-type ODE. It exhibits blowup, provided the coefficient functions
are well behaved. For a detailed discussion see [1].

Note that in the proof of Lemma 1.5.2, 4u(t,7(t)) = 0. Hence, the L norm of the
solution is conserved and the blowup only occurs for the gradient. We refer to this behavior

as shock formation.

Shock formation in hyperbolic systems. The theory of shock formation has a long
history. For a systematic overview, we refer to [1; 8; 58]. A generic shock formation result
for 2 x 2 first-order hyperbolic system in 1 + 1 dimensions was derived by Lax. This
was generalized by John [60] to arbitrary first-order strictly hyperbolic systems in 1 + 1
dimensions. Both of these results are based on the following idea. Suppose that we are
given a strictly hyperbolic system (1.5.5). This requirement guarantees that we have n
eigenvalues \; that depend on the solution u. These define characteristic speeds for the
curve defined via
dvi
i Ai(u(yi(t), 1))
Since the corresponding eigenvectors v; form a basis of R™, we can split the gradient w = d,u
into components w = w'v;. In general, we find that along v; the gradient behaves like
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where f is some function that only depends on the solution u. Studying these relations,
John is able to construct a Riccati-type blowup, provided the initial data is sufficiently
small.

An interesting early result in arbitrary spacetime dimension was demonstrated in [99]. The
author considers hyperbolic conservation laws, showing that shocks form in finite time,
provided the coefficient matrix exhibits sufficient growth rates. For a more detailed review
of shocks in the context of hyperbolic systems of equations, we refer to [1; 71].

Shock formation for the relativistic Euler equations. The task of obtaining a
general shock formation result for the relativistic Euler equations in 3 dimensions is quite
challenging. This is due to the fact that results in low dimension do not easily translate
to higher dimensions, where dispersion is facilitated. Regarding this matter, we want
to highlight the seminal work by Christodoulou [22]. Therein, the author proves that
shocks form generically for small compactly supported irrotational perturbations of the
homogeneous solutions to the relativistic Euler equations on (3 + 1)-dimensional Minkowski
space.

The vorticity w of a relativistic perfect fluid is defined as

w=df, PBa=_C(lUq, (1.5.16)

where ( is the specific enthalpy. If w = 0, the fluid is said to be irrotational. This condition
propagates and since [ is closed, there is a local potential ¢ satisfying d¢ = 3. The
derivatives of ¢ fully encode the information about the fluid and the relativistic Euler
equations reduce to the quasilinear wave equation

1
aV,NV,0 =0, a" =g" + (1 — 2) utu” . (1.5.17)
c

S

Here ¢, denotes the speed of sound. For a simple derivation see [39]. In [22], the problem
is treated by studying the geometric properties of the acoustical metric a. A quantity of
particular importance is the inverse foliation density, which is a scalar x~* depending on
the derivative of the velocity u of the solution. It measures the density of leaves of the
foliation of characteristic surfaces. Hence, the limit © — 0 corresponds to shock formation,
meaning an intersection of characteristics. For a review of this proof based on the study of
the null condition in quasilinear second-order hyperbolic PDEs, see [57].
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CHAPTER 2

STABILITY IN COSMOLOGICAL FLUID MODELS

In the previous chapter, we discussed how perfect fluids tend to form shocks on a flat
Minkowski background. However, we can also think about this model as a fluid, filling
a spatially flat FLRW metric with constant scale factor a(t) = 1. As we will discuss in
the next section, Friedman solutions with accelerated expansion are stable solutions to the
Einstein-Euler system. This phenomenon is referred to as fluid stabilization. In particular,
it concerns Friedman models with A > 0. This naturally poses the question whether
cosmological fluid solutions are stable in regimes of linear and decelerated expansion. The
present thesis answers this question in a series of articles.

2.1 STATE OF THE ART

2.1.1 The stabilizing effect of expanding spacetimes

The phenomenon of fluid stabilization for expanding spacetimes was first discovered by
Brauer, Rendall and Reula [14]. Therein, the authors study fluids in a Newton-Cartan
model of cosmology. At the heart of this discussion lies the following observation. Consider
the familiar model of a symmetric hyperbolic system

A (u)Opu + A'(u)Ou = 0.

As we discussed in section 1.5.3, solutions to this system are prone to the formation of
shock singularities. However, if we add the solution vector to the left-hand side,

A°(u)Opu + A'(u)dyu +u = 0, (2.1.1)

this is not the case. Adapting the argument in the proof of Lemma 1.5.1, we find that
d1
dt 2
Estimates of this type can be used to establish global existence for small data in a norm
H? of sufficiently high regularity. In [14] such an argument is used to establish global
existence for the fluid in their setup. A key feature of this cosmological model is a positive

cosmological constant A > 0. In the equations of motion, this guarantees a structure similar
to (2.1.1), as it introduces a damping term /A /3u for late times.

Remark 2.1.1. Heuristically, we can think about the phenomenon of fluid stabilization in the
following way. Hyperbolic systems transport information along characteristics. They exhibit
finite speed of propagation. If these curves focus and concentrate over time, gradients
become steep and a loss of regularity ensues. However, if physical space expands rapidly
over time, characteristics may meet at later points or not at all, preventing the formation
of shock singularities.

WA= 5 [ T (@ ()=l
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Another hallmark result was demonstrated by Ringstrom in [93]. Therein, the author
studies the Einstein equations (1.2.4a) coupled to a scalar field ¢ with potential V(o).
Posing an initial condition V' (0) > 0 produces a system akin to A > 0. The author then
proceeds to show that for sufficiently small data, the solution is future causal geodesically
complete.

2.1.2 The Einstein-Euler system with a positive cosmological
constant

As we mentioned in section 1.3.1 as well as the previous one, a positive cosmological constant
facilitates expansion and stabilization. We will refer to coupled system (1.2.4) together
with the assumption of A > 0 as the Einstein-Euler-A system.

The first result in this regime was demonstrated by Rodnianski and Speck [96] for irrotational
perturbations in the parameter range 0 < K < % They employ a generalized wave gauge
similar to [93] and study the resulting system of quasilinear wave equations. The restriction
to the irrotational regime was later lifted by Speck in [102].

The radiation case K = % was treated by Liibbe and Valiente-Kroon in [70]. It uses the
conformal approach, which was developed and used by Friedrich to show the stability of
de Sitter space as a solution to the vacuum Einstein equations [49].

Pressureless dust in the context of A > 0 was shown to be nonlinearly stable by Hadzi¢ and
Speck in [55]. Similarly to [93; 96], they use a generalized wave gauge condition to turn the
evolution equations for the metric g into a quasilinear wave equation

Oy = A (¢, 09, u, p). (2.1.2)

In (2.1.2), ¢ schematically replaces the components of the metric tensor g. In addition to
(2.1.2), the evolution equations of the matter (1.2.9b) and (1.2.9a) take the schematic form

Do’ = —2wu' + S (¢, 0, u), 513

Dip = —3wp + S(¢, 0¢, u, du, p). (2.1.3)
Again, the coefficient w — \/Ai/?s for large times and is responsible for the stabilization
process. Inspecting (2.1.2) and (2.1.3), we immediately run into a problem characteristic
to dust. Suppose we want to set up an energy scheme based on the top order of regularity
|0¢|| . Taking a glance at (2.1.3), we see that an energy estimate on ||u|| s is the best we
can achieve. Hence, what we can hope for in terms of p is control of the H*~! norm. Now
the problem is very apparent. To estimate ||0¢| gs requires control of ||.A (¢, ¢, u, p)|| us.
This, in turn, requires control of p in H®, which is not available. As a solution to this loss
of regularity, the authors define new top-order norms including ||(Dyu, Dyp)||gs-1. Using
this formalism, a series of intricate energy estimates shows global existence for small data.

In addition to the previous results we mention [81] by Oliynyk. Therein, the author shows
future nonlinear stability of FLRW models in the parameter range 0 < K < % Contrary to
the other mentioned works, it treats the Einstein-Euler-A system in a first-order formulation.
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This is referred to as Fuchsian approach, as the equation features a global singular factor
% in front of the decay-inducing terms. The system is studied in a conformal setup using
Friedrichs-type energy estimates, which are used to prove global existence. This approach
was further generalized and applied to various settings in general relativity in [11].

2.1.3 The Einstein-Euler system in non-accelerated spacetimes

As we discussed in section 1.3.2; for A = 0 we have Friedman models with linear (1.3.9) and
decelerated expansion rates (1.3.7), (1.3.8). However, this means that the stability results
of the previous section do not straightforwardly translate to these regimes. Indeed, the
expansion might be ‘too slow’ to stabilize the fluid.

In this section our discussion will primarily revolve around the relativistic Euler equations
on a spacetime of the type

([to, o) X M, g = —dt* + a(t)Qéijdxidxj) : (2.1.4)

where M = T3 or M = R3. Whether the spatial manifold is compact is irrelevant in this
setting.

In [103], Speck considers the stability of the canonical quiet fluid solutions
p(t,x) = poa(t) 2+ ut = 6y, (2.1.5)

which are the spatially homogeneous and isotropic solutions to (1.2.9b) and (1.2.9a). The
author finds an interesting relation between the integrability of a(¢)~! and the stability
properties of the corresponding class of solutions, depending on the parameter K.

« For dust (K =0), [[a(t)™"]|3(t,00)) < 00 is a sufficient condition to guarantee small
data global existence.

o In the massive parameter range 0 < K < % and for radiation K = %, the stronger
condition [[a(t) ™| 11 ty,00)) < 00 is sufficient for small data global existence.

« For radiation, the condition [|a(t) || 11 (,00))< 0C is necessary for stability. Otherwise,
the fluid will form shocks in finite time. Therefore, the results regarding radiation are
sharp.

The stability results in [103] are derived using energy estimates as well as so-called energy
currents J*[u, p|, introduced in [21]. These vector fields are adapted to the relativistic Euler
equations, and their time component J°[u, p] is equivalent to some L2-based Sobolev norm.

A different approach was taken by Fajman, Oliynyk and Wyatt in [41]. The authors studied
the relativistic Euler equations on spacetimes of type (2.1.4) with a(t) =t and parameter
1

range 0 < K < 3. They focused exclusively on the irrotational case and reduced the

resulting wave equation to a Fuchsian first-order system
. , 1
B°(w)0u + (C" + B (u))Vu = E]P’u + G(u).

The matrix P on the right-hand side is a projection onto the velocity part of the solution
vector u. This term is positive because of the reversed time direction and is again responsible
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for the decay of the solution. The analysis of this system is similar to [11], but requires
new methods because of the additional constant matrix C.

We close this section with figure 2.1. It describes the results in [22; 41; 103] in a spacetime
([to, 00) x M, g = —df* + £**6;;da’da’ ) (2.1.6)

which we refer to as power law expansion.

1/3 7\

Speed of sound
parameter K

=}

¢
1/2 1
Expansion parameter «

Figure 2.1: This figure summarizes the instability results of [22], [103] and [41] for the
relativistic Euler equations. This concerns a power law a(t) = t* and a linear barotropic
equation of state p(p) = Kp. The orange line indicates unstable points. The turquoise lines
as well as the shaded region are points of stability. In the linear regime with 0 < K < %,
we have the stability result of [41] for irrotational perturbations, which is indicated by the
dashed turquoise line. The aforementioned articles do not treat the white region.

2.2 SUMMARY OF THE RESULTS

While solutions to the relativistic Euler equations may represent a toy problem for the
Einstein-Euler system, we shall discuss them separately. There are two reasons for this.
In some cases, separately considering the vacuum problem and the matter model is not
sufficient. Hence, the methods of analyzing the two models differ significantly, as is the
case for dust. The second reason is that the relativistic Euler equations form an interesting
model in their own right. Hence, we also consider fluid solutions on expanding backgrounds
that are not necessarily part of the Friedman family.

2.2.1 Relativistic Euler equations

Linear expansion. In chapter 4, we consider perturbations of the quiet fluid solutions
with 0 < K < 3 on spacetimes of the form (2.1.6) with & = 1 and M = T?®. Hence, it
essentially lifts the restriction to irrotational data that was treated in [41]. We start by
formulating the conformal relativistic Euler equations in a symmetric hyperbolic form

B°9,U + B*9,U = H,
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see Lemma 4.2.3. A crucial aspect of the proof is the transformation ({,u) — (v, z). By
construction, the new coefficient matrices A° and A* have a quadratic dependence on the
velocity |z| and a linear dependence on the shift |5] in crucial components. For details of
this transformation, see Lemma 4.2.4. In similar fashion to [41], the system is extended to
a first order evolution equation for (Z, DZ)T, where Z = (¢, z)* is the solution vector. In
essence, this is a technical feature that ensures that even L?-order energy estimates close.
The key estimates for this system are found in Lemma 4.3.5. It includes various bounds for
products of the coefficient matrices B* and P, which projects onto the velocity component
z of the solution vector Z. These delicate decay estimates are precisely what is needed to
apply the global existence theorem from [41].

Decelerated expansion. In chapter 5, we investigate the decelerated regime o < 1 and
we assume that the initial data is non-trivial only in one spatial direction. This condition
propagates. After introducing expansion-normalized variables, we obtain a fairly simple
first-order system in (5.2.1). The chapter begins with a numerical analysis. We consider
small smooth perturbations of the trivial data and evolve them as long as technically
possible. In anticipation of a shock singularity, we track the H3-norm, expecting a high
sensitivity to steep gradients. Using this method, we scan the (a, K)-parameter space. An
extrapolation argument allows us to identify a critical line for a phase transition between

stable and unstable behavior at o = z——. Below this critical expansion rate, the existence

3(1—-K)
time in relation to the inverse of the initial data size ¢! is a power law, while at the
threshold it is exponential. This is in line with the expectation of almost global existence

at the transition.

In addition to the numerical evidence, we provide a proof for stability in the region
a > ﬁ above the critical expansion rate. This is based on two observations. First, we
prove that the mean velocity v enjoys a good decay estimate. This can be leveraged, as the

problem is posed on a compact domain and thus the Poincaré inequality,
v =025 ([ Dvl[ 2,
can be applied. Naturally, the system provides decay in the velocity component as

1-3K
o = —7(1( >v—|—r,
t
where r = r(v0,v, 0, L, v?). The density L does not exhibit such a behavior in the standard
form (5.2.1) of the equations. We can, however, introduce a new term

1
5ol =BK)(1+ K) 10 / 00, Ldz
S

to the energy, see (5.4.6). Heuristically speaking, this allows us to distribute the decay
equally between the velocity v and the density L. This is the second key observation of this
argument. As a result, we can prove a global existence and stability result for the region
a > 3(13 7 In chapter 6, we generalize this to data without the symmetry assumptions.
The proof is similar, but more technical in nature.

In the final section of chapter 6, we provide generic proofs for shock formation of the

fluid for dust, K = 0, for a < % and radiation, K = %, for o < 1. Similar results where
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established in [59] and [103]. We provide a particularly simple proof, based on the method
of characteristics. These results complement the stable regions in [103] and are therefore
sharp. In figure 2.2 we provide a graphical overview of the additions made by the contents
of this thesis.

15

Speed of sound
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‘ ! !
/5 1
Expansion parameter o

o

Figure 2.2: This figure shows the stability of the canonical solutions to the relativistic
Euler equations with respect to the («, K') parameter space. Points that lie on the orange
boundary lines are unstable, while the turquoise lines and shaded region mark stable
points. Furthermore, the orange shaded region is hypothesized to be unstable, supported by
numerical evidence. In addition to the results discussed in figure 2.1, those in [36-38] are
included. For reference, we have added the line of Friedman solutions discussed in Remark
1.3.3 in black. The upper and lower boundary points correspond to the (1.3.8) and (1.3.7),
respectively.

2.2.2 Einstein-Euler system

In the fully dynamic setting, we present proofs of stability of the Milne spacetime (1.3.9)
for the parameter ranges K =0 and 0 < K < % In particular, this is a vacuum solution
with linear expansion rate. In both cases we consider the spatial slices to be compact.
Regarding the geometry, the gauge choice and estimates are based on work by Andersson
and Moncrief [3; 4]. In these two articles the authors use the constant mean curvature
spatial harmonic gauge (CMCSH), see Definition 3.2.1. As the name suggests, the manifold
is foliated by compact spatial slices of constant mean curvature 7. Since the manifold
keeps expanding, 7 is a time function. By the choice of this gauge, the Einstein equations
become a hyperbolic-elliptic system, with hyperbolic equations for the metric and extrinsic
curvature and elliptic equations for the lapse and shift. In [3], the authors prove the stability
of the Milne model as a solution to the vacuum Einstein equations.

Einstein-dust. In chapter 3, we prove stability of the Milne model as a solution to the
Einstein-Dust system. As discussed in section 2.1.2, dust poses a unique challenge, as a
loss of regularity occurs in the standard formulation. To circumvent this issue, we define
top-order energies including the material derivative

O = u’Or + TUV,,

where 7" is an adapted time coordinate. This is inspired by the work of Hadzi¢ and Speck
who treat the stability of the Friedman solution to the Einstein-dust system with A > 0 in
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[55]. For the definition of the corrected geometric energies based on those found in [4], see
section 3.3.6. The challenging aspect of this work lies in adapting the estimates in [3; 4] to
include the material derivative 0.

Einstein-Euler. A large part of chapter 4 is concerned with the stability of the Milne
model as a solution to the Einstein-Euler system in the parameter range 0 < K < % Here,
the most challenging aspect lies in estimating the evolution of the fluid variables. While the
L?-level estimates close, even commuting the equations with the derivatives once already
leads to terms like, e.g.,

9
/ GV [V, V] 2% = 2 / v
M 9 Jm

However, we lack a priori control of the density, which is needed to close these estimates.
To deal with this, we set up a correction scheme adding lower-order energies in Definition
4.5.1 and Proposition 4.5.2. This allows us to account for the non-trivial geometry.

2.2.3 Conclusion

The research presented in this thesis significantly advances our knowledge of the mathemat-
ical properties of cosmological fluids. It provides a comprehensive discussion of solutions
to the relativistic Euler equations in decelerated, spatially flat FLRW-type models. Fur-
thermore it provides proofs of the stability of linearly expanding cosmological models as
solutions to the Einstein-Euler system.
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CHAPTER 3

SLOWLY EXPANDING STABLE DUST SPACETIMES

ABSTRACT. We establish future nonlinear stability of a large class of FLRW models as
solutions to the Einstein-dust system. We consider the case of a vanishing cosmological
constant, which in particular implies that the expansion rate of the respective models is
linear i.e. has zero acceleration. The resulting spacetimes are future globally regular. These
solutions constitute the first generic class of future regular Einstein-dust spacetimes not
undergoing accelerated expansion and are thereby the slowest expanding generic family of
future complete Einstein-dust spacetimes currently known.

3.1 INTRODUCTION

3.1.1 General relativistic hydrodynamics

The Einstein-relativistic Euler system (EES)

VT, — 0 (3.1.1)
Ty = (p+ p)uytty, + PG

describes the dynamical evolution of a four-dimensional spacetime (.#,g) containing a
relativistic perfect fluid with pressure p, energy density p and 4-velocity vector u*. Perfect
fluids compatible with relativity were one of the earliest matter models considered in general
relativity [15; 84] and have been extensively studied in the context of general relativistic
hydrodynamics with numerous applications ranging from astrophysics to cosmological
evolution (see e.g. [31; 109]).

The equations (3.1.1) are supplemented by specifying an equation of state which relates the
energy density and pressure p = f(p). Different choices of the function f encode different
behaviour of the fluid. We focus in the following on the class of linear, barotropic equations
of state, p = c%p, where the constant cg denotes the speed of sound of the fluid with
0 < ¢g < 1. This equation of state contains well-known fluid models: for cg = 0, i.e. p = 0,
(3.1.1) reduces to the Einstein-dust system, the case cg = 1/+/3 is the Einstein-radiation
fluid system and cg = 1 is the Einstein-stiff fluid system. The main result of the present
paper can be roughly stated as:

Theorem 3.1.1. All four-dimensional FLRW spacetime models with compact spatial slices
and negative spatial Finstein geometry are future stable solutions of the Finstein-dust system.
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To date, all known future stability results establishing the global existence, regularity and
completeness of solutions to (3.1.1) concern the regime of accelerated expansion. In such
a setting, the fast decay rates of perturbations induced by the expansion have a strong
regularization effect on the fluid. For slower expansion rates this effect becomes weaker and
global regularity of solutions is less likely to hold.

Theorem 3.1.1 establishes the first nonlinear future stability result for a coupled
Einstein-relativistic Euler system in the absence of accelerated expansion and
thereby initiates the study of the EES in the regime of non-accelerated expansion. Such
a regime is also relevant in cosmology. The epoch in the early universe, shortly after a
hypothetical inflationary phase, is expected to not initially have exhibited accelerated
expansion. It is this epoch, which is not covered by previous results on the EES, which we
intend to make accessible by the research initiated in the present paper.

3.1.2 Background and previous results

For the sake of the following presentation we consider four-dimensional FLRW spacetimes
of the form

((0,00) x M, =dt? + a(t.)* - 7) , (3.1.2)

where (M,) is a complete Riemannian manifold. We remind the reader that in the
standard FLRW-models the spatial slices appearing in (3.1.2) have constant sectional
curvature ks € {—1,0,1} and so are taken to be one of R3 S* H® or quotients thereof (eg,
T3). We distinguish three classes of scale factors: d(t.) > 0 are referred to as accelerated
expansion, i(t.) < 0 as deccelerated expansion and d(t.) = 0 as linear expansion. We
introduce the notion of power law inflation, where a(t.) = (t.)? for p > 0. Finally, we recall
that a cosmological constant can be included by adding +Ag,, to the LHS of (3.1.1). In
the following discussion only A > 0 is relevant.

Shock formation. Relavistic and non-relativistic fluids are well-known to form shocks
in finite time. This was first observed in the general relativistic context by Oppenheimer
and Snyder when they investigated the collapse of spherically symmetric clouds of dust
[84]. In the terminology of current stability analysis this constitutes the instability of
Minkowski spacetime as a particular solution to the Einstein-dust system. Note that a part
of Minkowski spacetime corresponds to M = R3 v = 4,a(t.) =1 in (3.1.2).

More recently, Christodoulou’s monograph [22] demonstrated that under a very general
equation of state, the constant solutions to the relativistic Euler equations on a fixed
background Minkowski space are unstable, i.e. even without gravitational backreaction,
fluids form shocks from arbitrarily small initial inhomogeneities in finite time. This suggests
that Minkowski spacetime is unstable as a solution to the EES for a large class of equations
of state. Note also that Christodoulou’s monograph gave a detailed description of the nature
of the fluid shock formation, thus providing a major extension beyond work of Sideris [100]
on the non-relativistic Euler equations.
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A-induced accelerated expansion and stabilisation of fluids. As is clear from the
previous paragraphs, a powerful dispersive mechanism is required to regularise fluids and
to prevent finite-time shock formation. The prime example of such a mechanism comes
from cosmological models exhibiting exponential expansion. Heuristically speaking, a
cosmological constant A > 0 generates expansion of the form a(t.) ~ ef'*s where H = \/m,
for all cases of the sectional curvature kj;. The cosmological constant creates damping
terms in the equations of motion for the fluid, which dilutes the fluid and causes fluid lines
to ‘stretch apart’, thus preventing shock formation.

This effect was first observed by Brauer, Rendall and Reula [14] who studied Newtonian
cosmological models with A > 0 and a perfect fluid (albeit for a slightly different equation
of state). They found that the regularising effect from the exponential expansion was strong
enough to prevent shock formation for small inhomogeneities of initially uniformly quiet
fluid states. See also late-time asymptotics work by Reula [91] and Rendall [87].

Moving to the fully coupled Einstein-relativistic Euler system, there has been much research
concerning spacetimes undergoing exponential expansion. The first result is by Rodnianski
and Speck [96], who proved future stability to irrotational perturbations of uniformly quiet
fluids with 0 < c¢g < 1/4/3 on FLRW-spacetimes with underlying spatial manifold M = T3.
The irrotational restriction was later removed by Speck in [102]. An alternative proof of
future stability for these FLRW-background solutions was later given by Oliynyk [81], whose
Fuchsian techniques were able to uniformly cover the cases 0 < cg < 1/+/3.

Moving to the case of dust c¢g = 0, stability for FLRW-spacetimes with underlying spatial
manifold M = T? was given by HadZi¢ and Speck [55], while more general spatial manifolds
were considered by Friedrich [50] using his conformal method. Indeed the work by Liibbe
and Valiente-Kroon [70] treated the radiation case with ¢g = 1/3 using an extension of
Friedrich’s conformal method. Finally, we note that very recent work of Oliynyk [80] has
established stability for ultra-radiation fluids 1/v/3 < c¢g < 1/4/2 on a fixed, exponentially
expanding spacetime.

Alternative mechanisms for accelerated expansion. A cosmological constant is not
the only known mechanism for generating solutions to Einstein’s equations with accelerated
expansion. In work that predates the references of Subsection 3.1.2, Ringstrom [93]
considered the future global stability of a large class of solutions to the Einstein-nonlinear-
scalar field system with a scalar field potential V(®) that satisfied V(0) > 0,V’(0) =
0,V”(0) > 0. Roughly speaking V' (0) emulates the cosmological constant A and so these
spacetimes undergo accelerated expansion. Ringstrom [94] later considered alternative
potentials V(®) which relaxed the rate of spacetime expansion to the class of accelerated
power law inflation, which in our terminology corresponds to p > 1.

Note that in Ringstrom’s papers the global spatial topology becomes irrelevant for the long
time behaviour of cosmological spacetimes in the small data regime. This is in sharp contrast
to the Einstein vacuum equations where the spatial topology does affect the long-time
behaviour. In this case, only the Milne geometry with a negative spatial curvature yields
future eternally expanding cosmological models with precisely linear expansion rate.
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Finally we note that the Chaplygin equation of state, which describes a fluid with negative
pressure, can also generate sufficient spatial expansion to ensure future stability results for
the coupled EES system [63].

Critical expansion rates. Interpolating between Minkowski space (which can be con-
sidered as a cosmological spacetime with non-compact slices and no expansion) and expo-
nentially expanding spacetimes, it is clear that there must be a transition between shock
formation and stability. To investigate the expansion rate for which this transition occurs,
and how it depends on the equation of state, it is useful to study the stabilisation of fluids
on fixed Lorentzian geometries obeying power-law inflation. We consider M = T? with
a(t.) = (t.)? for p > 0. The following table summarises some of the main results concerning
linear equation of states p = cZp from [41; 103], see also [108]:

Case | Power-law rate | Range of cg Behaviour Reference
No. 1 p>1 0<cs<1/V3 Stable [103]
No. 2 p=1 cs =1/V/3 Shocks [103]
No. 3 p=1 0 < cg < 1/4/3 | Stable (irrot.) [41]
No. 4 p>3 cs =0 Stable [103]

In combination, these results indicate that in spacetimes undergoing power-law inflation
whether shocks form from small data depends on the equation of state and, in particular in
the linear case, on the speed of sound. Indeed the literature suggests that slower speeds of
sound reduce the tendency of shock formation. For the particular case of dust (cg = 0), case
No. 4 shows that shocks are avoided even in deccelerating spacetimes with scale factors
a(t) = /%9 for § > 0.

3.1.3 Main results

In the present paper we consider the Einstein-dust system in the regime of linear expansion.
For the linearly expanding case, Cases No. 2 and 3 above show that even in the absence of
backreaction the speed of sound determines whether shocks form or not. We prove that
for the case of dust (¢g = 0) shock formation does not occur under the full gravity-fluid
dynamics.

Our background geometry is that of the Milne model, which generalises the ky; = —1
FLRW vacuum spacetimes. Let (M, ) be a closed, connected, orientable three-dimensional
manifold admitting a Riemannian Einstein metric v with negative Einstein constant. After
rescaling, we suppose that

, 2
Ric[y] = —9

The generalised Milne spacetime is the Lorentz cone spacetime .# = (0,00) x M with
metric

t2
gur = —dt? + évabdxadxb.
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The spacetime (., gy) is globally hyperbolic and a solution to the four-dimensional
vacuum Einstein equations. We formulate the main theorem using terminology introduced

‘ 2t
in Section 3.3.1. We let @g’k’l’m(go'y, —50% 0,0) denote the ball of radius € in the space
A Bt
H' x H* x H" x H™ centred at (507, —507,0,0). Our main theorem reads:

Theorem 3.1.2. Let (A, gnr) be as above. Let € > 0 and (go, ko, po, uo) be initial data for
the Einstein-dust system at t. = to such that

2t
(907 kOa Lo, U/O) € ‘%56’574’5 (577 _5077 07 O) .

Then, for e sufficiently small the corresponding future development under the Einstein-dust
system is future complete and admits a CMC' foliation labelled by T € [19,0) such that the
induced metric and second fundamental form on constant CMC slices converge as

1
(t%g,7k) — (’y, 37) asT /0 e ast.  oo.

If the initial energy density of the dust field is non-negative, py > 0, then it remains so
throughout the evolution.

Remark 3.1.1. The Milne model is known to be a stable solution solution to the Einstein
vacuum equations [3], the Einstein massive-Vlasov equations [2], the coupled Einstein-
Maxwell-scalar field system arising from a Kaluza-Klein reduction [13], and the Einstein
Klein-Gordon equations [42; 107].

Remark 3.1.2. Negative spatial curvature is crucial as spherical or toroidal spatial topologies
would lead to recollapsing or slowly expanding matter dominated solutions, respectively.
The asymptotic behaviour of the solutions in the theorem coincide with the corresponding
vacuum solutions.

Structure and key novelties in the proof. The proof of Theorem 3.1.2 consists of
three major parts: (i) energy estimates for the perturbation of the spacetime geometry
with sources given by the dust variables, (ii) energy estimates for the dust variables in the
perturbed spacetime geometry and (iii) a bootstrap argument based on both sets of energy
estimates establishing global existence and asymptotic behaviour. This rough approach
is standard in the literature on the Milne stability problem (see e.g. [2; 3; 13]), however,
for the Einstein dust system there are crucial difficulties caused by a regularity problem
inherent to the dust equations, which turns out to affect all parts of the argument. We
outline the difficulties and how these are overcome in the following.

To control the perturbed spacetime geometry throughout the evolution we use a CMC
time-foliation in combination with a spatial-harmonic gauge [4]. The existence of such a
foliation for small perturbations of negative Einstein spaces is non-trivial but standard [35].
The Einstein equations then take the form of an elliptic-hyperbolic system (see (3.2.22))
where the lapse and shift are determined by elliptic PDEs with sources given in terms of
metric, second fundamental form and the dust variables. This elliptic system provides
Sobolev estimates for the lapse and shift.
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The core idea to establish decay for the geometric variables in previous works on Milne
stability is a corrected energy (EY in Definition 3.3.4) based on the modified Einstein-
operator (.Z;, in Definition 3.3.2) of the spatial Einstein geometry [2; 3]. For the Einstein-
dust system we must deviate from this standard approach due to a regularity issue from
the dust model, which in turn affects all parts of the proof.

When expanded, the equations of motion for the dust variables take a form where the source
term of the evolution equation for the energy density contains the spatial divergence of
the fluid velocity (see (3.2.22d)). Consequently, the fluid energy density can be controlled
only in one order of regularity below the order of regularity of the fluid velocity. From the
perspective of the Einstein equations this is very problematic as both components of the
dust, energy density and fluid velocity, appear at the same order of regularity as source
terms of the Einstein equations. As such, they are required to be controlled in suitable
Sobolev spaces at the same order as the second fundamental form. Due to the required high
regularity of the fluid velocity discussed previously, the velocity then needs to be controlled
one order above the second fundamental form. However, the equation of motion for the
fluid velocity requires the second fundamental form at the same order of regularity as the
velocity itself (see (3.2.22d)). This apparent inconsistency prevents one from establishing a
standard and straightforward regularity hierarchy to analyse the fully coupled nonlinear
system.

An approach to circumvent this issue has been introduced by HadZi¢ and Speck in [55] and
is modified in the present paper. The central idea is to use a fluid derivative 9, ~ u®V 4 [ga]
as a differential operator in the energies for the perturbations of the metric and second
fundemental form (Ej, y_; in Definition 3.3.6). At highest order of regularity, say N, where
the loss of derivatives prevents the closure of the system of estimates, the Einstein equations
are commuted with NV — 1 spatial derivatives and one fluid derivative. When this derivative
acts on the dust source terms in the Einstein equations, in the subsequent calculations for
the energy estimates, the equations of motion of the dust variables are used as constraint
equations replacing dyp and dyu’. In this way, no derivatives are lost and the corresponding
auxiliary energies Egm ~y_p for the geometric variables can be estimated in terms of dust
variables of one order of regularity below the expected one.

In a follow-up step, we need to show that the auxiliary geometric energies Egm ~N_p in fact
control the actual top-order regularity norms of the geometric variables. This is achieved by
rewriting the wave-type evolution equation for the metric and second fundamental in terms
of an elliptic part and certain mixed spatial and fluid derivative operators (see Proposition
3.6.1). Consequently, the auxiliary energies of the first step provide top-order estimates on
the geometric variables (see Corollary 3.6.1) and an overall strategy to close the estimates.

Two final major regularity issues arise when proving energy estimates for the auxiliary
energies I3 n_; however. We end up needing to estimate one fluid derivative and a
critical number of spatial derivatives on certain terms involving the lapse and shift, and
we cannot commute the 0, operator past the spatial derivatives without exceeding the
assumed regularity of the fluid spatial velocity.

To circumvent this problem, we only commute past some of the derivatives and instead
derive two auxiliary estimates using the elliptic equations (3.2.22b) for the lapse and shift.
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In the estimate on the lapse term (see Proposition 3.7.1) we crucially use the equations
of motion of the dust variables to replace a certain matter term 0,7 as a constraint, thus
avoiding derivative loss. The estimate for the shift term (see Proposition 3.7.2) proceeds
differently, relying on a remarkable combination of commutator estimates, the Bianchi
identity and the Einstein equations in the CMCSH gauge.

Final remarks. In the regime of non-accelerated expansion, the work [14] indicates that
the backreaction between the fluid and the geometry cannot be ignored. The authors
consider the case of dust with a Newtonian backreaction, finding that shocks form for
arbitrarily small initial data in the regime where the homogeneous background spacetime,
which is perturbed, expands like a(t) = t?/3. This contrasts noteably with case No. 5 above
which does not include backreaction. While [14] concerns only Newtonian dynamics, it
is nevertheless a fair indication that the fully coupled dynamics under the Einstein-fluid
system will likely lead to the formation of shocks. Continuing this line of reasoning, we
note that although the work [41] also treated linear expansion, the full coupling between
gravity and fluid makes our present work highly nontrivial. Indeed the issues highlighted
on the previous Section 3.1.3 are indicative of the substantial technical difficulties that arise
in the fully coupled EES.

Finally, it is interesting to recall that Sachs and Wolfe derived a linear instability result
for the Einstein-dust equations with A = 0, however their metric had underlying spatial
manifold M = R? [98]. The fluid plays a major dynamical role in these flat FLRW models.
Nevertheless one gleans the importance of the negatively curved spatial slices appearing in
our nonlinear stability result.

3.1.4 Outline of the paper

In Section 3.2 we introduce the system of equations and perform a natural rescaling of the
variables. In Section 3.3 we introduce function spaces and energy functionals controlling
the metric perturbation and shear tensor.

The main theorem is proved using continuous induction. In Section 3.4 we discuss the
local existence theory and initiate the bootstrap argument. The remainder of the paper,
beginning with Section 3.5, treats the individual estimates necessary to close the bootstrap
argument. Section 3.5 gathers various auxiliary estimates, which are used in later sections.
Among those are estimates on the source terms of the evolution equations, estimates on
the dust-derivative acting on various quantities, commutators of the dust derivative and
other operators and estimates on high derivatives combining the dust-derivative and other
operators.

Section 3.6 derives the elliptic estimate for the Einstein operator and the evolution equations,
which is crucial to turn estimates in terms of the dust derivatives into those in terms of
standard energies. These estimates are then given subsequently. In Section 3.7 we provide
the estimates on lapse function and shift vector field. A crucial set of lapse and shift
estimates on highest order of regularity, involving also the dust derivative, are given here
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too. In Section 3.8 we derive the central top-order energy estimate for the auxiliary energy
controlling the geometric perturbations. In Section 3.9 we derive the estimates for the dust
variables and in Section 3.10 we close the bootstrap.
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3.2 EQUATIONS OF MOTION

3.2.1 The Einstein—dust system

The Einstein—relativistic Euler system reads

R ~
Ru.[9] - iR[Q]gw = 2T,

?MT;W — 0’ (321)

™ = (p + P)a'a” + Pg,
where we set ¢ = 1 and 47G = 1. We use V to denote the Levi-Civita connection of the
physical metric g. The four-velocity of the fluid @* is a future-directed timelike vectorfield

normalised by
G = —1. (3.2.2)

We assume a linear, barytropic fluid equation of state P = c%p where cg > 0 is a constant,
and P > 0 and p > 0 denote the pressure and energy density respectively. In the present
paper, we restrict ourselves to dust, which means we set

cz:=0.

The fluid equations in (3.2.1) can equivalently (for p > 0) be written as
U°Volnp+Vai® =0,  a*Vai' =0. (3.2.4)

The system (3.2.4) is overdetermined in the sense that @° can be determined from the other
fluid velocity components via (3.2.2).

We will study the Einstein-dust equations using the following ADM ansatz for the metric
g = —N2dt* + Gop(da® + Xdt)(da® + XPdt). (3.2.5)
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Note that gup = gap but in general g% # §?%. On t=constant slices, we let 7 be the trace of
the second fundamental form k with respect to g and define 3 to be the trace-free part of
k. That is,

- - - - 1
T = trgk = Gk, k:=X+ §T§.

We use Roman letters (a, b, 4, j...) to denote spatial indices. Let V denote the Levi-Civita
connection of the spatial metric §. Using (3.2.5) the Christoffel symbols of the 4-metric g
become (see e.g. [88])

@OF0 — N1 + XV, N — iy X°XY), @OF0, — N,
W0 = N7HVaN — b X"), W5, = Th[g] + N~ ke X7,

OFs — _ Vo 1+ VX0 — N1XOV,N + N XX,
Wre, = 9,X 4+ X'V, X — 2NEk*X¢ + NV°N
_ N AN + XOVN — R XX K0
Noting the above, the fluid equations (3.2.4) reduce to

@%0uInp+ 0au® + WTY 0¥ =0,  a*0,a" + a*WT* a” = 0.

3.2.2 The rescaled Einstein—dust system in CMCSH gauge

Following the work of Andersson and Moncrief [3; 4], we hereon impose the CMCSH gauge
which foliates by surfaces of constant mean curvature, taking advantage of the fact that on
the Milne background 7 = §%,;, = —3/t..

Definition 3.2.1 (CMCSH gauge).

t=r,  H":=g"{T[gls - This) =0. (3.2.8)

We next rescale our variables with respect to the mean curvature 7.

Definition 3.2.2 (Rescaled variables (gap, N, X%, Sap, u®, u°, p, N, 0°) and logarithmic time
T). The rescaled geometric variables are defined as

G =T g ()
N ::7'2~N7 X = 17X (3.2.9a)
Eab 2:Tzab.

Note X, = juX? = 773X,. Let @° := @". The rescaled matter variables are defined as
u =720, pi=|7|7°p, u’ = 77230 (3.2.9b)
Denote N := % —1and 4" := «° — 1/3. Finally we define the logarithmic time
T :=—1In(7/(em)),

which satisfies O = —70;.
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The above definition means we have the following ranges 70 < 7 /~0and 1 < T 7 o0
where 7 0 corresponds to the direction of cosmological expansion (i.e. t. /' 00).

Lemma 3.2.1. The normalisation condition (3.2.2) implies

1 a a a a 1/2
u = (NLXXa)(TXau + [P (Xau®)? + (N? = X, X) (P gapuu” + 1) 7).

Proof. Using (3.2.2) we have
0= (—N%*+ X, X)(0")? + 2X, 00" + Jopu®a’ + 1.
This is a quadratic equation in @°. The roots are

1 \ % N7 > 1/2
~0 _ B a T e o
T +Xaf(a)< 22X, + [4(X 0" = A(=N? + X, X) (gapii@” + 1)] 7).

Applying the rescalings from Definition 3.2.2 we find

4

~0 _ T 1 a 2 a2 2 aN( =2 a b, _—d\]M/2
us = (NQ_XaXa)<T Xou® F [T (Xou®)” + (N° = X X (T %gppuu’ + 1 )} )
Hence, we introduce the rescaled quantity u° = 7724° for the larger root. O

Let V,V denote the Levi-Civita connection of the Riemannian metrics g,y respectively.
The Christoffel symbols of g now become (see e.g. [2])

(4)fgc = Fgc[g] — Iy X, (4)f80 = T_QIW’
Wrg, =7 (=63 +15), W =7""(-2+Tk),
D10 = 7Ty, DT, =T,
where we have introduced the following rescaled geometric components:
Definition 3.2.3 (Rescaled Christoffel components I'*, 'Y T'g, I'yp, I'?).
I = —0p X" — X* — 2NX*+ X’NewA, X — 2N X+ NNewA“N
1
+ (N—laTN — N'X*V,N + N! <2bc + ngc) XbXC)X“,
- 1
o= NS¢ — 50N + VX — NLXOU,N + N1 (zbc + 3gbc> Xexe,

1 o
I'r:=NY—=0pN+ X"V,N — (S + §gab)X“X”), [*:=T"-NV"N,

1 1
Loy = —N"HZo + ggab)v Lo = N7 (VaN = (Sa + ggab)Xb)'

Remark 3.2.1 (Background solutions). The rescaled background (B) Milne geometry written
in CMCSH gauge is
(gaby 2(11)7 Na )(Va)lBE (’Y, 0, 3, 0)

Furthermore,

1
(FG’FE’FR’PQMBE 07 Fab|BE _5’7(113.
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Let py > 0 be a constant. The background, uniformly quiet fluid solution in CMCSH gauge

1S
. 1
(uO’ u', :0)|B: (5’ 0, p6)

See also Appendix 3.11.1.

We next evaluate certain energy momentum and matter source terms arising from the dust.

Definition 3.2.4 (Matter source terms £, 7%, 1, Sy, T°).
E = p(u®)*N?, 9% := pNu u,
n:=E+ pgap(u’ X 4+ 7u) (u’ X 4 Tub),

1
Sap = p(u’ X, 4 Tug) (0 Xy + Tup) + 5P9ab, 7% .= puul.

For further details on these definitions see Appendix 3.11.2.

Definition 3.2.5 (Matter source terms F,;, Fyo, F),).

Fy =7 )17 + (T, ]g] — T[] vkl + 20w’ T + rubu' Ty X7,
Fo = (u®)’Tg 4 21w/ u’T; + 7260/ T, (3.2.21)
kog
o U

. . , . w
. % i,,0 7 i, k 0
F, =7V + 1w — 700 + 71, X'u™ — T@vju -7 TFM.

3.2.3 Equations of motion

Bringing together all the previous notation, as well as using the general equations presented
in [2], the equations of motion for the Einstein-dust system in CMCSH gauge are the
following. We have two constraint equations:

2
R(g) — |E|§+g — A7E,

(3.2.22a)
Ve = 2725,
and two elliptic equations for the lapse and shift variables
1
(A= N = N (|2-rn) - 1,
AX® + Ric[g]%X® = 2V,NE" — VN + 2N725* — (2N — VP X)(T[g]e, — T[7]%).
(3.2.22Dh)

We also have evolution equations for the induced metric and trace-free part of the second
fundamental form

Orgar = 2Ny + 2N gap — ZLx Gab,
. 2 .
OTEab = —QZab — N(RlC[g]ab + §gab) + vaVbN + QNEach (3222C)
1~ —~
- gNgab - Nzab - gXEab + NTSabv

37



and, finally, evolution equations for the fluid components:

wWCoru! = TuVaul + T_l(uo)zNVjN + F,j,
woru® = TuVu’ + Fy), (3.2.22d)
udrp = Tu*Vup + pF,.

Using notation from [3; 4] we introduce new variables which allow us to rewrite (3.2.22c).

Definition 3.2.6 (Perturbation variables h, v, w and geometric source terms Fj,, F,). Define
the variables

hay := Gab — Yab, Vab ‘= 62ab7 w = N/37

and the geometric source terms

(Fh)ab = 2Ngab + hacﬁch + hcbﬁaXi
1~ — A ~
(Fo)ab = VaVoN + 2N %05 = 5 Ngus = Ny + N7Sap = 00 Vo X© = 0 Va X

We start with the following identity from [4]:
ngab = Xc@cgab + gacﬁb)(C + gcbﬁaXc-

Due to rigidity properties of negative Einstein manifolds in three spatial dimensions (see
e.g. [3, §1.1]), we have 7y = 0. Thus the equations (3.2.22¢) reduce to

8Thobb = WUgp — Xm@mhab + Fh7

N (3.2.26)
OrUgp = —2U4p — 9w$mhab — XV, v, + 6F,.

In Section 3.8 we will also write the first equation in (3.2.26) as
Orhay = Way + 2N gap — (Lx ) ab = Wap + 2N gap — Gam Vo X™ — gumVaX™.  (3.2.27)

Hereon we use the differential equations (3.2.22b), (3.2.22d) and (3.2.26) to analyse the
solutions to our Einstein-dust system.

3.3 PRELIMINARY DEFINITIONS

In this section we present several preliminary definitions concerning Sobolev spaces, norms,
elliptic estimates and energy functionals. All of this is standard except for Definitions 3.3.5
and 3.3.6 where we introduce the fluid derivative d, and then the energy functionals for
the geometric variables involving this fluid derivative.
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3.3.1 Function spaces and norms

Definition 3.3.1 (L} _-inner product). Let p, = v/det g denote the volume element on
(M, g), similarly for 4,. Let V, P be (0, 2)-tensors on M. Define an inner product by

<V> P>’y = ‘/ijpklfyik’}/ja

and define a mixed L?-scalar product

VP = [ VP

with corresponding norm ||V[|72 := (V, V) 2(4)-
9,7

The following definition follows notation first introduced in [3].

Definition 3.3.2 (Riem [y]o and .Z, ). Let V' be a symmetric (0,2)-tensor on M. Define
the tensorial contraction

(Riem[] o V)y; := Riem[v]iajoy"* " Vi ,

where, following the convention of [4], the Riemann tensor is defined by [@a,@i]‘/}, =
(VoVi — ViV V, := —Riem|[y]|%;Ve. Define the following differential operators

Agﬁvi' = (\/ det g)—1@a<\/ det g - gab@b‘/tij)v

L, Vij = =N, Vi; — 2(Riem[y] o V).

By using the gauge condition (3.2.1), the operator Am can be rewritten as
Ag,y‘/cd = gab@a@b‘/cd - Ha@a‘/cd-

The operator .%, ., is self-adjoint with respect to the mixed L?-scalar product (see e.g. [4])
(Lo V. P12y = (V. Ly P) L2, (3.3.5)

A self-adjoint elliptic operator on a compact manifold has a discrete spectrum of eigenvalues.
Using eigenvalue estimates from [62], we are led to the following result.

Proposition 3.3.1 (Estimates on \g). Let (M,~) be a negative Einstein three-manifold
with Einstein constant k = —2/9. Then the smallest eigenvalue of the operator £, ., satisfies
Xo > 1/9 and the operator also has trivial kernel ker(.Z, ) = {0}.

Definition 3.3.3 (Sobolev norms). Let k € Zs(. For k a Riemannian metric on M, f a
function and V' a (1, 1)-tensor, define

|vk-f|i = ’%albl U K’akbk(vm e vakf) ' (vbl c. kaf)a
‘VkV‘i = K’ijlikl"ialbl T K'akbk (Val e Vakvik) ’ (Vbl e kaij).

The obvious extension to (p, ¢)-tensors holds. We write

Wi = (X [ IV'VE2n,)

0<<k

1/2

Note that under a global smallness assumption on g — v guaranteed by the bootstrap
assumptions, we have the norm equivalence ||-[|z2= |||z -
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Remark 3.3.1. When we write ||u|| = we are denoting a sum only over the spatial components
of the velocity vector-field u*.

We frequently, and without comment, use the following product estimate:

Lemma 3.3.1 (Sobolev product estimates). If s > n/p = 3/2 then

o] g < Null s ([v]] -

We conclude this subsection with a result concerning elliptic regularity, see e.g. [9, App. H].

Lemma 3.3.2 (Elliptic regularity using .Z, ). Let V' be a symmetric (0,2)-tensor on M.
There exist constants Cy,Cy > 0 such that for all s € Z>q

Crl|V || gwas < |Z5 V| e < Col [V || grisas

< .
where £ denotes s-copies of £, .

3.3.2 Energy for the perturbation of the geometry

As noted in [4], in the spatially harmonic gauge (3.2.1) we have

2

. 1
Rlc[g]ab + §gab = 5%,7(9 - "Y)ab -+ Jab;

where J,;, are higher-order terms (writen as Sy, in [4, pg. 22|) satisfying, for & > 1,
[ e < Cllg = Al v

Following [2; 3], we define an energy for the geometric perturbation of the first and second
fundamental forms by using ., ,. This energy will fulfill a strong decay estimate enabled
by the inclusion of certain correction terms I'(,,).

Definition 3.3.4 (Geometric energy E9). Let Ay be the lowest eigenvalue of the operator

2, ~, with lower bounds given in Proposition 3.3.1. We define the correction parameter

a = a(Ng, ) by

o=
1 - 504 )\0 = 1/9,
where 0, = /1 —9(Ng — &’) with 1 > ¢’ > 0 remains a variable to be determined in the
course of the argument to follow. By fixing &' once and for all, d, can be made suitably

small when necessary. The corresponding correction constant, relevant for defining the
corrected energies, is defined by

1 Ao > 1/9
Cp —
9( Ao —¢€") Ao =1/9.
We are now ready to define the energy for the geometric perturbation. For m, k € Z>; let

1 9

Sm) = 5 (v,jgﬁ’;‘l(v))%ﬁ T3 (h’"gﬂ;?/(h))Lg,W o Lom = (U"’%f%_l(h))%,w '
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The energy measuring the geometric perturbation is then defined by

E% = Y (m+cplm).

1<m<k

We will see later that the corrected geometric energy E9; is in fact coercive over the
standard Sobolev norms of the geometric variables g, 3.

Definition 3.3.5 (Operators Jp, 0y). We define the operators on M

é() = aT*ng, 8u = UOaT—TUa@a.

The following identity, taken from [16], holds for some function f on M:

oy /M fu, =3 /M Nfu, + /M ()1t - (3.3.14)

Remark 3.3.2 (Regularity parameters ¢, N). At top-order our bootstrap assumptions will
involve Sobolev norms H”Y where N is a large integer. It is convenient to require N to be
odd so that we can introduce ¢ € 7Z satisfying ¢ = %

We end this section with the top-order geometric energy for the geometric variables g, X2,
which crucially involves the fluid operator d,. This energy will also fulfill a strong decay
estimate enabled by the inclusion of the correction terms.

Definition 3.3.6 (Egu,% and FEiy). For s € Z>, define

o= 5 (02, (1).0uZ5, (1), + 35 (a0 00 0)

9 = (au,%ﬁglv, 8u.,%fv(h))

2
LQ»’Y

The corrected d,—boosted geometric energy is then given by
¢
Egu,Nfl = Z (gaguzs + CEFgu,Qs)'

s=1

Finally we define
By = Ej n 1+ By .

3.4 THE BOOTSTRAP ARGUMENT

In this section we first state the local-existence theory for the Einstein-dust system in
CMCSH gauge. Then we introduce the bootstrap assumptions on our solution and give
some immediate consequences of these estimates.
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3.4.1 Local existence

Theorem 3.4.1. Let N > 6. Consider CMC initial data (go, ko, No, Xo, po, o) € HY x
HN=Y x HN x HN x HN=2 x HN=Y qt T = Ty such that the constraints (3.2.22a) hold.
Then there exists a unique classical solution (g, k, N, X, p,u) on [To,Ty) for Ty > Ty to the
system (3.2.22), which is consequently also a solution to the Einstein-dust equations. The
components have the following reqularity features

Furthermore, the time of existence and the norms of the solution depend continuously on
the initial data. For the maximal time of existence T, we have either Ty, = 400 or
lim sup [lg — | g+ IS v+ N = 3l v+ [ X |
T/ Too [1,T,

05400

+ 0r Nl v +10r X[ av—r+ | pll -+ 7 [[ull -1 > 0 (),

where 6(7y) is a positive fized constant depending only on the background metric.

Proof. The proof follows analogous to [55, Theorem 3.5] where the control on the lapse and
shift are replaced by the elliptic techniques applied in [34]. The adaption of the regularity
scheme to avoid the loss of derivatives from [55] to the present case is executed in detail in
the global analysis discussed in the remainder of the paper. The smallness condition in the
continuation criterion stems from a smallness requirement in applying the corresponding
elliptic equation for the lapse. O]

Remark 3.4.1. Since we apply the local-existence theorem only for data close to the
background solution the smallness condition required to extend the solution for arbitrarily
large times is automatically fulfilled when our smallness conditions hold, which we prove by
a bootstrap argument. Since the smallness parameter of the continuation criterion depends
only on the background geometry we can choose the smallness of the initial data, which we
do accordingly without mentioning it explicitly again.

3.4.2 Bootstrap assumptions

Let p, A\ be fixed positive constants with ¢ < 1 and A < 1. We assume that, for all
To < T < T’ the following bootstrap assumptions hold (3.2.22):
lg = Yl av 2] v < Cee™,
IV = 3l +[| X[ v < Cee™,
107N | 14100 X || v-1 < Cee™, (3.4.3)
ol n—2 < Ce,

||U||HN—1 S C&EMT,

42



where T < T is fixed. We hereon assume that (3.4.3) hold and do not repeat this fact.
Recall also Remark 3.3.1 regarding the norm on w.

Definition 3.4.1 (A(7)). It is convenient to introduce the following notation
AT = 1Nz X i+ 10N | s 100X | g+l -2 +72 [l e

Note that, under the bootstrap assumptions (3.4.3), A(T) < ee 7.

We state some immediate consequences of the bootstrap assumptions regarding u° which
we use without further comment. Using Lemma 3.2.1, we have

|2°)| gv—1 S e,

3.4.5
||V1A1,O||HN72 5 ||VN||HN72+7'2||u“Vu“||HN72+h.0.t S A(T) ( )

Note the first estimate does not pick up any p—loss. By the Sobolev embedding H? «— L,
[14%]| o= [Ju® — 1/3|| L=< 1/10 and thus

[l S 1, [ulllze S 1.

The following Lemma concerning the dust matter components is indicative of the good
behaviour that, as we discussed in Section 3.1.2, we roughly expect as the speed of sound is
reduced.

Lemma 3.4.1 (Estimates on matter components). We have

71BN a2+l -2+ Sl av-2) S A(T),
T gl S eeTHITAT), TP Tl -2 S A(T)2

Proof. The estimates are immediate by distributing derivatives across the terms written in
Definition 3.2.4 and using Lemma 3.3.1. O

Lemma 3.4.2 (Geometric coercivity estimate). Let s € Z such that 1 < s < N — 1. There
is a 6 >0 and a constant C > 0 such that for (g,%) € Bs((7,0)) the following inequality
holds

Y < CEY.

g — Y|7+Z]

Proof. The proof of this lemma follows verbatim from [2, Lemma 19], which itself follows
from [3, Lemma 7.2], and the eigenvalue estimates referred to in Proposition 3.3.1. ]

The following Lemma is actually only used once in our entire argument. Its significance lies
in the fact that it allows us to convert the quadratic derivative term (VV')? appearing in
the H' Sobolev norm into just one second-order derivative as V - %, .V, which will more
naturally be controlled by Ef n_;.

Lemma 3.4.3. Let V be a symmetric (0,2)-tensor on M. Then,
Vil VItV 2V
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Proof. We integrate by parts, use the closeness between the g and 7 metrics and the
boundedness of the Riem|[y] components:

VI = IVIE+ [ 997" VaVaTs Vi < [VIEa+] = | 9976 Va0 uVuVir

Wi+ [ (VioaV)ymy+2 [ (ViRiemly] o V), iy
N ||V||%2+(V’ gng)Lgﬁ-

3.5 PRELIMINARY ESTIMATES

This section is concerned with deriving several preliminary estimates that are required for
our later energy inequalities. There are estimates on commutator terms (Sections 3.5.1,
3.5.4), estimates on matter terms (Section 3.5.3) and also estimates on geometric variables
(Sections 3.5.2, 3.5.5). We also present an integration by parts Lemma 3.5.2, in particular
(3.5.12¢), which later plays an important role in removing various critical terms that arise
during the energy estimates.

3.5.1 First commutator estimates

In this subsection we let V' be an arbitrary symmetric (0, 2)-tensor and ¢ a scalar, unless
otherwise specified. We begin with the identity

0r, VlViy = (—8rT5)Vig + (0T, Vi (35.1)
The terms Orl'[g] can be estimated (see [2, (10.12)]), for 0 < k < N — 2, by:
1OrT ()11 S I s 1 X | zva+ | N . (3.5.2)

We also have the following commutator identities:

[8T7 Val o vak]¢ = [8T7 Val]VGQ o vakqb + Vm [aTv vaz]va:s e vak¢ (353)
+...+ val e vak,z[aTa Vak,l]vaka + val e vakfl[aT’ vakkba
[vh Val e vak](b = [Vh Val]vag e vak¢ + Val [V’H V(ZQ]VCL:; e vak¢ (354)

+..+ val T Vak—z[viv v@k—l]vak¢ + Val s vak—l [Viv vak}gb'

Note the last terms in each of (3.5.3) and (3.5.4) will in fact vanish since the metric g is
torsion free.
In the next part of this subsection we state an important estimate, given in (3.5.10), that

allows us to turn background V derivatives into dynamical V ones.

Definition 3.5.1 (Difference tensor YT). Recalling that V and V are the Levi-Civita
symbols of g and v respectively, we define T a (1,2)-tensor by

TZC = Fgc[g] - Fgch/]
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Let V' be a vector and P a one-form. Then we have
VJVi=VVi+ YV VP =V,.P—TLP.
We will often schematically write tensorial contractions using *. For example,
Vo Vi=V, V' + T VI, becomes VV =VV+TxV.

In local coordinates the components of the T tensor are given by
1 1 .
Tp. = —5’76” (VoYei + VeYai — Viyee) = 57“ (Vohei + Viehgi — Vihy) .
Lemma 3.5.1. For 0 < k < N — 2, we have

IV, VIVIae S IV lletee TNV s

Proof. First we see that from Definition 3.5.1, forall 0 < k < N — 1,
11 xS Mg — Yllawsa (3.5.10)
Thus we compute,
Ve, ValVij = Ve, Vol Vi + Y0,V Vi — (VX Vi + (VX8 V).

Using the boundedness of the Riem[y] components, the required estimate then follows. [

We end this subsection with some very useful estimates that come from integration by
parts.

Lemma 3.5.2 (Integration by parts). Let T' be an arbitrary vectorfield and V, P arbitrary
symmetric (0,2)-tensors, on M. Then

(L Vi P)r2ggry) = /M<g“b©av, Vo Pty — 2 /M<Riem[7].a.bl/“b, P)u,.  (3.5.12a)
and

(T*VY, Pz | S Tl IV 2 Pl (35.12b)
TV V)ig | S 1T IV 3 (35.12¢)

Proof. The proof of (3.5.12a) follows by using the gauge condition H* = 0. To show
(3.5.12b), recall the Jacobi identity implies

A 1 PPN
Va detg:T/detg-g](Vagij).
Using this we find,
T°%V,V, P :/ AR, Vi) Py /et
( )Lg,7 M7 v ( k) Pjy/det g

e vdet g
— _ i klva Te P, ‘/z det
/M’V g < jl Jety Ky dety

~ ~ 1 ~
= =V, TVaP)rz = (VaT")WV, Pz, = 5 (V. (T"9"Vagse) P13

Y
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Thus,
. . . 1 .
(T*VaV, Pz | = | = (V.T*VaP)rz = (VoI*)V, Pz = 5V, (T*9"Vage) P)13_|
S T[T m2llg = A ) IV N 22l Pl

Crucially, in the symmetric case, we can bring one term over to the left hand side to show

A 1, - 1 A
(T*VV V) | =1 = SV, V) =2V, (T*9"Vagee)V )12 |

S (I T 2 llg — A1) IV 122

3.5.2 First estimates on geometric components

We now establish some of our first estimates on the ADM variables N, X and the geometric
variables g, 2.

Lemma 3.5.3 (Dust derivatives of lapse and shift). For2 <k < N —1,
[OulN || x4 106X || e < A(T).
Proof. Since the lapse is a scalar, 9, N = u°0r N — TuV.N. For 9,X* we use (3.5.10). We

find
10uN || e +110uX || 11 S N0 N || e+ 00 X || et THTA(T).

Lemma 3.5.4 (Estimates on geometric source terms). We have,

1Bl S N X s +llg = 7l e, 2<k<N-1,
1F e S N Tsa Tl a1 X s+l = Al IS e, 2< k<N =2,

and thus
[l v+l v S AT) + g = A7+ 2] s
Proof. Using the product estimate of Lemma 3.3.1 and (3.5.10) we obtain, for 2 < k < N—1,

1 Eullie S N e+ 2] e[ VX + T 5 X ||
SN aetllg = A e[| X e+ llg = Y G | X || g

Using in addition Lemma 3.4.1 we see, for 2 < k < N — 2,

IE ol S AN Wazee N2 A7 1S5 s S e |V X e
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We can now combine the geometric source term estimates from the previous lemma with
the equations of motion given in (3.2.26).

Lemma 3.5.5 (Time derivatives of g and X). The following estimates hold

10rgllme S BN +llg = vl e HIN s+ X N o, 2<k<N-1,
105 e S NN rer+llg = Al ez HIN [ ree H X rer H Tl ol e, 2 <k <N =2,

Proof. Using Lemma 3.5.4, (3.2.26) and (3.5.10) we find
10rhl[e S 2N ar+IX (VA A+ T h) ||| Enl
SIS IN eI X e+ llg = Yz
and, using additionally Lemma 3.3.2,

100l e S N2 s+ 1Lyl s N X (Vo + Tk 0) || Fo | e
SISl e tllg = Al ez N ez | X | s+ e+ 7]l e

O
Corollary 3.5.1 (Dust derivatives of g and X). The following estimates hold
10ugllrs S WENs+llg — Al e +AT),  2<k<N-1,
10uZ e S (1 arritllg — A2 +A(T), 2< k<N —2.
Proof. Writing
OuVap = u0rVy, — TuV Vo — Tu YL Vi — 70 Y4 Vg
and using Lemma 3.5.5 gives the estimates. O]

Remark 3.5.1. Tt is unsurprising that for the geometric variables g, 32, the fluid derivative
estimates in Corollary 3.5.1 do not gain us any improved information compared to the time
derivative estimates in Lemma 3.5.5. This will of course change when we consider instead
estimates on certain fluid matter variables which are naturally more compatible with the
fluid derivative operator 0.

3.5.3 First estimates on fluid components

In this subsection we establish further estimates on the various matter variables. Note that
we need to estimate both matter components coming from contractions with the stress
energy tensor (see Definition 3.2.4) and the fluid source terms terms appearing in the
equations of motion (see Definition 3.2.5).

Lemma 3.5.6 (Fluid source term estimates). We have, for some v > 0,

[Ep =2 S [ ll[ll v+ Z] -2 +A(T),
1Fuolln-1 S 2l Ex 1 +A(T),
1Fuillan— S 1717 IA(T) + %™
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Proof. For 2 < k < N — 2 we distribute derivatives across the terms given in Definitions
3.2.3 and 3.2.5. This yields

1E e < 1IN gt l oo T a7 I e el s 17 T e X e
+ 7l T L
S Tl e 10 A X s

Similarly, for 2 <k < N — 1,
[ Fuoll e S NT RN eI el T e 72 el 7o I el e
SO N || gz 1S s [N g 11X w72 el 7
Finally, for 2 <k < N — 1,

[ Fusllaze S 17177 et e (T 9] = D e 71X e [Tl e ) + [l e |75 e
ST O X X N oss N s + B0+ 1 X e 107N )
+ 7 (lg = Yess TN X ) + el (N e IN e+ X | )
< ‘T’ilA(T) + 826(172)\)T + €2€(fz\+2u)T'
It is convenient also to note that at lower order we can apply Lemma 3.4.2 to find
Il Fusll w2 S By + A(T) + |7l fyv—2 (B _) 2. (3.5.32)
O

In the next lemma we provide estimates for fluid derivatives of certain matter components
appearing in Definition 3.2.4. The weights in 7 are included for convenience since these
expressions appear later on in the energy estimates.

Lemma 3.5.7 (Dust derivatives of matter components). We have,

110wl 247 |0 | an 2 S e 1N A () 4 A(T)2,
T Pl0wllin -2 S A(T)? + > A(T)e AT

Proof. Note that (3.2.22d) can be rewritten as:
Outt?! = TuuYI, + 77 (u’)’NV/N + F,;, Outl’ = Fo, Oup = pF,.
Using Definition 3.2.4 we compute:
Oun = pF), ((u0)2N2 + gap( X u® 4+ 7u®) (X u® + Tub)) +2p(u®) N, N
+ p(0ugap) (XU’ + 7u) (X u® + 7u®) + 2pgapu’ (XPu® + Tub) (0, X*)
+ Fo (2puON2 + 20gap X (X P00 + Tub)) + 20gapu’u®( X u® + 7u?) (0r7)
+ 2pgapT (XU’ + Tub) (Tu“Ticuc + 7 (W?)PNVIN + Fuj> :

So, using Lemma 3.5.3, Corollary 3.5.1 and the matter estimates from Lemma 3.5.6, we

obtain
ITH[0unllzn—2 S ATl pll -2 1 Fpll x—2+|7 | pll -2 [|Ou N || v

+ |7l pll vz || Fuo || pv—2+h.0.t.
< gl NTA(T) 4 A(T)2.
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Again using (3.2.4) we compute
Oug” = (pF,)Nu'u® + (0uN)puu® + (Fyo)pNu”
+ (rYeulu + 77 (w2 NVEN + Fua)pNul.

So, by the geometry estimates in Lemma 3.5.3 and 3.5.5, together with the fluid source
term estimates in Lemma 3.5.6, we obtain

7 0us lirv-2 S 7l pll -2 | N | g7 | pll rv-2]| Fue | srv-2+heoct.
< E2N(T)e T L A(T)2,

Finally, from (3.2.4) we find

1 1
OuSap = (Oup) (U’ Xo + Tug) (U’ Xy + Tup) + 59,1;,) + §p(8ugab) +h.o.t.

So,
T110uS | 2 S [Tl pllav—2l [ Fyll g2 ee™ M= NTA(T) + A(T)?.

]

Remark 3.5.2. The significance of using dust derivatives is made clear by look at the higher
regularity appearing in Lemma 3.5.7 compared to the following Lemma 3.5.8 which only
concerns time derivatives. In Lemma 3.5.7, we directly computed the 0, derivatives using
the equations of motion, instead of doing a rough estimate by expanding 9, ~ Or + Tu¢* V.

Lemma 3.5.8 (Time derivatives of matter components). We have,

|T| ||8T77||HN73 < 56(_1+H)TA<T) + A(T)Q,
A(T)“aT]HHNfs ,ﬁ €2A(T) + 64(3—(1—1—1/)T7
11078 vs S A(T)

Proof. We calculate 0rn explicitly from (3.2.4) as

Orn = OpE + (X, X(u°)? 4 21 Xpubu® 4 72 gapuu)orp + (20X (u°)? 4 27 puu®)0r X,
+ (2u°pXo X + 27pXu")Oru® + (27 pXpu® + 272 puy) Opu®
+ (2pXpubu’ + 27 pugu®)opT.

Using Or7 = —7, we obtain

[T1ornll s S IO E | -5 +AD)| 7|07 p| -5 +ee ™ I TA(T) | Or X || s

3.5.43
+ A(T)?|0ru°|| gr—s+ee T AT || r0pul|| gv—s+A(T)2. ( )

To estimate Or E' we use the rescaled continuity equation [2, Eq 10.16]:
a -1 2 :a 2 N ab 2 ab
OrE=B3—-N)E— XV, E+TN "V, (N“j*) -1 ggabz — T NS T,

49



So by Lemma 3.4.1, we obtain

7100l n-s S TIE -2 (1N x-s 11X | zrv-s) + 7P all -2+ 7P| T erv-s
< eeTHRTA(T) + A(T)2

To estimate drp, Oru®, dru® we use the equations of motion (3.2.22d) together with Lemma
3.5.6. We find,

7107 pllrv-s S Irlllpll - | Fpll st Ir[*lull s | pll -2

3.5.46a
5 8emax{f1Jru,f/\}TA(T> —|—A(T)2, ( )

and
19r1°ls-» 5 WPell-o s T s S AT+ (Sl pa,
’T|H8TUGHHN—2 S |T|||Fua|‘HN—2+||]/\7‘|HN—1+T2HUH%INASJ A(T) + 826_(1+V)T. o
Putting all these estimates into (3.5.43) gives, for 2 < k < N —3:

[Tl1ornl e S e HOTA(T) + A(T)?.

Next, and again using (3.2.4), we compute
Ory™ = (Orp)Nu'u® + (0rN)pu'u® + (Opu®) pNu® + (Oru®)pNu®.
So,
AD)|0rs | av-s < elrllfull nv-s(10rpll ax-s+el7lllpllv—s (100N || v—s [ull s
19 sl v+ O | srv—s)

5 €2A(T) + 5467(1+V)T'

Finally, from (3.2.4) we calculate (written schematically)

orS = (Orp) (W’ X* + Tu)? + ;g) + ;p(é?Tg) + pOrg - (u*X° + Tu)?
+ pOr (U’ X 4 Tuc) - (W0 X+ Tul).
So using Lemma 3.5.5 and (3.5.46) we have,
TSl av—s S |7l pll s | Epll v s+l ulla—s ol v—=) + [Tl pll -5 < (h.o.t.)
S A7lllpl =

3.5.4 Second commutator estimates

We are now in a position to compute various commutator estimates which are required in
the later energy estimates. We let V' be a symmetric (0, 2)-tensor on M unless otherwise
specified. The first lemma looks at the commutator between the dust derivative 9, with
other first-order differential operators.
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Lemma 3.5.9. For 0 < k < N — 2, we have

1[0, O]V || < 2OV || s +ee =0T |05V ||,
110w, VIV [ < €™V g +A(T) |02V || s,
110w, VIV S e 0NNV i+ AT |02V || v

Proof. A computation gives

[Ou, O1]Vij = _Tua@av;j + T0ru” - ﬁa‘/ij — 0rt” - OpVy,
[811, @b]‘/;j = —Tu“[@a, @b]v;j - @bﬁo . aTV;j + T@bua . @a‘/z‘j; (3553)
[0, V|Vi; = u0[0r, Vi Vij — Tu[V e, V| Vij — Vit - 0pVij 4+ 7V4ue - V. Vi,

Thus by (3.4.5) and (3.5.46), if 2 < k < N — 2,

10w, 011V [l < 7l lull 107w [ ) [VV 4+ L o VI it |00 || 2|07V |
S eIV s +llg = Al st IV [ ) + e[ 00V | e

The estimates for £ = 0, 1 follow in the same way.

The other two estimates follow in a similar way. Note that for [0, V] we use Lemma 3.5.1,
and equations (3.5.1), (3.5.2) and (3.5.46). O

The next lemma in this subsection investigates the commutator between the second-order
operator .Z, , and other first-order operators.

Lemma 3.5.10. The following estimates hold

10, Ly 1V e S e NV | et DOV [ g1, 0<k<N-3
Vo ZyalV e S eV eIV [, 0<k<N-2
1107, L, )V |gx S ee ||V || gree, 0<k<N-2

Also for k,s € Z such that 0 <k < N—2,s>1,and2(s— 1)+ k < N — 1, we have

10, Z3 )Vl 2™ [V | wsseaony.

Proof. A calculation yields
u, Lo Vis = —(0ug®)VaViVij + A, 100 - OpVij + 29V, 0V Vi
+ Tucg“b(Riem[fy]kbaC@kVij + 4Riem[’y]k(i|acﬁbvk‘j) (3.5.57)
+ 2V Riem[y]* pe - Vi)
— 2Tg“b@aucﬁb@cv¢j — TAmuc . @CVU- + ZTuC@CRiem[”y]wjb Syeb,

It is useful to write this schematically, using that Riem[y] and its derivatives are bounded
by constants:

0w, £y, )V = (0ag™") % V2V + V200 % 07V + Vu x VoV
+ 7(uf % (V 4+ VV) + Vu « V2V + V2l « VV).
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If 2 <k < N — 3 then by elliptic regularity of Lemma 3.3.2 and the commutator estimates
in Lemma 3.5.1,

110w, Zon IV e S N0ugll s |V ([ ppesa+ 180 vz |02 V] i ||l gz [V || e
(3.5.59)
The conclusion then holds by (3.4.5) and by estimating d,¢ using Corollary 3.5.1 . The
estimates when k = 0,1 follow in a similar way.

Next we compute the identity
[gg,w ﬁm]‘/;j - @mgab : @a@b‘/ij - gab[ﬁa@m @m]‘/;ja (3560)

where we are thinking of the m index as not being free (i.e. contracted with a factor of the
shift X™). Since the commutator involving only V will just generate background Riemann
curvature components the required estimate follows straightforwardly. We note also that
(3.5.60) and the elliptic regularity of Lemma 3.3.2 imply, for s € Z such that 1 < s < N/2,

2 TVl S s D1Z55 Vi + s DIV
S g = A gmaxts2s s (1V |25+ g — A mzs [V [ r2e-1) + [V || 520
S SeiATHVHH23+HVHHQ(S—1).

(3.5.61)

Finally we compute
[Or, Ly Vij = —[0r, Ay ]Vij = —(0rg™)VaVVij.
Using Lemma 3.5.5 to estimate drg this gives, for 2 < k < N — 2,
107, LIV e S 1002l s (IV (VV + T 5 V) it T(VV T V) [ rr) S eV s

A similar argument holds for the cases k = 0,1. At higher order, we obtain the identity

O, L3 WVig = — > L3 0rg™™) - Va, Ve, (L35 (Vig)). (3.5.64)

1<i<s
This can be estimated, for 2 < k < N — 2, by
107, Z5,]VIIme S N0rhll gze-v+e (V] gesarze-v+llg = Yl gese |V | rereze-n). (3.5.65)

The cases k = 0,1 are treated in a similar way and the conclusion follows from Lemma
3.5.5. ]

The next corollary extends the commutator estimates of the previous lemma to higher-orders

of Z; , s € Z>y. Note that the L? estimate that appears in the statement will be typically

applied with V' = h, while the lower-order H' estimate will be primarily used later on with
V=23
Corollary 3.5.2. We have,

110as LIV 12 S cem™ N ok AT |0V [ 2o, LS s <8,
100 235 TV s S ™™ ATV oo s S AD OV 2, 2S5 < L.
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Proof. By Lemma 3.5.10,
10w Z2 1V 12 S WO Lol L5V 24 [0ur o Z52V Lt + |8 Zy ]V 2
< eema"{_H“’_’\}THVHHz +A(D)||0rV || grzs—

ZH 8T,$S 1= PV ireen.

The conclusion then easily follows and the second estimate follows in the same way. ]
Corollary 3.5.3.

10uZy 5 (D)2 S (BR-)' + A(T),

100255 () S IE v+ llg =l +A(T).

Proof. By the 0,X, 0r> estimates of Lemma 3.5.5, Corollary 3.5.1, and the previous
commutator estimate of corollary 3.5.2

106255 D)1z S 0Dl x5 +110us L3 TE 228 Bl srv-2+lg — w1 +A(T).
The conclusion then follows by the coercive estimate of Lemma 3.4.2. Similarly,
18,5 it SISl av-1+1lg = Vv +A(T) + e AT 5] v
AT 075 (3.5.70)
S IENav-14llg = Ay +A(T).
[

Remark 3.5.3. Frequently in our energy estimates we will need to study the term
||8u°2”g€;1(2)|| g1 appearing in the previous Corollary. However, by looking at the esti-
mate derived in Corollary 3.5.3, we see that we cannot apply Lemma 3.4.2 to the top-order
Sobolev norms ||X||g~-1 and ||g — v||g~. To estimate these terms by the geometric energy
E7, we will instead need to use the auxiliary elliptic estimates established in Section 3.6.

We conclude this subsection with a commutator estimate that plays an important role in
the proof of the lapse estimate appearing in Proposition 3.7.1.

Lemma 3.5.11. Let A := ¢®*V,V,. Then for 0 < k < N — 3,
1A, 0V [l x S MT|OV || i +ee™ 1TV | .

Proof. We compute
(A, 0u)Vij = A - 97V 4 2V00V o (0rViy) — uP0rg™ - VoV, Vij + 1 g™ [V, Ve, Or|Vi
(= Aut - V. Vij — 2V, uVoV, Vi 4+ Vg™ - VoV Vi)
+ mcga”[vc, VoV Vij.
Let 2 <k < N — 3. From Lemma 3.5.1 and (3.5.3) we find
1A, 0u]V Il S IVl |07V | g+ | Orhl| e [[V | 2+ |00 T || i [V [ s
+ |7l llwll e [V |-

The cases k = 0,1 follow in the same way. The conclusion follows using Lemma 3.5.5,
(3.4.5) and (3.5.2). m
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3.5.5 Second geometric components estimates

We now reach the final subsection of Section 3.5. The first lemma is an analogue of Lemma
3.4.2 for our top-order 0y—boosted geometric energy. The proof follows those in [2, Lemma
19] and [3, Lemma 7.2].

Lemma 3.5.12. Let s € Z such that 1 < s < {. There is a § > 0 and a constant C > 0
such that for (g,%) € Bs((7,0)) the inequality

(OuZy auggsﬁh)%n +1(0uy, 0, 8‘1"%8,;1@)@,7’ < OB, 2

holds. Furthermore Ej 5, > 0.

Proof. Recall Ej ,, from Definition 3.3.6. We first note that E ,|hw)=(y,0= 0. Next, we
see that (7,0) is a critical point of EJ ,, since the first derivative vanishes. Considering
then the second derivative of this energy at (7,0), we see that the Hessian takes the form

DQ(éagu,Zs + CErgu,Qs)((ha k)? (h7 k))
(O, Ol Wiz + (Oulo b, 0L ) s+ (00l e 00 W1

We claim that the Hessian is non-negative. By expanding in terms of the eigentensors of
Z, -, we are left with terms of the type

A28_1(9>\(0UPAh, OuPAh) 2 + (OuPrk, OuPrk)r2  + cp(OuPrk, a“PAh)Lg’”)’

where P, denotes the projection operator onto the A-eigenspace. The choice of cg ensures
that the bracketed term is non-negative for the smallest eigenvalue Ao, which in turn implies
non-negativity for all eigenvalues. Thus we find

D?(84, 5+ 6T 2,) (. ), (. K)) > 0.

From this it follows that there is a constant C' = C'(\g,) > 0 such that

l
S Oy Oy i, + | Ou ks D0y )z | < CES,

s=1

O

The next lemma provides estimates for the Sobolev norms of dyh,0yX in terms of the
geometric energy E7,. This is natural given that we have constructed the functional E7,
to precisely control such Sobolev norms.

Lemma 3.5.13 (Dust derivatives of geometric variables at high-regularity). We have,

|OuhllFpn-r S Bf, oy + 22T NT B+ AT,
10uSIlZr—> S B, oy + By + ee™ NS 30 lg — AllF) + AT)2

Remark 3.5.4. Similar to Remark 3.5.3, we cannot apply Lemma 3.4.2 to the top-order
Sobolev norms ||X||%,x_, and |lg — 7||%~. To estimate these terms by the geometric energy
E7, we will instead need to use the auxiliary elliptic estimates of Section 3.6. It is also
crucial in later analysis in Section 3.6 that these top-order norms above appear on the right
hand side in Lemma 3.5.13 with a smallness factor of ¢.
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Proof of Lemma 3.5.13. Recall N := 2{+ 1. By the elliptic regularity of Lemma 3.3.2 and
Lemma 3.5.12
10ult|Fr2e S 1125, Ouhill2 S Ef, -y + [0u, Z, 1172

We control the commutator term using Corollary 3.5.2, finding

10u, Ly hllze S e 0 g — || s A(T) [ Orh | -2

3.5.81
5 6emax{—1—1—;1,—/\}T(Evj¢<[_1>1/2 +A(T)2, ( )

where in the final line we used Lemma 3.5.5 and the coercive estimate of Lemma 3.4.2.

Next, by elliptic regularity and Lemma 3.4.3, we have

10u2 321 S 11255 0uB 70

3.5.82
S 106y S+ [0w, £, 1574 (L S 0uX, 2y, 0uE) 12 - ( )

The first term on the RHS of (3.5.82) is treated by Corollary 3.5.3. For the commutator
term in (3.5.82), we use Lemma 3.5.5 and Corollary 3.5.2 to find
1[0u, 2551182 S ™™ D] s+ AT |07 X v

3.5.83
5 56max{—1+u,—)\}T(E]g\[_2)1/2 +A(T)2 ( )

Considering next the final term in (3.5.82), we write it as

(L5 0uS, Ly 0uX) 12 = (0uly 'S, 00, X2 + (£, 0u]S, 00y 212
+ (002, 'S, 10w, 2L, )00 12 + ([Z5 0u)S, [0u, £ )5 12
= E1+E2+E3+E4.
From Lemma 3.5.12, |E1|S EJ y ;. To estimate £ we need to integrate by parts one of
the derivatives appearing in 8,.%, . %. Using (3.5.12a) we find

Ey = (9"Va[ £, 0u %, Vidaly ' E) 1z — 2145, 0] 8, Riem[y] 0 0,2, ' %) 1z

gy 97
Z? —
+ ([gg,’yl7 811]27 [8117 "%:’Y]"zﬂg{'ylz)Lgﬁ'
By the commutator estimates of Lemma 3.5.10, and Lemma 3.5.5, we have
18, 552y Ell e S e IS v s +-A(T) |05 | v

(3.5.86)
S e TN (18| v a g = Y]lav) + AT
Using this, together with (3.5.83) and Corollary 3.5.3, gives

152 S 1000, 25 1 i (100 L35l 4 1100, L) 2555 12)
< e T (St lg — ) + AT

The terms FEj, E, are similarly estimated and inserting all these estimates into (3.5.82) gives
the required result. O

We end this subsection with two Lemmas concerning the geometric source terms Fj, and F,.
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Lemma 3.5.14 (Time derivative of geometric source terms). We have,

1Or Fullav—2+0r Bl v-s S By + A(T).

Proof. Let 2 < k < N — 2. Taking a time derivative of Fj, as given in Definition 3.2.6 we
see,

|OrFullzre S 100N |+ (IN k41X |z +llg = Lo | X |5 | Ol
+ [lg = A (100X || ans g = Yl ress 107 X [ v
The first estimate then follows by applying Lemma 3.5.5.

Next, let 2 < k < N — 3. We take a time derivative of F, which gives

c 1 c 1=
8TFU == 3TV1V]N + aTN . (22262] — ggij — Eij + TSij) + ZNGT(ZZCE]) - gN(?Tgij
- ﬁaTEij - TNSZ']‘ + TNaTSZ‘j - 8T(vim@ij + UmjﬁiXm).

For the first term we use the commutator identity from (3.5.3) and recall that the lapse is
a scalar. We obtain

1O Foll e S 100N || grve+[[[0r; VIVN |+ T[([[S ] s+ 1005 14)
+ IS 10l e+ 1 Orgll 7+ A(T).

The conclusion then follows by Lemma 3.5.5 and the matter estimates in Lemma 3.4.1 and
Lemma 3.5.8. ]

Corollary 3.5.4 (Dust derivative of geometric source terms). We have,

10w Fnll -2 H10uFo | x-s S By + et ((lg — |+l ) + A(T),
10uFullz S EX oy + A(T).

Proof. The estimates follow by expanding out 9y = u°dy — T7u¢V, and using the Fj,, F,
estimates in Lemma 3.5.4 and the 0rF},, OrF, estimates from Lemma 3.5.14. O

Remark 3.5.5. Since we are dealing with geometric variables in the above corollary, and not
matter variables, we roughly estimated the dust derivatives as 9y ~ dr + Tu® * V. Note
that doing so introduced the top-order Sobolev norms ||X||3,~-1 and ||g — v||3,~. Crucially
for later analysis in Corollary 3.6.1, however, is that these top-order norms appear with a
coefficient of ¢.

3.6 KELLIPTIC ESTIMATE

In this section we prove an auxiliary elliptic estimate which allows us to control the top-order
Sobolev norms of g and ¥ in terms of the geometric energy functional Ef,. Recall only the
lower-order Sobolev norms are controlled using Lemma 3.4.2, and so a new idea is indeed
needed to cover the top-order of regularity. We also remind the reader that the geometric
energy E7, will eventually fulfill a strong decay estimate enabled by the inclusion of certain
correction terms.
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The main result of the section, Corollary 3.6.1, achieves the goal of the previous paragraph.
To prove this corollary, we take the first-order equations of motion for drh, Or¥ appearing in
(3.2.26) and convert them into second-order equations involving a perturbed wave operator
W and the 0, derivatives. We find, very schematically, that

Ly ho~ W (h) + 0u0r(h) + Tu NV 4dyh. (3.6.1)

By elliptic regularity for .7, ,, we can then prove an estimate on ||g — || gnv~ || <L R -2
by estimating the RHS of (3.6.1), see Proposition 3.6.1. A similar idea holds also for ¥. We
note that this idea, albeit for a different gauge, was first introduced by Hadzi¢ and Speck
in [55].

Definition 3.6.1 (Operators #, 7). Define the operators

W= 0pdr — XXV, + N2L,. A= N2, — XX,V — 72

which act on symmetric (0, 2)-tensors.

Due to the sign convention on .Zj -, see Definition 3.3.2, one can think of % as being a
kind of perturbed wave operator.

Lemma 3.6.1 (Wave equations for h,v). The differential equations (3.2.26) for h =g —~
and v = 6% imply
W (h) = Fi, W (v) = F,

where,

1FFn > Fall s S ER -y + e (llg = vl +ISlEv-1) + AT)?.

Proof. Rearranging (3.2.26) as v = w™'(dph + X"V,,h — F,) and substituting this into
(3.2.26) gives
—w N Opw)v + w (02 + Op(X ™V ) — OrFy) = —20 — wE,sh — X™V,,v0 + 6F,.
Using again (3.2.26) we note that
Or(XV,h) = =X X"V, Vih — XV, X" - Voh + 09X - Voh + X"V, (w0 + F).
Rearranging terms (recall 9w? = N?) we find

W (h) = F = XV X Vyh — 0 X™ - Vph — X"V, (wo + F) + 07 Fp, + vdrw
— 2wv — me@mv + 6wF,.
Using Lemma 3.5.4 and Lemma 3.5.14 we see

| F1[[ v S || Bl g2+ || Or B || v -2 4| Fol| v -2 +A(T)
S Ey g = i+ v +A(T).

Although the top-order terms involving g — v and X here look worrying, when squaring the
estimate we can then apply the bootstraps to gain the crucial factor of e.
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To derive the equation for v we take the Or derivative of (3.2.26):

0Fv = —20rv — 907w - £, h — YwZ,(Orh) — Yw[0r, £, ]h
— GTX’” . @m’l) — Xmﬁm(aT’U) + 66TFU.

Substituting in the equation of motion (3.2.26) where needed, and expanding as .Z (wv) =
WL, v — vA,w — 29V ,wVy, we obtain

W (v) = F, :=4v+ 18wZ, h + 2X™V, v — 12F, — 997w - Ly h + 9wvAmw
+ 18wg“b@aw@bv + 9w$m(Xm@mh) — Y, F, — w[0r, £,
+60rF, — 9rX™ - Vv + 2X™V 00
+9X™V (WL h) + XV X - Vv — 6X™V,, F,.

Using the F},, F, estimates in Lemma 3.5.4 and Lemma 3.5.14, together with the commutator
estimate in Lemma 3.5.10, we find

B2l v—s S 1Bl v-s+llg = Yl av—1+[[07, Lo lhll s+ Foll v
+ NOrFol[ pv—s+|[ Full pv—1+A(T)
S (BX1)'? +ee Mg — vl iHllg = A an HISIEv- + By + A(T).

Note that in the above we also used (3.5.10) to estimate a term of the form:
IV Rl S Bl v [l v S Hlg = Al
O

Proposition 3.6.1 (Elliptic estimate using #, d,, operators). Let V' be an arbitrary (0,2)-
tensor and 0 < k < N — 2. Then,

IV llrsz SN2 (V)| 10u00 (V) |+ [u0aVa (V) -

Proof. From (3.3.5) we have,
OrV = (u) 7 (0u(V) + TV, V)
and thus
0rorV = (u®) 7 (0u(0rV) + TuV0r V), 0rVeV = ()7 (0u(VoV) + TutVa VeV ).
Recalling 4° = u° — 1/3, we find

W (V)= 0r0rV — XXV, V)V + N°.%, V
= (") (0u(0rV) + TutOr V.V ) = X°X'V, V)V + N2,V
a1 . A A
= (u0) "1 (8rV) + %@ (0u(VaV) + 70NV V) = XOXOV, ViV + N2.Z, V
= (u) 10 (OrV) + Tut(u®) 204(V, V) + (V).
(3.6.16)
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We view N~25# as a perturbation off the elliptic operator .%, . For 0 <k < N — 2,

[(N=2 = L)V e S IXOXIT Y s+ oy va V[l

(u )

S 2TV s | T i |V [ v )

S 526(_2+2#)TH$9,7V”H’€-
Suppose now (V') = 0. By definition of ¢, and elliptic regularity of .7 -, this implies

IN2.Z, (V)2 = [ XXV VoV + 72 (u) 20 uP Vy Vo V|
< 8262(71+M)THV||H2

< C(C) eI L Ve,
for C' > 0 some constant and C; > 0 as in Lemma 3.3.2. We also have a lower bound
C'| Ly (V)2 < [IN2Z (V) || 2.

for another constant ¢’ > 0. Choosing ¢ sufficiently small so that C(C;) 'e2e2(-1H1T < ¢
we see these two inequalities imply

Lo (V)2 < el Ly (V) ]2

For ¢ sufficiently small this implies [|.Z,,(V)|2= 0 and so V € ker.%,.,. However,
ker £, , = 0, and so for small data .7 also has trivial kernel and thus we obtain

IVl 2 S INT2A (V) e S NV 102
Putting this together with (3.6.16) we find
IVILsa < N2 (V) et (@)™ N 720607 (V) e+ (1) 26 N720uVa(V) | -

O

We can now bring together the previous results and estimate the top-order Sobolev norms
of g,¥ in terms of our geometric energy functionals £  ; and EY ;.

Corollary 3.6.1. We have,

lg = v HIS v+ S B, voy + By + AT

Proof. From Proposition 3.6.1,
lg = SN (W) -2 10udr ()G P l[u BuVa () 7y

The first term here is treated using Lemma 3.6.1. For the second term, we begin by using
the commutator estimates in Lemma 3.5.9, and the drh and J,h estimates in Lemma 3.5.5
and Lemma 3.5.13 respectively, to find

10aV ([ =2 S N0uhllign—r+ee >30T R s +A(T)? |00 3y v—

3.6.25
S Egu,N—l + 52€2max{_1+u’_)\}TEg/—1 + A(T)3> ( )
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Next, using the expression for drh given in (3.2.26), together with Lemma 3.5.3, Corollary
3.6.2, Lemma 3.5.13 and Corollary 3.5.4, we find

10607 (W) |2 S 1 0uX -2+ Sl Frv-2 10N [ Fn-2 106X a2 [ VA Fy -
+ 1 X -2 106V P Fy -2+ | Ou Fal |-
S B o1+ By + e NS5 0 a4 lg — vl Fw) + A(T)™.
Using again (3.6.25) we find
TP 0uNV () |[Frw-2 S [Pl -2 (BS, oy + 2™ 222N EL | 4 A(T)?)
S Bno+ By + AT
Putting this all together
lg =Ny S Ef, -1+ Efoy +e(ZFv-1+llg = vll7~) + AT (3.6.28)

We follow the same steps for the ¥ estimate. From Proposition 3.6.1,
IS 11 S 1 () s+ 10D (0) [ Frn-a 172 |00 0aVa (Z) v

The first term here is treated using Lemma 3.6.1. For the second term, we begin by using
Lemma 3.5.5, Lemma 3.5.13 and the commutator estimates in Lemma 3.5.9 to show

10uV ()= S N0uZigv-2tee > TS v ot A(T)? |07 E | 7yv—s

S Egu,N—l + E{ oy + 5€max{_1+u’_/\}T(HE“%Nﬂ‘f‘ng - 7||§{N) + A(T)Q‘
(3.6.30)
Next, by Lemma 3.5.5, Lemma 3.5.13 and the commutator estimate of Lemma 3.5.10, we
note

10uZy 275 S N|OuhillFyn -1+ 1[0, Ly Bl 7y
< Eg N1 + €2€max{_2+2u7_2)\}TE]%_1
+ AT (12l - +llg = Yl Fw) + AT

We can now use the expression for drv given in (3.2.26) and bring together these previous
estimates:

10607 ()[7rv s < N0uS N Frn s+ Ly ol x| OuN [+ Ou Ly oy
106X s IVE [ v+ 1 X 735 10aVE v +H|OuFoll v
S N0uZlFv-s+ 0Ly hlliv s +[10u Fol s +A(T)?
S B,y + e AT (5] R it lg — i) + AT)2

In the above we used Lemma 3.5.3, Corollary 3.6.2, Lemma 3.5.4 and Lemma 3.5.13. Using
again (3.6.30) and Lemma 3.5.13, we find

7| 0uV (2) | v s
S Bf, w1+ By + e TN ()5 lg — 5w ) + A(T).
Finally, putting this all together gives
IS~ S B8, o1+ EX oy + eIl +llg = vlE) + AT (3.6.34)

Y

The conclusion then follows by adding the estimates (3.6.28) and (3.6.34) together and
taking e sufficiently small so that we can absorb the e(||X]|3;x-14]|g — 7[/3;~) term onto the
left hand side. L
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We now provide new estimates on dust derivatives acting on our variables N, X, g, > and,
for the latter two variables, apply Corollary 3.6.1.

Corollary 3.6.2. For I a multi-indexz,

Y 10uV X 2 +H0a VN 2 S A(T),

[[|<N-1

> 10V (g =Dzt D N10uV Sl S (B, yo1)"? + (BS1)Y? + (D).

[[<N-1 [<N—2

The same estimates hold with V replaced by V.

Proof. By Lemma 3.5.13 and Corollary 3.6.1
|0uPl 1 H|BuE 2 S (B, v—1)'? + (BR_1)"? + A(T).

Next, let VI =V, ...V,, where k := |I|< N —1 and let V be a (0,2)-tensor on M. Then,
by (3.5.1), (3.5.2) and Lemma 3.5.9,

10w, V'IVIz2 S 104, VarlVay - - Va Vet - + [0, VIV [ 51
< e Y et AT |02V || -1+ AT [OL (9) v [V || .

This implies
0.V V [ 125 10V || e MV ut AT |07V | .

A simple check shows that when considering the appropriate commutator expression (see
(3.5.53)) on the scalar lapse we will pick up || V|| g+ terms and not || N||zx. The result then
follow, using Lemma 3.5.3 and Lemma 3.5.5. O]

Lemma 3.6.2. Let V be a (0,2)-tensor on M and let p € {1,2}. Then

10aV 1ire S - 10u VIV || g2 +ee 0NV s A(T) |02V || -1

Y

[I|<p

Proof. A straight forward application of commutator identities. O

3.7 LAPSE AND SHIFT ESTIMATES

In this section we first establish the basic estimates on the lapse, shift and their time
derivatives using elliptic estimates and general formula presented in [2]. The most exciting
results lie in the novel top-order lapse and shift estimates given in Section 3.7.1.

Lemma 3.7.1. For 3 <k < N,

N S Illlplle-2e?e T,

1 X || e S |7l s +e2emaxt=2Am 24T,
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Proof. Recall from (3.2.22b) the lapse equation of motion

1
(A — g)N = N(|Z2+mn) — 1.

By elliptic regularity for the standard Laplacian A this implies
N < CUISI Gzt Il 52,
and the desired result follows by Lemma 3.4.1.
Similarly from the shift equation of motion (3.2.22b), we find
1X e < CUZ -2+ 1lg = Ao+l s+ N pre-2),

and the desired result follows by Lemma 3.4.1. [

Lemma 3.7.2. For4 <k < N —1,

107N ||+ 100X e S NN g+ X e+ | -zt 2emext=22 20T,

Proof. Let 4 <k < N — 1. Following [2], we have

102N |z S AN eI X aze+ 150 g+ g — YW I S 2l zre—2+ 102 | rre-2)
SN+ 1X gt ol s -2 =200,

where we used Lemma 3.4.1 and Lemma 3.5.8.
Again, using a general expression given in [2, §7], we have

107X Wz S NN a1 X e+ IEN e+ lg — Yl e
+ (1S -2+ ll 2+ Ornl -2 ) + 72|l mre-s +72 [ T s
SN I X st 7| ] iz rePemext=2h 20T,

where we again used Lemma 3.4.1 and Lemma 3.5.8. [

3.7.1 Additional top-order lapse and shift estimates

In this section we establish important auxiliary estimates in two propositions for the lapse
and shift variables. The first proposition is used to estimate 0,V;V;N. This somewhat
unusual expression comes from a dust derivative acting on the first term in F), (see Definition
3.2.6), and appears later on in the energy estimates for Ef .

Proposition 3.7.1 (Top-order auxiliary lapse estimate). We have
1
(A — g)@uViVjN = ZNu

where,
| FNullav-a S AMT) + E§, vo1 + EX_y-
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Proof. Start by commuting the lapse equation (3.2.22b) with 9,V,;V;:

1
(A= 3)0uViViN = [A,0)ViV;N + 0ulA, ViVjIN + 0,V:V, (N(1S[;-))
= L1+ Lo+ L3 = Fnu.

We investigate each of the terms in .#x , separately. The first term L; we estimate using
(3.5.2), (3.5.3) and Lemma 3.5.11

L1 || g1 S A(T)||0r ViV N|| s e =N |7V N || v—
S MDY (102N (| v+ 107, ViV N [ gv-a ) + eem =T N
5 A(T)2 _i_gemax{flJru,f)\}TA(T).

For the next term, Lo, we first compute, for ¢ a scalar,

[A, Vi]o = 29"V .V Ve = —Ric"; V.0,
A, V;]V,¢ = Ric“V.V;p — (VRiem®,;)V.¢ — 2Riem®;,; V*V ..

Thus

0uRic*)) V.V, N = (04Ric’;) ViV N = 2(0uRiem®u:) V'V, N)
(R (0uVeV;N) = Ric®;(0,V;VeN) — 2Riemu: (0, V V. N))
—(La1) = (La2) + (Laz) + (L24)

A,
(( V“Rlem iai) + (auviRic@))ch— (VRiem®jq; + VRic; ) 0u V. N
+ ((

The second and last terms here are easy to estimate using Lemma 3.5.3 and Lemma 3.5.9
(note also that the expressions (3.5.1) and (3.5.53) simplify when calculated for a scalar)

[ Loz |+| Laall| grv-a
< IRiem|| gv-s ([|0uN || v-s+ [0, VIN|| -3+ [P, VIV N| 51
S [IRiem|| gv—s (A(T) + A(T) |07 N || gr-s-+ee™ T N s )
S A(T).

For the other two terms, Loy and Lo3, we schematically write

duRiem = u0p (00 + I'T) — 7u°V Riem
= u?(00;T + T0pl) — 7uV Riem + 7u * T * Riem,
OuVRiem = Vo,Riem + [0, V|Riem,

and thus
|| Lot [+ [ Los| | px-1 S ||]/V\||HN—2(||6TF||HN—2+||6TF||HN73||F||HN73+||8TF||HN*4||Riem||HN74
I €emax{*1+%*)\}THRiemHHN—2+€H(9TRiemHHN_4>

< ee M| N|| ga—24ee™ =T | N || vz || Riem|| -2 < A(T).
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Finally we compute

Ly = V,V;0u(N(|Z[;=71)) + Vildu, V(N ([Z[5=70)) + [0u, Vi V(N (IZ[;—7n))
=: L31 + L3z + L33
By the matter estimates in Lemma 3.4.1 and Lemma 3.5.7, as well as the geometry estimates
in Lemma 3.5.3 and Corollary 3.6.2, we find
IZs1 | mv-s S N0uN | w2 (12l Fp—2+ |70l rv—2) + 2] rv-2 | 0T -
+ Tl -2+ [ Oun]| -2
SAT) + [ v (B )" + (B%_)'?).
Similarly by Lemma 3.4.1, Lemma 3.5.8, Corollary 3.5.1 and the commutator estimate of
Lemma 3.5.9,
[ Laal v S ee™ 0T\ S Fn ot |70 )
+ MD) 00N ([ ax-s(IZ 7w -5+ 70l zrv-s)
+ AMD) 15N s |0 Sl erv—s+A(T) T [[[0| erv—a+ AT [ || 07| prv—s

< €€max{71+u’7)\}TE]%_1 + €€max{fl+u,f)\}TA(T).
The final estimate follows in the same way:

HLSBHHN—4 S €emax{71+u,f)\}TE]gV_1 + Eemax{flJru,f)\}TA(T)_

Putting this all together we have found
1N ull v S AT + 1| -2 (B, v—)'? + (BR_1) '),
and so the conclusion follows by Lemma 3.4.2. [

Remark 3.7.1. In our energy estimates later on we need to estimate a term of the type
3H@N —2F, where V-2 indicates N — 2 covariant derivatives and F, is given in Definition
3.2.6. We would like to commute the 0, operator past these covariant derivatives. However,
F, contains a VV N term, and we cannot commute 0, past N — 2 copies of V as well as the
extra two derivatives in VVN since we only control u® in H¥~!. The previous proposition
crucially allows us to avoid this issue. Note also that by commuting in the 0, operator,
instead of doing the rough expansion 9y ~ dr + Tu® * V, we gain an additional derivative
in Corollary 3.7.1 compared to Corollary 3.5.4.

Corollary 3.7.1. For I a multi-index of order |I|< N — 2,

Hau@IFvHLQ SANT)+Ej, v+ EX .

Proof. Write v = @al ) ..@ak where k := |I|< N — 2. Using the definition of F), in
Definition 3.2.6 and the estimates in Corollary 3.6.2, we see the most subtle terms (from
the point of view of regularity) are V;V;N and N75;;. For these terms we look at what
happens when we commute in the 9, operator using Lemma 3.5.9:
1100, VIIViVN |12 S 110w Var]Vas - Vo, ViViN || 2t -+ + ([0, VIV VN [ s
S 56(_1+“)T||]/V\||Hk+z—l—A(T)||6TN||Hk+1 +A(T)||[Or, ViV N|| ge-1.
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So by the commutator estimates (3.5.1) and (3.5.2), as well as Proposition 3.7.1,

10aVIViViN |2 < 1|0aViV,N|| i +]|[0u, VIIVV;N|| 12
S | F vl g2 +A(T)
SAT) + |1E)| -2 (B, y_1)"? + (B _)'?).

Similarly, using the matter estimates in Lemma 3.4.1, Lemma 3.5.7 and Lemma 3.5.8, as
well as 0y N estimates in Lemma 3.5.3, we find

18aV (NS 1z S TS ] s +10uS |+ 10u N | 16 1| S || e+ 7| S
+ A(D) |07 S| -1 +A(T) |S]] -1 +A(D)[|O7 N || g1 | S| 1)
< A(T).

[]

In our energy estimates later on we need to estimate a term of the type 9, VN1 F},. Similar to
the issue discussed in Remark 3.7.1, the problematic term here is the -Zx g term appearing in
F}, (see Definition 3.2.6). The second proposition of this section estimates this problematic
term. Since, however, the shift is not scalar-valued like the lapse, a replication of the
ideas used in Proposition 3.7.1 ends up failing. Instead, our proof involves a remarkable
combination of commutator estimates, the Bianchi identity and the Einstein equations in
the CMCSH gauge.

Proposition 3.7.2 (Top-order estimate for Zxg). We have

SMD)VES, y—y + MD)Efe_y + MT)(B, n-1)'".

~Y

(05 (A Lxg), 0u ) () 1

Proof. Recall 2(—1) = N —3. We first define .Z.* by rewriting the shift equation (3.2.22b)
as
AX, = —Ric, X, + FX

By contracting the Bianchi identity, one finds
V“Riemabcd = chide - VdRiCbc.

Using this, and the fact that V is a torsion-free connection for the metric g, we can show

that
A(ZXg)ab = VQAXI) + vbAXa + [A, va])(b + [A, Vb]Xa

= Va(=Ric%) X, + VoZX + Vi (—Ric%) X, + V,.ZX
— ¢"V(Riem"y;,) Xy — g9V, (Riem" ) X}, + 2F (ap)
= —QkakRiCab + Vaﬁbx + vbﬁaX + QE(ab),

where we have introduced the error terms
Ej; i= — Ric%;V; X, — 2Riem";.;V°X}, + Ricy; VF X;.
As first noted in [4], in the CMCSH gauge, we have

. 2 1
Rlcab = _§gab - igg,'yhab + Jab7
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and thus
ALxgar = X"V Ly yhay — 2X Vi Jap + 2V (0 Ty + 2E(a).- (3.7.32)

We now need to estimate each term in the RHS of (3.7.32). The first term requires the
most care. We begin with an identity, valid for V' an arbitrary (0, 2)-tensor and k € Zx,

Oty (XN V) = XN 0u Ly (V) + X0l L5, Vin]V 4 X700, Vin 25V

L AL 977 (3.7.33)
+0u X" L7 (ViV) + 00 L), XTIV V.
Thus
8u$;;1(kak$gnhij) = vam@u':gg{ry(hij) + %le + e@fj, (3.7.34)
where

Ry = 0u LN XMYE Ly i) + 0u L (X YR Ly b)) + X 06 LV )Ly g
+ (L5, XMV oy hi),

g7

R = X" [0u, Vi) La hij + 0uX™ - Ly (VL yhij).-
We integrate by parts on the first term in (3.7.34) using (3.5.12b) and Lemma 3.5.12 to find

(X700 (h), 0u (D)) 1

SIX s 0L bl S AT, .

The remaining terms 9?@132 appearing in (3.7.34) are errors terms. Since we work at high
regularity, we can control such error terms using the basic idea of taking low-derivative
terms out in L*>°. We briefly present this argument once for the last term in ,@}]

g,y ~
I]+]7]<2(-1)
[7]>1

10u((Z,5 " X" Ny ahilez. S Y 10wV X« VIVZ 0) 12

S X 10V VIR HIVI XOu(VIR) 1z
1[N 3,
15117123

(3.7.37)
We are now faced with four terms depending on where the derivatives sit. Two of these
have high derivatives on the shift X, and so by Sobolev embedding these are controlled by:

> U0V X N2V bl a2+ IV X 121100V Bl 2.
1<|I|<N -3,
3<|JIS(N=3)/2

We use Lemma 3.6.2 to exchange the H? norm with the 9, derivative, and then all terms

are then controlled using Corollary 3.6.2 and Lemma 3.5.5 provided &. 3 34+ 2< N—1. The

other two terms, where the high derivatives hit the metric, are similarly controlled by:

> N0uV' X |2 |V Bl 2+ VI X || 2100V B 12)
3<[J|<N-1,
1<|1|<(N-3)/2

and once again all these terms are controlled using Lemma 3.5.5, Corollary 3.6.2 and Lemma
3.6.2 provided % +2< N -1
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Carrying on this way, and using the commutator estimates contained in Lemma 3.5.10,
together with Corollary 3.6.2, we find

(Z",0uZp (W) | S MTVEG oy + MT)ES + AT (B 1)

For the other error term, %2, we use Lemma 3.5.5, Lemma 3.5.10, Corollary 3.6.1 and
Corollary 3.6.2, to find

(2, 0uL, (W) 1

S X |2 10y, ()22, (e (| g = A v+ A(T) || Orh | 1)
+ 10X |2 llg = Il Ll bl 2,
S AT ((Bg )+ (BS- )Y+ MT)) (B, v

)1/2‘

The second term in the RHS of (3.7.32) is estimated by the same expression as for 2'. For
the third term in the RHS of (3.7.32), we use the definition of #% given in (3.2.22b):

— X
8U$g,’yl(vjyi )
= 0L}V (2VNSE = ViN + 2N72 005" — gas(2NE" = VP XT3, ).
The second term in the large brackets here (@Z]/V\ ) decays the slowest, while from a regularity
point of view the most subtle term is the matter term (y*). For this latter term, we commute

in the 0, operator and use the matter estimates of Lemma 3.4.1, Lemma 3.5.7 and Lemma
3.5.8 together with the commutator estimates of Lemma 3.5.9 and Corollary 3.5.2:

100255 V(72 90i) |2 S T2 (100) | x—2H[Bus L35 TV 3% 12+ [Bus V515 )
< T2 (10ug | v-2tee™™ AT gl 2t A(T) O v—s)
< 2eCAMITN(T) 4+ A(T)? + gle” BT,
All together, and using Lemma 3.5.12, we find
20624V Ty 00 g (hat)) | S MT)E, vy + MT) By
+ (A(T)? + 2eMITN(T) + ele” BT (B

)1/2.

us

Finally, we have

0L Ele S >, 10u(V! Riem V7 X)[| 2 < A(T),
1] +]J| <N -2 ’
[J]>1

where the Riemann terms can be estimated using arguments as in the proof of Proposition
3.7.1. 0

3.8 GEOMETRIC ENERGY ESTIMATES

In this section we establish energy estimates for the geometric energy functionals. We
first prove estimates for the time-derivatives of the lower-order energy functional F9y_1,
and then for the top-order energy functional ggu, ~_1- Recall a,cp and Ej, are given in
Definitions 3.3.4 and 3.3.2.
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Proposition 3.8.1. There exists a constant C' > 0 such that

OrEIy_1 < —2aE9N_1 + CA(T)(EIN_1)Y? 4+ C(EIN_1)*2

Proof. Let 0 < k < N — 1. Using an estimate from [2, Lemma 20] together with Lemma
3.4.1, we find

OB < =20, + 6(E%)" ||| N S| 1 +C(E,) 2
+ OB (|l s 72 | Nl )
< —20 % + C(E%) 2| pll s+ C (B2 4+ CA(T) (%) "2

We now turn to the time evolution of the top-order 0,—boosted geometric energy. The main
result is stated in Theorem 3.8.1. For ease of presentation however, the proof relies on the
subsequent estimates given in Propositions 3.8.2, 3.8.3, 3.8.4, 3.8.5, and 3.8.6.

Remark 3.8.1. The key auxiliary estimates of the previous section, Corollary 3.7.1 and
Proposition 3.7.2, are applied in Proposition 3.8.3 and Proposition 3.8.2 respectively. The
important integration by parts identity (3.5.12¢) in Lemma 3.5.2, where one term is brought
back onto the LHS, is applied in Proposition 3.8.5 (see (3.8.45)).

Theorem 3.8.1. There exists a constant C > 0 such that

Or&4, n—1 < =208, 4 + C(7l|ull px-1+A(T)) Bfyy + CA(T)(EFy) "
+ C(Efy)*? + CA(T)™.

Proof. Recalling Definition 3.3.6, the energy Ej , ; consists of a sum over lower-order
energies. The top-order is the most subtle, so we focus on this and merely remark that
the estimates for the lower-orders follow in the same (or possibly easier) way. The top-
order energy consists of two parts, an &5y term and a cgl’j, v, term. We treat these
separately for the moment.

Using (3.3.5)-(3.3.14) and integration by parts, we find

0165 o0(T) < (IN|| VX 1) 5y oe(T) + [9(0uZL o, (Orh). ul (h)),s

(3.8.4)

g’

1 1
+ 5Oy 000 0Ly )y g (a0t Oy [ 4G

where we define

Ge = 9([0uZy,, Or)(h), 0uZy) (1)) 12

9,77

1 _ 1 _
(0Ll (), 1002 0N () 1y + 5 (a0 (1), Ou s ()

gy 9,7’

The terms G. are error terms, and so our main focus is on the terms appearing (3.8.4) in
the square bracket. Using the equations of motion (3.2.26) and self-adjointness of .Z .,
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these become

1 .
9(0uty,(0rh), 0uLy (M) 1 + 50ty (0r0), 0uLy  (v)s

1 _
+ 5(811%7 (1)), (911"§/ﬂ_¢]£,')/1(aTv))Lg,W
= —2(0uZ, (), 0uZ, 5 (V) 2+ G1L+ Go + Gy + G,

where
G, = 9(8u$;7(2]/\7\g - %x9), au%»y(h»/:gﬂ?
G = 30wy (1), 0uly s (0)) 3 | +3(0uZ), (v), 0uZy S () g
G3 = 9 [(au%,y(wv)7 auggz;y(h))Lgﬁ

9 _ _
— 5|0y (WL 1), 0u Ly (0)) 3+ (0uly,(0), 00y (W Ly b))y .

1 . ) 1 o
G4 = 5(8u$;7(vamv>v au%wl(v))Lgﬁ + 5(6110%;77(1})7 aU"gge,'yl(X vm”))Lgﬂ'

Similarly using (3.3.5)-(3.3.14) and integration by parts, we find

aTF%u,%(T) < 56_TI‘?)U7%(T) + [(au$;;1(aTv)7 au'iﬂge,y(h))%7

(3.8.7)
+ (002 0,00y 0rh) 1 ]+ Glee.

where we define

Gee = ([0r, 0023 "1(0), 0ay, (1)) 12+ (0uZy (v), [0, 00, ) () 12 .

9,y

Using the equations of motion (3.2.26)

(0621 (Or0), 0a (W) s+ (a0, 00, 00D) 15 |
= _2<811°2ﬂg€;1<v)7 all"ggg,'y(h’))L?L,Y - 9<au°§/ﬂgz,’y(h’>7 allﬂggﬁ'y(h»Lg’W
+ (0uty (v), 062y, (V) s+ G5 + G+ Gr + Gs + G,

where we have defined
Gs = =9(0uZy, (NLyrh), 0uZy (W) s Goi= (0uy (v), 00y (NV)) 1o,

G? = (auoggligl(v)) 811"?95,7(2]/\79 - XXQ»LZ,W GS = _(auggli;l(Xmﬁmv)’ 8113;77(}1‘))[/3‘77
Gy = 6(0u) (F), 0u2y, (), ) s .

The errors terms are estimated in the following subsection 3.8.1 and subsection 3.8.2: G,
and G (Proposition 3.8.2), Go and Gy (Proposition 3.8.3), (i3, G5 and Gg (Proposition
3.8.4), G4 and Gy (Proposition 3.8.5), G. and G,. (Proposition 3.8.6). Using these estimates,
and adding (3.8.4) and cgx(3.8.7) together, yields the required inequality. O
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3.8.1 Estimates on G; to Gy

In this section we prove estimates on the terms G; to Gg. We begin with a useful identity.
Let V;;, P;; be symmetric (0, 2)-tensors on M and k € Zs;. Then, the integration by parts
rule (3.5.12a) implies

(002, (V) 0uZy (P)) s
= (0"VauZy V), Vida i (P) 5, = 2Riemb] 0 a2 (V). 0y (P,

+ ([Ou 2y L5 (V), 0Ly (P)) s
(3.8.10)

Proposition 3.8.2. We hawve,
|G HIGHS AT B, vy + AT By + AT (B, v-)"? + AT)2.

Proof. The first term in G, is easily controlled using Lemma 3.5.12 and Corollary 3.6.2:
(a2 0L )z 1S Y 10V Nlles 10uZlhllz, S ATY(ES, y_)2

3
[[|<N-1

For the Lie derivative term in G, we rewrite it as
81,3;7(3)(92-]-) = au.,f;;l(AfXgij + 81,.,%;;1(3977 — A)ngl]) (3813)

The first term on the RHS of (3.8.13) is precisely what is controlled using Proposition 3.7.2.
For the second term, we schematically have

(Lyny — A)Zxg = g_l(ﬁﬁ — VV)Zxg + Riem[y]| * Lxg
=VYTs«VX+T*«VVX+TxT*xVX +VX.

Using the T estimate (3.5.10), we have
(06255 (Lyy = D)Zx9), 00y (W) | S 30 10u(VIXVIR)IIs 10y hllrs

H[+]J|SN-1

SAD)((EL)"? + MT)) (B, n-1)"> + MT)(ES, v,

where in the final estimate we used the same ideas as in (3.7.37), namely an application of
Corollary 3.6.2, Lemma 3.6.2 and the fact that 2(¢ — 1) = N — 3. The same arguments
clearly apply to G7 also. [

Proposition 3.8.3. We have,
|G| +[Go| S (Efo)*? + MT)(E§, no1)' + M(T)?.

Proof. The two terms in (G5 are estimated in virtually the same way. We discuss how to
estimate the second term, since it is slightly more difficult. We first use the identity (3.8.10)
with V = ¥ and P = F,, in order to transfer derivatives between terms:

(0uZyr(2),0uZyr (F)) 1 X = (9"Va0aZy ) 5, Vi0uZy  (F)) 1
— 2(Riem[y] 0 0L 'S, 0u Ly ) s+ (10w, Ly L4550 00l ()1

g,
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We estimate each of these three expressions in turn. For the first expression, we use the
various F), estimates from Lemma 3.5.4, Lemma 3.5.14 and Corollary 3.7.1, together with
the commutator estimates from Lemma 3.5.10 and Lemma 3.6.2, to find

10uZy 3 (F)llim S D2 106V L35 ()| oteem =M By v
17]<1

+ A(D)|0r Foll gv—s+A(T)|[0r, £, 1(F) | 2
SAT) + Egu,N—l + By

+eem NI (A(T) + |lg = 3|+ Sl )
SAT) + Eeg)u,N—1 + By

Note in the final line above we used Corollary 3.6.1.
In addition, combining Corollary 3.5.3 with Corollary 3.6.1, we have
18,5 ()l S = lv+llg = v +MT) S (BS, xv-)' + (B + A(T).

So we find . A
(4" Vu0u 252 Vidu i () | S (B2 + AT

In a similar way, using Corollary 3.5.3 and the coercive lower-order estimate from Lemma
3.4.2,

|(Riem[y] 0 0u.2,7'8, 002y ) 1 | S 10027 Ell12)1002) 5 ()| 12
S (EL)Y? + MT)%
Combining (3.5.86) with Corollary 3.6.1 gives

10, 212,75 El e S e NI | s llg — Allav) + A(T)?

3.8.22
< com I NT (B 2y (B ATy )
Then this gives control over the final term in Gj.

Finally we use the above estimates and Lemma 3.5.12 to estimate Gg by

‘(Buff;l(Fv), 8u$g{7<h)7 )Lgﬁ

S 00255 (Fo)ll2110uy ()]l 12 S A(T) (B, y-1)>.
O

Remark 3.8.2. In the next proposition, it is crucial that the three terms of G5 are treated
together, since there is an important cancellation that appears.

Proposition 3.8.4. We have,

(Gl +|Gs |+ G| S (7 llfull v +A(T)) Efy + AT (EG, y-1)"?
+ (Efy)*? + MT)*.

Proof. First note from (3.3.5) that

(au%»y(wggmh)v 8113;;1(”))]:% = (au%;l(wggnh)v (()u'ﬁ/ﬂge,y(?)))/:g7 + G,
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where we have defined
G5 = ([0u, Lo 215 WLy ), 0uLLT ()
+ (811‘,?;;1(20,%,7@, [8117"%977]"?9{;1(1)))ng'

A computation then gives,

1
G

1 _
$ G = (Ou Ll (w0), 02 (M) 1y — (Ol (W Ly ), Ol (0)) gy —

The worst term above occurs when all the derivatives hit the geometric variables v, h instead
of the lapse variable w. However, crucially, such terms cancel

(wau'”gg{'y (v), aUDgge,'y (h))L2

2 T (wauggg,;l(o%nh% 5’u~§/pgﬁw(v))L;7 =0.
So we are left to consider
(0u2)(ND), 020 (1)1 — (0uL (NLy ). 0ul (D)),

(O ([ NID). Ol ()gs — Oul (2), 00y (Lo N ) 5.
(3.8.29)
For the first term on the RHS of (3.8.29),

(0uZ5 ([ Ly NIS), 0y () 1

S Y N0u(VIN VIS 2|00 L (B) | 2
|11+ J]<2¢
[7]>1

S AT (B, )" + (B + AT)) (B, v-0)

For the second term on the RHS of (3.8.29) we need to apply the integration by parts
identity (3.5.12a). This gives

(0uly (D), 002, ([ Ly N1Lyoh)) 2 =
(9"Va0u L (2), ViduZl ([ Ly NIZyoh)) s
— 2(Riem[y] 0 0.2, (2), 0u2, (21, N1-Zy 1)) 12
+ (0w, £} 2,51 (2), 002, 2 (L5 N1Zy 1)) 12

~

and thus
(0uf (2), 00 Ly (L NJZy 1)) 2
S (10ay Sl 110w Zo ] 24 () 122) 1062y ((Ls N1 L) 1
S (10uy Sl +10w Zo 1 2o () az) X 10V NV )11

[+ J|[SN-1
[7]>1,]7]>2

All these terms can be controlled by estimates in Corollary 3.5.3, Corollary 3.6.1 and
(3.8.22), together with distributing derivatives and applying Lemma 3.6.2 and Corollary
3.5.1 as needed. We refer to the example given in (3.7.37). All together, we find

|(0uy(NE), 002y, (W) 13— (0uys (NZyoh), 00y, (2))ys
S AT (Bfnr + By + AT)?).
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Finally, we need to estimate the terms in Gf5. These in fact require the most care. For the
first term in G, when using the commutator identity (3.5.57) on the first factor we see
that this has potentially too-many derivatives hitting the metric h

[aua gg,w]ggl;l(]vggwh)

Using the schematic identity given below (3.5.57), we see these problematic terms come
when all the derivatives hit the metric h:

(Bug™") VAV 4 Vb « VVN 1900 4+ 7Vl VEVV 1,
Thus for these terms we integrate by parts using (3.5.12b). For example, we find

((Bug™)VaViZ  (INZy 1), 06251(R)) |, | S 10ugllis | L bl 06 S,

2
L!L'Y

(F(Vu) VoVl (N 2y h), 0uZ)5 (D))

S Irlllulles 112y bl e 1002y 5 Sl e

2
LQ»’Y

These terms can be controlled using Corollary 3.5.1, Corollary 3.5.3 and Corollary 3.6.1.
We eventually obtain the following estimate for the first term in G%

(0w, Z2) 25 (NZy 1), 0uZyH(E) 2

S ITlllullzzy— E5, v—o + T llullav-1 By

+ MTVES, vy + AMNT)ES_ + A(T).
(3.8.37)
For the second term of G, we use the original commutator estimate (3.5.59) combined
with Corollary 3.6.1 to find

|00ty (WL 1), 10w Zuo) 2y ) 13| S 1003 (NLyo )22 1[0 Z) 255 ()22
S (B> (Ilg = 2w HIZ v+ AT + [l 2 |l ).
S (Bjn-1)"? (Egu,N—l +E{ o+ A(T))-

Finally we turn to the estimates for G5 and Gg. The first of these is straightforward in light
of previous estimates:

Gs| = [(0uZ5 (NZyyh), 0y () 1

S Y 0u(VINVIR)| 2|00 L) b 12
I+ J[<N-1
VE

S AT (B, v)"? + (B + AD)) (B, 1)

For G4 we need to integrate by parts once just as for the first term in G¢, however the
estimate follows in the same way and so we omit the details. O]

Proposition 3.8.5. We have,

|Gal+|Gs| S MTVEG, vy + MT)EY  + A(T)".

Proof. The two terms appearing in G4 are

(Ouly e (X"V0), 0Ly (1)) 2+ (Butys (0), 00y S (X Vin)) 1

g,y
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We explain the estimate for the first term only since the second one follows in the same
way. Using (3.8.10), we obtain
(02l (X "V D), 00 LM (D)) e = (0°Valuli (X VD), Vida i (D)) 12
— 2(Riem[y] 0 0, L X"V, 2), 0uZy M ()1

+ ([0, Zy ) L5 (XVaE), 00 L0 ()
(3.8.42)

We focus on the first term on the RHS of (3.8.42) and use (3.7.33) to write it as

VaOuZ XV E) = XV, Vo0 N (E) + G, (3.8.43)
where we have introduced

G = VX" Vy0uZ 'S + X"V, Vi 0u Ll 'S

A

+ Va0l 25 XV + 0u(X ™ [ZL5, Vin] D)

9 gy

+0uX™ VLS + X704, Vi £
)

By a slight adaption of the integration by parts estimate (3.5.12¢), we see

(G X"V, ViV )i | S IX [V (3.:8.45)

Using this, Corollary 3.5.3 and Corollary 3.6.1, the first term of (3.8.43) is thus estimated
as

(X702 (2), o2 (D)) | S X e 0uZs Sl
SMT) (B, nor + By + (D)),
We then turn to the remaining terms in (3.8.43), namely G§. The first, second and fifth
terms of (G are fairly straightfowardly estimated by
1X 112100y Sl H10uX 121255 Sz € AT (10025 S+l 1)
SAMD) (B n-0)"? + (B4 + N(T)).

The third and fourth terms of G§ merely require a careful counting of derivatives. As an
example, the fourth term of G is estimated by

10u (X" (L5 Y Vil E)) i S 106X sl L350 VIS HIX s 10ulZ550 VIS 1.

97 g7 97

The first commutator term here can be studied using Lemma 3.5.10, in particular the same
ideas as in (3.5.61) yield

L5 Vil lan S llg = llax-s |2l a2+ v S (Bf_y)V>.

While we use (3.5.60) and the same ideas in the proof of Proposition 3.7.1 to estimate the
second commutator term by

10 L5 VIE I S Y 10u(VEgVID) e+ Y 10u(VIRiem[y] x VD) 12

g,y ? ~
I+ J]<2¢-1 |11+ J<2(6~2)
1217122

< (Bf, v-0)'? + (BR_)"? + (D).
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Finally, for the last term of G§ we use the original commutator identity (3.5.53) to estimate
it by

1X 11231 [P, VIZ15 Sl S AT (7l 1Z05 Sl V60 122075 prace )
S AT (7l - (B )" + AT (B -)? + A(T)?).
In summary, we obtain

GIIS MT)ES, vy + MT)ES ., + AT

We now turn to the second term on the RHS of (3.8.42), and estimate it by

1002, Slle D0 10u(VIX"VIE) 12 S MT)E, -y + AT)Efry + MT)%.
|11+ J|ISN-2
7121

We finally turn to the last term on the RHS of (3.8.42) and use the identity (3.5.57) on the
first factor

O, L) L1 (X VD).

Using the schematic identity given below (3.5.57), we see certain problematic terms arise
when all the derivatives miss the shift and hit X:

(Qug™) * X V2VV2Y 4 Vil % X« VVV 20,8 4+ 7Vl « X x V2V 23,

So, just as for the first term in Gf given in the proof of Proposition 3.8.4, we need to
integrate by parts using (3.5.12b) on these terms. Given the close similarities, we omit the
details and just state the result:

‘([aua D%,'y]gg{;l (Xa@az))a 3u%§1 (E»Lfm

SMTVES, oy + MT)ES 4+ A(T)2.

~Y

Note, however, that the above estimate is better than in (3.8.37). This is because of the
additional shift term appearing which always gives us additional decay (unlike the lapse
which needs at least one derivative acting on it).

Finally we turn to Gg and remark that

|02y (XY 0), 0Ly, () | S D 10u(VIX"VE) 121002y 12
‘ [+ J|[<N—2
|J[>1

and this is easily estimated using previous ideas. O]

3.8.2 Estimates on G, and G,

In this final part of the section we prove estimates on the commutator error terms G. and
G.. We first prove a preliminary lemma concerning the commutator between the operators
Or and 04.Z;, and then use this lemma in the subsequent proposition.
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Lemma 3.8.1. We have,

11062y, Orlhll 2+ 11062yt Or1E e S B, vy + By + A(T).

9,7’ 97

Proof. Let V be a (0,2)-tensor on M. A computation yields

01, 002, | Vij = —0ru’ - Z,.,00Vij + 0ruldrg®V o ViVij — TuN (L, Vi)
+ TaTUC@c(»%,sz‘j) - 3u(aTgab)@a@bVij - anTgab : @a@baTVz‘j

+ T(aTgab)Uc@c@a@bV;j.
(3.8.59)
Using Sobolev embedding we find

10, 0uZy )V |Iz2 S (10080 2|00 bl 22+ 10D (g7 ) 222 ) 1V [
+ |71 (el e+ 107 12 ) IV s+ (1072 222+ 1O 222 ) 190V | 122

We use (3.2.26) to schematically compute
OuOrg " = 0u(g g7 Orh) = 04X + OuN + 8u(F,) + hoo.t.
Using Lemma 3.5.3, Corollary 3.5.1 and Corollary 3.5.4, we obtain
10u0r (9™ =S N10uSH 2+ 0N | 2+ 0u(Fr) 2 4+he0t. S (Efe_y)'? + A(T).
So, by applying the estimates from (3.5.32), (3.5.46) and Lemma 3.5.5,

10r, 8ay V2 S (Il g2+l Fus |l 2 +A(T) + (B ) ) [V | s
+ (Bx—y + AMD))[07V || 2
S (Irlllull a4 (B + AV (|3 +(E—s + AD)[02V [ 12
Thus, from Lemma 3.5.5, Lemma 3.5.10 and Corollary 3.6.1,

l[0r, 00y 1245 Bl S (Il (B + A(T)) g = Y]l v
+ (EX—s + AT))|[0rh v
S Egu,N—1 + E{q + A(T).

In addition, we note that at higher order s € Z~,, we have the identity

07, 00L2.1Vi; = (07, 00y )(L:5 Vi) + (0ug™) Vo Vo([0r, L2 1Vig)

0% b (3.8.65)
+ g° auvaquaT"’ggsﬂ’ ]VJ)

Using this and the commutator Lemma 3.5.10, we find

||[8Tyau$;7]h||L2 S ”[31“7(9113977](3;;%)”L2—|—||augHH2‘|[8T7$g{;1]hl|m
+ 19 0aV Vi ([0r, L1510 | 12
S ES noq+ By + MT) + |g"0uVaVi([0r, L5 1h) || 2.
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So it remains to control this last term, which we do so using the commutator identity

(3.5.64)

/-1
19°0uVaVu([0r, Zy7 )12 S Yo 9™0uVaVo (L (Org"™) - Vo, Vo (L5 7 R) ) 12
i=1

<> 10wV 0rg) VY h| 2+ 1V Org - 0u(V B 12
[1]+[T]<2¢
VED

SE v+ By + A(T)?,

where in the final line we used (3.2.26) to replace drg and then distributed derivatives and
applied Lemma 3.5.5, Corollary 3.6.2 and Lemma 3.6.2 as needed.

The ¥ estimate follows in exactly the same way. O

Proposition 3.8.6. We have,

‘GC’+’GCC’§ (Eifgot)g/2 + A(T) (Egu,Nfl)l/Q'

Proof. There are three terms to estimate in GG.. By Corollary 3.5.1 and Lemma 3.8.1, the
first term is easily estimated as

0uy; Or)()2z N10aty (W)]l2s

g”y’

(Bfo)™? + A(T) (B, y-1)'">.

9777

((0uZy,, Or)(h), 0y (W) 12

S
S

The terms appearing in G.. are similarly easily estimated:

([0r, 0a 2,711 (0), 0y (1)) 13|+ |(OuZyr (0), [0r, 0uZy ) (1) s
S 10u5t 001 (D) laz 10uZp (W lez + 10wt Or) ()| 2z 10wy ()2
2

g7 9,7’

< (BL)™? + AT)(Bf) 2 + A(T)*.

For the second term of G, we integrate it by parts using (3.8.10) to obtain

g9y 9y

— 2(Riem[y] o 8113;;1(11)7 [z 8T]<U))Lgw

(0uZfy(0). 0uZl 00 () s = (4Bl (0), VoL 0] ()

g?’y ’

1 (00, ) 215 (0). [0u 2.5, 01 (0))

gy

So by the estimate (3.5.86), Corollary 3.5.3, Corollary 3.6.1 and Lemma 3.8.1,

g9y
< (106253 Sl 110w, Z50) 255 S 22) 11062y . O7) (D) [ 0
S (Bf)*? + MT)(EL)? + MT)*.

(0uy,(0), [0uZys " Or](v) 2

For the final term of G., namely

g7’y’

(0uZ, 011(2), 02,51 (D) s .
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we need to integrate certain terms by parts since some of the factors contain too many
derivatives on ¥. For example, using (3.8.59) and (3.8.65), we see that two such terms are

(0ru’ L, ,0r(ZLi'S), 811.,2”;;1(2))% St (Tucﬁc(iﬂ;ﬂE), 811.,2”;;1(2))% .
Using the integration by parts estimate (3.5.12b) and (3.5.46) we find
(0ri 2, 00(L512),0u 225 (s | S 100 s 9rS o 1005 Sl s
< AE tot + (Egot)Q + A(T)S

Similarly,
(U V(L) 0), 0047 (D)) 12

Sl s [ gy 100y S e
S Irlllull v By + A(T)?.
All the remaining terms can be controlled using the ideas from before. We eventually obtain
((0uZ;, 00)(0), 0y () 1z | S (Il 14+ A(T) ) By + AT (B, 1)
+ (E5,)% + A(T).

3.9 ENERGY ESTIMATES FOR THE DUST VARIABLES

In this section we establish energy estimates for the dust variables p and u® in two
propositions. An integration by parts identity, where due to symmetry a high-derivative
term can be brought back onto the LHS, plays a crucial role in both propositions. We
write the argument out explicitly for the first proposition, although note in principle the
argument is just as in Lemma 3.5.2, (3.5.12c).

Definition 3.9.1 (&;[p]). Define the following functionals

=5 LIV Py, GLT) = S BT,

0<e<k
Proposition 3.9.1 (Time evolution of &y_s[p| for fluid energy density). We have,
|Orénalp)(T)| S ee™ 1My L[p(T).

Proof. Recall from (3.2.22d) that the equation of motion for p is
orp = (u°) ' pF, + 7(u°) 'V up.
Let 3 <k < N —2. Using (3.3.14) and the integration by parts estimate (3.5.12b), we have

OrElp(T) S 1N Bulol(T) + [ (9% pP )ity + [ X190
S (||N||Hz+||X||H3)Ek[p]<T>
[ (g g ) (V) (T Tty
+ /M gt g™ (0rVa, - Vi, p) (Vo -+ Vi p)itg

S (IN e+ X N+ 120 a2 ) B [o)(T) + I
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where we have defined

I = / galbl co gakbk (aTvm T vakp> (vbl T vfmﬂ):ug'
M

We focus on the integrand of I}, commuting the derivatives to find
p u’
OV, Vap=Va - Va, (@Fp + r@vzp) + [07,Va, -+ Va,lp.

We first look at the term 7u‘V;p which contains the most number of derivatives on p. By
commuting and integration by parts, this term becomes:

uz a a
| 7 (Tar T Vip) (V- V),

ul al ag
:/MTE([VM-"V%,VZ‘][))(V Vv p)Mg
ui ay a
_/MTVZ'(E)(VM"'VGICP)(V eV ’“p),ug
ui a1 a
- /me VD) (Vi Vay -+ Va0

u’ ai a
_/M E(V eV kp)(vm vakva)UQ
Rearranging, we find

u
7 (Tar -+ T Vip) (V2 V),

u’ 1 ut
(Vay -+ Ve, Vilp) (V- V™ p)pg = 5 | TV

) VEpl? g

= il
Mo ul u0

We see that we need to study two commutator error terms. Using (3.5.3), and noting that
p is a scalar, we see the first error term takes the form

[0, Va, - Va oIS Y IV (OTIg)IIVpl.
1|+]J|=k—1
|7|>1

Thus, using (3.5.2),

[ (00, V0, Fu o) T V)] S Mol 9T (g2 S e ElA)(T).

For the second commutator error term, we use (3.5.4) to find

HVZ’ vlll e vak]p|§ Z |lejem||va|7
[I|+|J|=k—1
[J]>1

and so we have

[ (Vs T V)T 9% gty | S 7l R s
< eI p)(T).
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Putting this all together, and using Lemma 3.5.6, we obtain

i

_ u Ui
[kl S 1) pllrsllll s 1 L+ ol 1V (5) - Vipll 41715 Lo B [o)(T)
+ gemax{flJru,f)\}T@@k [p] (T)
5 gemax{—1—0—,LL,—)\}T£>IC [p](T)

By summing over k£ we can conclude

OrEn—slpl(T)|S eem™ 1N [5)(T).

Definition 3.9.2 (& [u]). Define the functionals
1
Ey[u](T) 22*/ IVMU(T )Py, Gl(T) = > Efu)(T).
2 Jm 0<(<k

Proposition 3.9.2 (Evolution of &y_;[u] fors spatial fluid velocity components). The
following estimate holds,

O &y [ul(T)] S e Sy [u)(T) + 7]~ AT) (Ew—1 [ul(T)) 2.

Proof. Let 3 < k < N — 1. The proof is similar to the estimate for &;[p](7). As in the
proof of Proposition 3.9.1, we obtain

OrEx[u)(T) S (INNl 21X | o+ Sl 2 ) B [ul (T) + I},
where we have defined

[]:; = /M gijgalbl o gakbk (aTval e vakui)(vbl e kauj)ug.

The integration by parts analysis on [}, follows unchanged to ;. The main difference now
arises in the commutator estimates since u® is a vector while p is a scalar. For example, we
now have an error term of the form

00, Va, - Vo ullS Y V! (@rTlg))IV7u].
\T|+J|=k—1

Thus, using (3.5.2),

[ (90,0, VaJu) (V- Vo uag| S el 02D (9) -2 S 2™ & [u) ().

Similarly the second commutator error term looks like

ViV, - Vo WIS > [V Riem||V7/],
||+ T =k—1

and so we have
[t (Vs Vo V) (9% - V2 ptg| S e[ Riem s

< eeTHIT & ) (T).
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Recalling from (3.2.22d) the equation of motion
oru! = 7(u) 'V + 7 WONVIN + (u®) 1 E,,
we obtain
[Tl < 1) ™ s B[] (T) + !TlHUHHkHV(Z;) Vit 7| N il
+ W) F el e By [u](T)
< e ITEu)(T) + (I7] 7 IN e+l ool ) B[] ()12,

The conclusion then follows by summing over k and using the source estimates for F,; given
in Lemma 3.5.6. O

3.10 PROOF OF THEOREM 3.1.2

In this final section we bring together our main estimates to conclude the bootstrap
argument. One standard, yet technical, aspect of the argument is deferred to Appendix
3.11.3.

Proof. Smallness of the initial data guarantees the existence of a constant Cjy > 0 such that
at T' = TQ

N+ X || v+ O N || -1+ 07 X || -1
+ (BN 1 (To))? + (85, n_1(To)? + En_alp)(To)? + En_1 [u)(To)? < Coe.

Proposition 3.9.1, together with Gronwall’s inequality, implies

T 1/2
ol rv—2< En—_a[p)(T)*? exp( . Csemax{_lw’_”sds) / < Coe exp(C'e).
0

Thus by Lemma 3.7.1, and shrinking € as needed,
IN -+ X v < |7|C pll n—2+e>Cem>T2A=20mT < CChee™.
Turning next to Lemma 3.7.2, we find

107Nl 10r X |- < CYN | an +ClX |+ |l pll s -2-+e>Cemx 222 0IT
< C(]é?eiT.

Next, we divide the estimate in Proposition 3.9.2 by the square root of the energy, to obtain
|8T£N_1[u] (T)1/2|§ 066(_1+M)T5N_1[U] (T)1/2 + OC()E.
An application of Gronwall’s inequality then produces
T T
||| gv-1 < (é"N_l[u] (Tp)'/? +/ C’Cosds) exp( C’ee(_lﬂ‘)sds)
TO TO
S C(Cof + 00€(T — To))
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Up to possibly redefining Tj, see the discussion around (3.11.12) in Appendix 3.11.3, these
inequalities now imply

A(T) < CChee T,

Finally adding together the results of Proposition 3.8.1 and Theorem 3.8.1 and using the
above improved estimates, we find

OrES, < —20ES, + CCoee " HES, + CCoee T (EL)Y? + C(EL,)? + CA(T)2.
Thus, by the bootstrap argument presented in Appendix 3.11.3, we obtain
1
Egu,Nfl +E% < 5012526_2/\T,
where C > (). Finally, as a consequence of Corollary 3.6.1,

3
lg = MW+ ZlFrv-1 S B, w1+ EXy + A(T)? < S 7%

It remains to show that p > 0 given that initially py > 0. We recall an argument given in
[50]. We can rewrite the evolution equation for the energy density, to obtain

WV ap + pVaa® = 0.
Moreover, the spacetime is ruled by the geodesics tangent to @*. Along the geodesics

positivity of p or p = 0 is conserved due to the equation above and the regularity of a*.
Hence p > 0 on the future development holds. O]

3.11 APPENDIX

3.11.1 Background geometry

In this appendix we derive the background solutions given in Remark 3.2.1. On the Milne
background the ADM variables induced on a t. = const slice are

q A V. X t? 1 ~ab7y, 3
(gab; kab; N’ X )lB: (57&577 _tf%bb? 17 0)7 T=4d kab - _tf

2

Condition (3.2.2) implies (a')? = 1—1—507(12, @). The fluid equations of motion in cosmological
coordinates (t., ') read

W'y, Inp+'0;In p+ 30, 0° + 9;u’ + 3t a + Ty

c

0,

. 1
w00, u° + ' 0;u’ — t—”y(ﬁ, @) =0,

. . te ., . . e
a0, u + Uy’ — 2§utcuz + Iy @' a* = 0.

Picking a'c = 1,4" = 0 we have 9, Inp + 3t;' = 0. Thus on the background the fluid
solution is

(,&/tc’ aia :5)‘3: (17 0, ﬁotgg)
where py > 0 is a constant. By rescaling the variables as in Definition 3.2.2 we arrive at
Remark 3.2.1.
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3.11.2 Matter variables

In this appendix we discuss the rescaled components of the energy momentum tensor given
in Definition 3.2.4. To see the origin of the various terms, we follow [2] and introduce the
following notation for the matter variables

E:=T"n,m, =TON?, =T 1 n,,
i=E+ §%Ty, Sy =T — ;TrgT * Gabs T = putabg™.
Using (3.2.1) we find
Trgf = Q“VTW = —p,
Ty = JapGn T = p(Xoi® + Gorll))(Xpi® + Gojit!),
§T0 = p(X X, (@)% + 2X0%0° + Gupu®a®).
A calculation then yields
B =[PP N’ F = [rlPpuueN,
i = 7 p(u” PN 4 P (X X (u)? + 27 Xpuu® + 7° gy,
Sap = |7'|,0(,X'CLXb(uO)2 + 7UU Xy Gae + TU U X 1 Gbe + T2gacgbducud) + |T\ggab,
T% = |7]7 puu?.
Finally, we introduce the following rescaled variables
Be=p[PE =T
n = |77, Sap = || 'Sap, T = |7|7T,

which yield the expressions given in Definition 3.2.4.

3.11.3 Bootstrap

In this appendix we detail how the bootstrap assumption for Ef,(= f) is closed. Let
A < 1and p < 1 be fixed constants. Let f : [Ty, T.) — [0,00) be a continuous function,
where Ty < T, < co. Suppose f(Tp) < 0352. Suppose also, that for each Ty < T < T, the
assumption f(T) < C%e2e=2*T allows us to show

Irf < =2af + CCuee "W f 1 CChee™ f1/2 + Cf3? + OC2e2e72T.
1
Since a € [1 — 64, 1] we pick a ¢ such that A < ( <1 and A < af < 5(1 + A).} Define also
£ > 0 to be the difference 5 := a( — A\. We then have,
aT(GZaQTf) < —204(1 . C)GZaCTf + Ccoge(flJrquQaC)Tf + C«Coge(flJrQaC)Tfl/Z
+ O f3220T L 002272 200T
< —(20(1 = Q) — CCpee T — O f1/2) 2T ¢
+ CCeeT1H200T f1/2 L 0022,

'For example if A = 0.75, 1 = 0.001 we can choose ¢ sufficiently small that oo = 0.98 and then ¢ = 0.8
works.
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Substituting in the bootstrap assumption, and choosing ¢ sufficiently small:

Or(e®7 f) < —(20(1 = ¢) = CChe — CCye) e f 4 CCoeel 12007 f1/2 1 C P
< OC,CpeeT1H2aNT L 0022
S 0010052.

Thus, by Gronwall’s inequality
2T < O3 + /Tj CC1Cye?ds = f < (CC2e? + CCCLe(T — Ty))e P Te AT,
Let 1§ be such that for all T' > T},
(CC2 4 CCyCL(T — Ty))e T < ;(112. (3.11.12)
We then a fortiori choose Ty, > T;. So we have shown that for all 77 € [To,T.),

if f(T) < Cfe*e™® for ecach T € [Ty, T’] then in fact f(T) < 1C7e?e . Thus
f(T) <1Ci2e T for all T € [Ty, To).
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CHAPTER 4

THE STABILITY OF RELATIVISTIC FLUIDS IN LINEARLY
EXPANDING COSMOLOGIES

ABSTRACT. In this paper we study cosmological solutions to the Einstein—Euler equations.
We first establish the future stability of nonlinear perturbations of a class of homogeneous
solutions to the relativistic Euler equations on fixed linearly expanding cosmological space-
times with a linear equation of state p = Kp for the parameter values K € (0,1/3). This
removes the restriction to irrotational perturbations in earlier work [41], and relies on
a novel transformation of the fluid variables that is well-adapted to Fuchsian methods.
We then apply this new transformation to show the global regularity and stability of the
Milne spacetime under the coupled Einstein—Euler equations, again with a linear equation
of state p = Kp, K € (0,1/3). Our proof requires a correction mechanism to account
for the spatially curved geometry. In total, this is indicative that structure formation in
cosmological fluid-filled spacetimes requires an epoch of decelerated expansion.

4.1 INTRODUCTION

4.1.1 The Einstein-Euler system

In this paper, we consider the Einstein-relativistic Euler equations

i 1_ A
Rlc[g]ull - §guuR[g] e ) (411&)
V. =0, (4.1.1b)
™ = (p + p)vHv” + pgH”. (4.1.1c)

Here p is the proper energy density of the fluid, p the fluid pressure and v* is the fluid
4-velocity, which we assume is normalized by

Ju0"0” = —1. (4.1.2)

The system (4.1.1) models a four-dimensional fluid-filled spacetime (.#, g), whose time-
evolution is determined by the coupled interaction between spacetime evolution under the
Einstein equations (4.1.1a) and fluid propagation under the relativistic Euler equations
(4.1.1b). The Einstein-relativistic Euler equations are particularly relevant in cosmology,
where they are used to model the Universe on astrophysical scales (see e.g. [15; 84]).
For simplicity, we henceforth drop “relativistic' when referring to the relativistic Euler
equations.
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From an analytical point of view, the PDE system (4.1.1) presents challenging problems since
both the Einstein equations and the Euler equations may form singularities. Singularities
arising in the spacetime can occur in the context of gravitational collapse to black holes or
a Big Bang, while singularities in solutions of the Euler equations correspond to fluid shock
formation [22].

In the cosmological context, singularity formation for the coupled Einstein-Euler equations
can be interpreted as the onset of structure formation in the large scale evolution of
spacetime [12]. Structure formation in cosmology describes the process by which regions
with high matter densities emerge from an initially homogeneous matter distribution. Hence,
it describes the formation of structures such as stars, galaxies and galaxy clusters from an
initially homogeneous fluid.

4.1.2 Previous work

To close the system (4.1.1), we consider the linear, barotropic equation of state
p= Kp. (4.1.3)

The equation of state parameter K is a constant and gives the fluid speed of sound via
¢s = VK. On physical grounds, 0 < K < 1, however the most common applications in
cosmology use K € [0,1/3]. The case K = 0 corresponds to a dust fluid, while K = 1/3
corresponds to a radiation fluid.

In the present article we consider cosmological spacetimes with Lorentzian metrics of the
form
—dt* + a(t)*go, (4.1.4)

where (M, go) is a closed Riemannian 3-manifold without boundary. The increasing function
a(t) is the scale factor. We say the geometry exhibits accelerated expansion if & > 0,
linear expansion if a(t) =t and decelerated expansion if @ < 0. Note that the direction of
cosmological expansion corresponds to a(t) — oo as t  oco. If (4.1.4) solves the Einstein
equations, then it is a solution to the Friedman equations describing an isotropic and
(locally) homogeneous cosmology. A particularly important example for the present paper
is the Milne model where a(t) = t and (M, gy) is a negative Einstein space satisfying

Ric[go] = —%go'

Fluid stabilisation from cosmological expansion. On a fixed Minkowski spacetime,
small perturbations of a class of homogeneous solutions to the Euler equations (4.1.1b)
are known to form shocks in finite time [22]. This result was shown for a large class of
equations of state including (4.1.3). By contrast, on cosmological backgrounds such as
(4.1.4), accelerated spacetime expansion is known to suppress shock formation in fluids.
This was first discovered in the Newtonian cosmological setting for a class of exponentially
expanding spacetimes in [14]. In the context of Einstein-Euler, stability of homogeneous
solutions on exponentially expanding cosmological spacetimes was first studied in [96],
with several later works [50; 55; 67; 68; 70; 75; 80; 81; 102]. For various other results on
fluid stabilization in the regime of accelerated expansion, we refer to [63; 79; 108]. We
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mention also earlier work [93] concerning the stability of solutions to the Einstein equations
undergoing accelerated expansion.

To go below accelerated expansion, i.e. when @ > 0 but @ < 0, it is illuminating to first
study the fluid behaviour on fixed metrics of the form (4.1.4). Fluid stabilization depends
on the spacetime expansion rate, the fluid parameter K, and the geometry and topology
of the expansion-normalized spatial geometry (M, go). Roughly speaking, larger speeds
of sound and slower expansion rates tend to facilitate singularity formation, while slower
speeds of sound and fast expansion rates suppress it.

To be concrete!, consider homogeneous solutions to the Euler equations (4.1.1b) on fixed
cosmological spacetimes undergoing power law inflation, i.e. a(t) = t* for a > 0 with (M, go)
flat. Note that aw > 1 corresponds to accelerated expansion. In the case of dust K = 0, [103]
showed that small perturbations of the homogeneous fluid solutions are globally regular for
alla > 1/2. If K € (0,1/3), work by some of the present authors showed that homogeneous
fluid solutions are globally regular under irrotational perturbations for « = 1 [40]. The case
a > 1 without the irrotational restriction was shown in [103]. Finally, if K = 1/3, then
[103] remarkably showed that radiation fluids do not stabilize for linear expansion i.e. the
fluid stabilises if a > 1, while shocks develop in finite time if o = 1.

Moving next to the coupled Einstein-Euler equations (4.1.1), the only stability result below
accelerated expansion is in the case of dust K = 0 and linear expansion. More precisely,
some of the present authors showed the stability of the Milne model as a solution to the
Einstein-dust equations [40]. We mention for context that the Milne model is known to
be a stable solution solution to the Einstein vacuum equations [3] as well as a solution to
several Einstein-matter models [2; 6; 13; 42; 107].

Note that the case of negative spatial curvature is the only known class of solutions where
we can study the fluid dynamics with gravitational backreaction in the regime of linear
expansion. For the other FLRW models the long-time dynamics are either recollapsing
(in the case of positive spatial curvature) towards a big-crunch singularity or a matter-
dominated decelerated expansion in the case of toroidal spatial topology with vanishing
curvature [88]. Finally, we emphasise that without the backreaction of the fluid on the
spacetime, [103] showed dust stability with decelerated expansion.

Notation: Our indexing convention is as follows: lower case Greek letters, e.g. u, v, vy, will
label spacetime coordinate indices that run from 0 to 3 while lower case Latin letters,
e.g. 1,7, k, will label spatial coordinate indices that run from 1 to 3.

4.1.3 Results and technical advances in the present paper

This paper is roughly divided into three parts. In the first part, outlined in Section 4.1.3, we
introduce a novel transformation that allows us to treat fluids with non-vanishing rotation.
In the second part, see Section 4.1.3 below, we apply our transformation to show fluid

We emphasise though that [103] considers more general conditions on the scale factor than we outline
in this paragraph.
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stability with K € (0,1/3) on linearly expanding spacetimes:

Theorem 4.1.1. The canonical homogeneous fluid solutions to (4.1.1b) with a linear
equation of state (4.1.3) and K € (0,1/3) are nonlinearly stable in the expanding direction
of fixed linearly-expanding FLRW spacetimes of the form

(R X TS, —dl?? + fzéud:vzdx])

The significance of Theorem 4.1.1 is that it removes the restriction to irrotational fluid
perturbations in [41]. Finally in the third part, see Section 4.1.3 below, we consider a
fully nonlinear problem including backreaction on spacetimes with negative spatial Einstein
geometries. We prove the following theorem:

Theorem 4.1.2. All four-dimensional FLRW spacetime models with compact spatial slices
and negative spatial Einstein geometry are future stable solutions of the Finstein-Fuler
equations (4.1.1) with linear equation of state (4.1.3) and K € (0,1/3).

Transformation of the fluid variables. The key advance in this paper is a new version
of the Fuchsian method, originally introduced in [41], which is designed to deal with general
fluids without the irrotationality restriction. As first identified in [81], the Euler equations
(4.1.1b) can be written as a symmetric hyperbolic Fuchsian PDE system as

B°9,U + B*o,U = H.

Note that the time function t appearing here is related to the cosmological time function ¢
by t = 1/t, and hence timelike infinity is located at ¢ — 0. Precise definitions are given
in Section 4.2, however the main idea is that the unknown U = ((,u*)" encodes the fluid
energy density and velocity. We then transform to new unknowns Z = (1, 2/)% by

(G ') = (aly, |2[), b(¥)2").
The new variables obey the following PDE:

A0, 7 + 1A’f@kz =H, (4.1.5)

for H' is the source term as given in Lemma 4.2.4. By design, the functions a, b are chosen
so that the matrices A%, A* satisfy the relations

PAP* o= [P A%Bloy= O(I8],+12[),  [BA*P = O(I8],+12[).  (4.16)

In these expression 3 represents the shift vector of the dynamical metric and P and P+
are projections that single out specific matrix elements. For a fixed expanding FLRW
background metric, or small perturbations thereof, the geometric quantities in H' are
negligible and thus the source term can be written as

H' = ¢(K)PZ + error.

Here ¢(K) is a strictly positive constant, thanks to our choice of equation of state and
K € (0,1/3), and the error is of order |2|2. Extracting this structure on both sides of the
equation (4.1.5) is crucial for the analysis of the system. For further details we refer to
Remark 4.3.2.
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Application to fluids on linearly expanding spacetimes. In Section 4.3 we apply
our novel transformation to establish small data stability for the homogeneous solutions
to the Euler equation on the fixed Milne-like (i.e. linearly expanding spatially flat) FLRW
background. After the application of the transformation described above, we show, due
to (4.1.6) as well as the decomposition of H’, that the conditions of the Fuchsian global
existence theorem from [41, Thm. 4.5] are satisfied. Note that Theorem 4.1.1 is also true
for linearly expanding FLRW-type spacetimes (R x M, —dt? + t%gy), where (M, go) is an
arbitrary closed Riemannian manifold. This extension is discussed in Remark 4.7.1. Finally,
we expect that our method is robust enough to be applied to other spacetime geometries
and expansion rates than considered here.

Application to Einstein-fluid spacetimes with backreaction. In Sections 4.4 - 4.6
we prove Theorem 4.1.2. The main task is to apply the aforementioned transformation
to the setting of a dynamical spacetime geometry. This requires controlling various error
terms based on suitable decay properties of the perturbations of the spacetime geometry.

A key challenge arises from the non-trivial spatial curvature of the expansion-normalized
spatial metric. In particular, unlike the flat scenario considered in [41] and Theorem
4.1.1, the analysis leads to certain non-vanishing ‘problematic’ terms that arise from the
commutation of curved covariant derivatives. For example, the lowest order problematic
term is

/M (0" 02 [V, Valt) + 07V [V, Vo] 27)

Up to a negligible error term, this reduces to

2
5 /M 2V a1). (4.1.7)

Such a nonlinearity cannot be absorbed into a generic error term due to the structure of
the energy estimates. Schematically, the energy estimate looks like

Or (10l +lzlman ) S —CE) 2l an+(4.1.7) + exror,

for some fixed C'(K) > 0 involving the equation of state parameter K. The expression
(4.1.7) is, however, only linear in z and hence it cannot be absorbed into the negative
definite term.

To overcome this obstacle, we set up in Section 4.5.1 a correction mechanism for the original
Fuchsian energy functionals for the fluid as given in Definition 4.4.9. This technique is
usually applied to geometric wave equations and consists of adding an indefinite term to a
standard geometric L2-energy, which leads to a cancellation of the problematic terms in
the energy equality while preserving coercivity of the energy (see e.g. [3]). For the first
order, our method boils down to adding a correction —% [as12%. Note that this correction
term is of order zero, i.e. one order lower than the energy. We then need to take the time
evolution of the correction term using the equations of motion (4.1.5). Properties of the
matrix A* and projection term P (given precisely in (4.4.16)) yield a term of the form

—5 /M<]P>Z, POV Z) = _3 /M 20V g1b
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in the energy estimates, which exactly cancels the problematic term (4.1.7). Note that in
this case the coefficient in front of the correction is of small modulus and hence does not
compromise the equivalence of the corrected energies to the original ones. For details on
how to treat more complicated higher-order terms, see Proposition 4.5.2.

4.1.4 Conclusions

Given a spacetime of the form (4.1.4) with a(t) =~ t*, we define, in this paper, the threshold
rate a.(K) to be the critical rate above which fluid stabilization occurs and below which
fluid singularities form from arbitrary small perturbations of homogeneous solutions. A
priori the threshold rate also depends on the presence of gravitational backreaction and
whether general fluids are considered or only the irrotational data. From the perspective
of cosmology the threshold rate sets limits on the epoch of cosmological evolution where
structure formation could have occurred.

The present paper shows that fluid stabilization occurs in the presence of gravitational
backreaction in the regime of linear expansion for the full range K € (0,1/3). Thus, together
with [40], we obtain a.(K) < 1 for K € [0,1/3). Since it is known in addition that fluids
with 0 < K < % stabilize when the geometry undergoes accelerated expansion, we conclude
that structure formation in a cosmological spacetime filled with non-radiation relativistic
fluids requires an epoch of decelerated expansion.

Finally, we mention that for fluids with 0 < K < % the present paper completes the analysis
for linear expansion rates in the neighborhood of the canonical Friedman models.
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4.2 'THE FLUID TRANSFORMATION

4.2.1 The conformal Euler equations
Rather than working with the physical variables g,, and v#, we begin by defining conformal
variables.

Definition 4.2.1 (Conformal variables g, v# I, V). For ¥ an arbitrary scalar, define the
conformal metric g,, and the conformal four-velocity v* by

g;w = 6_2\119;11/7 vt = 6_‘117_)“- (421)
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Let I and [, denote the Christoffel symbols of g,, and g,,, respectively, and let V,

1%
denote the Levi-Civita connection of g,,.

Lemma 4.2.1 (The conformal Euler equations). The Euler equations (4.1.1b) can be
rewritten in terms of conformal variables as

V0,5 + (p+ P) LI V0" = 3(5 + p)v0, ¥, (4.2.2)
(P + P)Mijojv"Vou” + L10,p = (p + p)L] 0,0,

where
U;

V; V; U5
J 1Y)
—goj — —Joi +
Vo Vo

L7 =457 — ﬂ(58, and M;j == gij —

. 4.2.4
i i o Goo ( )

v

Proof. By (4.2.1) it is straightforward to verify that the Christoffel symbols are related via
0, =T, = =090,V + 9,20,V — guO\V).
With the help of this relation, we can express the Euler equations (4.1.1b) as
V. T = 6T"0,V — g\, T g"9,0. (4.2.5)

We refer to these equations as the conformal Euler equations. In [83], see, in particular,
equations (2.36)-(2.37) and (2.40)-(2.43) from that article, it is shown that, in an arbitrary
coordinate system (z*), the conformal Euler equations (4.2.5) reduce to (4.2.2)-(4.2.3). O

Definition 4.2.2 (The ADM decomposition of the conformal metric). Let (I x X, g) be a
Lorentzian spacetime where I is an interval in R and ¥ is a three manifold. We assume that
t = 2° is a time function, that is it takes values in I, and that the level sets ¥, = t~1(7),
7 € I, are diffeomorphic to 2. If n denotes the unit conormal to the spatial slices ¥;, then
we can express it as

n=-—-adt <<= n,= —04(52, (4.2.6)

where the positive function « is known as the lapse and in the following we view it as
a time-dependent scalar field on ¥. The shift vector B = 3'0;, which we can view as a
time-dependent vector field on X, is then determined via the expression

1 .
f 0, — B T (SH . QiSH

nt = n- = 0 o; s

S0 -0) = = (- 5
that characterises the difference between the covariant form n? of the normal vector and 0.

The 3 4+ 1 decomposition of the conformal spacetime metric g is then given by
g = —a’dt ® dt + gi;(da’ + B'dt) ® (da? + B7dt), (4.2.7)
where g = g;;da' ® da? is the induced spatial metric on the spatial slices X;, which we view
as a time-dependent Riemmanian metric on >, while the shift and lapse are defined by
1

B; = gjo and a = (—g") "2, respectively. We denote the Levi-Civita connection of g;; = g;;

by 2 and the Christoffel symbols ;.
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Spacetime co-vector fields can be projected to three dimensional co-vector fields using the
operator
Pl = ol (4.2.8)

which we note by (4.2.6) satisfies P/'n, = 0. By our conventions, where the spacetime and

spatial metrics are respectively used to raise and lower spacetime and spatial indices, we
have from (4.2.8) that

P, = gug" F;. (4.2.9)
An explicit formula for this operator is then easily computed from (4.2.7) and (4.2.8) and
is given by

i osi i 50

Pl =60+ B0, (4.2.10)
It is also worth noting that the spacetime metric can be expressed using the operator (4.2.9)
as gu = gij PP — n,n, and that the identities P{'P] = 6] and P.n* = 0 hold.

Definition 4.2.3 (Christoffel components Y and E;) A calculation shows that the
Christoffel symbols I'], of the four dimensional conformal metric g,, are given by the
following:

oo = ;(5’t04+5j9ja—5iﬁjc%/ij)a T = ;(@ia_ﬁj%/ij), Iy = —;Ji/ij, (4.2.11)
and
Lo =T =aP'a -2 X" — ;(8ta + B Do — FEEH )G+ 0B+ D5,
Iy =2 = —iﬁi(@ja — B ky) — s + D5, (4.2.12)
and
Ty =75+ ;6’“%% (4.2.13)

where e}i/ij = —i(@tgij - 915] - .@]61) and Ji/z :gm%m

Remark 4.2.1. Tt is worth noting from (4.2.11)-(4.2.13) that each of the groups of Christoffel
symbols define a time-dependent tensor field on ¥ except for the last one (4.2.13), which is
not a tensor due to the appearance of the Christoffel symbols %k]

4.2.2 The ADM decomposition of the conformal Euler equations

We first use the normal vector n, and the operator P/ to decompose the four-velocity.

Definition 4.2.4 (Decomposition of conformal four-velocity v, wj, p, u’). We define

o’ wji=Plv,, pe=(an' 4+ P, and W = P/{v” —vfl. (4.2.14)

1
vi=——
@

On account of (4.2.6)-(4.2.8) and (4.2.9)-(4.2.10), we have
v=1" w;=v;, p=vy and v =’
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Furthermore, using this notation, we observe from (4.2.7) and (4.2.14) that M;; can be
expressed as

—a?+ 2
2|ﬁ|ﬂwiwj. (4.2.15)
il

We further observe that the fields (4.2.14) are not independent due to the relation v, = g, 0"
and, on account of (4.1.2) and (4.2.1), the following normalization condition holds

1
Mi; = gij — ﬁ(wiﬁj +w; ) +

g’ = —1. (4.2.16)

In fact, v, w; and p can be expressed in terms of u/. To see why this is the case, we observe
from (4.2.14) and (4.2.9) that
u; = P'v, —vB; = w; — vp;

J

or equivalently
wj = Uj + Vﬁj. (4217)

Using this, we then have by (4.2.14) that
p= B+ (1—a®)v. (4.2.18)
Additionally, by (4.2.7), (4.2.14) and (4.2.16), we have that
(—a® + |8V + 26w’y + 1 + |u]}= 0.

Solving this quadratic equation for v, we find the two roots given by

1 ' )2 2Y( 2 2
V= _agﬂﬁg(—ﬁﬂﬂ + \/(Bu)? + (1 + [uf2)(a® — |B]2)). (4.2.19)

Remark 4.2.2. The choice of root, i.e. the choice of the + sign, in (4.2.19) determines the
orientation of the conformal four velocity v*. If we want v* to point in the direction of
increasing t then we take the “—” sign. On the other hand, if we want v* to point in the

direction of decreasing t, then we take the “+4” sign. In either case, we always have that
puv < 0, as can be verified from (4.2.18) and (4.2.19).

Lemma 4.2.2 (The conformal Euler equations in ADM variables). The conformal Euler
equations (4.2.2)-(4.2.3) can be written as

0o+ D ) 1 ) )
@,5 — (p + p) wjatu] + *uk.@kﬁ + M.@juj
vi 1’/ v (4.2.20)
=3(p+p) (A + u* ) + (5 + D)L,
_ K . (p+p K
g v v (4.2.21)

_ 1 1 o
=(p+p) (—ﬁwﬁtﬁ/ + ;%\P) + (p + p)mi,

where, from the barotropic equation of state p = f(p), the square of the sound speed is
I (4.2.22)
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and we define

1 T 1
0= —%Ji/jkﬂ]uk -2+ ;T]wj + m:iwjuk (4.2.23)
and
mi = =M (— A Bl + 00 + 25uh). (4.2.24)
va

Proof. For an arbitrary scalar field h, we observe from (4.2.4) and (4.2.14) that
1
w

We also observe using (4.2.4) and (4.2.14) that

LISV 0" = LI65(00" + T 07)

= —~w;0’ + 0! + Tov + T’ — —w;Thor — —w; T, u”.
p m 7

Then, with the help of (4.2.11), (4.2.12) and (4.2.13), it follows that we can write the above
expression as

. 1 . | , ; Vo 1_.
L;Y(SIJJVV’UV = —;wjatu] + .@ju] + a%jkﬁjuk + Egl/ — ;Tjwj — ;Eiw]uk (4226)
Using a similar calculation, it is also not difficult to verify that
SV 0" =vou! + uF D + = g Bt + AT 4 20E (4.2.27)
Q@

The identities (4.2.25), (4.2.26) and (4.2.27) then allows us to obtain the required form of
the conformal Euler equations (4.2.2)-(4.2.3). O

To proceed, we introduce a modified density variable { defined by subtracting 3¥ from the
fluid enthalpy.

Definition 4.2.5 (Modified fluid density variable {). For a given barotropic equation of
state p = f(p), the modified fluid density is defined by

c— [ _ & 30, (4.2.28)

ﬁof"‘f@)

where pg is any positive constant.

Remark 4.2.3. For the linear equation of state (4.1.3), we note that square of the sound
speed K is constant and lies in [0, 1], by assumption, while the the modified fluid density is

given by
poode 1 5
% 3= (L) 30
S A o T 1+Kn( ) -3

£o
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Lemma 4.2.3. The conformal Euler equations (4.2.20)-(4.2.21) can be written as
B°,U + B*9,U = H, (4.2.29)

where U = (¢, u?)¥, and the matrices B°, B¥, H are given by
K — K. K.k Kgk
0 _ vp E_ v v ]
Y <—Kwi M, ) P (f@"“ iu* )’

K/
and  H = <(3K_1wi8t\11 + 1_3K9ilp) + m,) .

vp

N

Proof. Differentiating the expression (4.2.28), we find that

P

o¢ = 2P 300 and o = 22X
p+Dp

- — 39, V.
p

With the help of these expressions, a short calculation shows that the conformal Euler
equations (4.2.20)-(4.2.21) when expressed in terms of the modified density ¢ become the
system given in (4.2.29). O

Remark 4.2.4. Tt is worth noting that (4.2.29) is manifestly symmetric hyperbolic, and
consequently represents a symmetric hyperbolic formulation of the conformal Euler equations.
The symmetric hyperbolic nature of this formulation guarantees the existence of local-in-
time solutions by standard existence results for symmetric hyperbolic systems of equations,
e.g. see Propositions 1.4, 1.5 and 2.1 from [106, Chapter 16]. While this at least yields the
existence of local solutions, there is still the question of whether or not global solutions
exist.

In order to address the long-time existence of solutions, we need to bring the system (4.2.29)
into a more favourable form. This will be accomplished by the following change of variables.

Definition 4.2.6 (Fluid transformation). Define Z = (1, 27)" and a transformation given
by
U= (Cu")"™ = (a(, |2[2), b(¥)2")", (4.2.31)

where a(-,-) and b(-) are, for the moment, arbitrary functions.

Lemma 4.2.4. If we choose the functions a(, |2|2) and b(y) as

k|2l 9
a(¥,|22) = e — In(4) + In((¢) + 2)%) + m and - b(Y) = oo

where ¢ o are arbitrary constants and k = K~ — 2, then the equations given in (4.2.29)
take form

1
A0, 7 + ~A*9,Z = Q" (H — B°Y), (4.2.32)
v
and the following conditions hold:

A= O(8l, 4142, A5 = O8], +|+12), (4.2.33)
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and

Dja
=2 — o+ O(18],+1212) (4.2.34)

for ¢y a non-zero constant, where
AY A0 Ak Ak
0 _ 0 J k _ 0 J
A° = (A? A%) and A" = (Af Afy) )

Remark 4.2.5. Note that the explicit form of the functions a and b given in Lemma 4.2.4
are smooth in a neighborhood of (¢, |2[2) = (0,0) for the choice of ¢, # 0.

Proof. Differentiating U, we find after a short calculation that

U =QozZ+Y and 92,U=Q2.U, (4.2.35)
where
. Dla 2D2azj . DQaﬁtgijzizj
Q= (b,zi bo! > and Y = ( 0 . (4.2.36)

Here Dia and Dsa denote the partial derivatives with respect to the first and second
variables of a = a(), |2[2). Using (4.2.35) and the fact that Z4g;; = 0, it is then clear that
we can write (4.2.29) as

A0, 7 + iA’“@kZ = Q"(H — B,

where iy
Dia b2
0 _ Mtr pO k _ tr gk tr 1
A" =Q"B°Q, A"=Q"A"Q, and Q" = <2D2azi b6§.>'

We then have by (4.2.30), (4.2.36) and (4.2.2), that
—z"w
vy

Kb KbD
A? =2KDiaDsyazj — 27D2a2j2kwk - e
Vi

AY = K(Dya)?* — K+ (0)? My 2" 2, (4.2.37)

W + bb/ZkMkj,

2KbD26L

A?j = b2M@'j — (ziwj + iji> + 4K(D2a)2zizj,

Af = K(Dya)*u® + 2KV Dyaz" 4 (b)? My, 2 2™ ", (4.2.38)
Al = KbDyab} + 2K DiaDsau’z; + 2K Dyaz"z; + bb' My 2'u”,

and

Al = P Miju® + 2KbDoa(05 2 + 0f ) + 4K (Daa)*u” 22, (4.2.39)

Now, our goal is to try and choose a and b so that (4.2.33)-(4.2.34) hold. By (4.2.19) and
(4.2.31), we observe that

1
v ===+ O0(Bl,+zl),
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which, in turn, implies by (4.2.18) that
=+ O(|B,+2f2).
Using these, we then see from (4.2.15), (4.2.17) and (4.2.31) that

A = (K Dya(2Dsa + b%) + bb') z; 4+ O(| 8]+ 2[2). (4.2.40)
We see also from (4.2.31) and (4.2.38) that
Af = KDya(bDya+2b')z" + O(|2[2). (4.2.41)

By (4.2.40) and (4.2.41), we then see that if a and b are chosen so that
bDya + 2V = O(|z[2), (4.2.42)
K Dya(2Dsa + b%) + b’ = O(|z]2), (4.2.43)
then the conditions (4.2.33)-(4.2.34) are satisfied. Now, writing (4.2.42) as
0u(a(w, 212) + In(b()?)) = O(|=2),
it is clear that we can ensure that this condition holds by choosing a so that
(¥, 212) = e1 — In(b()?) + c() [, (4:2.44)

where ¢(1)) is an arbitrary function and ¢; is an arbitrary constant. Inserting this into
(4.2.43) and multiplying through by £ yields

—2K (2¢ + %) + b* = O(|z[2),

where here we are viewing K as a function of ¢ via? (4.2.22), (4.2.28) and (4.2.31). It is
then clear that we can guarantee that this condition holds by setting

1

c= 1562, k=K'1-2.
Now, (4.2.44) implies that
1
a=c; —In(b?) + Zﬁb2|z|§. (4.2.45)
Substituting this into (4.2.34), it follows that (4.2.34) will hold provided
b/
_Qﬁ = Cp.
Solving this yields
2
a Co'(ﬁ + CQ,

where ¢y is an arbitrary constant. We then fix the constant ¢y by setting ¢g = 1. By (4.2.45),
this gives
k|27 2

a(i,|2]2) = a1 — In(4) + In((¢ + c2) HW’ and - b() = 7=

By construction, the conditions (4.2.33)-(4.2.34) with ¢y = 1 hold. Note that this choice
gives

2 2|2

K —2
¢+C2<1_K(¢+Cz)2)’ B

YW = Grar

Dia = (4.2.46)

]

2Tt will also, of course be a function of ¥, but we can for the purpose of this argument treat it as a
“constant”.
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4.3 THE EULER EQUATIONS ON MILNE-LIKE FLRW SPACETIMES

We now apply the transformation of Section 4.2 to the FLRW-type geometries considered
in [41] with a linear equation of state (4.1.3).

Definition 4.3.1 (Milne-like FLRW spacetimes). Consider the manifold Ry x T® with
the spacetime metric

_ 1 1 ; ,
9= 39 where ¢ = —t—2dt ® dt + d;;dx" @ da’. (4.3.1)

We refer to the pair (Rsg x T3, g) as a Milne-like FLRW spacetime.

Note that, with respect to the coordinates used in (4.3.1), the future is located in the
direction of decreasing t and future timelike infinity is located at t = 0. If we choose
U = In(t), then the Milne-like FLRW metric g is of the form (4.2.1) where the confomal
metric is given by g as written in (4.3.1). Moreover, the 3+ 1 decomposition of the conformal
metric g in (4.3.1) yields

o = t_l, Bj = 0, Fii — 62] (432)
The spatial manifold on which these fields are defined is T2.

Lemma 4.3.1. On the Milne-like FLRW spacetime we have the simplifications

v =", w; = vj, b= —t7 2y, W =,

My = 0y — (z)Qvin =045 — (z>2b2zizj’ and  H = <3K_Olsz> ’

tvp

(4.3.3)

where we defined z; = 0;;27. Moreover, J;;

> T2 mg, Y all identically vanish.

Proof. This is a straightforward computation using (4.3.2) in the appropriate definitions,
and lowering and raising indices with (4.3.2). O

Lemma 4.3.2 (Homogeneous solutions). The homogeneous background solutions of the
Euler equations (4.1.1b) on a fived Milne-like FLRW spacetime (Rsq x T2, g) are given by
U = 0. Furthermore, this reduces to Z = 0 and on these background solutions we have the
simplifications

Dia = (2/c;), Dsa=r/c5, V=-2/c3, vp=—1, and t/v=—1. (4.3.4)

Proof. The homogeneous solutions considered in [41] are given by
(¥, par) = (=265, (1 = 3K)eyr) © #2045),
where ¢y > 0 is a constant. On such a homogeneous solution we have
v = —toy, (g =0,
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provided we pick pg = (1 —3K)cy) & &, This implies that U = 0 and Z = (Cy,0) for some
constant C'y. We can in fact set C'y = 0 by picking co = —2exp(—cy1/2).

Inspecting the statements given in (4.2.46) and simply substituting in Z = 0 yields the
desired result for Dya, Dya and ¥ in (4.3.4). By Lemma 4.3.1 and using v° = —¢ on the
homogeneous solutions, we have that ¢/v = t/v° = —1 as well as

vp=—t"2 = -2 = —1.
[l

Lemma 4.3.3. The Euler equations on a fived Milne-like FLRW spacetime take the form

Myd, Z + - (‘5’“+M’“( ))akZ:;@(Z)HZJriF(Z), (4.3.5)
where
1 0 0 O(IZP))
My(Z) = _ + 700,
o(2) (O K 6) <O<|zr§> O(|[2)
0 0
M2 =L (0 (Vi (i g gy O, (436)
v (wT) 32+ ey (072 + 07%)
e - (0% F(Z)=0(]z]
- 5’54; 0 9 ( >_ (‘Z|g)7
and

1 (00 L o (10
B = (K '-3)1, H._<O 55), It =1 H_<0 0).

Remark 4.3.1. Note that the non-leading order term of the upper left component of M? is
zero and hence DPMPP for any derivative D.

Proof. From the PDE system (4.2.32), we define
(A A Ak Ak
@ = (3 4] e = ()

w2y =L (G 4) -

Using (4.2.37)-(4.2.39), we compute

2K \2 2 y2
A= (55) HOUsR, AT =00:R). A% = () b+ O(E),
2
Al =0(z}), Ar= (w*i_) 3y +0O(|z[;), and
ko 2 3 3 k 2\/_ K k ) k ) 2
A = (M) 032" + (¢+02) (¢+cg)(5jzz+5izﬂ)+O<|Z|ﬂ)'
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Multiplying the system (4.2.32) from the left by (AJ)~! yields

(A9t A0,z + L (AO) YAR0,7Z = (AD)'Q™(H — BY).

Using that (AJ)~! = (3}}{5)72 - O(|z]§), we obtain

0 O(P) . (0 &
( 5) <O<|z|;> 0<|z|§>>’ ¢ (6’“ o>7
M’%Z):j(() (. gttty 00D

Finally, for the right hand side of the equation we use (4.2.2), (4.3.3) and (4.3.4) to compute

(4.3.7)

)&jz +

Ytco (w+c

(AQ) QU (H—BY) = — (1-3K) (vy2) b(49) " (bliif j) — 13K (Q)QF(Z»
where
o 4( A0\ =1ty _ __(K_1—3) 22 L12) = O] 22
F(Z) = A IQH = 2(2) 117 = = ( . >+O(y 2)=0(2?). (4.338)

]

Definition 4.3.2 (Matrix norm). For any M € R™? we write |M|.,= sup{|Mv|: v € R%}.
We will use this to estimate inner products by operator norms.

Remark 4.3.2. The projection matrix P is used to extract particular components of an

arbitrary matrix
_ (Ao A
as(b )

0 O
IP’M]P’-(O Aﬁ)

and so an estimate on PAP is precisely an estimate on the lower-diagonal piece A;; of
the matrix A. Similarly, PAP! extracts the A; component, P+ AP the A; component and
P+ AP+ the Ay component. With this perspective, we can also reinterpret condition (4.2.33)
as ensuring that the fluid PDE (4.2.32) enjoys the estimates

For example,

PAP* o= [B-A%Ploy= O(15],+122) and  [BA*P*|o= O(15],+12]2).

Furthermore, the right hand side of (4.2.32) explicitly reads
DlCL b/Zi ( Kt
QDQCLZj bé; (315;1 (9t\I/ + #.@2\1’) +m;

K —%wj DgaatgijZiZj

If we assume perturbations of the metric to be negligible, we may set £ = m; = 0,g;; = 0.
Furthermore, we may restrict ourselves to the case in which ¥ = ¥(¢) so that 2V = 0. In
this setting we have

oy B (12008

V,LL bwjat\:[[
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As can be seen in the next section, an expanding FLRW—-type model forces vy < 0 and
w =~ bz. Hence, we have that

0

2]

Q" (H — BY) ~ ¢(K) < ) + 0(|2]?) = ¢«(K)PZ + O(|2]?),

for 0,¥ > 0 and some fixed constant ¢(K) > 0. Note that this is in the regime of compactified
time. A switch to physical time translates ¢(K) — —c(K') and thus yields a negative term.

We conclude this section with some estimates on the quantities appearing in (4.3.5).

Lemma 4.3.4. Let 6 > 0 and assume that |Z|< 0. Then the following estimates hold:

| Mo(Z)|opHE " |op+1(Mo) ™ (Z)|opS 1, |M*(Z)]opS [T1Z], (4.3.9)
and
[P0 M*(Z)Plop, < [TIZ|+[TIDZ],
P09, M* (Z)P| o+ |0, M* (Z)PH| o+ (4.3.10)
PO, M*(Z)P*|op+[0a(Mo) (Z)|op S NZ[*+TIDZ?,
and

F(2)|< |1z (4.3.11)

Remark 4.3.3. In this paper, see also the earlier work [81], we write |f|< |g|, or f = O(g),
to denote a universal constant C' > 0 such that | f|< Clg| with f, g some functions. Note
that this is not simply an estimate of absolute values but also tacitly implies that f = h(g)
for some function h € €*° with a < |h|< b, a,b > 0. Thus, for s € N,

SIVIIS DIVl

lt<s lt<s

Proof. 1t is straightforward to check (4.3.9) using the explicit form of these matrices given
in (4.3.6) and (4.3.7). Turning to (4.3.10), we note that the leading order piece of M* is
PM*P. Thus, we start with |P9, M*(Z)P|.,. Using the expression for v given in (4.2.19),
we have

t Ouv
v v

t\2 v;0,(v°
- 1)

|0a(t/v)|= ‘ > \/TW

Using the transformation v/ = b(v))z*, we get

[0a(t/v) - (A)) T AX(Z)|opS |2 +[Dz[*.
The other part of P9, M*(Z)P is simple to estimate and in total we see that [P, M*(Z)P|o, <
|z|+|Dz|. The remaining P and P+ conjugations of 9,M" are easier to estimate. The

estimates on d,M; and (4.3.11) use (4.3.7) and (4.3.8) respectively. O
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4.3.1 Extended system

In order to apply the global existence result from [41] we wish to consider the Fuchsian
system for Z := (Z, DZ)T. Thus, we apply the differential operator M°9,(M°)~! to (4.2.32)
to get

1 1 _
My(2)0,0,7Z + - (%’“ + M*(2))0,0,Z = S AN, + Ec;a(Z),
where we introduce

GalZ) := Mo(Z)| = 0a [Mo(2) 7] (€% + M*(2))0x2Z — Mo(Z) 7 (0aM*(2)) 012
+0a [Mo(2)7]| B11Z + 0, [Mo(2) ' F(2)] ].

Lemma 4.3.5. The extended system Z = (Z,DZ)" is governed by the PDEs:

BY2)0,Z + 1 (ck + BH(Z))0u7 — 1@(2)1@2 + 1}1(2), (4.3.12)

= (13 1%) #(2) = (f %) H(Z) = (G(ZE?Z))'

Moreover, let 6 > 0 and assume that |Z|< §. Then, the following estimates hold:

[P(B%(Z) — B°(0))Plop+[P~(B"(2) — B*(0))P"|op

+|P-BY(Z)P|op+PBYZ2)PH,, < [PZJ?, (4.3.13)
PH(Z)| < |PZ|, (4.3.14)

PLH(Z)| < |PZ)%, (4.3.15)

[P+ B*(Z2)P|op+|P-B*(Z)P+|op+IPB*(2)PH,p < |PZ)7, (4.3.16)
IPB*(Z)Pop < [PZ], (4.3.17)

IPdivB(t, v, w)P|op, < |71, (4.3.18)

IPdivB(t, v, w)P*| oo+ |PEdivB (¢, v, w)Plo, < [t~ 1|IP>U| (4.3.19)
IPLdivB(t, v, w)Pop < P2, (4.3.20)

where

divB(t,v,w) := D,B%(v) - (B°(v))™* (—1(C’k + B*(v))wy, + 1@(1})1% + 1]‘](1}))
+ 1Dka(v)wk

Following the conventions in [11], we use v and w which denote Z and DZ respectively.
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Proof. (4.3.13) immediately follows from the definition of B® and M" given in (4.3.7). For
(4.3.14) we use (4.3.11) for the estimate on F. To estimate G, we define

0 —A
Cy = [, My] = (A? 0]> ,
Cy = (11, My™] = =My ([T, Mo)) My,

(4.3.21)

A computation shows that
10aColopS 1217+ D2PS PZP, [Chlopt]Colopt+|CalopS [2]*
Using (4.3.21) and (4.3.10), we find
Gy = C1Go + My [~0,Ca - (6% + M¥)04Z — Co(0.M*)0, Z + 0.C5 - BIIZ|
+ M| = 0a (M) (ITH6* + T MM 0, Z — M0, (T MFIT) 0,2
— My 9, (MMPIY) 912 + 1140, (M F) |-

Note that it is crucial that the term A0, (HM’“HL) ORI1Z is of higher order in PZ. The

estimate (4.3.16) and (4.3.17) follow immediately from the estimates in (4.3.9). Using
(4.3.9), (4.3.11) and (4.3.10) we may conclude (4.3.14) as well as (4.3.15).

Finally, we study the map

divB(t,v,w) = D,B"(v) - (B(v))™! (—1(0]€ + B*(v))wy, + 1%(1})]?1} + 1H(v))

1
+ EDUBk(U)wk.

We compute
DB (0)|S D2 (f () - 22| [Pul,
where f is some smooth bounded function that comes from the choice of transformation.

Also, B(v)™' =T + O(|Pv|?). Together with (4.3.6), (4.3.9), (4.3.14) as well as Remark
4.3.1, this yields the desired results as given in (4.3.18)—(4.3.20). O

Proposition 4.3.1. Suppose that k > 4 and Zy € H*(T?) is initial data to the initial value
problem posed by (4.3.12). Then, there exists an € > 0 such that if | Zo| < €, there exists
a unique global solution Z to (4.3.12) with

Z € C°((0,Ty), H (T*)) N CH((0, To), B (T%)).

Proof. After a transformation ¢ — —t, our only task is to check the assumptions from
[41, §4.1]. Tt is straightforward to check that P? = P, P'* = P, ;P = 0, ;P = 0 as
well as (C*)" = C*, §,C* = 0, 9;C* = 0. Using that 0 < K < g, there exist constants
Y1, Y2, v3 > 0 such that %11 < My(Z) < %3%(2) < 4,1 . Since AY is symmetric, we have

(B%(Z))" = B°(Z). Also
P, %(Z) =0, O(PAB(Z))=0, and [PB(Z)—PAB(0)|p=0.

Since A¥ and C* are symmetric, B* is also. Together with Lemma 4.3.5 we conclude that
all the conditions in [41, §4.1] are met. O
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4.4 'THE EINSTEIN EULER EQUATIONS NEAR A MILNE BACKGROUND

We now consider solutions to the Einstein Euler equations (4.1.1) allowing for the dynamical
metric g to be a perturbation away from the following linearly expanding Einstein spacetime:

Definition 4.4.1 (The Milne spacetime). Let (M, ) negative closed Einstein space of

dimension 3 and Ric[y] = —%7. Then, the Lorentz cone .# = R x M with metric
t?
gy = —dt* + 37 (4.4.1)

is a Lorentzian solution to the vacuum Einstein equations. We term (., gys) the (com-
pactified) Milne spacetime and refer to ¢ as cosmological (or physical) time.

In this section we prove the following theorem

Theorem 4.4.1. Let (M, gn) be the Milne spacetime and consider the Einstein-FEuler
equations (4.1.1) with linear equation of state (4.1.3) where K € (0,1/3). Let (go, ko, po, o)
be initial data satisfying the constraint equations (4.4.5a) for at physical time ty such that

po > 0 and
2

t t
(907 k07 £o, UO) € %66757575(5077 _5077 O’ O) (442)

Then, there exists an € > 0 sufficiently small, such that the future development of (go, ko, po, o)
under the Finstein-Fuler equations is complete and admits a constant mean curvature folia-
tion labelled by T € [19,0), such that the induced metric and second fundamental form on
constant mean curvature slices converge as

. 1
(9, TR)=5 (7, 37).

Remark 4.4.1. In theorem 4.4.1 above %%55(. . . .) denotes the ball of radius € centered
at the argument in the set H%(M) x H°(M) x H°(M) x H?(M), with the canonical Sobolev

norms given in Definition 4.4.8 below.

Definition 4.4.2 (ADM decomposition and CMCSH gauge). We reparametrise the physical
dynamical metric g in terms of the ADM variables via

g = —N%dt* + Gup(dz® + X dt)(dz® + X dt). (4.4.3)

That is, N is the lapse, X is the shift and § is the induced Riemannian metric on M.
Furthermore, we denote the mean curvature and trace-free part of the second fundamental
form?® by

~ ~ ~ ~ 1
T = tl"gk = Nabk:aba kab = Eab + ngab'

We follow the standard approach for the Milne spacetime [3; 4] and impose the constant
mean curvature and spatial harmonic gauge conditions

t=r,  H"= gl — Th%) = 0. (4.4.4)

3We assume that all spatial indices are raised and lowered using the metric g.
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Definition 4.4.3 (Rescaled geometric variables). We define
Jab = T2Gap, g% = (7H)71g%®, N :=7°N, X*:=7X% Y=,

as well as N := N — 3. We also define the logarithmic time T as T = — In(%-) so that T
satisfies the relation Oy = —70;.

Remark 4.4.2. The expression for the Milne geometry given in (4.4.1) is with respect to

cosmological time ¢. Moving to CMC time, given by 7 = —3/t, we see that the metric takes
the form

1 9

T T

Thus, the Milne spacetime, when written in CMCSH-gauge and rescaled variables, is given
by
(9ij, 25, N, X*) = (75,0, 3,0).

We also define various components of the energy momentum tensor that contribute to the
dynamics under the Einstein flow, see [2].

Definition 4.4.4 (Matter variables E, 7,7,S). We define the following physical matter
quantities

E = T‘“’nuny, ja = gabNTO'ugbu, 7~] = E + gabTab, gab = Tab — 5 tI‘g T- gab7

and the rescaled matter quantities by
E:=(-1)3E, j%:= (=17 n:=(-1)70, Su:=(-7)""Su.

Definition 4.4.5 (Elliptic operators A, ,,.Z, ). Let V be a symmetric (0, 2)-tensor on M.
We define the following self-adjoint, elliptic differential operators

AgqVij = (ﬁ)_lv[v]a(@gabvh]b‘/z‘j)a
gg,v‘/;j = _Ag,'y‘/ij - QRiem[’Y]iajb’yac’deV::d-

The equations of motion for an Einstein-matter system in CMCSH gauge are derived in [2].
Denoting the Levi-Civita connection of g by V, the PDEs are as follows.

Lemma 4.4.1 (Equations of motion for the geometric variables). The Finstein equations
(4.1.1a) reduce to two constraint equations

2
R(g) — yzy§+§ = —47E,
Vo = 2779,

(4.4.5a)

two elliptic equations for the lapse and shift variables
1
(A= N =N (|f5-n) - 1,
AX® + Ric[g]% X" = 2V,NE" — VN + 2N725* — (2N — VP X)(T[g]e. — T[Y]%),
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and two evolution equations for the induced metric and trace-free part of the second funda-
mental form

Orgap = 2NSap + 2N gap — Lx Gav,

. 2 c
OrYap = =24 — N(Riclglap + §gab) + Vo VN +2NE, X} (4.4.5b)

1 - ~
- gNgab — NXwp — LxXap + NTSap.

Remark 4.4.3. In the above equations (4.4.5), Zx denotes the Lie derivative with respect
to X. We also recall from [4] the following decomposition of the curvature term in the
spatially harmonic gauge:

2

. 1
Rlc[g]ab + §gab = igg,’ygab + Jaba (446)

where there is a constant C' > 0 such that ||.J|

o< Cllg =7

4.4.1 Equations of motion for the fluid variables

In CMCSH-coordinates and rescaled variables the dynamical metric (4.4.3) is given by

1 [ N? Xe X?
§= = |~ =g dr? + gap(da® + “—dr)(da® + “—dr)|.
T T T T

This is in the form considered in (4.2.7), provided we make the identifications

N X
0 ’ ﬁa_

= ?, GJab Egab, \I](T) = ln(—T)

8
Il
=
Q
Il

-
Lemma 4.4.2. The Euler equations (4.1.1b) with respect to the dynamical metric g can be
written as

B°.U + B"V,U = H, (4.4.7)
where U = ((,u?)™ and

K Lo, Kok s25k K/
0 = vy J k = 13 u v ] =
B (—sz‘ M;; > B <K5f 1M~u’“>  H ((1_3KUJi> + mi) '

v

Proof. Recall from (4.2.14) that v = v", w; = vj, u = v, and v/ = v/. Evaluating the
expressions given in (4.2.12), (4.2.15), (4.2.23) and (4.2.24) in CMCSH-coordinates, we
compute the geometric quantities to be

1
Hij = 55 Orgij + ViX; + V;X5),
Hj_;[—NX(VjN—X H ) = NA G+ VX0, (4.4.8)

) 1 . .o X , ;
T = [va —INXIH G = S (=0rN = N + XIV;N — XIXPH 1)
—OrX' = X'+ X7V, X1,
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while the matter quantities are

1 ~N? 4 |X|?
Mij = gz'j — a(wZX] -+ UJJXZ) —+ T2—M29wiwj,
1 , 1 1 .
(= ———H p X" — 2 4+ ~Yw; + —Zlwuf 4.4.9
Nk U ]+M w]+yﬂ WU, ( )

1 . -
m; = —M,;; (Wﬁ/lkauluk + Y7+ Q:iuk).
The result then follows from Lemma 4.2.3. O

Remark 4.4.4. On the background Milne geometry the tensors 25, 7'53'» and 72T identically
vanish.

Lemma 4.4.3. The homogeneous fluid solutions to (4.1.1b) are given by U = ({,v*) = 0.

Proof. The modified density variable as defined in Section 4.2 takes the form

1
14+ K

¢ In(p/po) — 31n(—7). (4.4.10)

Considering the Euler equations (4.1.1b) with § = gp; and #° = 0 (i.e. a homogeneous
regime) we arrive at the ODEs

(0) = K/(1+ K)dip+ 2p0'00" + S (1)’ =0, 9ip=0.

These are satisfied by

3(1+K

for some constant py > 0. This implies p = ¢;(—7) ) for some constant ¢, > 0 and thus

on the background

1 <~
(= T K In(p/po) — 3V = 3In(—7) — 3V =0,
provided we pick py = ¢,. Hence, our homogeneous solution is U = (¢, v*) = 0. O

Remark 4.4.5. On the above homogeneous fluid solutions, we have the simplifications
v=0ov=—= u=uv,=—, vip=—1, M;; = ij. (4.4.11)
T
Additionally, w;, v/, w’, 7¢ and 7m; identically vanish.

Due to the factor of 7 appearing in the expression for v in (4.4.11), we introduce an
additional rescaling.

Definition 4.4.6 (7). We rescale the time-component of the conformal fluid four-velocity
by 07 := (—7)" ",
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4.4.2 Preliminary notation and computations
In this subsection we assume that (M, g) is a closed 3-dimensional Riemannian manifold
with Levi-Civita connection V.
Definition 4.4.7 (Inner products). Let v and w be vectors fields on M. We define (-, -), as
(v, W), = gijv'w’.
If ¢ > 1, then we define
(Vi, Viw), = g g™ (T, - Vv, Vi, -+ Vi),

This definition is extended in the usual way to arbitrary tensor fields. We also define the
modulus as |v]2:= (v,v),. If the subsript is omitted, we assume the bracket to be the
Euclidean inner product, i.e. (v, w) = vT (w).

Definition 4.4.8 (Sobolev norms and measures). We denote by p, the Riemannian measure
associated to g, which is given locally by y/det gdz' A da? A dz®. When the context is
unambiguous, we will omit the measure p,. For a tensor field V' and s € N, we define the
Sobolev norm of order s as

V2, = /va.
Vi = Y [ 9,

0<l<s

We frequently consider the norms of an abstract vector quantity ¥ = (f,v)? which consists
of a function f and a spatial vector field v. We simply write

1 W ei= (1 f ez N0l e

We also require the following result that allows us to commute the time-derivative with
integration.

Lemma 4.4.4. For an arbitrary scalar function f the following identity holds:

d
= | 1 SIN =3l X s F i+ [ Onf g

Proof. The following identity from [16], together with integration by parts on the shift term,
yields

Ci(/M fg) = /M (3(N = 3)f +0rf — [V X))y

The result then follows by the Hélder inequality and the Sobolev embedding L*(M) —
H*(M). O

We also state an additional lemma which will be needed later on, when discussing the
behavior of the energy functionals.
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Lemma 4.4.5. Suppose that vy is another Riemannian metric on M, such that Ric[y] = —%%
the harmonic condition (4.4.4) holds and also the bounds

lg —Yllu=< Ce

hold for s € N. Then
[Riem[g] — Riem[7]|

w5 g — 7

Hs+2 .

Proof. By the Ricci decomposition of the Riemann tensor in 3 dimensions, we have that

R[7] 1

Riem|v]ijm = _T(%’l'}’jk — VikVj1) = §('7il7jk — Vi Vi),
. R
Riem[g]iju = _f[ig](gilgjk — gik951) + Vagix — Vigie — Viegji + Virga), (4.4.12)

where Vjj, := —Ric[g];x + 5R[g]gjr and we used that Ric[y] = —27. From (4.4.6), we have
that

. ) 2 1 2
Ric[glay — Ric[y]ap = —=gap + §gg,w(9ab — Yab) + Jab + =Yab-

9 9
Thus, by elliptic regularity (see e.g. [9])

”Ric[g]ab - Ric[’y]ab|

ws+||J|

as S g =Y ms L (9 — )] mS g =

Hs+2 .

To compute the difference of the Riemann tensors, one then expand all of the terms in
(4.4.12) including g by g — v+~ and Ric[g] by Ric[g] — Ric[y]+ Ric[y]. Applying the triangle
inequality then shows that ||V g=< ||g — 7| gs+2 and furthermore the desired estimate. [

4.4.3 Local existence and bootstrap assumptions

Theorem 4.4.2. Let k > 6 be a fized integer. At'T = Ty, suppose that we have CMC
initial data satisfying the constraints (4.4.5a) with regularity

(g0, ko, No, Xo, pos ug) € HY x H* 1 x H* x H* x H*' x HF!,

Then, there exists a unique classical solution (g,k, N, X, p,u) to (4.4.5) on [Ty, Ty) with
T, > Ty. This local solution satisfies
g, N, X € CU[Ty, T,), H*) n CY([Ty, T} ), H*
ke C[Ty, Ty), H* Y n CY([Ty, Ty), H
u,p € C[Ty, T,), H
(I )

-1
an, 8Tu S CO T07T+ ,Hk_2).

?

In addition, the norms as well as the time of existence T'y depend continuously on the initial
data. By the continuation principle the mazimal time of existence Tyuay 1S either Ty, = 00,
i.e. global existence, or

Pl sup llg =t g+ = Bl X

HNOr Nl s+ 100 X || s+l pl| s+l pri—1> 6,

where 0 > 0 is a fived constant.
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In light of the above local existence theorem, we can now make certain bootstrap assumptions
that hold in a non-empty time interval. Let A < 1 be a fixed positive constant and, again,
k > 6 a fixed integer. We assume that, for all Tp < T < T’, where T > T, there is a
constant C' > 0 such that the following bootstrap assumptions hold

[U |1 < Ce,
lg = Al ex+ SN o1 < Cee™7, (4.4.13)
IN = 3] | X [ g+ 107 N i1+ 00 X || s < Cee™.

The results in the rest of this paper will be derived under these bootstrap assumptions.

Lemma 4.4.6. Under (4.4.13) we have that

. 1
o7 — gHH’“S €

Proof. The normalization condition (4.1.2) implies

1 % > - ~ 1
0" = —————(—2X, 0% + [4(X,X")? — 4(—N? + X, + ) (gup??" + 1)]?
i T I o AL S ) (Jap0"0” +1)17)
72 )
= (= X" + [(Xv")? + (N? = X, X ab 1 1)]2
X, X — NQ( oV + [(Xav")™ + ( o X ") (gapv™ v’ +1)]?),
and so the final estimate is obtained by applying (4.4.13). O

Remark 4.4.6. From the geometric equations of motion (4.4.5b) we may immediately
conclude that

1029l 151 S INEl| ss 4| N gl s+ Lxgllmnr S e (4.4.14)

We now explain why the bootstrap estimate on U yields a similar estimate on Z.

Lemma 4.4.7. Under the bootstrap assumptions (4.4.13) we have that

12| x2S €

Proof. Consider the transformation Z = (v, 2") — U = (£, u) as given in (4.2.31) which
we will denote by ¢ : R* — R*. By the bootstrap (4.4.13) as well as Sobolev embedding we
have that

62|z +lall e S (U x2S €

Using the explicit form of |b|, which is bounded from below, we can conclude that ||z|| L~ < €.
Choosing ¢ 2 the same as in the proof of Lemma 4.3.2 we see that smallness of a must
imply that ||¢||z~< €. Simply calculating the Jacobian of ¢, we see that due to smallness
of Z, ¢ is a diffeomorphism. Also note that 2* = f()u’ is a product of a scalar and a
vector and is hence a vector and furthermore that due to the structure of a, 1 then has to
be a scalar as well. Let us now consider the H'-norm of

1613 = [ (" @AC, [u2) Vi (G, ul2))
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= [ (G O [u)OmC + (D20)(C [0f2) O]
< [(000) (G, U0 + (@) . [ul2)ulul2)

where we used Cauchy-Schwarz and the fact that 911, ;1) are scalar functions on a compact
manifold and hence bounded. Since z* = f(¢)u’ we have, by the Leibniz rule of the covariant
derivative,

12 S MU

For higher derivatives the same calculation follows with more applications of the Leibniz
rule. O

4.4.4 Transformed Fuchsian system for the Euler equations

In this section we derive the expression for the equations of motion of the fluid.
Lemma 4.4.8. Under (4.4.13) the following estimates hold:

[Tl rm? |+ il g HTES g H T Ty S X g H VX g+ NV N g+ [E] g+ 0r X,
|Mij —vijlg S g — 7|g+|X|g+|Z|§‘

Proof. Using the expressions given in (4.4.8) as well as the equation of motion of the
geometry, (4.4.5b), we obtain

’%/ij|g 5 |8T9|g+|VX|g§ ‘VX|9+|X|9+|N|+|E|Q>
172y S 1009l VX |y HX V]S [VX],+ V] 4| X [+ R+,
‘T2Ti|g N |VN’9+|8TX|9+|X|9'

Similarly, using the expressions given in (4.4.9) we find
|Mij — Yijlg S |9 — Ao X [+ 216 X [H25S 19 — Yo+ X |g+]215,
701 S (17 /vl || X g+ 7> Xl a7 +7E L) 12|+ (I7Elg+ 72l ) [X [glv|+E ],
el S 1M (|7 /1| 16l X |2 |+ I7E L) + [M][v /7|7 Y.
O
Lemma 4.4.9 (Fluid equations of motion). The Fuler equations (4.4.7) can be rewritten as
M 0rZ — (CF + MMV Z = ~#BPZ — F, (4.4.15)
where
1 0 o (01 0 |22
MY (Z) = B +e T + O(|X?) + 9],
@) (o K 1%) 1 o) TOUXI o 2
Mz = (0 V) po(xP4le2),  and
0 O([zly) 97 e
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k
B.=(K'1-3)1, P:= (8 ;) Ckz@ %) (4.4.16)
7 [

and

[PE[+PF| S O(|2l3+|X g H VX |+ N+ VN |42y Hr X ). (4.4.17)

Proof. We transform to new variables Z = (¢, 2*) and define z; = g;;27. We first compute
Wo = Vg = GapV"' = XoU™ + Goc2b(V)) = Xov + bz, .
Using (4.2.32) and (4.2.46), we compute (using things like =t ~ 7 < 1)

2
A0:b2K[1+X ’°1+o 2%,
0 N(¢+C2) k< (| |g)
X K1 v v
0 _ 32774 |9 _ Eyv Y Y ar2 X2 2
A bKM [ 1 (¢+02)z X’%( 2+w< N2+ |g)>1+0(|z|g),

R x. Y _ N2 2y ¥V
Aij—b [gZJ+XzX]TM< 2+ (—N +|X|g)7_lu)]

b bv K
2022, X0 |—— + (=N?+ | X|2) = —2—| + O(|z/|?
+ 2072 n[ w+( + | |g)w #]+ (215),

Ag=0(z[7),  Af = VK5 +0O(|2]),

2 kK
5= 2 5z + 6%z,
Azj |K¢ _|_62>ng2’ + (¢ +62)( j~ + zZJ>1

BXX2E |24+ (N2 + | X[2)— | + 0(|22).
XL 2 (N X |+ O

Premultiply the PDE system (4.2.32) by (AY)~! and rewrite it as

(A9 1A%, 7 + iZ(Ag)lA’kaz — (A)'Q(H - BYY).

We define
M°(Z) == (AD) 'A% (Z),  CF = ((A9)1A¥) |y,
MMZ) = g(Ag)‘lA’“(Z) —C* and (%, F)" = 7(A) Q™ (H — BY).

Then, thanks to Lemma 4.2.4, the following PDE holds

1 1
M°0.Z + = (C* + M*)V,Z =

- ~(Fo, Fy)".
- 7_( 0» J)

Noting that (Ag)~" = (V’K)~' + O(| X |>+|2[2) we compute

1 0 0 Xip!
M(Z) = o)+ - S o1y | T OUXH L),
D= (0 1%,)* (it oqaii) +OIXEH:ER)

J

(10 (01 -
(o6 xt,) 1 ( 6) + O+

)

(4.4.18)
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and
0 0
M’%Z):( . )
0 (525 ) 957" + iy (Ohz + 6F2))

0 0 2., (.2
(0 0Pl 00D

(0 0 2 2
= <O O(|Z|g)> + O(| X5 +]z[,)- (4.4.19)
Next, we introduce the following notation

1-3K
=

K
R;: w;0-U + m; + —w; Doad, gy, - 225
112

Using Lemma (4.4.8) we compute
\Fo| S |7(bs) 72 [KDra(l — Daadrgy; - 2'27) + V2 Ry |+ O(| X [2+]212)

S 1+ cal (1€ +10rgl|212) + [2lgl X [lv|+| 2l rmjl+ O( X [24]212)

S OUX A2+ X [+ VX g+ N+ VN |+ [S] 07 X ).
Similarly, for each 7 we have

F; = 7(bs)* [2K Daaz;({ — Dyadgy; - 2'7) + bR;| + O(|X[2+]2[2)

— K™Yz + (3 = KO WX+ + callrml |2l 70+ O(| X [2+]212)
— K72+ O(|X 24224+ X |+ VX |+ N |+ VN[ g+ [Z]+|0r X ).

Defining F' = .% — $PZ we see that the above bounds on the components of .% imply the
estimate on F'in (4.4.17). O

4.4.5 Definition and coercivity properties of the fluid energy

Now we are equipped to introduce the higher order energy functionals, which are coercive
with respect to the Sobolev-energies of their respective order.

Definition 4.4.9. Let 0 < s < k — 1. We define the following energy functionals

1 1
E(Z)=35Y /M<vlz, MOV Z)g g, BE(Z) =53 /ManlZ, M°BV!Z), 1,

I<s I<s

B,(Z) = /M(VSZ, MOV Z), 1.

We refer to EP as the parallel energy and FE, as the homogeneous energy, of order s
respectively.

Lemma 4.4.10 (Equivalence of the energy norms). Under the bootstrap assumptions
(4.4.13), for 0 < s <k — 1, we have that

E((Z) =2\, EX(Z) = |PZ]|

s

e Ei(2) 2|2

H,:
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Proof. From (4.4.18) we see that M? is approximately the diagonal matrix diag(1,g).
Together with Sobolev embedding, this yields

|E:(Z) — |1Z|

S 1121

FroH (e VT X T+ 2 5] ) 1 2]

The other expressions involve similar estimates, and so we find the energy norms are
equivalent to their Sobolev counterparts. O]

4.4.6 Fluid energy estimates of lower order

Before we consider the time evolution of the lowest order energy E(Z) we first derive some
preliminary estimates and identities for the coefficient matrices.

Lemma 4.4.11 (Properties of the coefficient matrices). We have that
IPL(0r MO — Vo M®)P|op+|P(OrM° — V,M*)P|,,
HP(OrM® — Vo, M)P|op < [PZ|+PVZ|+ee™,
PL(0rM° — V MPY|,, S [PZP+HPVZ)?+ee .

Furthermore, for any square matrix A, we have the following identity

(Z,AZ) = (PZ, (PAP)PZ)+ (P Z, (P AP)PZ)+(PZ, (PAPH)P+ Z) +(P+Z, (P APH)P-Z).

Proof. First note that, using the equations of motion (4.4.15), 97 M° can be schematically
rewritten using the chain rule as

orM®(Z,9,X,N) = DzM"-0rZ + D,M° - 0rg + DxM" - 97X + DyM°dr N.
The last three terms involving the geometry can be estimated by
| DyM°0rg + Dx M°0r X + Dy M°0rN || poe < 009l g2+ 1|00 X || g2+ |07 N g2 S ee ™

using Sobolev-embedding as well as the bootstrap assumptions and (4.4.14).

Next, we inspect
DzM° - 0rZ = DzM° - (M°)™* ((C* + M*)V,Z — BPZ — F) .

Every term in this expression is a sum of matrices of the form f(Z,VZ)DzM?°, where the
function f schematically indicates everything coming from

(M) ((C*+ MMV, 2 — BPZ — F).

Now from (4.4.18) we see that to leading order M?° is given by the diagonal matrix
diag(1, K~ 'g;;). Thus, these leading order terms vanish under the derivative Dy. The
remaining terms in Dz M° involve X, VX or |z|, or |z|2, where we used the fact that
D.i(|2]2) = O(|z|y). Hence, the first inequality follows for dpM". As explained in Remark
4.3.1, we again find that P+ DzM°P+ = O(|X|,) and hence the second inequality of the
statement is trivially satisfied for 7M.
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Inspecting M* using (4.4.19), we see the leading order term is the diagonal matrix
diag(0,0(|z],)). We immediately infer that each piece of V;M* except for PV, M"P,
may be estimated in the same way as the error terms of 9pM°. For the PV, M*P part, the
leading order term consists of terms of order of |z|, as well as |Vz|,. These are estimated
by |PZ| and |PVZ|.

Finally, using P2 =P, PT =P and 1 =P+ P+, the identity for (Z, AZ) follows. O

Equipped with the preliminary results above we can now establish an estimate for the time
evolution of the energy of order zero.

Proposition 4.4.1. Under (4.4.13) there exists a constant C > 0 such that
OrEy(Z) < (3— K '+ CE}Z) + Cee™ + CeEL(2).

Remark 4.4.7. The parameter K < % is fixed, and so 3 — K~! + Ce is negative provided e
is sufficiently small. This overall negative sign of the parallel part of the energy is essential
to closing the final energy estimates.

Proof. A computation using the equations of motion (4.4.15) and Lemma 4.4.4 yields

orEy(Z) < / (Z, M°0rZ) +; /M(Z, (OrM®)Z) + Cee ™ Ey(Z)

_ /M<Z’ (CO+ MOV, Z) — /M(IPZ, BPZ)
- [ @R+ L [z 2) + ce D)

Using integration by parts and the fact that the matrices C* and M* are symmetric we find

/M(Z, (CO+ M)V, Z) = —; /M<Z, Va(C9+ M%) Z) = —; /M<Z, (Vo M) Z).

Note that a is indeed an index that stems from a spatial vector field, in particular z, which
allows for integration by parts. Hence we have

OrEy(Z) < (3 — K~Y)EN(Z) + /M(Z, (OrM° — VM) Z) — /M(Z, F) + Cee T Ey(2).

We start with the term involving F'. Using equation (4.4.17), we obtain
\/M<Z, )N ZIea I Flle S N Z) el Fll e S €?e7

We next analyse the term involving 9y M® — V,M*. Using the matrix identity in Lemma
4.4.11 as well as Holder’s inequality we find

/ (Z,(9r M — VM) Z) = / (PZ, P(0r M° — Y, M*)PPZ)
M M
n / (P2, PL(9r MO — V,M*)PRZ) + / (PZ, B9y M° — V, M*)PLP 2)
M M
+ (P+Z,P+(0rM° — V, M*) PP+ Z)
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< BY(Z)BOrM® = VMl H|Z [ | [PH(0rM° = V)P,
12l [ (PO M = VM) Ploy[B(0rM° = V., M*)P|,) [ PZ|

S B Z)([PZ|+ PV Z]+ee™) + | Z|[1 (B (Z) + EY(Z) + ee™)
+ 12|l [P Z || (E(Z) + EY(Z) + ee™7).

In conclusion, using Sobolev embedding and the smallness assumption, we find that
[ (2.0 M® = VM) Z) S (Ve+ eV EY(Z) + e(ER(Z) + BY(2)) + e,
where we used Young’s inequality and Cauchy-Schwarz in the last step. All together we get
OrEy(Z) < (3— K '+ Ce)ENZ) + Cee T + CeEY(2).
O

Remark 4.4.8. Note that, due to the inclusion of EY(Z), the energy estimate in Proposition
4.4.1 does not close. However, this is not an issue, since this problem is unique to the first
order and this term can be absorbed into a negative definite term of the type —cEY(Z),
¢ > 0, appearing in the final estimate.

4.5 ESTIMATES OF THE HIGHER ORDER FLUID ENERGY

In this section we derive an estimate for the higher-order fluid energies. These estimates will
be weaker compared to the zero order case. However, in the end this will be remedied by
exploiting the lower order estimate. We start be deriving an expression for the time-evolution
of the homogeneous part of the energy of order ¢ > 1.

Lemma 4.5.1. Let 1 <{ <k —1. Under (4.4.13) there is a constant C > 0 such that

18T(/ (V'Z,M°V'Z)) < (3~ K—l)/ (V'Z,PV'Z)

2o M (4.5.1)
il 14 0 _ a7/ 1 14 —\T

+5 /M<v Z,(0rM° — YV, M)V Z) + /M<v Z,GY + Cee M Ey(2),

where

G' = —BV', B MM ((C* + M)V Z — BPZ — F)
+ BV, BHC 4+ M) Z — BV (BF)
— MO|V%, 00| Z — (C* 4+ M) [V, V,]Z.

Proof. Let ¢ > 1. Applying the operator BV‘%~! to the fluid equations of motion of
(4.4.15) yields

M°0rN*Z — (C* + M)V N'Z = —~BPV'Z + G*. (4.5.2)
The error term G is computed as

G'= BV, B M°0rZ + BV, B (O + M)V Z — BV (B'F)
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— MOV, 07)Z — (C* + M)V, V] Z

= BNV, B TM)Y(MOYTH((C+ M)V, Z — BPZ — F)
+ BV, BH(C+ M)V Z — BV (BF)
— MYV, 07)Z — (C* + M*) [V, V] Z,

where we simply inserted the equations of motion (4.4.15) in the last step.

Using Lemma 4.4.4 and (4.5.2), we have

1 1
“0r / (V'Z, MOV'Z) < / (V'Z, MO39,V Z) + - / (V' Z, (MO Z) + Cee T E(Z)
2 M M 2 Jm

1 ¢ 0o ayel 7\ ¢ ¢
= /M<v Z.(9rM° — V., M)V Z) /M<v 7, BPV'Z)

Y4 14 —\T
+/M<v Z,G% + Cee T E(Z).

We now proceed by introducing some preliminary estimates.

Lemma 4.5.2. The fluid coefficient matrices and the inhomogeneity F' obey the following
estimates

[VPM P o+ | VP MOP|o, S e O(1X|,) + O X 2+ 22+ V2[2), (4.5.3)
[B(MO) TP |op+[PH(MO) TP, S e O(1X ) + O(IX[5+]213),
|PH(M°V,Z — BPZ — F)P|+
IPH(MV,Z — BPZ — F)P| < e + O(|X|2+]2] 24| V2]2),
\M°N . Z — BPZ — F| S ee M+ O(|2],+] X [2),
PLC°V,Z| = |PFC'PV,Z|< O(|V2],).

Proof. Recall from Remark 4.3.2 that conjugating matrices with P and P+ picks out specific
matrix elements. Considering the explicit form of M? in (4.4.18) we realize that the leading
order term is given by diag(1, K~'g) which is annihilated by the covariant derivative. Hence
follows (4.5.3).

Inspecting (4.4.19), we see that the leading order term in M* is of order O(]z|,) and is
picked out by the conjugation PM*P. In conjunction with (4.4.17) we conclude that the
statements about M*V,Z — BZ — F above are true. Note that we treated the VZ terms
as negligible using Sobolev embedding. The rest of the statements follows in a similar
fashion. O

Lemma 4.5.3. Let 1 < (¢ < k—1. Under (4.4.13), there is a constant C > 0 such that the
following estimates hold

/M(V"Z, (Or MO — NV, MYV Z) < CeEry(Z) + CeEP_ (7)),

1 (4.5.4)

/ (V'Z,GY < CecT By (Z)} + CeEP_ (Z) + B,
M
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where the problematic error term B is defined as
B = / (PV!Z, PCPLV!, V,|Z) + (PEVEZ, PLCP[VY, V] Z).
M

Remark 4.5.1. The error terms B’ involve the matrix C¢, defined in (4.4.16). The off-
diagonal structure of C® causes a ‘mixing’ effect in B’ by leading to terms of the type
O(% - |z]4). Such terms cannot be controlled in terms of the energy EP since ¢ is not
controlled by the parallel energy. Furthermore, note that these terms arise due to the
curved geometry and are not present in a setting in which derivatives commute. Hence,
these terms require additional treatment given below in the form of modified energies.

Proof. The proof of the divergence estimate is essentially the same as in lowest order.
However, we repeat the calculation and add some details. Using the identity from Lemma
4.4.11

/MWZ, (OrM° — V, MV Z)
= /Ma@vfz, P(OrM° — V,M*)PPV*Z) + /Ma?ﬂvzz, P (0rM° — YV, M*PPV‘Z)
+ /ManfZ, P(8rM° — V,M*)P+P+vZ)
+ /M<IP>LVZZ, PL(9r M® — YV, MO)P PV Z)
S EPi(2)|[P(0rM® = Vo MO)P| oo+ Ey(Z) [ PH(8r MO — Vo M@)P || oo
v /M (B (0rM° — YV, MYP|op+|P(8r MO — YV M@)PL| ) [PVZ|| V2.
Performing a similar estimate as in the proof of Proposition 4.4.1 we find

/ (V'Z, (MO — Vo MOV'Z) < eEry(Z) + EP_,(7) + ee T,
M

Deriving (4.5.4) is slightly more involved. We start be establishing a statement for a general
tensor-valued vector V' (i.e. the components of V' are tensors fields on M):

/M<vfz, BN, B MO (MO) V)
= /M (PV*Z, BV, B M (M) PV) + /M<IP>LWZ, BN, BTMOY (M) TPV
+ /M (PVZ, BV, B PMO)(P + P)(MO) PV (4.5.5)
+ /M (PLVZ, BV, B 1P MO)(P + PH)(MO)'BV).
The first line on the right hand side of (4.5.5) can be estimated by
IPVEZ| 2|V MO g2 [PV (| 2+ VEZ | 22|V MO 2 [PV || g2,

where we used standard estimates for the commutator (see e.g. [11, Theorem A.3]). The
second and third terms on the right hand side of (4.5.5) can be expanded as

/ (PVZ, B[V, B~ PMOPH (M) 'LV + [VE, B~ PMOJP(MO)~1PLV))
M
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+ /Mapﬂvfz, B(V:, B P MOP|(MO) PV + [V', B P MOJPL(MO)1PV))
S PV 2|2 (| VPMOP | yies || (M) PV | 2

+ “v}PMOHH’f—?H]P(MO)_lleHk—Q”V”Hk—Q)

T IV Z L2 (I VP MOP s | (MO)~ PV | s

+ [ VP MO e [P (MO) P gyima |V | iz ).

Utilizing these estimates for V = (M°)~'((M* + C*)V,Z — $PZ — F), in conjunction with
Lemma 4.5.2, we conclude that

[NIES

/M<vfz, BIVE, B MOYMO) (M + C)VoZ — BPZ — F)) < cBP_, + ce T E_1(7)3
Now we tackle the rest of the inhomogeneity described in G¥.

/M<vﬁz, BV, BH(C + MYV, 2Z)
- /M<vfz, BV, BCUNV ) + /M<vfz, BV, B MY, Z)
- /M<IP>VZZ, BV, BPMUP + PHV,Z)
+ /M<IP>LVZZ, BV, B P MYP + PV, 2)
S IPV Z|| 2 |VPZ | g2 |V 2| iV (P2 |G|V Z || iz | X G2 | Z ][ G2,

where we used that M® only has leading order terms in the PM“P component, as seen in
(4.4.19), and the last term stems from the error terms in M“. Furthermore, using (4.4.17),
we have that

| (2,89 B7 ) S 12 (IPZ s+ X e ™)
Lastly, using PC*P = P+C*P+ = 0, we find that

/ (V'Z,(C% + M%) [V, V.]Z) = / (P + PYYVZ, (CF + MY(P + PY) [V, V] 2)
M M
_ /M<IP’V€Z, PMOPIVE, Vo) Z) + |1 X2 || Z )| 20+ B
< Ce|PZ| 2o +C N X |3 || Z || 30+ B
Note that we estimated the non-leading order terms of M® by C|| X||24-1||Z||%x-:- Applying

the bootstrap assumptions, we see that these terms are exponentially decaying. The last
term to control in G* is the due to the geometry:

/M<vfz, MOV, 071 2) < 102D |l s Exr (2).

The norm of the time derivative of the Christoffel symbols can simply by estimated by
ee ' by applying the equations of motion of the geometry in (4.4.5b). H
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4.5.1 Corrected fluid energies

We now introduce a corrected energy which allows us to compensate for the problematic
terms B‘. We start by giving explicit expressions for the first and second order corrected
energies and show how these remedy the problem. Then, we present a process to extend
these concepts to higher orders.

Definition 4.5.1 (First and second order corrected energies). Define corrected first order
energies by

E(Z) = E(Z) — ; /M<]P>Z, MPZ),  E\(Z) = E\(Z) - ; / (PZ, M°PZ).

M
We define the corrected second order energies Eg and Eg by
- 4 4
Bo(Z) =By — = / (PVZ, M'PVZ) — — / (PZ, M°PZ),
9Jm 81 Jm
B . 4 4
Eo(Z) = By — = / (PVZ, M'PV Z) — — / (PZ, M°PZ).
9.J/m 81 Jm

Remark 4.5.2. Note that while the coefficients of the correction terms are negative, their
modulus is less then 1/2. Hence, the functionals E are equivalent to the functions £ and
thus also to the Sobolev-norms of their respective order.

With these new energies at our disposal we are now able to formulate improved estimates.

Proposition 4.5.1. For { = 1,2 we have

OrEy(Z) < (3— K '+ Ce)EN(Z) 4 Cee T + CeEF_(Z).

Proof. First, note that by using the explicit form of C%, the critical term B can be written
as

B = [ VU V04 VIV Vo
We start by considering the first order case ¢ = 1. Using Lemma 4.5.3 as well as (4.5.1), we
find
B . 2
OrEy < (83— K™ + COEn (Z) + Cee™ + CeB}_,(2) + B' — 5 / (PZ, MO8 PZ).
M
Note that we used that |0p M°|< ee™*T + E}_,. When ¢ = 1, we obtain

B = [ g"ValVa Vit = [ gV Riemlg i = = [ g7V Riclgln "
(4.5.6)

We first consider (4.5.6), when all the geometric quantities are with respect to «y instead of
g:

. 2 mn 2 "
_/ ,ymn meIC[V]nbzb = 7/ Y Vbnzbvmw = 7/ z vmw
M 9 Jm 9 Jm
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So we find that the error term is
/M 9™ (Ric[glen — Ric[y]on) 2" Omtbptg + /M (9 = 7)™ " Ric[V]on 2" Om 1y
S lg =l [ 12901S e,

where we used Lemma 4.4.5. Employing (4.4.15), we further calculate

_g/MGP)Z’ OrPZ) = —g/MGP’Z,IP’((C“ + M Z — BPZ — F))

2 2
< (K 1'-3)2 _z m 2 ATy
< (K 3)9/M(IP’Z,IP>Z) Q/Mz Vs + € O(|224¢7)

=()

Note that the positive term (%) from £ is not a problem, since this Lemma gives us the
negative term (3 — K~' 4 €)EP(Z) in the estimate for Eq(Z) and it is easy to see that

2
(3— K™\ 4+ Ce)EP(Z) + (K™' — 3)§/ (PZ,PZ) < C(3— K~' + Ce)E*(Z),
M
where C' > 0. Next, we compute the problematic term in the case ¢ = 2:

R WA AR AR A L LA ATE
= [ 4" VAVl Vil + [V, VY.
+ 9" VY2 [V, V] Vet
— /M gm”gmvmvm(vn(Riemabsazb) + Riem%,,, V2" — Riembsmvbz“)

— /M gm”g”VmV,nz“Riembsmew.

We proceed by replacing the Riemann tensor with the one on the background and estimating
the result by ||g — v||gx—1 as before. Furthermore, by changing the measure to z, and the

connection to V, we pick up exponentially decaying error terms as in the case of [ = 1. We
continue the calculation on the background:

A A 2 ~ 2 A 1 A
/ ,ymn,yTsvmvrw(i,ybsvnzb + 77bnvszb - *(/yba/ysn - /Vbn’)/sa)vbza)
M 9 9 9
1 mn_rsvy v .a -
- § / v vasz (7ba73n - fon’Ysa)vbw
M
5 S e S 1 S S TS 1 A A A
_2 / SNCEA VAR VAT v / SNCE VA VAT v / INLC VAR VAR v )
9Jm 9Jm 9Jm
1 S EaS 2 6 2 2 2 2 A A A
i / INLEA VA v VL v A / ILEA VAN v T VA / VLI v v V)
9Jm 9J/m 9Jm
6 S 2 2 2 A A A A A
_6 / N VR v v / AT N+ [V, Vo] ) V)
9Jm 9 Jm
4 mnyy - b 2 mn _bp: a -
= f/ """V VoV, 27 — 7/ ™ 2" Riem[y]%npm Vath
9Jm 9Jm

4 Aoa 4 A
=5 [ ATVt + o [ 2
9Jm 81 Jm
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We also see that, utilizing Lemma 4.5.3,

4
=z / GNPV Z, MOOr PV, Z)
9Jm

4
- /M GNPV Z,P (% + MOV VoZ — BPV,Z + Gi))

4 4
S =3); /M g PV Z,PVaZ) - 5 /M P VAN v V)

4
- / ¢ (P, Z, POV, V] Z) +Cee T,
M

=0

where, in the last line, we used that PC*[V,,V,]Z = (0,[V,, V,]¥)" = 0. In the same
spirit as in the case of [ = 1 we can conclude that the term introduced by % does not affect
the overall estimate as it can be absorbed in the negative definite term (3 — K L+ Ce)ES.

Summing our results for £y and F, over [ < 1 and [ < 2 respectively, together with Lemma
4.4.1, yields the desired result. O]

Proposition 4.5.2 (Higher order corrections). Corrected energies E, for all orders 0 <
¢ < k —1 that are equivalent to the energies in Definition 4.4.9 can be constructed and
satisfy the estimate in Proposition 4.5.1, i.e.

8TE5(Z) <B-K '+ eENZ) + ce M+ eEY (Z).

Remark 4.5.3. Constructing these energies, while in principle straightforward, is a tedious
process and does not add in a meaningful way to the arguments. Hence, we omit an explicit
construction and instead give a recipe how to construct them and prove why they satisfy
the above estimate.

Proof. The ideas presented in the proof of Proposition 4.5.1 can be generalized to higher
orders in the following fashion. Schematically, at order ¢, the error B takes the form

[ VT VIV VIS | | Ve VI Vi VS || Vel

where we integrated by parts in the last step. By % we denote an arbitrary contraction
T1 = T with the metric g. Furthermore, note that z here is always contracted with one of
the covariant derivatives, so these tensors are indeed of the same valence. In the expression
above there are terms of the form VRiem. We tacitly assumed these to be negligible,
since we can always replace any geometric quantities like Riem or V by their background
counterparts and VRiem[] = 0 by the Ricci decomposition as done in Lemma 4.4.5.

Now the terms in this x-product may involve contractions over multiple derivatives of z or
Y, i.e. y"V,,V,z or divergence-like terms, i.e. V,,V,2". All the terms are of order ¢ and
¢ — 1. In these cases we can always interchange derivatives, in which case the curvature
produces terms of order e.g. V2¢)V*~!z, which can then be rearranged using integration
by parts. After all these manipulations, one ends up with an error of the type

/M VIV AV 2 VRV V2 £ e e 22V b,

To illustrate this idea in practice, we note the explicit constants coo = % and cop = E;il in the
case of £ = 2 are derived explicitly in the proof of Proposition 4.5.1.
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In the worst case one of these constants, w.l.o.g. lets say cy, is large and positive. This
forces us to add a negative definite term to our energy. However, we may put a small
coefficient in front of the top order term in our energy, i.e.

5, / (V'Z, MOV Z),
M
so that the coefficient appears as cyd, < 1. Thus, the correction term needed is
—uds / (PV1Z, PMOV-17),
M

which conserves the positive definiteness and coercivity of the energy. After deriving this
term and employing the equations of motion, another potential problem is the positive
definite term

Corde /M PV Z, BPVI1Z).

However, this does not pose a threat for closing the energy estimates, since ¢, is fixed and as
small as necessary, and hence in the end the term can be absorbed by the negative definite
term (3 — K1 E? |, as 3— K~! < 0 is fixed. Another potential problem is posed by the
term generating the error term B initially. We end up with a term of the form

—eud, / (PVE1Z, POV, V] Z) = —cudy / VLIV .
M M
However, we see that this again straightforwardly falls into our sum
/M G VIV 2 4 Gy iz,

with new constants ¢,;. The same process may now be repeated until the lowest order is
reached. In this case the term generated by the matrix C' simply vanishes. O]

4.6 GEOMETRIC ENERGY

Lemma 4.6.1 (Matter source terms). In the case of a relativistic fluid stress energy tensor
(4.1.1c), the rescaled matter quantities take the form

E = poea(1+K)€73KT <(1 +K><@T)2N2 +K), ja — poea(lJrK)e(leSK)TN(l +K>?AJTUG,

n=FE + poe? 1K) 3K ((1 + K)(|X2(07)? = 29 X W07 + o2) + 3K) ,
Sap = poe® ) (FBEIT (1 4 K)(X, X3(67)2 — X070y — X0 00 + va0p) + K (2 + K)).

Proof. Using Definition 4.4.4, a straightforward computation shows that
E=T"n,mn, =p((1+K)@)*N? + Kg*N?),
Jo = NT%gu = N (p(1 + K)00" + K g™ ) Gap
7 =E+§"Tw = 5 Gaugo (1 + K)po"v” + Kpg")

123



= B+ (14 K)pr 25" (Xa X (87)? = Xabvp — Xp0704 + vav3) + 3K,

. - 1 - ~ 1 =, .
Sab:Tab_§tr§T'gab:Tab_ig,ul/T” * Gab

= Kﬁ7_2gab + (1 + K)ﬁT_Q (XaXb(ﬁT)z — X, 0Ty — Xp0 v, + vavb)
— 27 2K pgay + 25(1 + K)T 2 g,

Furthermore, inverting ¢ using (4.4.10), we find

(LK) (. )3(1+K)_

p = poet T

Using this relation, we end up with the desired results. Note that we used j* = §%j, =
<_T)2.gabjab- O
Lemma 4.6.2 (Estimates on the matter variables). The matter components obey the
following estimates

Tl s 1P s T 1Bl 2+ 7|07 | -2 S ee”THHOT,

17| e S co— (2HBK)T

Proof. Using the expressions for the matter components given in Lemma 4.6.1, a straight-
forward application of Sobolev estimates leads to the following:

[l e S 7O FD (@2 N2 gas S 25 2 s [[(0)2 g | N2 s

< e (HBK)T

The calculation for j and S is analogous. However, the estimate of the time derivatives
require a more careful analysis. We have the following bounds on the individual bounds

107 (Vo) || s S | Dyadrp|| gro-a+ | Daadr| 2] || i S €+ ee ™,
||8T1A}||Hk72 < ||€)TN||Hk72+||8TX||Hk72+||8TIP>Z||Hk72§ €+ 66_)\T,

1079l -2 S e

These rough estimates straightforwardly imply the estimates of the time derivatives.  [J

4.6.1 Geometric energy

Since .Z - is an elliptic operator on the compact space M, it has a discrete spectrum of
eigenvalues. On account of a result from [62], the smallest eigenvalue A¢ of the operator

1
Z, -, satisfies Ay > 9 and the operator has trivial kernel.

Definition 4.6.1 (Geometric energy). We define the constant «(\g,d,) and cg as

]., )\0 < l, 17 )‘0 < 17
o= 9 and cp = i
1-— 50“ )\0 = 9()\0 - 5)7 )\0 = o

9

O
©l|
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where 6, = /1 —9(\g — &) with 0 < & < 1, which remains to be fixed. Given these
constants, we recall from [2; 3| the geometric energy &, and the correction term I, of
order m > 1 as

1 9
(9) — = m—1 e . m .
E 2/M<62,$m 6E>+2/M<(g 7), L (9 — 7)),

P = [ (65,277 (g - ).
v :
Finally we define the corrected geometric energy F, of order s > 1 as

&= Y FEY4cpl'9.

1<m<s

4.7 PROOF OF GLOBAL EXISTENCE AND STABILITY

Proof of Theorem 4.4.1. The smallness condition of the initial data in (4.4.2) implies the
existence of a constant Cj such that

IN = 3l X |10 N || s |00 X || i1+ Ei 1 (Z) + &, < Coe.
Employing the inequality of Proposition 4.5.2 yields
OrEr 1(Z) < (3= K '+ Ce)E?_1(Z) + Cee ™.

Hence, if € is sufficiently small, and using that 3 — K~! + Ce < 0, we have that

- T
plliss-+lullmes S Bea(Z)(T) < Ce [ eds < Coe,

To

where we potentially redefined Ty. Next, we improve the bootstrap on the lapse and shift
using an estimate given in [2, Prop. 17| together with our matter estimates from Lemma
4.6.2:

IN = 3l X v S NN H 0l 2 H T PN 52+ g — Y[
< 2o T o~ (143K)T

Y

which closes the bootstrap assumptions on the lapse and shift made in (4.4.13). Similarly,
to improve the bootstrap on Or N, 0rX we use [2, Lem. 18] (see also the correction in [6,
Prop. 7.2]) and the matter estimates of Lemma 4.6.2 to get

102N [z S NN ez X | zria H IS e+l g = Y o HT SN s+ |7 ] s
+ | 7|Orn] -
< 207D | o ~(13K)T

and

100X s S NN s 107 N | s | X | arrs I Fpiatllg — -2t |71l es
+ 721075 | se-s + 1 Ornll s
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< 2 T 4 o~ (143K)T

~Y

The evolution of the geometric energy is given by

1 3 1
Oréy < =208}, + 66 |N S| gr-1+C 8 + CEZ (|70l e-s+|7* [N rx-2)
1 3
< =206, + 60E2 e WHB3OT L 0g2

The first line above is from [2, Lem. 20] and the second uses our matter estimates. This
energy estimate can be closed in a similar way as in [2]. This amounts to rescaling the
energy by an exponential factor depending on 4, as introduced in Definition 4.6.1. For
further details of this construction see [2, §9]. Also note that the decay in this estimate
is stronger due to the additional factor of e™®7. Thanks to [2, Lem. 19], we have the
coercivity ||g — || gr+||2|| gr-1 S &k Finally, future completeness relies on the rate of decay
of the perturbation of the unrescaled geometry and matter fields. The exact details are
very similar to that given in [2] and the conclusion uses the completeness criterion given in
[18]. O

Remark 4.7.1. Note that all the arguments in Section 4.4 and following are not specific
to a closed manifold close to the Milne-geometry but, except for a few details, carry over
in a straightforward manner to a fixed spatial background geometry. The main motivation
to consider constant negative Einstein-curvature is to guarantee stability of the geometry.
However, when considering an arbitrary non-dynamic spatial background, we have to adapt
our strategy when considering the energy corrections. As noted before, these stem from
the non-commutativity of the spatial derivatives. Since we lack the luxury of an explicit
background we cannot employ the same idea presented in Lemma 4.5.1, i.e. replace Ric[g]
by Ric[y] and exploit the fact that their difference is small. However, since our spatial
manifold (M, g) is fixed and closed, we know that

0 < |Riclg]|op< @

for some @ > 0. Remember that the first order error term is proportional to

5 /M Ric[glynz" V™,

where d; > 0 is a possibly small constant that we set before the top order part of the norm
to scale this error term. We may then correct our energy as

EZ) = E\(Z) - 521 /M<IP’Z, Ric[g] M°PZ),

which is still equivalent, given ¢, is sufficiently small. The time derivative of M and Ric|g]
as well as additional terms from Lemma 4.4.4 are negligible. Employing the equations of
motion similar to the proof of Lemma 4.5.1, in addition to the compensating term we also
receive the additional

5 /M<IPZ, Ric[g| BPZ) < ad,ER(Z).

Given that 0, is sufficiently small, this term gets absorbed into the negative definite term
—cE}(Z).

Note that we can always decompose the curvature tensor into Ric[g] and g. Hence, we can,
in a similar fashion as in Proposition 4.5.2, put a small constant ¢; in front of the top order
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n derivatives in the energy and compensate for the terms, by adding and appropriate term
of order n — 1 depending only on the fluid velocity. The result then follows as a corollary of
Theorem 4.4.1.
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CHAPTER 5

PHASE TRANSITION BETWEEN SHOCK FORMATION AND
STABILITY IN COSMOLOGICAL FLUIDS

ABSTRACT. We demonstrate a novel phase transition from stable to unstable fluid behaviour
for fluid-filled cosmological spacetimes undergoing decelerated expansion. This transition
occurs when the fluid speed of sound cg exceeds a critical value relative to the expansion
rate a(t) = t* of spacetime. We present an explicit relationship between « and c¢g, which
subdivides the (a, cg)-parameter space into two regions. Using rigorous techniques, we
establish stability of quiet fluid solutions in the stable region. Numerical experiments reveal
that the complement of the stable region consists of unstable solutions, implying sharpness
of our stability result. We provide a definitive analytical bound and high-precision numerical
evidence for the exact location of the critical line separating the stable from the unstable
region.

5.1 INTRODUCTION

The standard model of cosmology features three key components: radiation, matter (where
the pressure is much smaller than the energy density) and the cosmological constant A or
dark energy (cf. [7; 26; 27]). Radiation and matter components are typically modelled as
perfect fluids obeying the relativistic Euler equations

u'Vyup+ (p+p)Vuut =0

5.1.1
(p+p)u"'V,u” + (¢" + u'u”)0,p = 0. ( )

Radiation and matter are the dominant contributions to the expansion of the Universe in
the early and recent stages respectively, where fluid density components lead to expansion
rates a(t) = ¢2 (radiation) during the early Universe followed by a period with a(t) = ¢3
(dust) in the matter phase. Key events for the present large-scale structure of the Universe
occurred during such phases and are closely connected to fluid shock formation (cf. [12; 77;
85; 86; 97] for physical implications of fluid shock formation). The cosmological constant or
dark energy is considered the main mechanism driving accelerated expansion in later stages
of cosmological evolution.

This letter concerns the radiation and matter epochs, and their transition period, for a
spatially flat universe, as consistent with the current interpretation of observations, i.e. the
post-CMB epochs of evolution according to the standard model. While the development
of shocks (discontinuities in the fluid variables) from significant large inhomogeneities
seems natural, and is known to occur in particular cases [90], it is unknown under what
circumstances shocks form from small inhomogeneities in the fluid. We use the term fluid
instability to refer to shocks that develop from arbitrarily small inhomogeneities of a quiet
fluid solution (i.e. spatially homogeneous solution with u* = (9;)*). These shocks are
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in general caused by self-interaction of the fluid cf. [22]. Our results imply that for all
decelerated epochs there are unstable fluids.

Fluid stabilization. In the class of barotropic fluids with speed of sound c¢g = V'K and
equation of state
p=Kp, (5.1.2)

the regularity of the fluid (in the expanding time direction) is determined by the expansion
rate of the Universe, i.e. the scale factor a(t), when the metric is of the form

—dt* + a(t)’g (5.1.3)

for a fixed Riemannian 3-metric g. Sufficiently fast expansion induces a damping effect in
the fluid, which reduces the tendency for shocks to form. This stabilizing effect was first
studied in Newtonian cosmology undergoing accelerated expansion [14]. It competes with
the speed of sound, which, if sufficiently large, increases the tendency of shocks forming.

This behaviour is well understood in three regimes. In the absence of expansion (a(t) = 0)
quiet fluids are unstable [22]. For accelerated expansion (a(t) > 0) such fluids are stable.
Stability means that small inhomogeneities remain uniformly bounded and the fluid remains
regular for all times. Stability has been rigorously established during the last two decades
in an extensive series of works [50; 55; 63; 70; 79; 81; 96; 102; 108], which rely on the strong
expansion-induced dissipation effect. For superradiative fluids cf. [10; 47; 75; 80; 82]. For
linear expansion (a(t) = t), stability depends non-trivially on the speed of sound: radiation
fluids are unstable [103] while all barotropic subradiative fluids (K < 1/3) are stable [41;
103]. Subradiative fluids are stable for linear expansion even in the presence of backreaction
[38; 40].

The critical regime, where the PDEs describing the fluid dynamics get a completely different
structure is that of decelerated expansion. It has so far been poorly understood and is the
subject of this letter. It includes the physically important radiation and matter-dominated
epochs.  We show in particular that the phase transition between stability and shock
formation occurs in this regime. Hence, this letter conclusively interpolates between all
stable regimes [41; 47; 50; 55; 63; 70; 75; 79-81; 96; 102; 103; 108] for cosmological fluids
and Christodoulou’s shock formation result [22].

We consider the full range of decelerated power-law expansion rates
a(t) =%, 0<a<l, (5.1.4)
and fluids with speeds of sound exhausting all speeds between dust and radiation
0< K <1/3. (5.1.5)

We provide strong evidence that the parameter space {(«, K) | « € (0,1), K € [0,1/3]}
decomposes into two regions: a region of stable pairs and a region of unstable pairs
(cf. Fig. 5.1). A pair («a, K) is unstable if, in the spacetime (5.1.3) with a-expansion rate
(5.1.4), there exists a sequence of initial data approximating a quiet fluid solution, that

130



© © 06 0606 0 0 0 0 06 0 0 0 0 0 0 0 o
4/15- e © @ ¢ © © o ¢ © © ¢ o o o o o o [
© e 06 060 06 0 0 0 0 0 0 0 0 0 0o ]
1/57 ® © 0o 06 0 0 0 0 0 0 0 0 0 0 o " oE
! e e 0600 0 0 0 0 0 0 0 0 o "
2/157 ® ¢ 0o 0 0 0 0 0 0 0 0 0 0 o " oEoE
e e 0o 0o 0 0 0 0 0 0 0 0 o E RN
1/157 e o 0o 06 0 06 0 0 0 0 0 o I N E
e e 0o 00 06 0 0 0 0 0 o E R EEN
0 . . | . | . . .
0 1/3 1/2 2/3 1
(0%

Figure 5.1: Numerical results for the parameter space: Stable (blue squares) and unstable
(red circles) regions in parameter space (a, K). The black points are determined from
the asymptotic analysis of the unstable points (see section Numerics on small data shock
formation below) and their location coincide with the critical curve (5.1.6) (grey line).
This curve is independently predicted by a rigorous stability analysis as a lower bound for
values of K(«), such that (o, K) is unstable (see section Decay of perturbations in the stable
regime).

launches a sequence of solutions for which shocks form in finite time. Our analytical and
numerical studies illustrate that the transition between both regions is located on the

critical line,
2
Ko =1-—. 5.1.6
() =1- = (5.16)
For an epoch with expansion rate a € (2/3, 1) the phase transition of a quiet fluid occurs
when the speed of sound passes the critical value K («). This is the first observation
of a generic phase transition for cosmological fluids. This yields the following primary

conclusions:

o In the decelerated regime, stability of the fluid depends on the position in parameter
space relative to the critical curve (5.1.6).

« All barotropic fluids are unstable when o < 2/3 .

« For expansion rates a > 2/3 the barotropic fluids are stable if K < K¢y (a) and
unstable otherwise.

e The behaviour in the decelerated regime is in contrast to the accelerated regime,
where fluid stabilization is known to be universal. It follows that relativistic fluids
present in the Universe during an epoch of decelerated expansion must have formed
shocks, provided their speed of sound was sufficiently small relative to the expansion
rate.

« For expansion rates in the regime 1/2 < a < 2/3, dust fluids are stable. On the other
hand, fluids with arbitrarily small but positive speed of sound are unstable. Thus in
this regime, which interpolates between the standard radiative and dust models, the
behaviour of dust does not approximate the behaviour of fluids with non-vanishing
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speed of sound, and so using a dust model as an approximation for a fluid with small
but non-vanishing speed of sound is misleading.

Methodology. We use high precision numerics and asymptotic analysis to provide strong
evidence for shock formation in the region to the left of (5.1.6). To the right the numerics
imply stability. Using energy methods for hyperbolic PDEs, we then establish a lower
bound for the location of the critical line, which coincides with (5.1.6). We prove that all
(cv, K) right to that line are stable. This confirms the numerics in the stable regime. Both
approaches independently identify the critical line (5.1.6) as the location for the phase
transition between stability and shock formation.

5.2 EQUATIONS

We study the relativistic Euler equations (5.1.1) on spacetimes of the form (5.1.3) with
toroidal topology, ¢;; = d;; and impose T?-symmetry on the fluid variables, energy density
p = p(t,z) and fluid velocity u* = (u’(t, z),u'(t, x),0,0), where u,u* = —1 and p(t,x) =
p(t,x + 2m) etc. We introduce expansion-normalized variables

1

O(u 63
vi=t ik L :=log <t3 (1+K)p) ,
to obtain the system
1-3K 1-K
o = _a( )v—t_o‘l_szv@xv
K 1 — 2)\2
1+ K1—-Kv?
t_l
1-K)(1-3K)———*
Tall - K)(1=3K)7—75v" (5.2.1)
1+ K 1-K
oL =————=t"0 v — ———t 0, L
! 1— Kv? CT1 K2 Y
o,
+a(1+K)(1—3K)71_KU20 :

5.3 NUMERICS ON SMALL DATA SHOCK FORMATION

We first solve (5.2.1) numerically with the method of lines: we use a Fourier pseudospectral
approach to discretise the equations in the z-direction on a grid of N collocation points
xj=2mj/N,j=0,...,N—1, combined with an adaptive Runge-Kutta algorithm of variable
order and step-size to evolve the resulting equations forward in time. For convenience,
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Figure 5.2: Time evolution of ||(v, L)||3/|(v, L)||o, see Eq. (5.3.1), for initial data (v, L)|;=1=
(esinz, 0) with different amplitudes e (using various line types). We show both the unstable
(o, K) = (0.7,1/6) (left) and stable (a, K) = (0.9,1/6) (right) cases.

log t.

log(aw — «)

Figure 5.3: Left: The logarithm of the breaking time ¢, as a function of initial data
amplitude ¢ for K = 1/6 and sample values of o (shown as different point types) left to
the transition curve. Points are the numerical data and the lines are the fits of (5.3.2) in
the asymptotic region € — 0. Right: The behaviour of the proportionality coefficient A
in (5.3.2) as a function of the expansion exponent a. On the log-log plot the data points,
shown are the results for a few values of K (represented by different markers), lay on the
straight line, implying the relation (5.3.3), with a. values which agree with Eq. (5.1.6).

we work with logarithmic time 7 = logt¢. In the time-integration we set a strict error
tolerance bound to 107!, For spatial resolution, we typically take N = 128, which is as
tradeoff between accuracy and the runtime. We stress that for a fixed number of grid
points we can follow the shock formation (in the unstable regime) for a finite amount of
time. As a consequence, we are unable to get an exact breaking time t,, as that would
require using an adaptive grid. However, by carefully choosing N and the thresholds in the
shock formation/stability detection algorithm (see below), we obtain robust and consistent
results.

We experimented with several families of initial data. Our classification of the parameter
space («, K) is independent of these choices. For concreteness, we discuss the results with
(v, L)|4=1= (esinz,0), € > 0.

During the time-evolution we monitor the quantity ||(v, L)||3/||(v, L)||o where

(v, L)ls:= (1 + K)?[| 05l 72+ K05 LI T2 (5.3.1)
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and we classify a solution as smooth or shock forming if this ratio is smaller than 1073 or
larger than 10° respectively. See Fig. 5.2, which illustrates a behaviour of solutions in the
limit of € — 0 for different points in the parameter space («, K).

We consider individual points in the parameter space («, K) from within the regime of
decelerated expansion rates and speeds of sound below radiation. A direct determination of
the boundary between the stable and unstable regions appears particularly difficult as the
time evolution in the transition region is especially demanding. Therefore, we rely on the
following asymptotic analysis.

We start the analysis from the points with very slow expansion and move towards larger
a along the K = const lines. In the unstable regime we observe that the breaking time
exhibits the scaling

logt, ~ —Aloge+ B, ¢—0, (5.3.2)

with («, K)-dependent constants A and B, which can be determined by fitting the formula
to the numerical data, see Fig. 5.3. Next, inspecting the relation between A and «, with
fixed K, we find

A~ D (5.3.3)

ay —a’

i.e. A diverges as « approaches «, from below. As before the constants D and «, can be
found by fitting the formula, cf. Fig. 5.3. Such values of a, all lie on the critical line, see
Fig. 5.3. The relative error between «a, and the value from Eq. (5.1.6) is less than 0.8%,
and it systematically decreases when we increase both the resolution N and the threshold
for shock formation and simultaneously get closer to the critical line. This agrees with
the analytical results of following sections, from the side of the unstable region. For D in
(5.3.3), we have the following guess D ~ K + 2/3. Together (5.3.2) and (5.3.3) imply the
following for the breaking time

(K+2/3)/ (5255 —) 2
t, ~ s0-K) )| <. 5.3.4
© “S31-K) (5:3.4)

For evolution on the critical line (o, Kit), we find evidence that

2

oK) (5.3.5)

t*wexp<eB/s>, B =const, «a=

which implies instability as € — 0. The points to the right of (or below) the critical line are
classified as stable, as in these cases the breaking times t, — oo for ¢ — ¢y > 0, and the
solution exists globally for ¢ < &.

The unstable region matches the rigorously known boundary values on the radiation line
K =1/3. The vertical rightmost boundary of the stable region (av=1) consists of stable
points if K < 1/3, and one unstable point for K = 1/3, which connects with the unstable
region and hence consists of a transition point (both stable and unstable points are in its
neighborhood). The lower horizontal boundary of the stable region coincides only partially
with the dust line for o > 2/3. This suggests that the transition from the unstable region
to the dust line for 1/2 < o < 2/3 is not continuous.
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5.4 DECAY OF PERTURBATIONS IN THE STABLE REGIME

In the stable regime of parameter space, (1 — K)a > 2/3, the following theorem establishes
stability confirming the numerical results in the stable region. We use Sobolev norms, see
e.g. [33], measuring the perturbation from the quiet fluid:

2
0, Dl = 1050l +HIE L 2o (5.4.1)
k=1
Theorem 5.4.1. Let (1 — K)a >2/3,0< K < 1/3. Then, for given § > 0 there exists an
e > 0 such that for initial data (vo, Lo) with |Uo|+](vo, Lo)||(2)< € the emanating solution
(v(t), L(t)) decays according to

I(w(®), L))y S 700720725

5.4.2
|@(t>| 5 t_a(1_3K)+6. ( )

Similar estimates hold for higher order norms.

The mechanism driving decay, which yields Theorem 5.4.1, is presented below; for a complete
proof without symmetry restrictions see [37]. Decay is established by deriving an estimate on
v and on the L?-energy of derivatives of v and L and combining them using a continuity (or
bootstrap) argument. For that purpose, choose a sufficiently small constant 0 < § < 2/5K
obeying 10§ < a(1 —3K) —2(1 — ) and consider a sufficiently small initial data size € > 0
so that the following bounds hold on a sufficiently long time interval.

(v, D)[|)< Oyt~ (0=3K)/2+9

B]< Cyt—o(1-3K)+5 (5.4.3)

We show that improved bounds hold for all times.

As a direct consequence of (5.2.1), using integration by parts, the mean velocity 7 = [ vdx

fulfils

1-3K 21-K .
am:_oz( 3 )@—t*O‘K v*( )[ 0,V
t St 1—KU2 1—KU2 (544>
v+ K —2 a(l-3K) o

For the rescaled mean value o := t*(!1=35)=9/25; Cauchy-Schwarz-, Sobolev- and Poincaré

inequality applied to the integral in (5.4.4) imply, replacing v =7 + v — 7,

d ) tO‘(l_SK)_‘s/2+1_O‘

—v < _27t®+ n f(ﬁa H(Uv L)H@))’ (545)

where f is a polynomial, of at least third order, without lower order terms, in the variables
v and ||(v, L)[|(2)-

In consequence, a factor of ¢3(1-3K)/2-30

bounded by (5.4.3). This implies

d__ 0. Cs
%U = _2715” + 4 (a(1-3K)—2(1-a))/4"

can be absorbed into f yielding a term uniformly
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As the exponent of ¢ in the denominator is strictly larger than 1 by the condition on « and
K, this implies the desired bound for v.

We then define the following energy functional measuring the deviation from the quiet fluid
state:

Euv, I]() = ; [ (@0
K 1
T UTKE)22 Je

+ ot~ (079 / v - Oy Ldx
Sl

(1 —v?)*(0,L)*dx (5.4.6)

with parameter ¢ > 0 chosen as ¢ = fa(1 — 3K)(1 + K) ™.

For sufficiently large ¢ and sufficiently small |v| this is equivalent to the L?-norm of d,v and
0, L and in particular positive definite. To see this, we have [vd,Ldx = [(v — v)0, Ldz,
using integration by parts, and the latter can be estimated up to a constant by the product
|Ov]|z2+]|OL||2 using Holder’s estimate and the Poincaré inequality. For the corrected
energy of second order E?)(t) = E.[v(t), L(t)] + E.[0,v(t), 0, L(t)], we obtain an estimate

of the form ( ) (1)
ol —3K) + Cyt~
P < - B

e 2)\3/2 2) _

— (B 0 (VEP 7).
where p is a polynomial, of at least third order, without lower order terms. The condition
a(l —3K) > 2(1 — ) allows a factor t*1=3K)=9/2 to be absorbed into the energy to obtain

(5.4.7)

+C

d tl—a
A a(1-3K)—5/2 1(2) a(1-3K)—6/2-3
o ( EP[, L)(t)) < C o v (5.4.8)
for sufficiently small initial data. By the condition on « and K, the right-hand side is
integrable and this implies, for sufficiently small data, that the energy decays as

Cy

2

This concludes the sketch of proof of the theorem.

5.5  DISCUSSION

We provide strong evidence for a phase transition of barotropic fluids in decelerated
spacetimes and classify all points in the decelerated region of the parameter space with
respect to the (in)stability nature of the corresponding barotropic fluid. In combination
with previous results on the regime of accelerated and linear expansion, this resolves the
fluid stabilization problem for barotropic fluids and provides a first generic example of a
phase transition from stable to unstable cosmological fluids. The analytic and numerical
approaches are complementary and predict the critical line independently of each other
in complete agreement. While this class of fluids is the most relevant in cosmology, there
are numerous alternative equations of state used in modelling other regimes of relativistic
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matter dynamics. One could also look at non-compact spatial topologies where the effect of
dispersion would also occur, see for example [105] in the context of Vlasov matter. Given
the robust nature of the methods employed in the study of our barotropic case, we expect
that similar effects exist for alternative equations of state and for other topologies. There is
no a priori reason why the critical behaviour should be limited to the barotropic case.
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CHAPTER 6

STABILITY OF FLUIDS IN SPACETIMES WITH
DECELERATED EXPANSION

ABSTRACT. We prove the nonlinear stability of homogeneous barotropic perfect fluid
solutions in fixed cosmological spacetimes undergoing decelerated expansion. The results
hold provided a specific inequality between the speed of sound of the fluid and the expansion
rate of spacetime is valid. Numerical studies in our earlier complementary paper provide
strong evidence that the aforementioned condition is sharp, i.e. that instabilities occur when
the inequality is violated. In this regard, our present result covers the regime of slowest
possible expansion which allows for fluids to stabilize, depending on their speed of sound.
Our proof relies on an energy functional which is universal in the sense that it also applies
to the case of linear expansion and enables a significantly simplified proof of bounds for
fluids on linearly expanding spacetimes. Finally, we consider the special cases of dust and
radiation fluids in the decelerated regime and prove shock formation for arbitrarily small
perturbations of homogeneous solutions.

6.1 INTRODUCTION

6.1.1 The relativistic Euler equations

We consider the relativistic Euler equations
Vi =0, Tu = (p+p)ustt + PG , (6.1.1)

with a linear, barotropic equation of state p = Kp where ¢, = V'K is the speed of sound of
the fluid. Equations (6.1.1) consistute one of the main matter models used in cosmology
since the origin of its rigorous study over a century ago [48]. Depending on the value of K,
the equations describes radiation (K = 1/3), dust (K = 0) or a fluid with speed of sound
interpolating between both values. We consider the initial value problem for (6.1.1) on the
fixed cosmological spacetimes (M, g)

M = [tg,00) x T?, g = —dt @ dt + a(t)*6;;dz’ @ da?, (6.1.2)

where (T3,6) is the standard 3-dimensional torus. Here a : [tg,00) — R, is the scale
factor, which is a strictly increasing function of time. In the present paper, we restrict to
a polynomial scale factor a(t) = t* but we expect more general results could be derived
in future work. We study the future global behaviour of fluids with sufficiently regular
initial data given at to > 0, i.e. as t * 0o, which corresponds to the expanding direction of
spacetime.
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6.1.2 Fluid stabilization

The expansion of spacetime, a(t) > 0, generates a friction-type term in the equation for
the fluid velocity (see (6.3.4a) below). In consequence, for sufficiently fast expansion and
sufficiently small initial data, shock formation is suppressed during the evolution and the
fluid has future global solutions. We refer to this phenomena as fluid stabilization. This
effect was first discovered in the work of Brauer, Rendall and Reula [14]. It is known due to
a series of rigorous studies over the last 30 years, pioneered by the work of Rodnianski and
Speck [96], that in the regime of accelerated expansion @ > 0, where the stabilizing effect is
very strong, fluids stabilize for all values of K € [0,1/3][50; 55; 70; 78; 81; 102]. This holds
even in the superradiative regime [80] and other types of fluids [63; 69]. On the other hand,
the expansion-driven damping effect may be counteracted by the speed of sound, which,
if sufficiently large, can cause shock formation. For K > 1/3 numerical evidence suggests
that instabilities occur [10], while particular solutions are stable despite the high speeds of
sound [47; 75].

Looking at slower expansion rates, in the regime of linear expansion where a = 0, it is
known that radiation fluids (K = 1/3) develop shocks in finite time [103]. In contrast,
subradiative fluids (K < 1/3) remain stable in the linear regime [41], even in the presence
of backreaction under the fully nonlinear Einstein—Euler equations [38; 40]. In conclusion,
in the linear regime, the future global regularity of the fluid depends in a non-trivial manner
on both the expansion rate and the speed of sound. The present paper aims to continue
such an investigation into the more physically relevant decelerated regime.

6.1.3 The decelerated regime

The decelerated regime is characterized by d(t) < 0 which corresponds in the polynomial
class a(t) = t* to a < 1. In the spatially compact case, as considered here, dispersion does
not occur. In consequence, other mechanisms of decay are necessary to stabilize the fluid,
such as dilution caused by the expansion. In the decelerated regime this dilution effect is
weak. This manifests in the expansion-normalized relativistic Euler equations (see (6.3.4)
below) by the appearance of weakly-decaying error terms. For example,

1 .
L = 0! 4+

Such terms can only be bounded by terms of the form t~*v/E, where E is an appropriate
Sobolev-type energy of the solution. Here a small polynomial decay of the energy is
insufficient to make these terms integrable in time as 1 — « is a priori not small. An
energy decay of at least t~17*~¢ for some ¢ > 0 is necessary to obtain integrability. This
is in contrast to the simpler case of linear expansion, where a« = 1 and hence any small
polynomial decay for the energy would make these terms integrable. This slow decay is the
first obstruction to prove the decay of the perturbations.

The second difficulty results from the speed of sound of the fluid. The origin of decay of
perturbations is the friction-type term in the equation for the expansion normalized fluid
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velocity:

atvi _ _05(1 — 3K)UZ +
t
The coefficient of this term, which roughly corresponds to the rate of decay of perturbations,
vanishes for radiation and is maximal for dust. This corresponds to the interpretation that
fluids become more stable for smaller speeds of sound. To achieve a necessary decay rate
the speed of sound needs to be sufficiently small.

The balance between these two mechanisms is the key to understand the critical relation
between the expansion rate and the speed of sound that allows for fluid stabilization.

6.1.4 Main Result

The main result of the present paper states that under the condition

2
K<1l-—— 1.
< 5 (6.1.3)
the quiet fluid solution
(Lq, Tg) = <L076) ) (6.1.4)

where Ly is a constant, is asymptotically stable as ¢ * co. Here, (L, v) respectively denote
the expansion normalized energy density and fluid velocity (see (6.3.2) below). Our result is
the first stability result in the decelerated regime in the spatially compact setting for fluids
with non-vanishing speed of sound. Moreover, numerical studies in our complementary work
suggest that if condition (6.1.3) is violated, then the corresponding quiet fluid solutions are
unstable [36]. In this sense, our result presented here is presumably sharp and the curve
K(a) =1—2/(3a) marks the transition between the stable and the unstable regime. The
precise formulation of the theorem is given in Theorem 6.5.1 below.

Our proof uses a formulation of the Euler equations in expansion-normalized variables (L, v)
and L2-based energy functionals. The key idea is the construction of a corrected L?-energy,
where the correction term generates a decay-inducing term for the spatial gradient of the
expansion normalized energy density. This term complements the corresponding one for
the expansion normalized fluid velocity and in total yields a decay-inducing term for the
energy. However, at the same time, the time derivative of the corrected L?-energy generates
a positive term proportional to the velocity part, which reduces the corresponding negative
term. The optimal choice for the coefficient of the correction term in the energy balances
these two contributions to maximize the resulting energy decay. This process is precisely
where the curve (6.1.3) arises as a sufficient criterion for stability.

In addition, our energy functional also requires key cancellations to occur so that we can

obtain a closed energy estimate in regards to the regularity. These additional terms, however,
do not interfere with the decay mechanism.
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6.1.5 Fluids on linearly expansion spacetimes

Uniform bounds on the fluid variables for the range K € (0,1/3) were first obtained in
the irrotational case in [41]. This was later generalized to the general case in [38] in the
presence of non-trivial curvature and gravitational backreaction. In both cases a Fuchsian
approach in combination with a transformation of variables was used to obtain sufficient
bounds on the fluid variables.

In Section 6.6 we consider a fluid on a linearly expanding background spacetime. We
demonstrate that the energy functional, which we discover in the decelerated regime, fulfils
a sufficient energy estimate, after a small adaption to the case of linear expansion. This
provides a significantly shorter proof of the key steps in the result [38]. This observation
suggests that this energy is indeed canonical for relativistic fluids in a cosmological scenario.

6.1.6 Some results on shock formation

In Section 6.7 we address the problem of shock formation for the special cases of dust
(K = 0) and radiation (K = 1/3). In each case we show that there exists initial data
arbitrarily close to the respective quiet fluid state, which leads to solutions that develop
shocks in finite time. For radiation, this concerns all decelerated expansion rates a < 1,
which was first established in [103]. The proof given in the present article is constructive
and makes use of characteristic coordinates. By contrast, the proof in [103] relies on the
conformal invariance of the relativistic Euler equations when K = 1/3 in order to apply
the shock formation result of [22]. For dust, our shock formation result concerns expansion
rates @ < 1/2, which complements the range o > 1/2 where stability is known [103]. Thus,
we show that the phase transition for dust occurs at a = 1/2. Remarkably, in comparison
with the location of the phase transition for fluids with K > 0 at a = 2(1 — K)/3, this
suggests that there is no continuous limit in the fluid behaviour as K ~\, 0 for expansion
rates 1/2 < o < 2/3. In that range dust is stable, while the results of [36] suggest that for
any K > 0 the corresponding fluid is unstable.

6.1.7 Structure of the paper

In Section 6.3 we present the relativistic Euler equations in their standard form and
introduce the expansion-normalized rescaling and the relevant equations of motion. In
Section 6.4 we present the energy functional and a correction mechanism, which obeys the
key energy estimate for solutions of the expansion normalized system. This estimate is used
in Section 6.5 to prove the main theorem of this paper, Theorem 6.5.1. This section also
contains a corollary stating the decay rates in the original physical variables. In Section 6.6
we adapt the energy functional to the case of linearly expanding spacetimes and give a new
short proof of fluid stabilization for the case K € (0,1/3). Finally, in Section 6.7 we prove
shock formation for dust and radiation fluids in the ranges v < 1/2 and « < 1, respectively.
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6.2 NOTATION, COORDINATES AND DEFINITIONS

We denote spacetime indices by Greek letters p, v, ..., while Roman letters ¢, j, ... denote
spacial indices. For spatial submanifolds {t = constant} =: ¥, = T? slices we choose
standard Euclidean coordinates (x!, z2 23). For a vector field v on X; with components v*
we simply write

v = 5,~jvj and 0 = 5ij6j.

In general, for a spacetime function f: M — R we write

/f:: /Tgf(-,x)d?’x. (6.2.1)

To define higher-order norms, we adapt the following notation.

Definition 6.2.1 (Spatial derivatives). Let f, g be functions, v, w be vector fields on 3,
and ¢ € N. Then we write
Dir--k‘z = akl O

In addition, we define the product (-,-) via

0

(D'f, D) = O, - - O, fOF - - - O¥eg

as well as '
(D'v, D*w) = O, - - - Op, 0 O" - - - O™ w;.

Furthermore, we allow for constructions like
(D', DY) i= O, - - - Op 00" - - - 070 f.
In addition we denote |D* - |>= (D?-, D*-), and D' will simply be shortened to D.

Definition 6.2.2 (Norms). Let f be a function or tensor field on M. We denote the
inhomogeneous Sobolev-norm of order r by

2T:: - D" 2.
I71= 32 107

In addition, the Lebesgue-norm L? is defined as

1F0= [17P2

In addition to standard Holder- and Sobolev-type estimates we will frequently use the
following.

Lemma 6.2.1 (Poincaré inequality). Let (.#,~) be a smooth, compact Riemannian mani-
fold. Then

([ 1= FPautn)* < ([ IDrPaut))*,

for all f € H' (), where f = Uol(l//m) [ fdu(y).

For a proof of Lemma 6.2.1, see e.g. [56, Theorem 2.10].
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6.3 PRELIMINARIES

We consider the relativistic Euler equations (6.1.1) on fixed cosmological FLRW spacetimes
of the form (6.1.2). The equations take the explicit form

uVup+ (p+ P)V,ut =0, (6.3.1a)

(p+ P)u"V, u” + (¢" + uv'u”)9,P =0, ved0,1,2,3}, (6.3.1b)

where the metric g is given by (6.1.2) and V denotes its Levi-Civita covariant derivative.

The equation of state is used to replace the pressure via P = Kp. We then introduce
expansion-normalized variables (L, v) by

t*u’

i _ 3a(14+-K)
v = Ve and L =log (t p) . (6.3.2)
For the time-component of the fluid 4-velocity we use the normalization condition utu, = —1

to derive

1
=1+ 1202 = ———. (6.3.3)
V1= |v|?

In the expansion-normalized variables the system (6.1.1) takes the following form.

Ot = _a(l —t 3K>vi = fKtlta(l — )L
i tl;a <1 _ 11__[5} 2) v (6.3.42)
tlt_ a ;I[g ( B 11_}]22) oL+ 2 7 = 11—_1512 v,
The following identity is used later on:
T S el (6.3.5)

1 — K2 1— Kov?

We make the following choices and bootstrap assumptions for convenience:

t>1
lv|< 1/10

In the following sections we consider a solution (L, v) emanating from initial data (Lg, vg) €
HNTH(T3) x HNFY(T?) with || Lo — Ly|| v+ +|vo|| gy < € for N > 6 and € > 0 sufficiently
small. Standard local-existence theory implies existence and uniqueness of a local-in-time
solution to (6.3.4)

L: (to,tl) X Tg — R

v:(to,t) x T> = R,
which can be extended beyond any t; > t, if its Sobolev norm of order N + 1 remains
bounded as ¢t  ¢; [103].

(6.3.7)
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6.4 ENERGY ESTIMATES AND THE CORRECTION MECHANISM

In this section we derive energy estimates which are the key to establish decay estimates for
perturbations of (Lo, 6) for the lowest order of regularity. Subsequent higher order energy
estimates follow the same structure. The mechanism to establish decay is apparent already
at lowest order.

We begin with an estimate on the mean value of the velocity. Using the Poincaré inequality

1f = Fllz2< CIDf 2

where f € H'(T?), we are able to control the L*norm of the velocity. We then define and
analyze the H'-energy of the variables L and p, which obeys an energy estimate that is
closed in regularity as no higher order derivatives appear on the right-hand side. Ensuring
that the estimate is closed in regularity is delicate. To upgrade this energy to a decay
capturing energy functional we add a suitable correction term and establish the energy
estimate for the corrected H'-energy. We then commute the equations (6.3.4a), (6.3.4b)
with spatial derivatives to observe that the resulting equations have a similar structure to
the uncommuted equations. This implies that, beside error terms, higher order energies
fulfil identical estimates. Finally, we show that the higher order corrected energies are in
fact coercive and hence control the solutions in the required Sobolev regularity.

6.4.1 Evolution of the mean velocity

We define the mean velocity field o° by
i = /u (6.4.2)
The mean velocity field obeys the following evolution equation.

Lemma 6.4.1. Let i € {1,2,3} and v : (to,t1) — R3 be a solution to (6.3.4a). Then

< 1-3K)_, <
@@z = —a(t)'l]l + gz(t), (643)
where g : (tg, t1) x R> — R? fori € {1,2,3} and
Lyt
’g(t7 )|S Cfp(v ) ||DU||H17 HDU“L"O’ ||DL||L2) ) (644)

where p(-) is a polynomial with terms of at least second order (i.e. vanishing zeroth and

first order).

Proof. The time derivative of the mean velocity field is derived using (6.3.4a). We find

i a(l —3K) K 2
0" = " v 1+Kt (/ 0; L /v &L)
1—

—a j % —a K % j
—t /Ujajv +1 /(]. — m)v ajl)j
1- K 1-K .. a(l-3K) f 1-K ,,
t7 Y —— [ (1 = ———— )" 0; L 2yt
B AL T ol —Ko? "
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The first term in the bracket in the first line vanishes due to integration by parts. For terms
involving v'-factors we decompose by v* = (v* — v%) + o', For instance, for the second term
in the bracket, we have

[vaL = [ -0 o)L+ 20 [(;~5)0L + 77, [ oL,

The last term of this decomposition vanishes using integration by parts. The other terms in
the decomposition can be estimated using the Poincaré inequality. We apply this argument
to all terms except to the first one, which is listed explicitly in (6.4.3). O

6.4.2 L’-energy

In this section we define the canonical L?-energy for solutions (L, v) of (6.3.4). The specific
structure of the energy is chosen so that it obeys an energy estimate which is closed in
regularity.

Definition 6.4.1 (L%-energy). The L?-energy of a solution (v, L) is defined as

K .
Eolv, L] = /8@38’1)] oK /vm@-vm(?’L
K

m %M 1 2\ 9 )
+§/mvm8ﬂ v, 0" +2(1—|—K)2/(1 v°)0'LO; L .

(6.4.7)

In the derivation of the energy estimates for (6.4.7) the error terms are of the following
type.

Definition 6.4.2 (Perturbative term). We call a term f(t) perturbative, if it can be bounded
by
1+t1 «
7)< O p(IDL s, | Dol el Do ), (6.4.8)

where p(+) is a polynomial with lowest order terms of at least degree 3.
We compute the time-derivatives of the individual terms of the energy in the following,

keeping track of all important terms, while absorbing the remaining expressions into a
perturbative term.

Lemma 6.4.2. Let v be a solution to (6.3.4a). Then, the following identity holds:
U ol —3K) [ .. K | .
- ,11,2_7 i i Y a—a [ g i5.
5&(2/&11 81}3 /azv d0'v; 1+Kt /&v (1 —=v%)0'0;L)
_ 7 - K - k?
1 /a o (-1 L )

1-K
i Jak 9.
1+K/avj( 1—K2)U”a’akL)+f(t)’

where f(t) is a perturbative term.
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Proof. A straightforward computation using (6.3.4a) yields the following identity.

8t;/8wjaivj - _a(l_tm/awjaivj - tia/aivjai@kakyj)

K o

_ « 0J At .2 )
e /&U 9((1 - v?)d,L)
) 1—- K )

-+ e / (9’11]01- <(1 — jL_I(U2)"U]ak’0k>
+t7 —— /8%] < _KKz)vjvkakL>

(1 3K ; < K j>
+7/81)8 71_Kv2vv .

The second term in the first line on the right-hand side is perturbative after commuting
to obtain 9'v;v*9x0;07 and applying integration by parts. The term in the last line is
immediately perturbative. In all remaining terms we evaluate the derivatives 9; and keep
only the terms with second order derivatives, while absorbing the perturbative terms into
f(t). The resulting explicit terms give the identity in the lemma. O

Lemma 6.4.3. Let (v, L) be a solution to (6.3.4). Then, the following identity holds:

at(;m%/u—u?)amm) S (1+K /1_K SO LoD + f(1),

where f(t) is a perturbative term.

Proof. We use (6.3.4a) for the first factor yielding only perturbative terms, which are not
explicitly listed below, but absorbed into f(t). The other terms are given explicitly using
(6.3.4b).

I K 2\ 5i
8t<2(1+K)2/(1 — "I LO,L)

:Offw[—w/u—u)ma ( LR aw)
K

e’ o i — in.
e fa v)@L@(l_sz@L)

Oé(l + K) 7 3K 2
T Jum o ({pe) |+ 50
The derivative 0; in the first term is evaluated and only the terms with second derivatives are
kept explicitly providing the explicit term in the Lemma. The second term is perturbative

by an integration by parts argument. The third term is perturbative immediately. O]

Lemma 6.4.4. Let (v, L) be a solution to (6.3.4). Then, the following identity holds:

t(HKK/vm&vmﬁiL>
K [ o Oz(l — BK)

/vmaiL&-vm + t_o‘/vmaivmﬁi(vjc?j[/) (1 A=k >

T1+ K t 1— Kv?
‘ . 1-K < 1+ K
—a 291 - i,,M
+1 /’U 8L8i8jv] (1 — 71 — KUQ) —t /vm81} (92-@'1}] (1 — KU2>} +f(t),

where f(t) is a perturbative term.
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Proof. We use (6.3.4a) and (6.3.4b) to compute the time-derivatives of the second and first
factor. By (6.3.4a) it is immediate that the terms resulting from the first factor are all
perturbative.

(g [ om0 0'L)
=1 fK { = _t = /”maiL&vm 14 K /UmaiLai ((1 B UQ)GWL)

(i)
= [ ™3 LI, (17O = [ ™3 Lo; ( (1 1- K O
— v Z'(U jvm)+ v i ( —m)ﬁ)m jU
(i34) (iv)
1K 1- K ‘
= [ "L 0, ((1 — ——— Vv, 170. L
+ /U 0 1+K&<( g2 vV 0 )
(i)

a(1—3K) m e K )
+7t / aLa(l_szvm

(i)
e [ oo, ( Lk o ) 2 [0, ([zvjaj[/)

(v) (423)

+a(1+K)/ O™ 0; ( — 3k v2>} + f(t)

13 — Kv?

(i2)

The first term on the right-hand side appears as the first term on the right-hand side in the
lemma. The terms marked (i) are perturbative by an integration by parts argument. The
terms marked (ii) are directly perturbative. We combine the terms in (¢ii) to obtain the
second term on the right-hand side in the lemma up to perturbative terms. The term (iv)
yields the third term on the right-hand side of the lemma up to perturbative terms. Finally
the term marked (v) yields the last explicit term in the lemma, again up to perturbative
terms. 0]

Lemma 6.4.5. Let (v, L) be a solution to (6.3.4a)-(6.3.4b). Then the following identity
holds.

1 1 i a(l —3K) [ v,0v™ "
Oy 5/1_71)2@m8¢v v 0"V ) = — . / 2 V0
K , 1—?
. — i, m no I,
T K /“’”a” 0 (v"0L) T

VO™ , 1-K
—a [ I T 99079 V2 _ -
+1 g 0;(0;v7 v (1 - v2) + f(t)

Proof. We use (6.3.4a) to evaluate the resulting terms when the time-derivative hits the
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derivative terms. The lower order terms yield only perturbative terms. This implies

1 1 m ainy (1 =3K) [v,00" "
0t§(/ mvm@v ’Una (% ) = — ‘ 1— 02 vn@-v
K . [vp0v™ -
- F 1_02%5,-((1—1))8@
(i0)

1-K VO™ 1-K .

e [ (- 38»L>
+1+K 12" (< 1—Kv2)vv ’

(i)

o [ Um0V o [ up O™ 1-K .

—1 1_7/02'07167;(7]]8]'1) )+t 1_71)21)”@ ((1 — m)v 8]”0])

(@) ()
a(l —3K) [ v,0™ 1-K ,,
; T 2v8<1_KU2vv>+f(t).

(i2)

The first term on the right-hand side appears in the lemma. The term (i) is perturbative by
an integration by parts argument. The last explicit term (i7) is perturbative. The term (ii7)
equals the last explicit term in the lemma up to perturbative terms. The terms marked (iv)
equal the second term in the lemma up to perturbative terms, where we used the identity

(6.3.5). m

We have now evaluated the time-derivatives of all parts of the energy functional defined in
(6.4.7). We now combine these in the following proposition, which provides the identity for
the L2-energy.

Proposition 6.4.1. Let (v, L) be a solution to (6.3.4a), (6.3.4b). Then the following
identity holds.

(1—3K

0,Eolv, L] = [owiow; + 1),

where f(t) is a perturbative term.

Proof. Combining Lemmas 6.4.2 to 6.4.5 yields the following identity:

Eofv. 1] = — L =38)

/aivjaivj — fKt_a/(“)ivj((l —))99,L)

(4)
—a i 1-K j
+1 /8 U <(1 — W)U]aiakfl}k>
(i7)
- % Ja kg
o 1+K/a””< 1—Kv2>”“a’akL>

(i44)
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K 1—v% -
4« lL ) .ayJ
! (1+K)/1—Kv28 Mk
(2)
K { &(1—3K)

. o 1—-K
_ m 9 . —Q m 3 Y4 ] . -
oK ; /v 0'Lo;v,, +t /U 0;0, 0" (v 0; L) (1 T KU2>

+

(423)
, . 1-K . 1+ K
—a 2 9 —a 7,1
+t /U 0 L@iﬁjv] (1 — 1—[(1}2) + —t /va? v @(%-vj <1—[(’U2> }
(%) (i1)

1-3K O™ :
— o " ) Ul — 52 U, 00" + — t_o‘/vmazvm&- (v"0, L)

1 —?

1 — Kv?

1+ K

(iii)
Uy O™

1 — 2

0,(0;0)0? (1 - 11__;22) 1),

(i)

+t

The first term on the right-hand side appears in the lemma explicitly. The terms marked
by (i), after an integration by parts combine to zero (up to perturbative terms) using the
following identity:

K 1— 02 1-K
1+K((1_“2)_1—17<]v2+”2(1_1—Kv2))20‘

The terms marked by (i) combine to zero (up to perturbative terms), again after an
integration by parts and using the following identity:

1

1—K K 1—|—K n ’U2 ( 1—K>_O
1— K12 1+K1—Kv2 1—02 1— K2/

Finally, we collect the terms marked by (éii), which combine to zero up to perturbative
terms using the following identity:

1—K( 1—K)+ K ( 1—K) K 1—’(}2 —0
1+ K 1-Kv?/ 1+K 1—-Kv2/ 1+K1-Kv2
All other unmarked terms are perturbative. O

6.4.3 Corrected L’-energy

Proposition 6.4.1 does not include a decay-inducing term on the right-hand side. Therefore,
we next construct a correction term which we add to the L?-energy in order to obtain
a decay estimate. Despite the decay-inducing term we need to check that the resulting
corrected energy remains coercive and hence equivalent to the standard first Sobolev norm
of the fluid variables. We define the correction term by:

o1 /zﬂ&L. (6.4.21)
The following lemma provides its energy identity.
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Lemma 6.4.6. Let (v, L) be a solution to (6.3.4). Then, the following identity holds:
&g(to"l /vi(?iL) = —t""Q(l —3Ka) /viaiL

- Joran+ B [@up o

Proof. We use the equations (6.3.4a) and (6.3.4b) and observe that most terms that appear
are perturbative due to the low-regularity of the correction term. We keep explicitly only
the terms proportional to the correction terms and the quadratic terms in the energy. [J

Definition 6.4.3 (Corrected L*-energy). For ¢ € R, we define
z%AuLy:EuuLy+dwﬂ/M@L. (6.4.23)

Lemma 6.4.7. Let (v, L) be a solution to (6.3.4). With c=1/2(1+ K) 'a(l — 3K) the
following identity holds:

1 -3K) 1 K .
atED,c['Ua L] = (7 /82)]811)] + 2(4_[()2/81[101[1}
}04(1_3}() 2 a2/ in
—5 3 /(rotv) ct* (1 - 3Ka) /v oL+ f(t),

where f(t) denotes a perturbative term.

For the proof we need the following standard lemma.
Lemma 6.4.8. Let v be a C"-vector field and define (rotv)? := [rotv]?[rotv];. Then

/@m@?:/ﬁnﬁ—/mwm? (6.4.25)

Proof of Lemma 6.4.7. From the previous lemmas we obtain the following identity for
arbitrary ¢ € R.

_ 20(1 - 3K) = 2¢(1 + K)71 11 K .
atE()’c['U, L] = —|: ; 5/8,5’1}]6 ’Uj — 20(1 + K)t2(1_{_[()2/a L@ZL
la(l —3K .
— QM /(rotv)2 4t (e — 1) /v’@iL + f(1).

We obtain the desired result with the choice

1 1

— 1 - 3K).

¢=515 g~ 3K)
]

6.4.4 Higher order energies

In this section, we now consider the evolution equations after commutation with a suitable
number of spatial derivatives. We derive higher order energy estimates based on the
structure for the L*-energy (6.4.23). This set up is based on the commuted equations
(6.4.28) and (6.4.29), which takes a similar form as the original equations with lower order
terms, which can be treated uniformly.
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Commuted equations.

Lemma 6.4.9. Let t > 1 and (v, L) be a solution to (6.3.4). Furthermore, let I € N3
denote a multi-index I = (£1, 0o, {3) and DI = 8513528?‘, Then, the following identity holds:

, a(l —3K) , Kt ,
DIZ:— DIZ_ 1_2 zDIL
0y(D*v*) ; v T K 1 ( v?)0
l-a ] tl_a 1—- K ) )
- vo: DIt + 1-— v'9: D1y’
t I t 1 — Kov? J
deaq g LK (6.4.28)
— “Wo;D'L
: 1+K( 1—Ku2)m d
a(l1-3K) 1-K o
+ ; - KU21)2DIU +t Ry (v, Do, DSTL) |
14+ K ot (1 -K) |
O(D'L) = — uajpw ~ —gwaijL
t 1—KU2 t 1—K'U2 (6429)
a(l+ K) 1-3K Y o
- R D'v? 4+t Ry (v, D¥'v, DS'L)

where R,(.,.,.) and Rr(.,.,.) are polynomials with at least second order terms, where the

coefficients may contain the factor 1 — % The mazimum total number of derivatives

appearing in each term is bounded by |I]|+1.

Proof. The lemma follows from commuting equations (6.3.4) with D! and applying the
Leibniz rule. O]

Higher-order energies. We now define the higher-order energies with suitable correction
term and derive their energy estimate.

Definition 6.4.4 (Higher-order energy). Let ¢ € N, we define

1 K
EK[U,L] = 2/|DZ+IU|2+M/Um(Df-i—l,Um’DZ-i—lL)
1 1 1 K
1 o, (D™ D) 4 = /1_ 2y DL 2
(6.4.30)

Higher-order energy identities. We define the corrected higher-order energy analogously
to what we did at lowest L2-order.

Definition 6.4.5 (Higher-order corrected energy). The higher-order correction term is
given by

Cylv, L] = o1 / (D', D*1L). (6.4.31)

The higher-order corrected energy is defined by

1 1
E&C[U, L] = EZ[U, L] + =

515 g = 3K)Celv, L]. (6.4.32)
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Definition 6.4.6 (Higher-order perturbative term). We call R(t) a higher-order perturbative
term, if it can be bounded by

R(®)|< P(IDvlls, IDL] v, ), (6.4.33)

where P(-) denotes a polynomial where each term is at least of order three and N >
max (6, ().

Lemma 6.4.10. Let (v, L) be a solution to (6.3.4). For ¢ = 2U=3K) 41 e following identity

2(1+K)
holds:
a(l —3K) 1 ‘ 1 K
E,.|lv, L :—7f/p+1 2 fi/l_ 2\ D)2
at L, [U7 ] n |:2 | U| +2(1+K)2 ( v )| | }
la(l —3K
—c(1 - 3Ka)t*? / (D', D"'L) — 20‘(15) / |D'rotv|*+R(1),

where R(t) is a higher-order perturbative term.

Proof. Using Lemma 6.4.9 to replace the time derivatives of the derivatives of v and L, the
identity follows in direct analogy to the proof of Lemma 6.4.7 and the lemmas leading up to
it, since all non-perturbative terms have the same structure as in the aforementioned case.
The perturbative terms arise from the terms R, and Rj of Lemma 6.4.9. The perturbative
terms involve expressions which contain at least two factors in either v or derivatives of v
and L. The critical type of term that one needs to estimate involves precisely two such
factors. In that case, we give as an example the method to estimate a term of the following
form:

/|D€+1u||va|yDJL|, (6.4.35)

1-K
1 — Kv?’
can be estimated by K from above. Due to the condition that |I|+|J|< ¢+ 2, at least one
of the terms (say |J|) fulfils the bound

where [, J are multiindeces. Note that any coefficients, for example of the form 1 —

1
|J|< §(€+2).
This implies
ID?L|| < C|IDL| g ,

by Sobolov-embedding since |J|+2 < $(¢+2)+2 < :N+3 < N. Consequently, the integral
(6.4.35) can be estimated by the above and Cauchy-Schwarz to find

CIDL| g | D]l -

For the remaining higher order terms the derivatives are distributed over more than two
terms and all but two terms can be estimated pointwise. Factors in v are expanded via
v = (v —"1) 4+ . For example:

/vypf+1v||pfv||DJL|: /(U - ®)|D“1UHDIU\|DJL]+@/]D“1U||D1v||DJL|.
The second term is contained by the above discussion in the set of higher-order perturbative

terms. In the first term v — ¥ is estimated pointwise and the resulting factor is estimated
using the Poincaré inequality. m
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6.4.5 Equivalence of energies and total energy

Before addressing the stability theorem it remains to show that the corrected energies
in fact control the perturbation from the homogeneous background solution in standard
Sobolev regularity. In order to obtain a uniform energy estimate we also define a total
energy, which controls the solution at all orders as well as a corrected version thereof.

Definition 6.4.7 (Total corrected energy). We define the total L?-based energy of order
N by

K
Enlt S [1D s [ =)D L, 6.4.40
0<£<N 2 1 + K) ( )

We define the total energy by
Ex(t) :=0(t)* + Ex(t), (6.4.41)
and we define the total corrected energy by

Enc(t) :=v(t)*+ > Eyfv,L]. (6.4.42)

0<E<N

The following lemma shows that the corrected energy controls the standard energy.

Lemma 6.4.11. Fort sufficiently large and ||v| =~ sufficiently small there ezists a positive
constant C' such that

1
aEN,c(t) S EN(t) S CEN,C(t) )
|Enc(t) — Ex(t)] St En(t) + En(t)*?.

Proof. The lemma follows from applying first Cauchy-Schwarz on the correction terms to
obtain

a— Lo
[Celw, L|< e ol e | Ll e < 527 Hllolze+ Il e )-

Then t is chosen sufficiently large to assure that the right-hand side is smaller than the
corresponding terms in the standard energy. O]

6.5 MAIN RESULT

The estimates derived above imply the following theorem, which is the main result of the
present paper.

Theorem 6.5.1. Let N > 6, 0< K < 1/3 and (1 — K)a > 2/3 and let 1 > 0 be chosen
such that a(1 —3K) — pu > 2(1 — ). Let (vo, Ly) € HNTYHT?) x HNTL(T?) be a vector field
and a function, respectively. Then, there exists an € > 0 such that if the initial data (vg, Lo)
satisfies

Uo + || Dvol||gv+||DLo|| g < €, (6.5.1)
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then the solution (v(t), L(t)) to the system (6.3.4) exists to the future globally in time and
the following decay rates hold:

[5(t)] < Cet(—o0=3K)+m/2
|L(t) — Lo|| = < Ce, (6.5.2)
| Dv(t)|| v+ | DL(E) | v < Cet—o0=3K)+m)/2.

Proof. We consider now initial data with the conditions of Theorem 6.5.1, where ¢ is the
size of the initial data. We choose t; > 1 and ¢ sufficiently small to assure that

lo(t)] < 1

on an interval [ty, T"). Using Lemma 6.4.1, Lemma 6.4.7 and Lemma 6.4.10 we obtain an
inequality of the form

200(1 — 3K a(l — 3K 14+t ot
atEN,C<t) S _(t)v(t)2 - (t)EN(t) + CfEN(t):s/Q + C ; EN(t),
1-3K 14t ot
< —a(t)EN,c(t) + O_FtEN,c(t):iﬂ + CTEN,c(t)

where we have absorbed any fourth-order or higher order terms into the third order term
by assuming sufficient smallness and using the equivalence of energies.

Then for p with a(1 —3K) — pu > 2(1 — «), define

En.(t) = t?03E-1Ey (1), (6.5.5)
Hence,
1+t o
OB (1) < —ENc<t>+0t“‘“‘3K)‘“< R EN,c<t>>

—a(1-3K)+nu

= PRyt + = (t2 (14t Ey(t)%2 + t“—lﬁN,C(t)> :
For sufficiently small initial data this implies

EN,c(t) < EN,c(tO) )

and in turn
En.(t) < (t/to) 3K Ey (to) .

The theorem follows by the equivalence of energies. The bound for the rescaled energy
density L follows by using the decay estimates above in combination with an evolution
equation for the mean value of L. n

We next translate the decay rates back into the original “physical” variables (p, u). Inverting
the transformation (6.3.2) yields

N v exp(L)
'U/] =1 17_02, P = m (659)

We define the rescaled energy density by p(t) = exp(L(t)) and the rescaled velocity by
u(t) = t*u(t).
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Corollary 6.5.1. The decay rates for the physical variables in Theorem 6.5.1 are the
following:
[@(t)] < CetCol=30mmz,
lp(t) — p(to)| < Ce, (6.5.10)
IVa(®)lax+[Vp(t) | gy < Ceto0=3RH0/2,

6.6 IMPLICATIONS FOR FLUIDS ON LINEARLY EXPANDING COSMOLOGIES

We show in this section that an adapted version of the corrected L*-energy (6.4.32) can
be applied to analyze the behaviour of fluids with K € (0,1/3) on linearly expanding
cosmological spacetimes. In consequence, we obtain an alternative proof of the main
stability theorems in [41] and [38]. In comparison with the decelerated regime, where av < 1,
in the case of linear expansion the power law rate is a = 1. This implies that the error
terms, which are of higher order in the energy estimates, now have a coefficient of 1. To
compensate these terms in the corresponding energy estimates, it is sufficient to show any
non-trivial decay of the energy. This is crucial, since the correction term in the energy
might otherwise violate coercivity on account of the fact that the decaying time-factor in
the correction term (see (6.4.21)) is not present for a = 1. We give a new proof of the
following theorem, which was obtained in [38] using Fuchsian methods.

Theorem 6.6.1 (Fluid stability under linear expansion). Let 0 < K < 1/3 and aw = 1. Let
(vo, Lo) € HNF(T3) x HN*L(T3) be a vector field and a function, respectively. Then there
exists an € > 0 and a 0 > 0 such that for initial data (vo, Lo) satisfying

0o + || Dvol| g+ D Lol g < e, (6.6.1)

the solution (v(t), L(t)) to the system (6.3.4) exists to the future globally in time and the
following decay rates hold:

T(t)| < Cet™/2,
IL(t) = Loz~ < Ct, (6.6.2)
| Dv(t)]| g+ || DL(E) | v < Cet™/2.

Proof. We sketch the proof in terms of the L2-energy of lowest order. The higher order case
works accordingly. We define the first corrected energy, where 6 > 0 is to be determined
later, by

Eo= v, L] = Eolv, L] + 6 / oL, (6.6.3)
’ T
where Ej is defined in the same way as in (6.4.7).
We choose 0 > 0 sufficiently small to assure that the eventual total energy corresponding

to (6.4.42) is coercive, despite the fact that no decaying time-factor is present here. We
are left to show a suitable decay estimate. We combine Proposition 6.4.1, to obtain the
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following energy identity.

HEGs v, L] = ! _tBK /aivjaivj — 0t 11 — 3K) /v’&»L
b K ; (1+ K) I
—tHK/aL@LJr5 /(@U) + /1),

where f(t) obeys an estimate of the form (6.4.8) with o = 1. We deduce from the above
identity

a= 0/2 o= 1-3K 6(1+K) d/4
atEO,gl[%L]S_éE0751[U7L]_< . _ ( . )—é)/aﬂ]avj
2
+ (5 t/2 — 617" (1 - 3K)) /vi@L
i K (1_1 1

S 4M)/8iL8iL+f(t).

Here, we have ignored the additional decay inducing term for the rotation of v. In addition,
higher order terms like the second and third in (6.4.7) have been absorbed into f(t). For
sufficiently small § the indefinite term can be absorbed by the manifestly negative terms
by using Cauchy-Schwarz, Poincaré’s inequality and (possibly) Young’s inequality. In
combination with the structure of the term f(t) this implies an estimate of the form

_ 0/2 . _ C e
0855 .1 <~ P pg o )+ o, L

This implies the desired decay rate. O]

6.7 INSTABILITY FOR DUST AND RADIATION IN THE DECELERATED
REGIME

In this section we show that quiet dust and radiation solutions develop instabilities, in the
form of shocks, on fixed FLRW spacetimes (6.1.2) when o < 1/2 and « < 1, respectively.

6.7.1 Instability for radiation fluids

In this section we show shock formation for radiation fluids for specific arbitrarily small
perturbations of homogeneous data. We use the formulation of the Euler equations as
balance laws, as presented by Rendall and Stahl [90]. Note that our data is small, in
contrast to [90] where initial data is a priori large.

We consider again spacetimes of the form (6.1.2), where we rename the t-variable by ¢ and
choose a(t) = t* for a € (0, 1]. Hence, in the coordinates (Z, "), we have that

g = —dt®+ a(t)d;dz'dx’. (6.7.1)
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In these coordinates we compute the second fundamental form % in the standard coordinate
frame dz’ to be

1. 1 — 1 72« 72a—1
kij = _ﬁafgij = —535 (t%%0ij) = —at ™4y,
where N = 1 is the lapse function. The mean curvature is tr(k) = ¢ 267 k; = —3a/t.
Thus we introduce the new constant mean curvature time ¢ via
3 1
ti= -2 te[— .0
t | 3o )

so that ¢ 0 is the expanding direction. This gives dt = %%df and so the metric (6.7.1),
expressed in coordinates (¢, z"), takes the form
9a? (3ar)?>

= ———dt?
g t4 + |t|2a

(Sijdxidxj .

Hence, again in the coordinate frame,

_i _|t|—2a+1 (3&)26“6“
2N 3

and we can check tr(k) = —|t|=t. Matching with [90, eq. (1)], where the metric takes the
form

kij = Drgij =

g = —N%dt* + A%[(dx + Bdt)* + a*(dy® + d=°)]
we find by comparison

sa 2 (SO‘)Q,
t2 |t|a

N = B=0, a=1.

Additionally, the orthonormal frame introduced in [90, eq. (2)], becomes in our setting:

t2 |t]~ t t
€o= 5 0 €61 = €2 = 9 €3 = (3a)e

3 (3a)e ™ (Ba) ™Y O

We compute the second fundamental form & in the co-frame (e’) to be:

Following [90, eq. (3)] we write the second fundamental form in (e') as

~ 1 1
kij = _5(% — 1)0;; + 5(3% —1)0i101; (6.7.10)

Comparing with (6.7.10), we read off that » = £.

We assume a linear equation of state p = Kp, and define the fluid enthalpy ¢ by

o VE dm VK
PTLIKm 1+ K

In(p/pe),

+
where p. > 0 is a constant. Also following [90, eq (7)], we define the velocity parameter u

via
W= (1-u*)""2 W =ul—u*)"V? WP=ud=0.
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Observing that e;(A) = 0 = e;(N) and following [90, eq (14)], we define the derivative

operators
u+\/_ t2 u+ VK /|t|\a
D =ert _ 2y (s,
T+u/E " 3a 1+ uVK ‘3«
- VK t? — VK /|t|\e
D;eﬁiel:it u= VK (e,
1 —u/K 3 1 —uVK \3a
and from [90, eq (15)]
1, 1+ i 1+
u p u\1/2
— -1 —1
" ('0+2n1—u n((p) (1—u) )’
1.1 Tk 1
s=p—_ln +u:1n 1 ( _u>1/2 )
2 1—u Pe 14w

Using » = %, the balance laws from [90, eq.

(16)] then reduce to

VK 3 VK —u/3
Dy YRS VRS (6.7.13)
1+ vEKu 1—-vKu
Transformation to R,S. First, we note that
1+ K e’ — e’
— 0, 7 = ) 6.7.14
) pexp(2ﬁ<r+s>) = (6.7.14)

Motivated by this, we introduce the variables R =e" and S =e

. Multiplying (6.7.13) by

e" and e® respectively (as well as (3a)/t?) we use (6.7.13) to arrive at the equations

(30)"~

07

R+ k(R,S) O.R = —fl(R SR,
L)’ - (6.7.15)
9.5 + A(R, s><|;2 9,5 = 7%3(3, S)S
where
A(R.S) _ 1(1+43VE)R+ (3VEK - 1)8 (R S) _1BVK-1)R+(BVK+1)S
BT U+ VE) R+ (1=VE)S T T T 3 (1= VE)R+ (1 + VE)S
and
W(R.S) = utVE _(1+VE)R-(1-VK)S
1+ VEuy (1+VE)R+(1-VEK)S' (6.7.17)
AR, S) = u-vVK _(1-VEK)R-(1+VK)S o
T 1-VEu (1-VE)R+(1+VK)S'
For later use, we compute the following
O, y) = 2(1 - K)y Oyri(. ) = —2(1 — K)x
ST VE e+ (= VR T (VR )+ (1= VR)y)?
o) = 2(1 - K)y o) = —2(1-K)y |
WD) = VR v 2 T VR (VR
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Coordinate change to physical time. Now that we have the equations of motion

(6.7.15) for the fluid, we transform back to physical time ¢. Denoting f(t) = (f o t)(t), we
find

0 R+ (R, ) 0,R = —3aF " i(R,5), 05+ AR S) 05 = —3af " fo(R,S).
(6.7.19)

In the case of radiation, a straightforward calculation shows that

1
fl(xay”K:%: f2(mvy)|K:l: ﬁ

3
Therefore, (6.7.19) simplifies to

O R+ K(R,S)t 0,R=—V3al ',  9;S+\NR,S)t 0,5 =—V3at . (6.7.21)

Transformation to #,.¥. We introduce
R:=tV3g § .=t/ (6.7.22)
Using (6.7.21) we find
R+ K(R, S Wt 0 R =0, S +NRZ,S)t "0, =0. (6.7.23)
Note that we used that k(cR,cS) = (R, S) as well as A\(cR,cS) = A(z,y) for any ¢ # 0.

Characteristic Coordinates. We now introduce characteristic coordinates (7, €)

(t,2) = (r,9(,9)) (6.7.24)

chosen so that . .
¢(10,8) =&, 0-0(7,§) = k(Z(7,), L (1,§)T "

where for any function f = f(¢,x) we write

f(1,8) i= f(7,0(7,8)) .

Deriving a Riccati-type equation for radiation. Commuting (6.7.23) with 0, and
denoting 0,% = # we find

KW = —t “k(R,S)0NW —t “(O1k) (R, S \YW? —t *(0ak) (R, LYW O, .
Furthermore, we remember that due to (6.7.23), we have that
O+t *“NR,8)0,7 =0.

Note that this equation is solved by the constant solution .#(t,x) = ¢, where ¢ € R. Hence,
if we assume that solutions (Z,.7) exist on an interval [tg,%;), and . (to) = ¢, then
F(t)=cforallt € [tg,t1) and x. Thus, if .7 is chosen to be homogeneous in z initially,
then we have that 0,.¥ = 0. Therefore, we are left with

AW = —t k(R )W —E(OuR) (R, S )W'.
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In coordinates (7,&) as introduced in (6.7.24), we then find that
0. (1,6) =0 W(T 0(7,8)) = (O )(7, 9(7.£)) + (W) (7, 4(7,£))0: (7 )
= —7 K(Z, ) (1, ) (0N )(7,8(7,€)) — 7~ (D1k) (R, LYW *(7,€)
+7° /‘v(%’ ), W), ¢(.€))
= T (0R) (R, S VWP (1,€) .

(6.7.29)

Constructing initial data for blowup. For some constant R > 0, consider initial data
H(1,)=S01,)=%>0. (6.7.30)
Invoking the translation formula (6.7.14), we find that this data coincides with

o 1+ K

u(17>:O7 p(17>:p0'@ﬁ .

Hence, we see that for any R we recover a quiet fluid solution, launched by this initial data.

Now consider a non-trivial perturbation Z(1,-) = A + h, where h € C>(S1) with h # 0.
Then, there exists an 2o € S*, such that #/(1,20) < 0. From (6.7.29) as well as (6.7.18),
we have the following Riccati-type ODE for #/( -, xo):

d%“ ) 12.7

—W (T,x0) = - -
dr YT B+ V3% — (—3+/3)F)?
Note that Z(-,20) is constant which is clear from (6.7.23) and the definition of (r,¢)
coordinates. In addition, . is constant everywhere for all time. This ODE exhibits

finite-time blowup for all & < 1 and, by Gréonwall’s lemma, solution exists for all time given
sufficiently small initial data for o > 1.

7_0‘7/2(7', xg) -

6.7.2 Dust

Finally, we consider the case of dust. We again use the method of characteristics to
establish shock formation for arbitrarily small perturbations of homogeneous solutions. For
an alternative approach cf. [59]. We consider spacetimes of the form (6.1.2) subject to
a < 1/2. We remark that for a > 1/2 it has been shown in [103] that small perturbations
of homogeneous dust solutions stabilize. Thus, our result shows that this result from [103]
is sharp in the parameter a.

Setup. For the metric (6.1.2) with a(t) = t* the equation (6.3.1b) with K = 0 reduces to
g + u'Opu? + 20t ! = 0.
This is equivalent to
dou? + qjouiaiuj = —2at ! . (6.7.34)
We can easily see from (6.7.34) that if we set u? = u® = 0 initially, this condition propagates.

Thus from now on we write simply u' = u and the equations simplify to

1
Oott + ————ud,u = —2at ™ tu. 6.7.35
Ve (6.7.35)

161



Characteristics of the equations of motion. Assume that we have classical solution
u(t,z) on some patch (1,7) x T3 and a curve z on said patch. The solution on this curve

is given by
z(s) = u(s, x(s)) .
The system of (6.7.35) for ¢(1) =1, (1) = x; and z(1,z1) = g(x;) is then equivalent to

;Zi(s) =1l=t=s,
dr . 2(t) dz, . . (6.7.36)
E(t) = —t2az(t)2 — %(t) = —2at™ z(t).

Integrating the last equation, we have

2(t) =t g(a1).

Furthermore, we have that

(6.7.37)

Upper bounds for the characteristics. Now consider the solution to the initial value
problem

(t) = gla)t™
{521)) :i (fl) ’ (6.7.38)
Assuming that g(z;) > 0, from the fact that
o)1= lafalie > AL iy (679

we can infer the bound ((¢) > x(t) for all ¢ > 1.

6.7.3 Case a=1/2

Consider the case o = % Assume now without loss of generality that z; < x5 and

0 < g(x2) < g(x1) (i-e. an interval where the initial data is strictly decreasing). Then, the
solutions ¢!, ¢? of (6.7.38), with initial data x; and x5y respectively, are given by
¢H(t) = g(x1) logt + 1,
CQ(t) = g(l’g) logt + Zo.

Equating the right-hand side, we find that

(6.7.40)

To — X1

g(w2) — g(71) -0

logt = —

Hence, the two curves will meet at time

T = exp (—M) . (6.7.42)

162



By the mean value theorem, we may conclude that there exists a breaking time T}, such
that for any time 7 > T} there exist x; 2, such that (; will have an intersection time
T < Tgy. This breaking time is given by

T, = exp (—M) : (6.7.43)

Note, however, that the curves (%2 are only upper bounds for #1? (the solutions to (6.7.37)
with the same initial data), but do not envelope them. Hence, nothing about the intersections
of the characteristics of (6.7.35) can be said at this point.

Construction of the enveloping curves. Integrating (6.7.37) in the case of o = % with

initial data x, yields
' (t) = =2g(1) log(—Vt +/g(21)? + 1) + ¢

Prescribing initial data yields

c =z + 2¢g(x1) log(—1 4+ /g(z1)? + 1),

SER el
Vit o)+t

and hence

2! (t) = z1 + 2g(71) log (
Using (6.7.40) we calculate the difference
-1+ )2 +1
21 (0) — 1)) = [2gan) o (VI LY o) log(v)
—Vt+ \g(x)? +1

:Pﬂmﬂ%(_1+vgm al
—t+ y/tg(zq)? + 2

Now let us observe what happens to the denominator as ¢ goes to infinity:

tg(x)> +2 -2 g(z1)? s oog(xl)
t+Jtg@)? 1 1+ W

The difference |z'(t) — ¢*(¢)] is easily seen to be increasing and, by the calculation above,

converges to
2(—=1+44/g(z1)2 4+ 1
[ (t) = ¢1 (1) =¥ 2g () log ( ( 9(z) ))\ (6.7.48)

9(331)2

—t4\/tg(zq)?2 + 12 =

Note that by I’'Hopital, we have that

2(—1+ \Jg(x)2 + 1) 2 ot ) —1, (6.7.49)

lim = lim
9(21)—0 g(x1)? 9(21)—0 2g(1)

and hence, for fixed t,
2 () — ()] =0,
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Thus, we have found that, at least pointwise, by decreasing the initial data size we cause ¢*
and x! to converge.

Now since the the two curves ¢ and x cannot ever be further apart than the expression
given in (6.7.48), we can construct a new curve

& = ¢ [aglaytog (CTVICSEDY )

g(w1)?

where m denotes the margin between 2! and ¢!. Note that, by construction, ¢! is a lower
bound for the characteristic .

Estimating the time of intersection. Since ¢! is a lower bound of 2! and (2 is an upper
bound of 2?2, a crossing of these bounds at a point in time indicates that the characteristics
1% must have already intersected. Equating £!(¢) and (3(t) yields

g(z1)logt + 1 —m(g(x1)) = g(x2)logt + x2,
which is equivalent to the statement that

To — X1 m(g(z1))

o8t =~ ) —g@) T glm) — glaa)

(6.7.53)

Therefore, the enveloping curves (2 and ¢! intersect precisely at

D ( m(g(z1)) )
g(x1) — g(x2)
Taking the limit z; — x5 is not possible, as it increases the error significantly. However,

for fixed z7 2, we see that by rescaling the initial data profile to be smaller (¢ — Ag), by
(6.7.49) we have that

T:exp(— 2T )

g(w2) — g(z1)

exp () ),

g(@1) — g(@2
Hence, small initial data ensures that shock happens later in time, but increases the accuracy
of the prediction of the time of the forming of the shock.

6.7.4 Case a < %

We consider now a < % As before, we know that (, the solution to the initial value problem
(6.7.38), is an upper bound to the solution (given that g(z1) > 0).
Consider the solution to the initial value problem

i) = A=,
{(1) g(@1)?+1 (6.7.56)
5

Zq.
By an analogous estimate to (6.7.39), we see that

(t) < a(t) (6.7.57)
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for all t > 1, given that g(x;) > 0.

Consider again two solutions launched from x; » with 0 < g(z3) < g(z1). By the previous
analysis, we see that ~; is a lower bound to z! and ¢? is a upper bound for 2. Equating
these bounds we find the relation

t72a+1 -1 g(xl) t72a+1 -1

22+ 9(22)—5— =11 + e T—

Solving for t yields a breaking time

1 Sy
g(z1) i (90 ) + 1) ’
Gz I\

T = ((=2a+ 1)(w2 — 1)

Note that all of the terms in this expression are strictly positive with the exception of

g9(z1)

— g(x). (6.7.60)
g(z1)? +1

The expression above may become negative, if, for example, g does not vary much in x
but is large enough so that the denominator is dominant. This can be remedied by the
following observation: given any initial data profile g, we define a new smaller data profile
by g = Ag, for some A > 0 to be determined later. Then, we calculate

g(z1) () = Ag(z1) AMg(z1) — g(x2)y/A29(21)? + 1) ‘

To) = - A
) VA2g(1)? + 1 o A?g(x1)? +1

Now, choose A such that

(6.7.61)

1 |g(x)?
g(w1) \ g(2)?

Note that this is always possible as 7 Ez;) > 1. Then the bracket in the numerator in (6.7.61),
and therefore the whole expression, is farger than zero. We have therefore guaranteed that
the expression for T exists and is larger than 1. Hence, we have shown that there exist

arbitrarily small, smooth initial data that develop shock singularities in finite time.
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