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DISSERTATION ABSTRACT
Ellery Ames
Doctor of Philosophy
Department of Physics
December 2013

Title: Singular Symmetric Hyperbolic Systems and Cosmological Solutions to the
Einstein Equations

Characterizing the long-time behavior of solutions to the Einstein field equations
remains an active area of research today. In certain types of coordinates the Einstein
equations form a coupled system of quasilinear wave equations. The investigation of
the nature and properties of solutions to these equations lies in the field of geometric
analysis. We make several contributions to the study of solution dynamics near
singularities. While singularities are known to occur quite generally in solutions to
the Einstein equations, the singular behavior of solutions is not well-understood. A
valuable tool in this program has been to prove the existence of families of solutions
which are so-called asymptotically velocity term dominated (AVTD). It turns out
that a method, known as the Fuchsian method, is well-suited to proving the existence
of families of such solutions. We formulate and prove a Fuchsian-type theorem for
a class of quasilinear hyperbolic partial differential equations and show that the
Einstein equations can be formulated as such a Fuchsian system in certain gauges,
notably wave gauges. This formulation of Einstein equations provides a convenient
general framework with which to study solutions within particular symmetry classes.
The theorem mentioned above is applied to the class of solutions with two spatial

symmetries — both in the polarized and in the Gowdy cases — in order to prove the

v



existence of families of AVTD solutions. In the polarized case we find families of
solutions in the smooth and Sobolev regularity classes in the areal gauge. In the
Gowdy case we find a family of wave gauges, which contain the areal gauge, such that
there exists a family of smooth AVTD solutions in each gauge.

This dissertation includes previously published and unpublished co-authored

material.
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CHAPTER I

INTRODUCTION

1.1. Prelude

Einstein published his theory of gravitation (general relativity) in 1915. Whereas
in the Newtonian theory of gravitation massive bodies interact via a gravitational
force (instantaneously and with no apparent mechanism) in a global and rigid space
and time frame, in the general theory of relativity, spacetime is a dynamical manifold
which interacts with energy and matter. The interaction with the spacetime manifold
which provides a mechanism for gravitation; the theory says that massive and massless
bodies move along time-like and null, respectively, geodesics in the curved spacetime,
and it is these motions which we attribute to the gravitational force. Colloquially,
the matter informs the spacetime how to curve and the matter moves along paths
determined by the curved spacetime.

The interaction between spacetime and matter in general relativity is governed
by the Einstein field equations. Solutions to these field equations represent the
gravitational field in a physical scenario, such as outside of the earth, or the entire
cosmos, and provide some of the most accurate physical models today. Although we
understand many explicit solutions to the Einstein equations quite well, in particular
those with a high degree of symmetry and which provide the most common physical
models, the understanding of the large-scale behavior of general solutions to the
Einstein equations is relatively weak. Indeed, much of the present research in general

relativity is in exploring the properties of this full space of solutions.



We consider in this dissertation families of solutions which may provide in some
sense cosmological models. Within this context one of the particular families of
solutions which are well-understood are the homogeneous and isotropic solutions
independently worked out by Friedmann, Lemaitre, and Robertson and Walker, hence
known as the FLRW solutions. These solutions provide a remarkably good model of
our observable universe and form the foundation of many studies in cosmology; they
possess however a particularly interesting feature. Observers traveling on time-like
paths to the past in an FLRW universe will encounter a singular event in which
their worldline terminates within a finite amount of proper time and the spacetime
curvature and energy density become unbounded. Does such behavior occur in our
universe? Observations of the expansion of our visible universe and the cosmic
microwave background radiation suggest that it might, and this singular event has
come to be called the “big-bang.”

A natural question to ask is whether more general (less symmetric), and
presumably physically realistic, solutions to the Einstein equations also exhibit
this singular behavior, or whether such behavior is a product of the high-degree
of symmetry of the FLRW models. This is now a mathematical question about
properties of solutions to the Einstein equations which might model some universe,
and not a physical question about our particular universe. The evidence, starting
with the work of three Russian physicists Belinski, Khalatnikov, and Lifshitz (BKL),
suggests that indeed some sort of singular behavior is quite common in solutions
to the Einstein equations. To date, the most powerful result is the (mathematical)
proof by Hawking and Penrose in the 1970’s that singular events in the sense of time-
like worldlines which terminate in finite time are general features of solutions to the

Einstein equations. However, further details regarding these singularities, such as



whether the curvature is unbounded and the general dynamics of the gravitational
field, remain unresolved.

The work of BKL, later Misner, and many others more recently employing
numerical methods, indicates that the dynamics of the gravitational field in the
singular region is quite complicated. The BKL picture, discussed in more detail
in Section 1.3.3., is that in the singular region the dynamics are local, vacuum
dominated, and oscillatory in particular sense. Verifying this behavior rigorously
in general solutions is beyond present mathematical techniques. In order to make
progress in understanding the dynamics of solutions near singularities, research has
focused on studying restricted classes of spacetimes characterized by symmetries, the
presence of certain matter fields, or a particular subclass of the BKL dynamics.

Solutions with a simpler singular dynamics are observed in numerical
investigations, particularly in classes of spacetimes which are polarized. Like the BKL-
type dynamics, these spacetimes are asymptotically local and vacuum dominated, but
unlike the BKL case are not oscillatory. Since such solutions can be modeled in the
singular region by functions which satisfy a set of ordinary differential equations
obtained from the Einstein equations by dropping spatial derivative terms, they are
called asymptotically velocity term dominated or AVTD. While this behavior is not
general, the study of AVTD solutions is accessible by analytical techniques, and thus
provides a valuable “window” into the singular nature of solutions.

The projects described in this dissertation contribute to the research program of
finding AVTD solutions with various assumed symmetries. There are four different
contributions to this program which are made. The first, which is contained in
Chapter II, is the formulation and proof existence and uniqueness theorems for a

broad class of so-called Fuchsian partial differential equations (PDE). Equations of



this type have been the mathematical work-horses for finding families of solutions
which are AVTD. The second contribution is the proof of the existence of a families
of smooth and Sobolev-regular AVTD solutions in the class of polarized T?-symmetric
spacetimes. These results are presented in Chapter III. The third and fourth
contributions, which are smaller in scope, but lay the ground work for future research,
are presented in Chapter I'V. In the first portion of this chapter we construct a general
Fuchsian reduction of the Einstein equations in wave gauge. This reduction, which
obtains a symmetric hyperbolic formulation of the equations used in tandem with
the existence theory in Chapter II provides a powerful general tool for investigating
AVTD behavior. In the second portion of the chapter we use these tools to investigate
the gauge-dependence of the AVTD property. It turns out that the notion of AVTD
is dependent upon the coordinates one has chosen, and it is unknown whether a
solution which is known to be AVTD in one coordinate system is AVTD in other
(perhaps families) of coordinate systems. The work in Chapter IV takes a first step
in investigating this issue in the class of Gowdy spacetimes.

The Fuchsian theory which is developed in Chapter II is related to that published
in [3, 4] in collaboration with Florian Beyer, Jim Isenberg, and Philippe LeFloch. The
paper [3] also contains an application of the Fuchsian theorems to the polarized and
half-polarized T?-symmetric spacetimes, and the analysis in Chapter III is based on
this work. The results presented in Chapter IV are unpublished; this work is in
collaboration with Florian Beyer and Jim Isenberg. Some of the technical results

contained or cited in the Appendices are based on results published in [3, 4].



1.2. The Einstein Field Equations and Solutions
1.2.1. The Einstein Field Equations

At the heart of the theory of general relativity are the Einstein equations. The
Einstein equations are a geometric relation describing the interplay between the

geometry of spacetime and matter, which can be written!
. 1
Ricij(g) — 5 R(9)gi; = 8nT;. (1.1)

Here g is the metric tensor with Lorenztian signature, Ric(g) is the Ricci curvature
of the metric, R(g) = ¢" Ric;;(g) is the Ricci scalar, and T' is the energy momentum
tensor. We have used “geometrized units” in which the gravitational constant G
and the speed of light ¢ have been set to one. We also make use of the summation
convention where identical upper and lower indices are summed over unless explicitly
stated otherwise. Throughout the spacetime indices 7, j, k etc. run through 0,1, 2, 3,
while the indices a, b, c etc. correspond to the spatial degrees of freedom and take
values 1,2,3. We work in n = 3 dimension, although the Einstein equations apply to
gravitational phenomena in n + 1 dimensions for any n > 2.

Although many applications of general relativity are concerned with an Einstein-
matter system, in which the energy momentum tensor 7' couples the Einstein
equations to relevant matter equations, there are also dynamical solutions to the
Einstein equations with no matter terms, corresponding to 7" = 0. The analogue in

electromagnetism is the phenomena of electromagnetic radiation. In this dissertation

ITaking the trace of these equations we find that we may also write them in the form Ric;;(g) =
1
8m(Tij — 3T9i)-



we deal only with the vacuum Einstein equations

Ric;j(g) = 0. (1.2)

This is not supposed be physically-motivated assumption, but rather a way to simplify
the analysis and ignore complications which arise as a result of the matter equations.
A solution to the vacuum Einstein equations consists of a Lorenztian manifold (M, g)
such that g satisfies Eq. (1.2), and can be thought of as gravitational radiation.
Written in a system of coordinates the Einstein equations consist of ten (in
three dimensions) second-order nonlinear coupled partial differential equations. In
an arbitrary system of coordinates, these equations are of indeterminent character.
However, in certain types of coordinates, such as the wave-coordinates which we
discuss in Section 4.2. below, the equations take hyperbolic form. This complexity
of the equations, along with the diffeomorphism invariance make finding general
solutions to the Einstein equations, and determining the long-time behavior of
solutions difficult. One scheme for obtaining solutions to the Einstein equations and

studying their properties is to set-up an initial value formulation of the equations.

1.2.2. The Cauchy Problem in General Relativity

The initial value formulation, or Cauchy problem, for the Einstein equations
may be motivated by the fact that, as mentioned, the equations are hyperbolic in
certain systems of coordinates. In an initial value formulation one wishes to specify
some initial data, possibly satisfying some constraints, and then evolve this data via

evolution equations in order to obtain a unique solution. We give only a short synopsis



of the relevant results and definitions in the vacuum case here. For more complete
treatments see for example [8, 21, 42, 75].

What constitutes appropriate initial data for the vacuum Einstein equations?
Given a solution, that is a Lorenztian manifold (M, g), one expects the initial data
to be a space-like hypersurface with a Riemannian metric v and its time-derivative,
which is represented by a covariant two-tensor . Since the Lorentzian metric g is
to satisfy the vacuum Einstein equations, the data must satisfy certain constraint

equations (the Gauss and Codazzi equations)

S(y) = &+ (trk)*> =0 L3
D%qp, — Dy(trr) = 0.

Here D is the Levi-Civita connection with respect to v, S(v) = v Rica(7) is the
scalar curvature of 7 and indices are raised and lowered with v. The appropriate

initial data for the vacuum Einstein equations can thus be defined as the following.

Definition 1.1. The set of initial data for the vacuum Einstein equations is the triplet
(3,7, k), where ¥ is a 3-manifold, v is a Riemannian metric and K is a covariant

symmetric two-tensor which satisfy the constraint equations Eq. (1.3).

Given initial data (3,7, k) as above, we can then formulate the Cauchy problem
for the Einstein equations. The initial value problem for the Einstein equations is to
find a Lorentz manifold (M, g) satisfying the Einstein equations, and an embedding
1 : 2 — M such that k = 1*k,y = i*g, where k is the second fundamental form of
i(X). The manifold (M, g,i) (where we have included the embedding 7 explicitely) is
called the development of the data. An important case is when the initial data yields

a hypersurface i(X), which is a Cauchy surface.

7



Definition 1.2. A Cauchy hypersurface in a Lorentzian manifold is a subset which

15 met exactly once by every inextendible time-like curve.

If M has a Cauchy hypersurface ¥, then it is called globally hyperbolic. The
development D(3) of Cauchy hypersurface is all of M and is called the globally
hyperbolic development. An important question, which was not settled until 1952
is whether there exist a globally hyperbolic development for any given appropriate

initial data to the Einstein equations.

Theorem 1.3 (Choquet-Bruhat 1952, [35]). Given initial data as in Definition 1.1

for the vacuum FEinstein equations, there is a globally hyperbolic development.

The issue of uniqueness in general relativity is subtle due to the diffeomorphism
invariance of the equations. Recall that if (M, g) is a solution, and if ¢ € Dif f(M)
is a diffeomorphism of M, then h = ¢*g also satisfies the Einstein equations, though
this pulled-back metric may appear very different. In fact there is an equivalence class
of solutions, generated by the diffeomorphism group of M. To obtain a statement
about uniqueness then we need a criterion which is invariant on this equivalence class

of solutions. The concept of a maximal globally hyperbolic development is useful.

Definition 1.4. A mazximal globally hyperbolic development (MGHD) of initial data
to the vacuum Einstein equations, (M, g,1) is such that if (N, h,j) is any other GHD
of the same data, then there is a map ¢ : N — M that is a diffeomorphism onto its

mmage, and Y*g=h,1=1oj.

With this notion of maximality, Choquet-Bruhat and Geroch proved the stronger

existence and uniqueness result in 1969.



Theorem 1.5 (Choquet-Bruhat and Geroch 1969, [23]). Given initial data as in
Definition 1.1 to the vacuum FEinstein equations, there is a mazimal globally hyperbolic

development of the data which is unique up to diffeomorphisms.

This result establishes that the MGHD is unique in the space of all globally
hyperbolic developments. However, it does not establish uniqueness in the space of
all developments. In fact, as we discuss below, there are infinite families of initial data
such that the corresponding MGHD may be extended, thus violating uniqueness, and
in some sense determinism, in general relativity. The extent to which this occurs in
the space of all solutions to the Einstein equations is one of the major open research
questions today, and is called strong cosmic censorship. One might think of this
strong cosmic censorship as establishing a “strong” uniqueness result; we discuss this

issue and related conjectures further in Section 1.3. below.

1.2.3. Spacetimes with a 72 Isometry Group

We now identify a class of solutions which is particular interest in general

relativistic studies of cosmology.

Definition 1.6 (Bartnik, [7]). A solution (M, g) to the vacuum Einstein equations
is called a vacuum cosmological solution if it is globally hyperbolic, has closed
(compact without boundary) Cauchy hypersurfaces, and satisfies Ric,(V,V) > 0 for

any unit time-like vector V.

A useful approach in studies of the Einstein equations has been to consider
problems (such as strong cosmic censorship) in classes of spacetimes restricted by
symmetry assumptions (or in the non-vacuum case by certain matter models), and

through gradually relaxing these assumptions develop the techniques and intuition

9



with which to tackle those problems in more general classes of spacetimes. For
cosmological solutions one usually assumes some symmetry on the spatial Cauchy
hypersurfaces (a symmetry in time yields a stationary solution). In this dissertation
we treat spacetimes with Cauchy data which is invariant under a T spatially acting

isometry group.

1.2.3.1. The Space of T>-Symmetric Spacetimes

In this document we consider that each spacetime is the maximal globally
hyperbolic development of an initial data set on a compact Cauchy surface, with the
data invariant under an effective U(1) x U(1) = T* action. Thus we have cosmological
solutions (c.f. Definition 1.6) with a two-dimensional isometry group, which we refer
to as T%-symmetric spacetimes; in other literature, for example [87] and references
contained therein, these are called GG spacetimes. For spacetimes with this symmetry
and with spatial orbits on a three-dimensional connected and orientable manifold the
spatial topology is restricted to be T2, S? x S*,S? or a lens space L(p,q) [64]. Since
the lens space is covered by S?, these cases are not usually considered separately.

These spacetimes can be further classified by considering various conditions on
the Killing vector fields which generate the two isometries. The space of T?-symmetric
spacetimes is represented Figure 1.1 below. Let Y and Z be the two spatial Killing
vector fields which generate the isometry group. The two subclasses are characterized
by the following conditions: I) The hypersurface orthogonal condition which says
that ¢g(Y, Z) = ¢, is constant. In the literature a spacetime satisfying this relation is
known as polarized, since this condition effectively turns off one degree of freedom
in the metric. II) The second condition involves quantities known as “twists” which

are nicely constructed in terms of the generating forms corresponding to Y, Z. Let

10



¢ = g(Y,),( := g(Z,-) be the generating forms of a distribution D. Frobenius’

theorem (c.f. [22, 53]) states that D is integrable if and only if the twists

Ky :=%xdé NENC and Ky :=*dC ANENC

both vanish, where x denotes the Hodge star and A the wedge product. As shown
by Chrusciel [26], the vacuum Einstein equations imply that the twist quantities
are constant. The orthogonally transitive,? or more commonly Gowdy subclass
(named after their first discoverer [38]), is characterized by the vanishing of both
twist constants. If a solution is both polarized and Gowdy, then the metric may be

written in diagonal form.

General 72 — symmetric spacetimes

Orthogonally transitive
"Gowdy"

Hypersurface orthogonal
"Polarized"

FIGURE 1.1.. The class and subclasses of T%-symmetric spacetimes. This figure has
been adapted from Wainright and Ellis [87].

The Gowdy solutions admit the spatial topologies T2, S? x S!, S? or a lens space
L(p,q). In the case that at least one twist constant is non-vanishing Chrusciel has
shown that the spatial topology is restricted to be T%. We call such general solutions

simply “T?-symmetric.”

%i.e. the two-spaces orthogonal to the group action are surface-forming

11



1.2.3.2. Areal Coordinates

For spacetimes with a T2 isometry group, a particularly useful geometrically-
defined time coordinate can be specified by setting the time function proportional to
the area of the T?-symmetry group orbits. Coordinates with such a choice of time
are called areal coordinates.

To show that these coordinates are well-defined one would like to show that given
Cauchy data which is invariant under a spatially acting T?-isometry group, that the
resulting maximal globally hyperbolic development is covered by these coordinates.
This is shown for Gowdy intial data with the time ¢ taking values in (0, 00) in the case
of T? spatial topology, and (0, 7) in the remaining cases [26, 62]. A similar result is
proved for the T?-symmetric spacetimes with non-vanishing twist. In [12] the authors
show that such spacetimes are covered by areal coordinates with time ¢ € (¢, 00) for
some non-negative number ty. In later work of Weaver and Isenberg [46] this lower
bound was clarified to be zero in all cases except that of flat Kasner, in which case
to > 0.

Beyond the fact that the areal coordinates cover the T?-symmetric spacetimes,
they are useful in studying 72-symmetric solutions for two additional reasons. The
first is that due to the results [12, 26, 46, 62] mentioned above, in these coordinates one
approaches the cosmological singularity precisely as the time coordinate approaches
t = 0. The second is that in these coordinates the Einstein equations can be brought
into hyperbolic form. In fact, in the Gowdy spacetimes, the areal coordinates are
an example of wave coordinates —c.f. Section 4.2.. Such coordinates arise from a
particular gauge choice called a wave gauge, in which the Einstein equations are

guaranteed to be hyperbolic.
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1.3. Global Properties of Solutions and AVTD Behavior
1.3.1. Singular Solutions to the Einstein Equations

One of the main areas of study in classical general relativity today is in
understanding the global properties of general solutions to the Einstein equations.
Of particular interest is the study of singularities, which may be roughly thought of
as an obstruction to the further development of initial data, or the “boundary” of a
globally hyperbolic development.

While the perhaps intuitive notion of a singularity involves relevant quantities
(for example metric functions, curvature scalars, etc. in this case) becoming
unbounded, the present definition of a singular solution to the Einstein equations

is framed in terms of (in)complete geodesics.

Definition 1.7 (Singular solution). A solution to the FEinstein equations is called

singular if it contains at least one inextendible and incomplete causal geodesic.

A geodesic is complete if it is defined for all proper time, and incomplete
otherwise. The reason for this (perhaps disappointing) definition of a singular solution
is simply that one can prove that a solution to the Einstein equations is geodesically
incomplete under rather general assumptions — this is the content of the famed
singularity theorems of Hawking and Penrose (see [40] for more complete discussion,
and Theorem 1.8 below for an example). To make sense the above definition should
be restricted to mazimal solutions. The geodesic must also be inextendible since a
geodesic segment which is defined only for a finite range of proper time provides no
information on the properties of the spacetime. One might think of the incompleteness

as the consequence of “removing” the singularity from the spacetime.

13



While there is much work devoted to studying such singularity theorems and
finding the weakest possible conditions such that one may guarantee a singular
spacetime, here we are concerned only with the class of cosmological spacetimes, which
in particular are globally hyperbolic. The following is an example of a singularity

theorem in this context (this is Theorem 9.5.1 in Wald [88]).

Theorem 1.8 (Cosmological spacetimes are singular). Let (M,g) be a vacuum

cosmological solution (Definition 1.6) with the Cauchy surface ¥ such that

T<C <0, everywhere

for T =tr,k is the trace of the extrinsic curvature, and C is a constant.
Then, mno past-directed time-like curve from X can have a length greater
than 3/|C|, which means in particular that all past-directed time-like geodesics are

mcomplete.

One may interpret this theorem as follows. If your cosmology is such that at one
instant in time it is expanding everywhere at a rate bounded away from zero, then it
is singular in the sense of Definition 1.7.

In the case of Einstein-matter systems the condition in Definition 1.6 that
Ricy,(V,V) > 0 for all time-like unit V' (ie. g(V,V) = —1) is satisfied if g is a
solution to the Einstein equations with a stress energy tensor satisfying the strong
energy condition, T'(V, V') > —1/2T. This can be seen from the alternate form of the
Einstein equations (footnote below Eq. (1.1)).

The proof of Theorem 1.8 is based on a contradiction argument. Suppose there
exists a past-directed time-like curve A from ¥ with a length greater than 3/|C|, and

let p be a point lying beyond 3/|C|. Then since the spacetime is global hyperbolic
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there exists a time-like geodesic v from ¥ to p which attains its maximum length
(which is in particular greater than 3/|C|), and further there are no conjugate points
for v between Y and p. However, this is a contradiction since the expansion condition
ensures the existence of a conjugate point within length 3/|C| along such a geodesic.
For the details of this proof see [88].

While the singularity theorems tell us that a solution to the Einstein equations
is singular (in the sense of Definition 1.7) under relatively weak assumptions, they
tell us little about the nature of the singularity, and the behavior of the solution near
singularities. Indeed, particular examples of solutions show that singular solutions
can exhibit very different behavior. The FLRW family of solutions are singular, and
the Kretschmann scalar Sk (g) = Riem™* (g) Riem;jx(g) (the square of the Riemann
tensor), is unbounded in one or both directions along every time-like geodesic. On
the other hand the Taub spacetimes [84], are geodesically incomplete in both the
future and past time-like directions, and yet as one approaches the singularity the
curvature remains bounded [29]. What’s more the spacetime can be extended in
inequivalent ways, and the extension need not satisfy the Einstein equations. Because
of the original discoverer’s of this extension Newman, Unti, and Tamburino, the
family of extended spacetimes is called Taub-NUT [65]. The boundary of the globally
hyperbolic region in the extended spacetimes is known as a Cauchy horizon.

The known families of singular solutions exhibit one of the above types of
behavior, either the curvature (measured by the Kretschmann scalar) is finite in the
approach to the singularity and the solution may be extended, leading to a Cauchy
horizon, or the curvature is blowing-up. Much of the present work surrounding
singularities in general relativity, this dissertation included, is focused on attempting

to further resolve the nature of these singularities and the behavior of solutions near
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them. In the next two sections we discuss several open problems related to these

issues.

1.3.2. Strong Cosmic Censorship: “Strong uniqueness”

If a singular solution contains a Cauchy horizon, as in the case of the Taub-NUT
solutions, then the solution extends beyond the maximal globally hyperbolic region.
Of course if the extension to a given unique MGHD, guaranteed by Theorem 1.5, is
unique this might not be so bad, since in that case the entire spacetime could be
predicted from initial data. Often however, there exist multiple inequivalent —that
is not diffeomorphic— extensions of a given maximal globally hyperbolic development
[29]. This type of behavior contradicts our desire that general relativity, a classical
theory of physics, should be deterministic. At present all known families of solutions
which contain Cauchy horizons also contain symmetries, and therefore do not
represent fully general solutions to the Einstein equations. The revised hope then
is that fully general (and presumably the most physically relevant) solutions to the

Einstein equations are deterministic; this is formulated in the following conjecture.

Conjecture 1.9 (Strong Cosmic Censorship (SCC)). For generic initial data to
the wvacuum FEinstein equations, the maximal globally hyperbolic development is

inextendible.

This conjecture was first proposed by Penrose [66] in 1969. The formulation
above is due to Chrusciel [27], which in turn is adapted from Moncrief and Eardely
[63]. The nomenclature is a bit unfortunate since there is another famous “censorship”
conjecture in general relativity pertaining to isolated bodies. This is called the “weak
censorship conjecture,” (WCC) although SCC does not imply WCC nor vice-versa.

A more appropriate name for Conjecture 1.9 might be “strong uniqueness.”
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There are several approaches to proving a version of Conjecture 1.9 restricted to
classes of solutions defined by presence of symmetries, or various matter fields which
have been successfully employed. However, proving the conjecture in full generality
remains beyond the reach of present techniques.

While the strong cosmic censorship conjecture says that the formation of Cauchy
horizons occurs non-generically, we are also interested in the issue of the curvature
blow-up at singularities. In a sort of complementary conjecture, this behavior is

thought to be generic.

Conjecture 1.10 (Curvature Blow-up). For generic initial data to the vacuum
FEinstein equations, curvature blows up in the incomplete directions of causal geodesics

in the MGDH.

The statement of this conjecture comes from [73]. We note that since a C*-
manifold cannot be extended through a curvature singularity, Conjecture 1.10 implies
Conjecture 1.9 at least for extensions which are sufficiently smooth. Thus proving
a restricted version of Conjecture 1.10 is one pathway to proving restricted strong
cosmic censorship. This approach has been successfully employed in the class of
Gowdy solutions with T? spatial topology (c.f. discussion in Section 1.4.5.).

It should be mentioned that as stated the Conjecture 1.10 and Conjecture 1.9
are not completely clear. First, in a theorem asserting the truth of strong cosmic
censorship or curvature blow-up one must specify what is meant by “generic initial
data” e.g. a set of non-zero measure in the space of all initial data. One must also
specify in such a theorem whether solutions are inextendible as smooth manifolds, or
C?-manifolds etc., and whether the avoided extensions satisfy the Einstein equations

(they need not).
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The conjectures presented in this section are concerned with whether the
singularity is due to a Cauchy horizon or a curvature blow-up. In the next section we

discuss related questions concerning the dynamics of solutions in the singular regions.

1.3.3. Generic Singular Behavior and the BKL Proposal

As we have discussed above, the singularity theorems ensure that a solution is
singular under rather general assumptions —that is, without very much information.
However, there is a sort of conservation of information in that the singularity theorems
don’t tell us much about the nature of the singularity. Indeed, as we have seen the
singularity theorems are unable to distinguish between the formation of a Cauchy
horizon and curvature blow-up. One of the main research goals in classical relativity
today is to understand the dynamics of the metric field in the region of singularities.

The ideas which drive research on the singular dynamics were put forth by
Belinskii, Khalatnikov, and Lifshitz (BKL) in the 1960’s and 70’s [9, 10, 56]. The
BKL proposal, based on heuristic studies, is that generically the spacetime dynamics
of an inhomogeneous spacetime is closely approximated by that of a homogeneous
model known as a Kasner solution ? at each spatial point. In this sense the solution
is local. According to the BKL proposal the general singular dynamics are also
vacuum-dominated in the sense that the matter terms do not significantly contribute,
and oscillatory in the sense that at each spatial point the metric is modeled by an
infinite sequence of Kasner “epochs” punctuated by transitions in which the particular
Kasner-model changes (that is the Kasner exponents p, introduced below change).

Further, the sequence of Kasner “epochs” at each point is uncorrelated.

3Tt should be noted that the Kasner family is just one of several families of homogeneous solutions
to the Einstein equations. The homogeneous solutions are organized by the Bianchi-classification,
in which the Kasner family is Bianchi I.
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The Kasner family is given by a metric of the form

9Kasner = —dt2 + t2p1 dgj'z -+ t2p2dy2 + t2p3 d2’2

where the integers p,,a = 1,2,3 satisty > p, = > ,(pa)> = 1. As a result, in a
generic Kasner spacetime two of the p, must be positive while the other is negative.
In the resulting approach to the singularity (at ¢ = 0), two spatial directions are
shrinking, while the third is expanding, leading to a “cigar” type singularity. Hence
in the BKL-picture, the spacetime at each spatial point is apparently oscillating: in
one Kasner epoch two spatial directions will be shrinking and the third expanding.
The spacetime then transitions, changing the local effective values of p,, and in the
subsequent Kasner epoch two generally different spatial directions are contracting
—ad infinitum.

A nice illustration of the BKL-type behavior, as well as the simpler
asymptotically velocity term domintated (AVTD) behavior which we discuss below
is presented in the dynamical systems formulation of the Einstein equations [87].
In this formulation, a solution (within a class of homogeneous solutions) at each
time can be represented as a point in a five-dimensional state space with variables
(34,2, N1, Ny, N3), which roughly correspond the trace-free shear tensor, and the
spatial portions of the connection coefficients -see [87] and the references contained
therein for a more detailed description of this formulation. The evolution under the
Einstein equations then traces out a path in this state-space, and one can bring all the
dynamical systems tools to bear on the problem of analyzing the qualitative behavior.
The Kasner solutions in this picture are represented by the circle 2 + 32 = 1, in
the N; = Ny = N3 = 0 plane (c.f Figure 1.2 below). There are six “special points”

on the Kasner circle represent the case (py,pa, p3) equal to (1,0,0), the “T” points,
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and (—1/3,2/3,2/3), the “Q” points, and permutations. Each of the non-exceptional

Kasner points is an unstable equilibrium point.

Q T

Q T,

3

FIGURE 1.2.. The Kasner circle. Figure taken from [6].

Within the dynamical systems formulation, the BKL picture is of the local
spacetime at each spatial point repeatedly “bouncing” off the unstable Kasner circle
in the approach to the singularity. That is the dynamics of a general spacetime
is modeled at each spatial point by a point in this homogeneous state-space. As
the singularity is approached, this state-vector approaches a point on the Kasner
circle. Yet, since such a point is unstable, the solution transitions, and continues
on a trajectory which turns out to steer it towards another point on the Kasner
circle, and so on. In this way, an observer traveling towards the singularity in a
generic spacetime is expected to experience an infinite sequence of Kasner-like epochs
punctuated by “bounces.” Further, observers at different spatial points experience
generally unrelated sequence of Kasner epochs and bounces. Numerical studies of
generic solutions, as well as solutions with symmetries support this picture [11, 13—
17, 37).

More recently it has become clear that a phenomena known as “spikes” also play
an important role in the dynamics near the singularity. Spikes are when the spatial

derivatives of the solution grow very large at isolated points. Explicit spike solutions
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have been constructed in the Gowdy class [68], and numerical work is underway to
further understand their influence [41, 57, 58].

Due to the complicated nature of the BKL-type dynamics, there is very little
rigorous work verifying the existence of such solutions. One remarkable exception is
in the work of Ringstrom [69, 70] in the Bianchi type IX homogeneous spacetimes —the
simplest class in which this BKL-type oscillatory behavior is observed. Ringstrom
proves the existence of BKL-type oscillatory behavior in this class of spacetimes
with a particular matter model, and shows that for generic Bianchi type IX initial
data, the Kretschmann scalar is unbounded in the approach to the singularity in the
corresponding maximal globally hyperbolic developments —thus establishing restricted
curvature blow-up and SCC.

While verifying general BKL-type dynamics for inhomogeneous cosmological
solutions has so far proved beyond the reach of analytical techniques, a special case
known as “velocity term dominated” or VTD, is more accessible. If a solution to
the Einstein equations has VTD dynamics (discussed below) in the singular region,
then it is said to be “asymptotically velocity term dominated” or AVTD. In terms
of the Kasner circle Figure 1.2. the idea is that under the conditions which lead to
VTD behavior, a segment of the Kasner circle becomes stable. Hence the local model
solutions at each spatial point in the inhomogeneous cosmology make a few bounces
before approaching one Kasner solution asymptotically. The AVTD solutions can be
said to be “asymptotically locally Kasner”.

In the results of Chapter III and Chapter IV we obtain AVTD solutions with an
asymptotic data function k in a particular range. The function k is connected to the
Kasner exponents for the model solution, and the indicated range of k corresponds

to the stable region of the Kasner circle. More in depth comparison of the dynamical

21



systems formulation and the metric formulation can be found in [6]. We discuss the
AVTD dynamics and its relevance to Conjecture 1.10 and Conjecture 1.9 and the
BKL proposal in the next section.

We note that while AVTD solutions are not general, verifying the presence of such
solutions has provided a useful test-bed with which to develop tools and intuition, and

in cases has also been a critical step in proving restricted strong cosmic censorship.

1.3.4. AVTD Solutions

The notion of asymptotically velocity term dominated (AVTD) solutions is
introduced and defined in a geometric manner by Isenberg and Moncrief in [44],
although the idea might have originated in work of Eardly, Liang and Sachs, [33].
The definition of Isenberg and Moncrief is framed in terms of the ADM field variables
(for Arnowitt, Denser, and Misner). We briefly present this formalism here, but for

a more complete treatment see for example [61].

1.3.4.1. The ADM Formulation

Although we deal solely with the vacuum Einstein equations in this document,
we present the theory in this section for arbitrary matter fields. Let (M, g,1) be a
globally hyperbolic spacetime with Lorentzian metric g and matter fields . Suppose
that 4, : ¥ — M is a spatial foliation with the corresponding time vector field 9/0t.
The 3+1 ADM quantities are: i) A Riemannian 3-metric 7,,. ii) The spatial covariant
derivative V, and the corresponding Ricci curvature Ric,, and scalar curvature R. iii)
The second fundamental form k,, with mean curvature tr,k. iv) The lapse N and the

shift M®. If n is the unit normal vector field to X, then we may write /0t = Nn+ M.
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The matter quantities are the energy density p, the momentum density J,, and the
spatial stress energy tensor Sy.
In terms of these fields the Einstein equations take the form of the evolution

equations

0
FTRC el 2Nkap + Ly ab (1.4)
%k,‘j — N (RY + tr,kk%) — VIV, N + Lark? (1.5)

1
+ 81N <S§ + 57{,‘(/} — tr75)> ,
and the constraint equations

R — K"k + (trik)* = 16mp (1.6)

Vakg - Vb(trvk) = —87TJb. (17)

1.3.4.2. Definition of AVTD Solutions

The name “asymptotically velocity term dominated” refers to the fact that the
solution approaches a model solution that (asymptotic) satisfies a “velocity term
dominated” (VTD) system, which is formed from the Einstein equations by dropping
spatial derivative terms relative to time-derivative terms. This step encodes the local
aspect of the BKL proposal.

To write down the definition of an AVTD solution we form the corresponding

VTD system for the Einstein equations. In the ADM fields the VTD system consists
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of the evolution equations

0

— gy = — 2N 1.
at/)/ab kaba ( 8)
0 .1 .

ik = N(tryk)k; + 87N (Sg +owp - trVS)) : (1.9)

and the constraint equations

—k" kg + (trok)? = 16mp, (1.10)

Voki — Vy(tr k) = =8y, (1.11)

where the p, jb, and S{} are corresponding modified versions of the original
quantities. This system is obtained from the Einstein system by dropping the terms
LriYav, Lrrky, Ry, and VAV, N from the evolution equations and R from the constraint
equations. In a specified system of local coordinates this corresponds to dropping
spatial derivative terms in all equations but the momentum constraint, Eq. (1.7). We

now give the definition of AVTD solutions adapted from [44].

Definition 1.11 (AVTD Solutions). A solution to the Finstein equations (M, g, ) is
called asymptotically velocity term dominated (AVTD) if there exists a model
spacetime (M, g, 10) (same manifold different metric and matter fields), and a foliation

i o 2 — M such that:

o

1. With respect to i, (M, g,v) satisfies, at least asymptotically, the VTD system

FEgs. (1.8)-(1.11).

2. The solution g approaches g in the limit t — t. (where t, is the singular time)
in an appropriate sense: in a suitable norm || - || on the space of 3+ 1 quantites

{v,k,p,J, S} for any € > 0, there exists a § such that for allt such that |t.—t| <
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{7, &, p, J, S} — {3, k, p, J, S} < e.

It is important to note that the notion of AVTD is coordinate-dependent. This is
easily seen from Definition 1.11, since the particular terms which are kept in the VTD
equations depend on the choice of coordinates which are used. While it is unknown
generally whether a given solution which has been verified to be AVTD in one system
of coordinates is AVTD in another system of coordinates, this problem is relatively
unstudied in the literature. In Section 4.3. we begin to tackle this question, and
related ones in the Gowdy class of spacetimes.

The techniques presented below in Chapter II provide a method for finding

families of solutions which are AVTD.

1.4. AVTD Behavior in the Literature

The first verification of AVTD solutions to the Einstein equations was in the
analytic function class and used a Fuchsian method developed by Kichenassamy and
Rendall [51]. The method involves writing a subset of the Einstein equations (roughly
the evolution equations) as a first-order system for the first-order fields u, choosing
a VTD leading order term ug, defining the new “remainder” fields w by u = ug + w,
and by inserting this into the system obtain a new system for w. If the system takes

the Fuchsian form

tow(t, x) + N(z)w(t,z) = f(t,z,w, Jw), (1.12)

where the singularity is taken to be at at ¢t = 0, IV is analytic and satisfies a positivity
condition, flw] = f(t,x,w,0,w) is analytic in space, continuous in time, and Lipschitz
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in the fields w and their spatial derivatives, then the result of [51] shows that a unique
solution w exists which vanishes as ¢ 0. This technique has been applied in a wide-
range of cosmological classes of solutions in order to verify the existence of families
of AVTD solutions. We record some of these results below, along with more recent
devopments which establish the existence of smooth (not analytic), and less regular
AVTD solutions. Most of the techniques are applied first in the case of the Gowdy
spacetimes as these are the simplest of the inhomogeneous classes. We discuss the
various methods which have been used, and then in later sections how these techniques

have been extended to more general classes of solutions.

1.4.1. AVTD Gowdy Spacetimes

As an application of their Fuchsian theory for analytic functions in [51],
Kichenassamy and Rendall find a family of AVTD solutions to the T3-Gowdy
equations. They use the areal foliation described in Section 1.2.3.2., in which the
metric has the form Eq. (4.28) below, and treat the equations for Pand Q. T hey show
that for P,Q of the form Eq. (4.29) with analytic asymptotic data {k, P,, Q., Q.. },
the corresponding six-dimensional first order system forms a Fuchsian system of the
form Eq. (1.12) as long as k € (0,1) (the “low-velocity” case) or k > 0 and 9;Q, =0
(the “high-velocity” case).

To go beyond the rather rigid class of analytic functions (see discussion below
in Section 1.4.4.) Rendall developed an approach for obtaining smooth solutions
to Fuchsian equations [67]. The scheme is based on using a sequence of analytic
solutions as approximates to a desired smooth solution, and by reformulating the
equations in symmetric hyperbolic form, using associated energy estimates to show

that this sequence does in fact converge. While significantly more involved than the
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analytic Fuchsian “algorithm,” Rendall is able to prove the existence of smooth AVTD
solutions in the T3-Gowdy class again of the form Eq. (4.29).

As mentioned above the Gowdy symmetry admits spatial topologies other than
T3, namely S' x S?, and S?, or a lens space which may be covered by S?®. The
results of Kichenassamy and Rendall, and Rendall discussed above are actually local
in space, and thus apply to these other spatial topologies away from the axis of
symmetry. In [77], Stahl uses the analytic Fuchsian result of [51] and generalizes
Rendall’s scheme in [67] in order to extend these analytic and smooth AVTD solutions
near the symmetry axis in S! x S?, and S* Gowdy spacetimes. It seems however, that
the VT'D condition at the axis of symmetry forces the asymptotic velocity k to lie
outside of the range (0, 1). Recall that for general AVTD Gowdy solutions away from
such an axis, the value & must lie within (0,1). This is not an issue for the “half-
polarized” (or polarized) Gowdy solutions where k& may be any real number greater
than zero. More work is necessary in order to understand the nature of these solutions
near the symmetry axes.

Another approach for obtaining smooth solutions to Fuchsian-type equations has
been developed by Beyer and LeFloch [18]. Rather than constructing (less-regular)
smooth solutions from (more regular) analytic solutions, this method starts by proving
the existence of weak solutions, and by increasing the amount of assumed regularity,
constructs solutions which are Sobolev-regular or smooth. The method relies on
obtaining a symmetric hyperbolic system and using the associated energy estimates,
as well as the existence of solutions to the usual Cauchy problem for these systems.
Beyer and LeFloch prove their Fuchsian theorem for semilinear equations which are
second-order. Below in Chapter II and the references cited therein, we prove a more

general version of this theorem for equations which are quasilinear. Since the Gowdy
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equations in the areal gauge are semilinear, Beyer and LeFloch are able to apply their
theorem in order to obtain families of smooth and Sobolev-regular AVTD T3-Gowdy
solutions. The smooth family which they find coincides with that found by Rendall
in [67]. The approach of Beyer and LeFloch is widely applicable, since it is based on
a general existence theorem for semilinear Fuchsian PDE’s. Similar to the analytic
theory, the proof of the existence of AVTD solutions reduces then to verifying certain

structural properties of the equations given a VTD leading order term.

1.4.2. AVTD Polarized T?-Symmetric Spacetimes

All of the Fuchsian techniques presented in the section above have been applied in
the polarized T2-symmetric spacetimes. All AVTD solutions found so far in this class
have been in areal coordinates. In [43], Isenberg and Kichenassamy use the analytic
Fuchsian theorem to find a family of analytic AVTD polarized T?-symmetric solutions.
Later, Clausen [32] extended this work to prove the existence of analytic AVTD half-
polarized T?-symmetric solutions. The half-polarized condition, as explained below
in Section 3.2.3., is a restriction on the asymptotic data. Clausen also generalizes
the Fuchsian scheme of Rendall and Stahl [67, 77] in order to show that there is
a corresponding family of AVTD half-polarized T2-symmetric solutions which are
smooth.

In Chapter III we use the Fuchsian theory of Chapter II (an extension of the
work of Beyer and LeFloch [18, 19]) to find families of polarized and half-polarized
T?-symmetric solutions which are Sobolev-regular and smooth. The smooth family
which we find is the same as that found by Clausen, while the Sobolev-regular family

is completely new. The details of these results are discussed in Chapter III.

28



1.4.3. AVTD Solutions With Fewer Symmetries

As we’ve mentioned above progress in this field occurs through investigating
simple examples and then gradually relaxing the symmetry or matter-field
assumptions to obtain results in more general classes of spacetimes. In keeping with
this program, the Fuchsian techniques for the analytic functions have been applied
to spacetimes with only one Killing vector field —the U(1)-symmetric spacetimes.

The U(1)-symmetric class is much richer in a variety of ways. The four-
dimensional manifold is a U(1) bundle over a 2+ 1 Lorentzian manifold, ¥ x R, where
Y is a 2-dimensional Riemannian manifold. Different cases can be distinguished by
the topology of ¥ and by the U(1) bundle. The polarization conditions are similar
to those in the T?-symmetric equations. A solution is said to be polarized if one
of the metric functions is non-dynamical, and half-polarized if only one of the free
functions in the asymptotic data is a fixed constant. While the areal coordinates
have proved to be very useful in finding AVTD solutions in the T?-symmetric class,
no such coordinates exist for the U(1)-symmetric spacetimes, thus adding another
level of complexity.

The simplest case was treated first by Isenberg and Moncrief [45]. The authors
assume the spatial topology to be S' x ¥ = T3 for the full solution, and choose
a harmonic time coordinate, for which they are able to prove the existence of a
families of polarized and half-polarized analytic solutions which are AVTD. Later work
with Choquet-Bruhat proved the existence of analytic AVTD solutions with general
topology for ¥ in the polarized case [25], and in the half-polarized case [24] under an
additional assumption that the conformal class of the metric on ¥ is independent of

t.
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While the Fuchsian theory presented in Chapter II is suitable for finding smooth
and Sobolev-regular AVTD solutions in the U(1)-symmetric class, this work has not
been completed. The issue is in finding a gauge and a parametrization of the metric
fields in which the Einstein equations written as a first-order system are symmetric
hyperbolic. This is the motivation for studying Fuchsian formulation of the Einstein
equations in wave gauges as we do in Chapter IV.

There are many more results concerning AVTD solutions and general properties
of spacetimes with various matter fields, which we do not mention here in the interest
of space and simplicity. Although we concern ourselves only with vacuum spacetimes
in this document, we mention one non-vacuum result because of its importance. This
is the work of Andersson and Rendall [5] to find a family of analytic AVTD solutions to
the general Einstein equations (no assumed symmetry) coupled to a scalar field or stiff
fluid. This is an important result since it is one of the only results for general classes
of spacetimes in which the singular behavior may be rigorously resolved. Of course
the presence of the particular matter fields in this result are necessary, and render
the resulting situation certainly not fully general. We believe that the techniques
developed in Chapter II and Chapter IV may eventually be applied in order to find
corresponding families of general-scalar field AVTD solutions which are smooth and

Sobolev-regular.

1.4.4. Smooth Versus Analytic Solutions

As we have seen there are several results concerning the existence of AVTD
solutions in the analytic function class. While a great starting point, solutions in this
class are not completely satisfactory for a few reasons. One reason has to do with

the basic tenant that general relativity be a local theory. That is, given any open,
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non-empty sets U, V' of a connected spacetime (M, g) such that no point of U may
be connected by a causal curve to any point of V', we expect that the dynamics in
U is independent of that in V. However, for an analytic spacetime, g|y is essentially
determined by events in V. The analytic spacetime is of course still causal, it is just
rigid.

Furthermore, the notion of well-posedness fails to hold for initial value problems
in the analytic function class. The Cauchy-Kovalevski theorem says there exists a
real analytic solution to the m* order Cauchy problem with real analytic coefficients
and initial data, and moreover that the solution is unique in the real analytic class.
However, there is no continuous dependence on initial data: Suppose ¢ is sequence
of real analytic data which converges to the continuous data ¢. There is no guarantee
that the sequence of solutions u; converges to a solution of the Cauchy problem w
with the data ¢. Moreover, the Cauchy-Kovalevski theorem only claims that the
solution is unique in the real analytic class, and does not exclude other solutions in
say the smooth class.

To summarize these issues in the present context, we note that this research
program is aimed at finding and characterizing general solutions to the Einstein
equations. As we have seen the real analytic function class is small and rather rigid,
and therefor is not considered very general, and in particular not general enough to
study issues such as strong cosmic censorship. It is thus important to extend the
results for existence of AVTD solutions in the real analytic class to the smooth or less

regular function classes.
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1.4.5. Literature Summary and Outlook

We end this literature survey by tabulating the known results for vacuum AVTD
solutions and for strong cosmic censorship (strong uniqueness). We also discuss the

anticipated progress in the coming years.

1.4.5.1. AVTD Solutions in Increasingly General Classes

The results of the discussions in Section 1.4.1.-Section 1.4.3. can be summarized
in Table 1.1 below. As the table indicates, families of AVTD solutions in the
analytic function class were found quite rapidly after the theorem of Kichenassamy
and Rendall [51] was proved in 1999. Finding families of AVTD solutions in the
less regular smooth, or Sobolev function classes is significantly more difficult since
stronger structural conditions on the equations are required. The method of Rendall
in [67] has proved difficult to generalize to more general classes of spacetimes. We
anticipate that with the theory developed in Chapter II and Chapter IV that families
of smooth and Sobolev regular AVTD solutions in the polarized U(1)-symmetric class
will be forthcoming.

The progress towards the lower right corner of this table is clear. In fact, with the
Fuchsian theorems developed in this dissertation, along with the Fuchsian formulation
of the Einstein equations in wave gauges (Chapter IV) we expect to complete Table
1.1 That is: in any class of sufficiently regular spacetimes which is polarized and for
which each member contains at least one Killing vector field, there exists a family of
AVTD solutions. Of course it is another matter to show that AVTD solutions are in
some sense generic in such classes of spacetimes —this would constitute a step towards

establishing strong cosmic censorship.
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TABLE 1.1. Families of AVTD solutions in classes of inhomogeneous vacuum

spacetimes.
Vacuum Spacetime AVTD (C¥) | AVTD (C*~) | AVTD (HY)
Polarized Gowdy N.R.M 19901 19901
Gowdy T? 19992 20007 2010* 2010%
Gowdy S? x S%, §3 2002° 2002° N.AH
Polarized T?-Symmetric 1999° 20077 2013% 2013%
Polarized U(1)-Symmetric | 2002-2005° | In progress'®| In progress'

! Tsenberg and Moncrief, 1990 [44]. Spatial topologies S* x §?,S* and T?.

? Kichenassamy and Rendall, 1999 [51].

3 Alan Rendall, 2000 [67].

* Beyer and LeFloch, 2010 [18]. T3-spatial topology only.

® Frederick Stahl, 2002 [77]. Stahl treats the analytic and smooth function
classes in the same paper. See discussion in text.

6 Tsenberg and Kichenassamy, 1999 [43].

" Adam Clausen, 2007 [32].

8 Ames, Beyer, Isenberg, and LeFloch, 2013 [3].
contained in Chapter III of this dissertation.

9 The results here are contained in three separate papers.

These results are also

[senberg and

Moncrief, 2002 [45] treat the simplest polarized case with T®-spatial
topology. Choquet-Bruhat, Isenberg and Moncrief, 2005 treat the polarized
topologically general case in [25]. Finally, later in 2005 Choquet-Bruhat,

Isenberg treat the half-polarized case in [24].

10 Work in progress, see Chapter V.

H'N.A. stands for “not available”. N.R. stands for “not relevant”. Because
the polarized Gowdy solutions can be computed as an explicit series, the
analytic theory is not necessary.
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1.4.5.2. AVTD Solutions and Strong Cosmic Censorship

It may seem unintuitive that studying non-generic families of solutions with
a particular singular dynamics can provide insight into problems regarding generic
solutions. It turns out however that in restricted symmetry-defined classes of
solutions, verifying AVTD behavior has been a vital step in proving versions of the
curvature blow-up (Conjecture 1.10) and strong cosmic censorship (Conjecture 1.9)
conjectures restricted to these symmetry-defined families.

In [44] Isenberg and Moncrief find families of polarized Gowdy solutions (with
T3,S' x S, and S?® spatial topologies) which are AVTD, and use the resulting
expansions to compute the Kretschmann scalar, and show that it is unbounded. In
a later paper with Chrusciel [30], they show that such solutions are generic in the
space of all polarized Gowdy solutions, thus proving a restricted version of curvature
blow-up and strong cosmic censorship in that class of spacetimes. A similar, albeit
much more difficult, result has been proved for the fully general Gowdy class with T?
spatial topology by Ringstom [71, 72, 74, 76]. In Table 1.2 we summarize the current
state of knowledge regarding strong cosmic censorship in classes of inhomogeneous

vacuum spacetimes.

TABLE 1.2. For each class of inhomogeneous vacuum spacetimes, we note the largest
function class in which families of AVTD solutions have been found, and whether
strong cosmic censorship has been verified. More details on the AVTD solutions can
be found in Table 1.1.

Vacuum Spacetime AVTD SCC
Polarized Gowdy Rough | Yes, 1990
Gowdy T3 Rough | Yes, 2009
Gowdy S% x St,S3 Smooth No
Polarized T-Symmetric | Rough No
Polarized U(1)-Symmetric | Analytic No
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While we believe that families of AVTD solutions in the above classes of vacuum
spacetimes which are smooth or less regular will be found within the next few
years, the verification that such solutions are generic within each class is much more
difficult. It can be hoped that the techniques developed by Rinstrom for the Gowdy
class may form a foundation for proving strong cosmic censorship in the class of
polarized T?-symmetric spacetimes, but to the authors knowledge this has not yet
been investigated. The issue of proving strong cosmic censorship in the class of

polarized U (1)-symmetric spacetimes is even further out.
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CHAPTER II

FUCHSIAN THEORY FOR SYMMETRIC HYPERBOLIC
SYSTEMS

This chapter contains work published in [3, 4]. The calculations were performed
by E. Ames and F. Beyer; while writing was done by E. Ames, F. Beyer, and J.

Isenberg. P.G. LeFloch contributed editorial changes.

2.1. Prelude

Fuchsian techniques have been used in cosmology since 1999 with the work
of Kichenassamy and Rendall [51]. Their use in studying solutions to hyperbolic
equations and blow-up phenomena dates back much further; see in particular the work
of Kichenassamy [48-50], as well as Tahara [20, 78-83]. To the author’s knowledge
however, there are only two results in the literature concerning quasilinear hyperbolic
equations. The first of these, by Claudel and Newman [31], is a well-posedness
theorem for the Cauchy problem with initial data on the singularity. In order to be
able to prescribe this initial data in a sensible way, severe restrictions on the structure
of the equations are needed, and as noted in [67] these conditions are not met in the
PDE systems for our application of interest (the T2-symmetric Einstein equations).
The second result concerning quasilinear systems is by Rendall [67]. As discussed in
Section 1.4.1. above, Rendall develops an approach in which the steps rely on details
of the PDE system under consideration. While this has been generalized to PDE
other than the Gowdy system considered by Rendall (e.g. [32, 77]), it has proved
difficult to formulate this approach as a general theorem which may then be applied

in a large class of PDE.
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In this chapter, as well as in [3, 4], we formulate and prove existence and
uniqueness theorems for a class of quasilinear Fuchsian PDE. These theorems establish
the existence of solutions to the asymptotic value problem (in contrast to the initial
value problem), in which one obtains a solution that approaches a prescribed model
solution within a specified region. This is useful for studying solutions which blow
up, since this model solution is allowed to be unbounded. We present a more formal
definition of the asymptotic value problem (AVP) below in Section 2.2.4..

There are two main results concerning the existence of solutions to the AVP:
Theorem 2.10 establishes the existence and uniqueness of solutions which have a
“rough” Sobolev-type regularity. This theorem should be compared to well-posedness
results for the initial value problem (IVP) for quasilinear symmetric hyperbolic
systems (e.g. [75, 86]). The results for the AVP require one more degree of regularity
than those for the IVP. It is unknown whether this is a consequence of our method
of proof, or inherent in asymptotic value problems. We also point out that our
result does mot establish well-posedness of the AVP; a result proving continuous
dependence of the solution on the asymptotic data is still missing. Our second
main result, Theorem 2.28 is designed to “fix an issue” (discussed in more detail
here Section 2.6.1.), in which the parameter specifying the control in time on the
solution becomes restricted. It turns out that in order to “loosen” this parameter,
we must assume greater control over the spatial regularity. We prove the theorem
in the smooth (C*) case, although similar results could be proved assuming only
Sobolev-regularity of sufficiently high order.

The Fuchsian systems, asymptotic value problem and the fundamental Fuchsian
theorem Theorem 2.10 are presented in Section 2.2.. The proof, which is outlined

in Section 2.3., is contained in Section 2.4. and Section 2.5.. We first prove the
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existence of solutions to a linear Fuchsian system by establishing the existence of
weak solutions, and then showing that under stronger assumption on the asymptotic
data, that these solutions are in fact strong. This linear existence is then used in a
fixed point argument for the quasilinear systems in Section 2.5.. In Section 2.6. we

formulate and prove Theorem 2.28 for the smooth systems.

2.2. Quasilinear Symmetric Hyperbolic Fuchsian Systems
2.2.1. Class of Equations

Consider a system for u : (0,8] x T™ — R? of the following form:

SO(t, x,u(t, z)) Dul(t, x) + Z St x,u(t, x))tO,u(t,x) + f(t,z,u(t,x)) =0, (2.1)

a=1

where each of the n+ 1 maps SY, ..., S™ is a symmetric d X d matrix-valued function
of the spacetime coordinates (t,z) € (0,0] x 7™ and of u (but not of the derivatives
of u), while f = f(t,z,u) is a R%~valued function of (t,z,u). We suppose S/, f are

smooth in ¢, and H® in (z,u) for ¢go > n/2+ 1. We set D := 9, = t2 = 2°,2

(’)x() ?

while 0, = aia for' a = 1,...,n. We list the precise requirements for S7 and f
below. This is the class of equations studied in detail in [3] (in the case n = 1) and
in [4] (for general n). Eq. (2.1) differs from the corresponding equations in [3, 4] in
that here we have omitted the N(¢,x,u)u term. The distinction between this term
and f(t,z,u) is most relevant below when we introduce the notion of quasilinear
symmetric hyperbolic Fuchsian systems, Definition 2.7. Therefore we have chosen to

simplify the presentation and write the system as in Eq. (2.1).

'In all of what follows, indices 4, j,... run over 0,1,...,n, while indices a, b, ... take the values
e, M.

1
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2.2.2. Function Spaces

In order to control and measure the regularity and the decay in time near the
singularity ¢ = 0 of functions w(t,z) depending on the space and time coordinates,
we introduce a family of time-weighted Sobolev spaces. Letting p : 7" — R? be a

smooth function, we define the matrix
R[u](t, z) := Diag (t”“(‘”), . ,t’“d("f)) : (2.2)
and use R[u] to define the following norm for functions w : (0,d] x T — R%:

HwHé,u,q ‘= Sup HR[N]WHH"(T")

te(0,0]

) 1/2 (2.3)
—swp (3 [ o RpwPar |
t€(0,d] aal=0T"

whenever this expression is defined. In Eq. (2.3) the spatial derivatives of the R|[u]-
weighted fields are controlled in the usual Sobolev space H?(T™) (Definition A.2) of
order ¢ on the n-torus T"; the parameter o denotes a partial derivative multi-index.
The behavior in time is controlled by taking the supremum of ¢ € (0, ], and by the
explicitly t-dependent weight R[u]. Since the spatial derivatives act on this weight
as well, logarithms in ¢ to the power || are generated; e.g. in the case d = 1, and
considering one spatial derivative we have the term (p/t7#logtw)?. In order for the
supremum to be finite then, we require t#w = O(t¢) for any € > 0 (without the log,
e would be allowed to be zero as well).

Next, we define the function space X;,,(7™) to be the completion of the set of

functions w € C*° ((0, 6] x T™) for which the above norm is finite.
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Lemma 2.1. For any 0 > 0, exponent vector u, and integer ¢ > 0, the space

Xs,q(T™) forms a Banach space (Definition A.7).

This lemma follows from the definition of X5, ,(7") (that is as the completion)
and that fact the Sobolev space H9(T™) is a Banach space.

A closed ball of radius r about 0 in Xj, ,(7") is denoted by Bs,, ,(r)(1™), and
for a ball about f € X, 4(T") by Bs,q(r, f)(IT™). Note that we often write Xj, ,
in place of X;,,(7"), with the argument understood to be 7™. To handle functions
which are infinitely differentiable and for which we control all spatial derivatives, we
also define the space X, o = No20Xs 0

In the following, we refer to parameters y as exponent vectors. We write v >
for two exponent vectors (of the same dimension) if each component of v is larger
than the corresponding component of p at each spatial point. If p is an exponent
vector and € a smooth scalar function then u + € refers to the exponent vector with
components u; + €.

In working with d X d-matrix-valued functions (such as S7), we use analogous
norms and function spaces. In these cases, we consider d-vector-valued exponents &
and define the space Xs¢, of R™%valued functions S in the same way as for R%-
valued functions, but with R[u|w in Eq. (2.3) replaced by R[] - S (where - denotes
the matrix product). According to this definition the i** row of S is controlled by
&, and thus the control is row-wise as opposed to element-wise. This definition is
a special case of the definition given in [3, 4], which is sufficient for our needs and
simplifies the presentation.

Properties of the spaces Xs,, and relations between spaces with different

parameters are detailed in Appendix B.
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2.2.3. Function Operators

In dealing with nonlinear partial differential equations it is necessary to

understand functions of the form

F:(0,0] xT"xQ—=R™ (t,z,w)— F(t,z,w),

where © is an open set of R? containing zero. The functions w : (0,8] x T — R?
we consider are in a function space X, 4, for some § > 0, ¢ > n/2, and an exponent

vector p. We wish to view F' as the map

F: X500 Xspg w(t,z) = F(w)(t,z) = F(t,z,w(t,z)),

between such function spaces, for some other exponent vector v. Under what
conditions is this map well-defined? Suppose F(t,x,w) is continuous in all its
arguments, and suppose w € Bs, 4(s) for 9, i1, q as above, and for some s > 0. Since

q >n/2, w(t,x) is continuous in space by the Sobolev inequality. We have

sup fw(t,x)| = sup |lw(t,)|[re < Cln,q) sup [w(t,-)||aa.
(t,x)€(0,0)xT™ t€(0,4] t€(0,4]

If u > 0, then supycqg llw(t,-)lge < [Jwllsug < s, and there exists an so < s
(depending in general on n,q) such that all w € Bs,, ,(so) are contained in  C R%.
In this case F'(w)(t, x) is a well-defined function operator from B; , ,(so) to Xs,,4.
If any components of x are negative, then we must take Q = R

Given these observations we make the following definition of function operators.
The operators may arise from continuous functions on (0,40] x 7" x Q as discussed
above, or they may not.
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Definition 2.2 (Well-defined function operator). Fiz positive integers n,d, m, and
q > n/2, as well as exponent vectors p,v. The map w — F(w) taking functions
w: (0,8] x T™ — R? to functions F(w) : (0,8] x T™ — R™ is a well-defined function
operator provided there exists real numbers 6, sg > 0 such that F maps By ,,.4(s0) into

X/ ,q for all 8" € (0,0].

We note that in the case of the function operator F' arising from a continuous
function as discussed above it follows that if F' : By ,, ,(s0) — X, is well-defined
for 6’ = 0, then the function operator is also well-defined for all §" € (0, d].

The following property is used extensively in the proofs of our main theorems.

Definition 2.3 (Lipschitz property). A function operator F' as in Definition 2.2 is
Lipschitz in the X5, , norm provided for all §' € (0,6] and for all s € (0, so] there

exists a constant C' > 0, depending in general on s',q,n such that

IF(w) = F(w)l5 g < Cllw = |5 1g, (2.4)

for all w,w € Bs,, 4(s).

Suppose F' satisfies the Lipschitz estimate Eq. (2.4) with regularity ¢. It does not
follow in this case that F' satisfies a similar Lipschitz estimate with regulartiy ¢ — 1.
In applications in which this is a desirable property, it must be shown independently.
We say for shorthand that F' is Lipschitz in the g-norm, or in the (¢ — 1)-norm as
appropriate.

Another useful property of an operator is boundedness.

Definition 2.4 (Bounded operators). A function operator F as in Definition 2.2 is

bounded if for all w € By, 4(so) there exists an r > 0 such that F(w) € By, 4(r).
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In fact, the next lemma shows that if a function operator is Lipschitz, then it is

also bounded.

Lemma 2.5. If F' is as in Definition 2.2 and satisfies the Lipschitz property Eq. (2.4),
then it is uniformly bounded in the following sense. Let w € B, 4(so) for any so > 0

and a ¢ >n/2. Then

(W)l < [[F(0)

swa T Cllwllspg < EO)]50q + Cso.

We now make some remarks about the “smooth case” ¢ = oo. By smooth we
mean that there is no upper bound for ¢g. A function operator is a smooth function
operator if it satisfies Definition 2.2 for all ¢ > p for some p > n/2. In particular, the
real numbers 4, sy may depend on ¢. If an operator is Lipschitz as in Definition 2.3,
then for each ¢ we have the estimate Eq. (2.4) with a corresponding constant C,
which may depend on ¢. Although in the smooth case such an estimate must hold at
each finite g, the sequence of constants C; may not be bounded.

More discussion of function operators, and results concerning specific function

operators which we encounter in our applications are contained in Appendix C.

2.2.4. The Asymptotic Value Problem and Fuchsian Systems

In this section we introduce the notion of the asymptotic value problem, to be
compared with the Cauchy, or initial value problem. The Fuchsian theory which we
develop in this chapter provides a scheme for finding solutions to the asymptotic value
problem for equations of the type Eq. (2.1).

In the usual Cauchy problem for the partial differential equation P[u] = 0, one

seeks a function u, which satisfies the equation, and agrees with data u(t.,z) = ¢(z)
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specified at an initial time ¢,. In the asymptotic value problem one seeks a function u
which satisfies the equation, and which approaches a model solution (called a leading
order term) ug(t,x) as t — t, in a prescribed way. We give the following more formal

definition.

Definition 2.6 (The asymptotic value problem for Eq. (2.1)). For a given choice
of a leading order term ug and the parameters 6, p and q, the asymptotic value
problem consists of finding a unique solution u = ug + w to the system FEq. (2.1)

with remainder w € Xs, 4.

We note that the terminology used here varies slightly from that in [3, 4], in
which the definition above is introduced as the singular initial value problem. In fact,
the leading order term need not be singular. When convenient we use the shorthand
notation AVP, or AVP(uy) in place of “asymptotic value problem about wuy.” At this
point no regularity has been specified for the leading order term wq : (0,0] x T" —
R?. The required regularity of ug, which contains “asymptotic data functions” of
the spatial coordinates, is governed by the required regularity on the coefficients in
Definition 2.7 below.

In the proceeding sections within this chapter we prove that solutions to
the asymptotic value problem exist for systems Eq. (2.1) with certain structural
properties. Some of these properties are encoded in what we call a quasilinear

symmetric hyperbolic Fuchsian system.

Definition 2.7 (Quasilinear symmetric hyperbolic Fuchsian systems). Fiz positive
real numbers 6 and s, positive integers qo > q > n/2 (possibly infinite), and
an exponent vector u : T — RZ, together with an R¥*-valued leading-order term

uy € C((0,6]) N H© (T™). The system Eq. (2.1) is said to form a quasilinear
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symmetric hyperbolic Fuchsian system around uy with parameters {u, 8, q, qo, s}

if for all w € Bs,, 4(s):

(i) S° is positive definite > and hence invertible, and both S°(uog+w) and tS®(up+w)

foralla=1,... ,n are symmetric at every (t,z) € (0,d] x T".

ii) There exists a matriz SO(ug), which is positive definite, symmetric, and
0 Y

independent of t, contained in the space H®(T™), and for

S?(uo +w) = So(uo +w) — Sg(uo),

the function operators

tS% SVt Xospg = Xocgr w5 (ug + w), ST (ug + w)

satisfy the Lipschitz property (Definition 2.3) in the (¢ — 1)-norm, for some
¢ >0.

(iii) There exists a matriz No(ug), which is independent of t and in H®(T™).
Further, for

fi(up +w) := —f(up +w) + No(up)w

the function operator

Fluo) : Xspg = Xowg w— Flug)w]

2Under Condition (ii), and the regularity requirement qo > q > n/2, S is seen to be continuous.
Hence, it makes sense to say that S° is positive definite pointwise.
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defined by
Fuo)[w] = fi(uo +w) — Zwa )8;uq, (2.5)

satisfies the Lipschitz property (Definition 2.3) in both the q and (q— 1) norms,

for some v > .

If the system Eq. (2.1) is a smooth quasilinear symmetric hyperbolic Fuchsian

system as in Definition 2.7 for a choice of leading order term ug, then it can be written

S%(ug 4+ w) Dw + i tS*(up + w)O,w + No(up)w = F(ug)[w]. (2.6)

a=1

Note that Condition (i) ensures that the system is symmetric hyperbolic.
Conditions (ii) and (iii) are properties expected of a “Fuchsian” type PDE system;
namely that near ¢ ~\, 0 and for an appropriate leading order term ug, the system
splits into a part which is the same order in ¢ as the fields w, and part which is strictly
higher order in ¢. Since this is a quasilinear system we also expect certain bounded
and Lipschitz properties on the nonlinearities, and these are encoded in the definition
above. We also note that due to the splitting in Condition (ii), and the fact that S9(-)
is not necessarily positive definite, the positivity of S° in Condition (i) may require
shrinking ¢.

If Eq. (2.1) satisfies the properties of Definition 2.7 for ¢y = oo and if for all
q > n/2, the operators F(ug)[w], t5, S satisfy the Lipschitz estimate then we say
Eq. (2.1) is a smooth quasilinear symmetric hyperbolic Fuchsian system
about uy with parameters {6, u, s}. Note that due to the regularity assumptions on
Eq. (2.1), the functions f(t,z,u) and S’(t,z,u) are smooth in all arguments for a

smooth quasilinear symmetric hyperbolic Fuchsian system.
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It is important to clarify the notation used here and below. While the quantities
S9(up) and Ny(ug) are explicitly time-independent, they do depend on the t — 0
behavior of the leading order term wug. For convenience below, if a choice of leading
order term ugy has been fixed, we may omit the explicit dependence on ug, and write
simply S{ and Np; the dependence on the leading order term is then implicit. We
use the same notational shorthand with S9(uy + w) and S%(uy + w), omitting the
explicit dependence on ug so long as the choice of the leading-order term is fixed and
unambiguous.

It follows from Definition 2.7 that if Eq. (2.1) is a quasilinear symmetric
hyperbolic Fuchsian system, then it is also symmetric hyperbolic for all ¢ € (0,4].
Hence for sufficiently regular initial data (i.e. contained in H9(7T™), with ¢ > n/2+1)
prescribed at tg € (0, 6], the Cauchy problem is well-posed in the usual sense (away
from ¢ = 0), with solutions contained in the space C'(I; H4(T™)) for a sufficiently
small interval I C (0, 9]; see, for instance, [86]. We note that since solutions to the
Cauchy problem are only defined for ¢ bounded away from the singularity at ¢t = 0, we
know nothing a priori regarding the singular behavior of these solutions, nor whether
they are contained in some space X5, 4.

We note the following differences between Definition 2.7 given above and the

corresponding definitions in [3, 4].

(i) In this paper we have omitted splitting S® into a leading order part, and a higher
order part. The reason is that for a Fuchsian system, both as in the definitions
of [3, 4] and in Definition 2.7, the important information is that these coefficient
matrices decay near the singular time. This decay property, which is indicated
by the positivity of the exponent vector (, is independent of any splitting. We
therefore find the present formulation simpler.
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(1) We have included the condition that S° is positive definite (for a sufficiently
small §) in Definition 2.7. Since the positivity of S° is part of symmetric

hyperbolic systems, it is natural to enforce it at this stage.

(#17) Unlike in the corresponding definition in [3, 4], we have included conditions on
the “source” operator F(ug)[w] in Definition 2.7. This is natural since one of
the key characteristics of a Fuchsian equation is that this operator is higher
order in ¢ in a sense described in the definition. Additionally, this operator is
constructed from the principle part of the equation and the lower order terms

once a leading order term u has been specified.

(iv) The definitions of quasilinear symmetric hyperbolic Fuchsian systems contained
in [3, 4] make reference to an operator Ni(ug + w). In the present formulation
this is lumped in with F(ug)[w], or fi(w) more specifically. This is natural since
the two operators play similar roles, and the present formulation simplifies the

presentation.

2.2.5. The Fundamental Fuchsian Theorem

Before stating the main theorem for existence and uniqueness of solutions to the
asymptotic value problem for quasilinear symmetric hyperbolic systems, we discuss
some additional structural properties required of the Fuchsian system Eq. (2.6).

In addition to noting properties of the function operators, it is useful to note the

structure of the exponent vectors. In particular we make the following definition.
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Definition 2.8. An Re-valued exponent vector u(x) is has the same block-diagonal

structure as a R matriz A(t,x) if

R[u]A = AR[ul,

where R[u] is as in Definition 2.2.

For example, if d = 6 and A consists of three blocks of size 3, 2, 1, then yu satisfying
having the block-diagonal structure of A is of the form = (1, 1, p1, o, pi2, p3). We
now use this property to characterize the quasilinear symmetric hyperbolic Fuchsian

system.

Definition 2.9 (Block diagonality with respect to ). Suppose that uy is a given
leading-order term and p is an exponent vector. The system Eq. (2.6) is block
diagonal with respect to u if S°(ug + w) and S*(ug + w) have the same block-
diagonal structure as p for all w € X5, 4 for which the expressions are defined, and
of

Rp|No(uo)R[—p] € Bsoq(ro), for some g > 0,

where R[p] is defined in Eq. (2.2).

This condition is essential in deriving energy estimates which are fundamental
for the proof of Theorem 2.10 below. It ensures that both the matrices S’(u) and
R[u]S7 (u)R[—p] are symmetric. Moreover, it guarantees that the principal part
operator only couples those components of the remainder w which decay in t at
the same rate. The block diagonal condition here is slightly simpler than in [3, 4]
since the terms involving Nw have been redefined. The control we specify here is

sufficient for proving our main result.
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Another quantity which plays a role in the derivation of energy estimates is the

energy dissipation matrix

My := Sg(uo) Diag(pia, .-, pta) + R[] No (o) R[—p]. (2.7)

We may now state the main Fuchsian theorem. This theorem provides short-time
(as opposed to global) existence and uniqueness of solutions to the asymptotic value

problem for equations of the type Eq. (2.1).

Theorem 2.10 (Existence and uniqueness for the asymptotic value problem for
quasilinear symmetric hyperbolic Fuchsian systems). Suppose that FEq. (2.1) is
a quasilinear symmetric hyperbolic Fuchsian system around wug with parameters
{6, 11,4, qo, 8} as in Definition 2.7, and is block diagonal with respect to p. Suppose
also that ¢ > n/2 + 2 and qo > n/2 + 1+ q, and that the energy dissipation matrix
Eq. (2.7) is uniformly positive definite at all (t,x). Then there exists a unique solution

u to Bq. (2.1) whose remainder w := u — ug belongs to X5 . with Dw € Xguq_l for

some b € (0,6].
If ¢ = oo, and Eq. (2.1) is a smooth quasilinear symmetric hyperbolic Fuchsian

system about the leading order term uy € C*°((0,0] x T™), then the remainder w is

while Dw € X+

contained in Xx 5 u00°

d,p,007

Observe that, in the hypothesis of this theorem, the regularity required on S,
and Ny (specified by qg) differs slightly from the regularity required of S%(w), S%(w),
and F(ug), and of w (specified by ¢). This gap arises in the course of our proof, and
in particular in working with the higher-order energy estimates in Section 2.4.3., and
the corresponding Cauchy problems for derivatives of w which are needed to control

the regularity of solutions. It is not clear if this gap may be removed by another
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method of proof. In any case, it vanishes in the C'*° class of solutions, corresponding
to ¢ = qgp = +00.

In applications of Theorem 2.10 one often finds an open set of values for the
exponent vector p for which the theorem holds. An upper bound?® for p usually
originates in the condition that the equation be of symmetric hyperbolic Fuchsian
form, and in particular in ensuring that F(ug)[w] € Xs,,, for some v > pu. A lower
bound can be generated by enforcing the positivity of the energy dissipation matrix.
Both bounds on the set of allowed values for p provide useful information on the
problem. The upper bound for p specifies the smallest regularity space and, hence,
the most precise description of the behavior of w (in the limit ¢ N\, 0), while the lower
bound for p determines the largest space in which the solution u is guaranteed to be
unique. This means that while Theorem 2.10 guarantees the existence of a uniques
solution w in the space X5, 4, it does not exclude the possibility that another solution

may exist in a larger space, for example, in X5, with @ < p.

2.3. Outline of Proof

Before presenting a detailed proof of Theorem 2.10 in the following sections we
give an overview of the proof here. Supposing that a leading order term uy has been
specified on (0, §] x T™, the main idea of the proof is to consider a sequence of initial
value problems with data prescribed at a sequence of times {¢;} which approaches the
singular time ¢, ( we take t, = 0 in this document). The initial data for each problem
is chosen in a special way such that ¢;(x) = ug(t;, ), as shown in Figure 2.1 below.

We then consider the evolution of this data in the forward ¢ direction, and the theory

3A real A is defined to be an upper bound for the allowed values of the vector j if each component
u® of p satisfies the condition p?(t,xz) < A for all z in the domain of u. A similar definition holds
for a lower bound for pu.
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for symmetric hyperbolic systems provides a sequence of functions {v;} (solutions
to the corresponding initial value problems) which we label approximate solutions.
We cannot in general control the solution of the Cauchy problem as t ™\, 0 —indeed,
such control would render our construction of solutions redundant. The work is then
to show that this sequence of approximate solutions converges to a solution of the

asymptotic value problem Definition 2.6 with leading order term wug. The proof of

FIGURE 2.1.. Given the leading order term denoted here by u, we consider a sequence
of approximate solutions {v;}, which satisfy in the forward direction an initial value
problem with data ¢;(x) prescribed at ¢; according to ¢;(z) = u(t;,z). The aim is
then to show that this sequence converges to a solution u of the asymptotic value
problem.

existence of such solutions in the case of quasilinear equations is done (broadly) in two
steps. First we work with a corresponding linear system and establish the existence
and uniqueness of solutions to the linear asymptotic value problem; the statements
are contained in Proposition 2.20 and Proposition 2.22 below. This linear theory is
then used along with a fixed point argument to show existence of solutions to the

quasilinear asymptotic value problem.
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To show that the sequence of approximate solutions described above converges
to a solution in the linear setting we first establish control over the approximate
solutions using a family of energy estimates. The energies and the corresponding
estimates are contained in Section 2.4.2. and Section 2.4.3.. These estimates allow us
to establish existence of first weak (Section 2.4.4.) and then strong (Section 2.4.5.)
solutions to the linear asymptotic value problem under the restriction that certain
coefficients in the equation are in the smooth subspace of their respective function
spaces. We also establish the existence of a map, called the solution operator, which
maps a given linear source term to a particular solution of the asymptotic value
problem. The smoothness condition is relaxed in Section 2.4.6. using boundedness
on the coefficients, and a uniform estimate for the solution operator. At this point
we prove in Section 2.4.7. that the solution to the linear asymptotic value problem
is unique. This concludes the theory for linear systems. The fixed point argument is

contained in Section 2.5..

2.4. Existence and Uniqueness for Linear Systems
2.4.1. Definitions

We start by formally defining the notion of a linear symmetric hyperbolic
Fuchsian system. This definition is basically the same as Definition 2.7, but with
coefficients independent of the field w. In the linear theory we take the leading order
term wug to be zero without loss of generality. As a consequence the remainder w

agrees with the full field u.

Definition 2.11 (Linear symmetric hyperbolic Fuchsian systems). Fiz positive real
numbers 0, r, integers ¢ > 0, and qo > n/2 (possibly infinite), and an exponent vector

p: T — RY together with an Re-valued leading-order term ug. The system Eq. (2.1)
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1s said to form a linear symmetric hyperbolic Fuchsian system around ug with

parameters {6, i1, q, qo, '} if:

(i)

(i)

(ii)

SO is positive definite * and hence invertible, and both S°(t,x) and tS°(t,z) for

alla=1,...,n are symmetric at every (t,z) € (0,9] x T".

There exists a matriz SY(up), which is positive definite, symmetric, and

independent of t, contained in the space H®(T™), and for
Si(t,x) = S°(t, x) — Sy (uo)(2),

the matriz-valued maps tS*(t,x), SY(t,x) are contained in Bsc (1) for some

¢ >0.

There exists a matriz No(ug), which is independent of t and in H®(T™).

Further, for

fi(up +w) := —f(up +w) + No(up)w

the map F(uo)[w] € Xs,,4 takes the linear form
F(up)[w] := fi(t,x,w) — ZtSj(t, x)0jup = fo(t,x) + Fi(t, x)w (2.8)
=0

where fo(t,x) € X5, for some v > p is an R¥*-valued function, and F(t,x) is

an R™valued map satisfying R[p)|FiR[u]~' € Bsc (1), for somer > 0.

The system is defined to be a smooth linear symmetric hyperbolic Fuchsian

system if these conditions hold for all q,qy > n/2.

4Here ¢ is only required to be non-negative, and thus we cannot guarantee that S° is continuous.
Hence, we require that S° be positive definite in the L? sense.
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If the system Eq. (2.1) is a linear symmetric hyperbolic Fuchsian system, it can

be written as in Eq. (2.6). We define the linear operator L[w]

L[w](t,x) := S°(t, x) Dw(t,x) + ZtS“(t, x)0qw(t, ) + No(x)w(t, x), (2.9)

a=1

with respect to which the linear Fuchsian system may be written
Liwl(t,x) = fo(t,z) + Fi(t,z)w(t, z).

As with quasilinear systems, the matrices SY and S® are thought of as
perturbations near ¢t N\, 0, which is reflected in the condition ¢ > 0. During the
course of the proof it becomes necessary to consider bounds which depend on the
SY and S 1In order that the bounds not depend on the particular S and S®, we
consider these perturbations to be in bounded subsets of our weighted Sobolev spaces.
In order to make precise the dependence of constants on the various parameters and

functions we make the following definition:

Definition 2.12. Suppose that Eq. (2.1) is a linear symmetric hyperbolic Fuchsian
system for a chosen set of the parameters 6, u, C, q,qo and r. Suppose that a particular
estimate (e.g., the energy estimate Eq. (2.12)), involving a collection C of constants,
holds for solutions of Fq. (2.1) under a certain collection of hypotheses H. The
constants C are defined to be uniform with respect to the system and the estimate so

long as the following conditions hold:

1. For any choice of S9,5% and Fy contained in the perturbation space By ,(r)
(see Definition 2.11) which is compatible with the hypothesis H, the estimate

holds for the same set of constants C.
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2. If the estimate holds for a choice of the constants C for one particular choice of
J, then for every smaller (positive) choice of §, the estimate remains true for

the same choice of C.

We note that in much of the analysis in this chapter we write a series of estimates
involving a constant, generically labeled C', which often changes line to line. Although
the change in the constant is not always mentioned during the calculation, it is
important that at the end one verifies that the constant is uniform in the sense
described above.

As we describe in Section 2.3. the proof proceeds by considering a sequence
of Cauchy initial value problems with initial times in the interval (0,6] for a
linear symmetric hyperbolic Fuchsian system with smooth coefficients in some sense.
Suppose SY,5%, and F; are C*>((0, ] x T™) functions contained in the space B¢ 4(r).
Under this assumption, we will say the system Eq. (2.1) is a linear symmetric
hyperbolic Fuchsian system with smooth perturbations. Note however, that this
does not mean that we have control over decay of all spatial derivatives of the
perturbations; such control (for ¢ spatial derivatives) is measured by Bs (7).

Given a linear symmetric hyperbolic Fuchsian system Eq. (2.1) with smooth
perturbations and if in addition ¢y > n/2 + 1 and also fy € X5,,N C>((0,6] x T™),
then Proposition A.15 for linear symmetric hyperbolic systems shows that the Cauchy
problem is well-posed in the sense that for initial data vy, € H%®(T™), there is a
unique solution v : [to, 8] x T™ — R to this Cauchy problem with v(ty) = vy, and
with v(t,-) € Ho(T™) for all t € [tg,d]. We note in particular that the solution to
these linear systems extends forward in time all the way to J, independent of the

initial time t;.
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2.4.2. Energies and Basic Energy Estimate

In order to control the solutions to the Cauchy problem for linear symmetric
hyperbolic Fuchsian systems (Definition 2.11) with smooth perturbations in the
forward direction, particularly in the limit when the initial time approaches the
singular time, we introduce a family of time-dependent energies. Suppose the
exponent vector p is fixed; for any two positive real numbers x and v, we define
the energy E, .~ for a function v : [tg,d] x T™ — R? (with v(t,-) € L*(T") for each

t € [to,d]) by

Eﬂ,m’y[v] (t) = %6nﬂ <So(t> )R[:u] (ta ')U(t7 ')7 R[/L] (t, ')U(t7 ')>L2(Tn) : (2'10)

We have used the notation for the L2-product

(v, W) 2(7my ::/ (v, w) dz,

where (v, w) denotes the usual vector inner product. The matrix S°(¢,) is the same
one which appears in Eq. (2.1), and the matrix R[u|(¢,-) is given by Eq. (2.2).
Similar energies, but without the explicit time dependence are common for symmetric
hyperbolic systems; see for example [75].

It is useful in our analysis to relate these energies to the L?norm of

R[u](t, - )v(t,-). We find the following equivalence:

Lemma 2.13. For any v : [ty, 8] x T™ — R? with v(t,-) € L*(T™), and any S°(t,-)
satisfying the conditions of Definition 2.11 with smooth perturbations, there exist

positive constants Cy, and Cy, which are uniform in the sense of Definition 2.12 and
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independent of t, such that
Coll R (¢, ot M2y < /By [v](€) < ClIRIE(E, ot )l2qmy.  (2.11)

Proof. Consider first the upper bound. Since 1/2e~*" is positive and bounded on

[0,6] x T™ by one we have

1/2
By 0100 < ([ (SR RI))

Furthermore, we claim that under the hypotheses of the lemma sup,¢ g5 [|S°[| 2~ < C
for a constant depending on n, ¢, (, d, r and ug. To see this note that by Definition 2.11
and the smooth perturbations hypothesis, S° = S) + Sy for S) € H® and S? €
Bs¢q(r) N C=((0,6] x T™). Since gy > n/2 the Sobolev inequalities (Theorem A.3)
imply that S € C°(T™) and ||S§||z~ < C(n,q)||SQ|/ 0. To address S? we note that
since ( is strictly positive it follows from Lemma B.1 that S € B; ,(Cr)NC>((0, 6] x

T™) for a constant depending on § and ¢. We find

sup [|S%]lz < C(n, @)l S5llre0 + C(C, 0)r

t€(0,4]

It follows that there exists a constant C; depending in general on (n, q,(, d,, ug), but

in particular independent of the particular S? such that

By ralvl(t) < (f&pa] HSOHLOO(Tn)) IR[pvlle < Gl R[p]v] L.
€(0,
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Next we show the lower bound. We note that by positive definite property of S°

‘ 1, 1/2
EN,H,V[vKt)z(tégﬂie ) IR0l > CollRIpfolageny

for some positive constant C}, depending on &, ,d,r, ( and, ug. O

These energies have been defined in such a way, including in particular the factor

— Kty

of e so that the growth of the energies may be controlled. We obtain the following

estimate.

Lemma 2.14 (Fundamental energy estimate). Suppose that Eq. (2.1) is a linear
symmetric hyperbolic Fuchsian system for the parameters {d,u,q,qo, 7} (as in
Definition 2.11), has smooth perturbations, and is block diagonal with respect to
W, with ¢ > 0 and qo > n/2 + 1. Suppose also that the energy dissipation matriz
Eq. (2.7) is positive definite for all x € T™ and, in addition, DSY,8,S* € Bs¢o(F) for
all a,b =1,...,n for some 7 > 0 and some exponent vector & with strictly positive
entries. Then for any initial data vy, € H®(T™) specified at some ty € (0,6], there
ezists a unique solution v to the corresponding Cauchy problem in C([ty,d]; H©(T™)),

and there exist positive constants K,y and C such that v satisfies the energy estimate

VEraltl®) < /B )0y + € [ 7RIVl D aarmds (212)

to

for all t € [ty,0]. The constants C, k, and v may be chosen to be uniform®. In
particular, if one replaces vy, specified at to by any vy, specified at any time t; €

(0,to], then the energy estimate holds for the same constants C, k, 7.

®While the constants C, k and 7 here can be chosen to be uniform in the sense of Definition 2.12,
there generally does not exist a choice which holds for all §, S}, No,r,7,¢, &, p and v.
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In lieu of Eq. (2.11), the estimate Eq. (2.12) can be written

IRl (E, ot )2 @ny < 5<||R[M] (tos o |l 22 (1)

- /t s HIRIK)(s, ) fo(s, ')lle(Tn)ds>,

to

(2.13)

where the constants C', k and v have been absorbed into C.

We also note that the control DSY,9,5* € Bseo(7) does not follow from the
smooth perturbations condition. The latter is the statement that the perturbations
are in the smooth subset of the relevant weighted Sobolev spaces, while the former is
a statement about the control on the asymptotic behavior of the lowest derivatives
of SY and S°.

With regards to the proof of Lemma 2.14, we note that the existence of unique
solutions to the n+ 1 dimensional Cauchy problem corresponding to Eq. (2.1) (which
follows from, e.g., Proposition 1.7 in Chapter 16 of [86]) plays a key role, and the
inequality for gg stated in the hypothesis is necessary in order to guarantee such

existence.

Proof. The basic idea of the proof is to compute DE,, .. ,[v](t), then bound the terms
on the right hand side and finally integrate the equation in time. For simplicity we

write E[v] in place of E, . ,[v]. Computing® DE[v], and using the symmetry of the

6In calculating this time derivative, we use the fact that the solution v is C' in both time and
space.
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matrix S°, we obtain

|
DE|(t) = — kyt" E[v](t) + 56_Ht {((DS"YR[u]v, R[p]v) da
TTL
—i—e”ﬂ/ (S°(DR[u)v, R[p]v) da
+ e / (S"R[u] Dv, Rlpv) dz.
TTL

We first analyze the fourth term on the right hand side of this expression, which
we label I. Using the assumption that S° and R[u] commute (a consequence of the

block-diagonal condition), and the fact that v is a (forward) solution of equation

Eq. (2.6)" with linear source function given by Eq. (2.8) we calculate

=t / ((Rlil o, Riulo) + (R{ Fro, Riule) — (R{)Now, Rfue)

— tz (R[] S*0uv, R[p]v) )dm.

Integration by parts on the last term, along with the assumption that S® and its

spatial derivatives commute with R[u] (by block-diagonality) gives

[=e"" / ((R[M]fo,RMw + (Rlu]Fro, R[p]v) — (R{u] Nov, Ru]v)
+ 5637 (0,5 Rlple, Ridv)

+ (S @RIURI ™ RIpv, Rlplv) )de.

a=1

"Here we use the existence theorems for symmetric hyperbolic systems, and the regularity
condition ¢ > n/2 + 1.
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Using the Holder inequality, Lemma A.10, we may then estimate the first term in

this expression as follows:

[ (Rl o Rlplo) da < = [R{ul ol [ R ol

We now argue that for appropriate choices of x and ~, all the other terms in
DE|[v] can be neglected in a certain sense. Combining all terms in the expression for

DE[v] and using M := Diag(n) = —(DR[u])R[p]~' we compute

DE] <e™™|[Rul foll 2| R[u]v]| 2

—KtY

((SoM + R[u] NoR[u] ™) Rlplv, R[p]v)

n

n <( kyt' S — KC(t )) R[M]U,R[u]v> 7

—KtY

\\

where

1
K(t) :== —DS? — SIM + R FiR[p] ™

+t287€ JS“Rip) ™" +t= Zasa
a=1
The first line in the inequality for D E[v] contains the term we keep. The second
line contains terms over which we have control only in X5 4,. This integral is negative
definite if the energy dissipation matrix My = SoM + R[u]NoR[u] ™" (Eq. (2.7)) is
positive definite, and hence can be neglected. We argue that the last integral can
be controlled as well. As a consequence of Definition 2.11, and the assumptions of
Lemma 2.14, each term in K(¢) is controlled in By ,(r) or Bseo(7). Hence we can

choose a k large enough and a 7 small enough, and use the positivity of S°, to ensure
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that the third line is negative definite. The constants x,+ may be chosen to be
uniform (Definition 2.12) since their value depends only on the norm of quantities in
IC, each of which may be bounded by r. Thus, x,~y may be chosen independently of

the particular functions within the ball Bs ¢ ,(r). In total, we obtain
DE](t) <e™™||R[p fol |2l R []v]] 2,
which implies that
0. B[|(t) <t™'e™[[Rul fol 2| R[u]v]| 2.
Then using the norm equivalence Eq. (2.11), we may rewrite this as
OE[v](t) <Ct™'e™™ R[] fol |2/ B[] (8). (2.14)

To integrate this inequality, it would be useful to divide both sides by \/W
However, since the L? norm of v may vanish in special cases, we use the following
strategy (see, for instance, [75, Page 59]). We set E, := E+¢ for some constant € > 0,
and we check that the last inequality holds if we replace E by E.. Then dividing, and

using \/LEf&tEe = 20;v/ E., we obtain

OV Eelv](t) <Ct'e™™ ||R [l fol | 2,
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after rescaling the constant C'. We now integrate both sides over ftz ds, thereby

obtaining

VERT0 < VEI@) +C [ 57 Rl fle-()ds
< VEDw) + C( swp ) [ s IR uolla(o)ds

s€(to,t) to

< VEJol(te) + C / S RI foll 2 (s)ds,

where we note that the constant C' changes from the second to the third line of this
calculation. Taking the limit € — 0 finishes the proof that the inequality (Eq. (2.12))

holds. It also follows directly that the constant C' is uniform. n

2.4.3. Higher Order Energy Estimates

We also need to control higher order spatial derivatives of the solutions of the

Cauchy problem, for which we establish the following energy estimate.

Lemma 2.15. Consider a linear symmetric hyperbolic Fuchsian system with
parameters {9, 1, q, qo, 7}, which satisfies all of the conditions in Lemma 2.1/, except
that here we allow for arbitrary integers ¢ > 1 and qo > n/2+ 1+ q. Assume as well

that® DSY € Bsgo(F). Then there exist positive uniform ° constants C,p such that

8We note that the condition 9,5% € Bs¢o(r) (a,b =1,...,n) of Lemma 2.14 is now implied by
the choice ¢ > 1.

9We note however that C' and p generally depend on g.
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for all € > 0, the solution v(t,x) of Lemma 2.1} satisfies

IR[p — €|(t, - )o(t, ) magrn) < C(IIR[M] (o, *Jveo | ra(m)
(2.15)

+/ s~ (IR[E(s, ) fo(s, M gacrny + || R[] a1 (n)) ds).

to

The same choice of constants C' and p can be used for any initial time ty € (0,6).

The inequality for gy comes again from the condition for well-posedness for the
Cauchy problem in n spatial dimensions, but now also from the fact that in deriving

the above estimate we take ¢ spatial derivatives of the coefficients.

Proof. We consider the ¢ = 1 case and comment on the case of general ¢ below. The
idea is to derive an expression for the first spatial derivatives of v (¢, z) and then apply

the basic energy estimate Lemma 2.14.

Step 1: Derive equation for the spatial derivatives. Let Ov be the n - d-length vector
defined by

ov = (O, ... ,8nU)T = (312]1, L0 ot ,8nvd)T.

To derive an equation for dv, let b be any value in {1,...,n}. Recall, v(t, z) satisfies

the equation

S°Du + ZtS“@av + Nov = fo + Fiv

a=1
within the time interval [tg,d] for some ¢y € (0,4], in accord with the assumption

of a linear symmetric hyperbolic Fuchsian system. Letting d, act on this system we
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obtain

S°D(Oyv) + > tS"0a(O40) + No(Bbv)

a=1

= Opfo + (OpF1)v + F1(Opv)

- (abSO)DU — Zn:t(abS“)aav — (abNg)’U.

a=1

The left-hand side of this expression satisfies the hypotheses of Lemma 2.14; it remains
to verify sufficient control over the right-hand side. Since bounds on Dv are not known
at this point, we eliminate this term by using the fact that v satisfies the linear system.

The resulting expression for the source terms can be written as
‘]/%) + (Fla?})b

where

o= (-5 (5" ") fo

(2.16)
+ (-8 () ") F) o= (8- 25° (8°) ) o) w,
and Fy is a (n-d) x (n - d) matrix with components
(B = (R + 0,5 (8°) 718" — 19,8") +1 ) (34S° (5°) 7 5 - 9,8°) .

a#b

Note that S° is invertible according to Definition 2.11, and further that as
a consequence of the block-diagonal conditions, the inverse has the block-diagonal

structure of p. The system for the full n - d-length vector Jv can be written in linear
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symmetric hyperbolic form

SODOv + Y 599,00 + Nodw = fo + Fv, (2.17)
a=1

where S0 = Diag(S°,...,S59), Sa = Diag(5¢,...,5%), and ]/% = Diag(Ny, ..., Ny),

each contain n-blocks of the corresponding d x d matrix.
In order to apply Lemma 2.14 we must in particular show that the above system is
a Fuchsian system, and more specifically meets the hypotheses of Definition 2.11. As
part of this definition, it is required that ﬁ) € X;,,4 for some v > p. However, we only
have p-control over 9,Ny. To deal with this situation, we seek to apply Lemma 2.14
with an exponent vector i := pu — e which is slightly decreased, corresponding to
slightly weaker control on the behavior in t. Notice that if Eq. (2.1) is a linear
symmetric hyperbolic Fuchsian system with exponent vector p such that the energy
dissipation matrix with respect to p is positive definite, then there exists an ¢ > 0 such
that Eq. (2.1) is also a linear symmetric hyperbolic Fuchsian system with exponent
vector p — € and with the energy dissipation matrix with respect to u — € is positive
definite. The upper bounds on € in this case come from i) ¢ must be chosen less
than v — p, and ii) € must not be so large that the energy dissipation matrix fails
to be positive definite with respect to u — €. It is easily checked that the remaining
hypotheses of the lemma hold. We may apply Lemma 2.14 to the system Eq. (2.17)

in order to estimate Ej ; 5[0v] for in general different uniform constants &, and 4.

Step 2: q-order energies. We proceed to prove the inequality Eq. (2.15). To this end,

B[] = ) B [0)(8) + /Bt 0 [00](8),

consider
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where (1) and vV represent the in general different choices of x and + for the estimate
for Jv. Notice that the energy is computed with respect to ji in both terms.

By the energy/norm equivalence there exist uniform constants Cy, Cy such that
Cr (IRl 2 + [RIAOv]12) < BP[] < Co (IR[ol2e + IR[0v] 2

where R[fi] := Diag (R[4, ..., R[j]) consists of n-blocks of R[ji).

Step 3: Lower bound for Elgl)[v}. We show that ||R[i]v|| gy < CE;I)[U] for a
uniform constant C', and some exponent vector fi. Distributing the spatial derivative

in the H! norm, we compute

n 1/2
IR sy = ( | > oarif + |Rm]v|2>

< ( /B> \Rmaavﬁ) " (/i)
+ ( [ |<aa7z[m>v\2> -
a:1n 1/2
+ (2 /> <<aa7z[m>v,n[maav>>

Consider the fourth term. The integral can be written

n

/T . Z ((0aRIE)v, R[]0v) = / ) ((ORIa)5, RlfJov)
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where OR/ji] := Diag{O\R[f], ..., 0, R[]}, and ¥ := (v, ...,v)T (n-copies), and ﬁ[ﬁ]

and Ov are defined as before. Then, by an application of Holder’s inequality we obtain

n 1/2
(2 [y <<aamm>v,7z[maav>) < \J200R {012 R )0 -

Now notice that for a, b non-negative real numbers Vovab < a+ b,'° which allows us

to obtain the bound
IRl ey < C (ROl 2 + |ORIAT 2 + [R]) . (2.18)

The expression ||OR[f]V]|r2 occurs in two places in the inequality we have obtained
so far. This expression is bounded by C||R[a]v|| 2 for a uniform constant C. Note

that
1/2 "
JoR{o]12 ~ ( [ 10l ) <Y @Rl
" a=1
Fixing an a € {1,...,n}, we compute
OaR[f1] = —log tDiag(0aft) - R[ji] < —C'log tR[fi]

since the i are smooth functions of x € T™. To control the logarithm we extract a
positive power of ¢ (say t¢) from R[fi], for an e which may be arbitrarily small. As a

result,

|0 RliJollz < CIRI+ loll> and hence, |OR[]|z> < ClIRY + o] 2.

10To show this note that for a,b non-negative real numbers vab = +/(a +b)% — a® — b2/v/2 <

V(a+0)2/v2 = (a+b)/V2.
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Setting fi = f1 — € in Eq. (2.18), using R[f — €] = t“R[i] < 0°R]f], and noting the

energy /norm equivalence from Step 2, we obtain the desired lower bound

IR = ol < C (IR[llze + [R0v] ) < CEL .

Step 4: Upper bound for Eél)[v]. We now use the fundamental energy estimate
Lemma 2.14 to prove an upper bound. By the equivalence of norms and an application

of Lemma 2.14 we find

B[] < C; (R[] 12 (to) + [RIAv] 12(to))

. (2.19)
e ( [ R Rl + ||R[ﬂ]fo||L2(S))dS) |

~ -~ ~b
Next we bound the terms ||R[i]fo|lz2(s). Recall the expression for f, Eq. (2.16).
Since qo > n/2 + 1 the operators Ny, S°, and (SU)_l are continuous on 7™ due to the
Sobolev inequalities. Further recall that the perturbations, including F}, are smooth

and bounded in Bs ,(r). Hence there exists a uniform constant C' such that

IR Follz2(s) < IR fo" 122

<C (Z R[] 0afoll> + IR[A)foll 2 + IIR[ﬂ]va) :

a=1

We now claim that for any vector valued function f, (ie fo above) there is a uniform

constant such that

IRIHOaf |2 < C (|10a(Ri+ el f)l[ L2 + (Rt + €] fl12) , (2.20)
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for any € > 0. To see this, compute

1/2
IR0 = ( [ (Rions Rigions) o)
1/2
= ([ JouRIaNE + (ORI - 2(0.R I, @RI o

< NOa(RIAL) L2 + ClIR[A + €] fl 22

+ CVN0(RIALF) IR I + €] £l 22,

where we have controlled the log ¢ factors generated in computing d,R[fi] by extracting
a t¢ from R[a], and used that i is a smooth function of z € T". Again using
V2v/ab < a + b for a,b non-negative real numbers we obtain Eq. (2.20).

Applying this result to ||0,(R[fi] fo)||z2 in the inequality for | R[f ]fOHLz( ) above,

we find

1R[] foll 2 (s <CZ 10a(Rft + €l fo)ll2 + IR[f + €l foll ) + IR[Av]] 2

In the above expression we have also pulled out a factor of ¢ in the first term so
that the exponent vector matches that in the second term. Finally we show that the
terms in the parenthesis can be bounded by the H'-norm. Notice that > 1", \/a; <
ny/>, a; for all {a;} € RTU{0}. This is a version of the discrete Holder inequality;
see for example [34] (page 623). When applied to the situation at hand we find that

there is a constant depending only on n such that

Zua Riji+ € fo)llz2crey + [RI + €l foll 2y < CIRI + €l foll oy
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We may apply these same arguments to the first term in Eq. (2.19), and as a

consequence

E?whys@nm+dwmw»+/s1mRm+4hmw@+wmmwm@»>-

to

Combining the upper bound just obtained with the lower bound of Step 3,

recalling that /1 = p — € and rescaling € — €/2 we find

IRl — ol oo

<C (HR[M]UHHl(to) +/ s (IR [l foll m (s) +86/2HR[M]UHL2(S))),

to

which is the desired inequality for the case ¢ = 1. Similar arguments can be made for

arbitrary q. [

2.4.4. Weak Solutions to the Asymptotic Value Problem

A useful technique in proving the existence of solutions to partial differential
equations is to first establish that solutions exist in an integral or distributional sense;
such solutions are called weak solutions. In this section we make precise the notion
of weak solutions to the asymptotic value problem, and prove the existence of such
weak solutions for linear symmetric hyperbolic Fuchsian systems. The proof is based
on constructing a sequence of approximate solutions described briefly in Section 2.3.
and in detail below. We may then use our control over these approximate solutions,
given by the fundamental energy estimate Lemma 2.14, in order to prove that the
sequence of approximate solutions converges to a weak solution of the asymptotic

value problem.
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2.4.4.1. Weak operators

The weak version of the linear symmetric hyperbolic Fuchsian system is its
integral or distributional form. Define a test function for this system to be any
smooth function ¢ : (0,8] x T" — R? for which there is a T € (0,4), such that
¢(t,z) = 0 for all ¢ > T. For any w € X;,0 and test function ¢ we define the

operator L[] via

n

<£[w]7 ¢> = /0 ( <R[M]Sow7 D¢>L2(Tn) + Z <R[M]tsaw7 aa(b>L2(T")

a=1

+ <R[M]Sw7 ¢>L2(Tn) )dt7
where

S = (SO — Ny + R[] 'DR[u)S° + DS°

+ R (O R[S + ) t@aS“) .

a=1 a=1

This definition is motivated by formally writing

1) ) n
/O (RIEIL[w], 6) oo dt = /0 / n <R[,u] (SODw + 3 180, + N0w> ,¢> ddt

and transferring the derivatives to act on ¢ using integration by parts. The terms
in & above are a product of this procedure. The operator L[] is called the adjoint
of L[-] (recall L[-] is given by Eq. (2.9)). A corresponding weak version of the linear

source operator is given by

é
Flul )= [ R Got Fre) 0oy
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The next result establishes that these operators are well-defined on the space X5, 0.

Lemma 2.16. Suppose that Eq. (2.1) is a linear symmetric hyperbolic Fuchsian
system with parameters {9, p,q, qo,r} as per Definition 2.11, and is block diagonal
with respect to p. Then for every test function ¢, the maps (L[], ¢) and (F[-],¢) are

bounded linear functionals on Xs,0.

Proof. To prove this lemma it is sufficient to show that each term in (L[w], @) is
bounded by C||wl||s.,0, for some positive constant C' and for every w € X;,0. We
demonstrate this for the first term, f06 (R[u]S°w, D), dt. Using Holder’s inequality,

the spatial continuity!! of S° and the block-diagonal property, we find that

) )
/ <Rwsow,D¢>L2dt\s | IRl w2 Dol

§5t81(t%] I1R[1]S"wl]12(8)]| D[22 (t) < Cllwl]s p0-
€(0,

The constant C, which is used to estimate both the contributions from S° and from
¢, is uniform in the sense defined above. Other terms in (L[w], ¢) follow similarly,

and the same arguments hold for the (F[w], ¢) operator. O]

We define w to be a weak solution of the linear asymptotic value problem
corresponding to Eq. (2.1) with vanishing leading term provided it satisfies, for all

test functions ¢,

(Plw], ¢) = (Llw] = Flw], ¢) = 0. (2.21)

1 This follows from the definition of a linear symmetric hyperbolic Fuchsian system, and from
Sobolev embedding.

74



2.4.4.2. Existence of weak solutions

Having established a definition of weak solutions to the asymptotic value
problem, and that the weak operators are well-defined on the function space of
interest, Xs,0, we now prove that weak solutions exist to the linear symmetric

hyperbolic Fuchsian systems.

Proposition 2.17 (Existence of weak solutions of the linear asymptotic value
problem with smooth perturbations). Suppose that Eq. (2.1) is a linear symmetric
hyperbolic Fuchsian system with parameters {0, i, q, qo, 7}, for g =0 and go > n/2+1
with smooth perturbations, and is block-diagonal with respect to . Suppose also that
the energy dissipation matriz Eq. (2.7) is positive definite for all x € T™ and, in
addition, DSY,0,5% € Bs¢o(r) for all a,b = 1,...,n for some 7 > 0 and for some
exponent vector & with strictly positive entries (so that we may apply the fundamental
energy estimate). Then there exist weak solutions w : (0,0] x T" — R? to the

asymptotic value problem (with vanishing leading term) which are elements of X5, 0.

This is the most general existence result we are able to prove, requiring only
weak control over the regularity of the coefficients (measured by ¢ and ¢y). However,
additional control is necessary to prove uniqueness of solutions; this is done below in

Proposition 2.22.

Proof. As stated above, the proof is based on constructing a sequence of approximate
solutions. Let {t;} be a monotonically decreasing sequence of times t; € (0, ] which
converges to zero. For each i, we construct a function v; : (0,6] x T" — R¢ which

vanishes on (0, t;], and which is equal on (#;, ] to the solution of the Cauchy problem
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with zero initial data at ¢;'>. The functions {v;} are called approximate solutions.
One can verify that v; € C°((0,4]; H®(T™)) N X;,,0 for each i. We seek to show that
the sequence {v;} forms a Cauchy sequence in X5, . Defining §;; := v; —v; for ¢ > j,

we readily see that

0, t € (0,t],
gij(t LIZ‘) = (R t e (ti,tj], (222)

Uy — Uy, t e (tj7(5]

From the energy estimate for the Cauchy problem Lemma 2.14 on each subinterval,

we then compute

= O, te (O,tz],
IRt )€ (8 )24 < 04+ C [ s[RIl folleads, t € (t:,1], (2.23)
< IR, vits )2, t € (t;,0],

where in the last inequality we have used the energy/norm equivalence Eq. (2.11)
above, and we have also used the fact that the (linear) PDE system for v; — v; has
a vanishing source term f;. Recalling the definition of the norm || - ||s .4, noting
the monotonicity of fti sTH|R[u] fol|3ds, and noting the equality &;(t;, ) = vi(t;,-) at

t =t;, we now have

tj
15116400 = Sup, IRIu](t, )& (t, )12 < 0/ s Rlu] fol | r2ds.
€(0, t;

12Note that in general we prescribe initial data as ¢;(x) = ug(t;,x) as in Section 2.3.. However
for the linear theory presented in this section we have assumed for simplicity, and without loss of
generality, that ug = 0.
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To complete the argument that we have a Cauchy sequence, it is useful to

introduce

Glt) = /0 SR follg= (5)ds. (2.24)

which is well-defined so long as fy € X5,0 for v > p. Choosing € > 0 as a lower
bound for the gap between v and p among all components, we see that there must

exist a constant C' such that G(t) < Ct¢; thence, we have
1islls.m0 < CIG(HL;) = G(L)], (2.25)

from which it easily follows that {v;} is a Cauchy sequence in the Banach space X, 0.

Since it has been established (in Lemma 2.16) that P = £ — F is a continuous
operator on X5, 0, to show that the limit of the Cauchy sequence {v;} is a weak
solution of the system of interest, it is sufficient to show that the limit of the sequence
of reals ((Pluv;], ¢)) is zero for all test functions ¢. Choosing any v; in our sequence,
we know from its definition that v; vanishes on (0, ¢;] and is a solution to the equation
(P[vi], ) = 0 on [t;,d]. Recalling the definition of P, we calculate on the former

interval, for any test function ¢,

(Pl o) =~ [ Rl )y ]
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Straightforward calculation then shows that

It < / R[] for ) g, Lt

< [(( [ astmi) ([ astor)™)a
= [ (e ([ Ry o [ astor)”) a

< sup |[t6]z2 / IR fo(8)|edt < CG(t).

te(0,0]

- [ R

from which it follows (from the properties of G(t)), that we have a weak solution. [

2.4.4.3. A solution operator

For use in later parts of the proof of Theorem 2.10, we define an operator which
for fixed S°, S% Ny, and F; takes any function fy € X5,0 N C>®((0,6] x T") to a
weak solution w € X, of the linear asymptotic value problem. Then as a next
step, we would like to extend this map to all fy of X5,0, and thereby show that
weak solutions exist for all fo € Xs,, and not just for those f, which are smooth.
A potential obstruction to this definition is the lack of a uniqueness result for weak
solutions. We avoid this by defining an operator which takes f, to the weak solution
obtained as the limit of the sequence {v;} and verify that this limit is independent of

the sequence of times {¢;} which is chosen.

Proposition 2.18. Presuming the hypotheses listed in Proposition 2.17, there exists
an operator H : Xs,0 — Xs,0 that maps a smooth source function fo to the weak
solution w of the linear asymptotic value problem (i.e. w satisfies (P|w], ¢) = 0) which
is obtained as the limit of the sequence of approzimate solutions {v;} corresponding

to a choice of a monotonic sequence of times {t;} converging to zero. This operator is
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well-defined (independent of the choice of the sequence {t;}) and satisfies the estimate

[Hfolllsno < 6”Clifollsu0, (2.26)

for all smooth fo € X5,0. The positive constants C and p are uniform.
The operator extends to all (not necessarily smooth) fo € Xs,.0, with the estimate
(2.26) holding for all such fo with the same constants. Indeed, this extended operator

H maps all fo € X5,,0 to weak solutions of Eq. (2.1).

The last paragraph in this proposition generalizes the existence result in
Proposition 2.17 to all, not necessarily smooth, source terms fy € X;,9. We note,
however, that otherwise the system is still assumed to have smooth perturbations in

the sense defined above.

Proof. In the first step we show that for fo € C*((0,d] x T™) N X5,.0, the map f +—
H[f] is a well-defined map to X5, 0, independent of the choice of time sequence. Let
{t{} and {t3} be two monotonically decreasing sequences of times in (0, d] with limit
zero, and let {v; } and {v7} be the corresponding sequences of approximate solutions.
We show that the limits of each of these sequences, call them w! and w? respectively,
are identical in X5, ¢. From the union of the two time sequences we construct a third
sequence {t;}, and obtain the corresponding sequence of approximate solutions {vy}.
As is the case for {v} } and {v7}, the combined sequence of approximate solutions {wy }
must be a Cauchy sequence, so™ |[v} — v7|[5,,0 must vanish in the limit 4, j — oo.

Then it follows from the estimate

lw' = w50 < [[wh = villspo + 1105 = w*|lspo + llvi = fllsp0,

13Here, we set 6 to be the smallest bound among the two sequences.
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that w' and w? are equal in X 0.

Next we prove the estimate Eq. (2.26) for H, still with smooth fy. Let {v;} be
a sequence of approximate solutions with limit w = H(fy). The idea is to use the
estimate Eq. (2.25) in order to bound ||wlls,0 by G(§), and then argue that this in
turn can be bounded by || folls.0. From Eq. (2.25) and the monotonicity of G(t) we

determine that ||w — v1||s.0 < CG(t1) < CG(9), and hence that
lwllsno < [lvrllsno + CG(0),

It follows from the energy estimate Eq. (2.12) and the energy /norm equivalence that

1 )50 < CG(9), and thus for an adapted constant C we find
[lwlls no < CG(D).

To relate G/(§) to the source term, recall G(§) = f(f sTHIR[u] fol|2(s)ds. Consider the

integrand

sTIRIH follz=(s) = s[RIk — VIR [V fol| 2 (5)

< s[RIV foll 12(s)
< 5! (sup (|IR[V]fo||L2(8))>

s€(0,0]

= 5" folls.o
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where p := min(v — p), and where the minimum is taken over all i = 1,...,d, and

x € T". Integrating this inequality over f06 ds we find

)
Gw>s([;¢1w)uﬁmMu

The integral on the right hand side is finite since p > 0; a consequence of v > u. The
desired inequality Eq. (2.26) is obtained for some C' > 1/p.

Finally we extend the operator H to fully general (not necessarily smooth) f; in
Xs.0- Since the space C*°((0,0] xT™)N X5, is dense in X5, 0, any element fo € X5,.0
can be represented as the limit of a convergent sequence { féj Ve C>((0,8] x T") N
Xs,0. From the continuity of H[-] on the smooth subspace we conclude that there
exists a limit w = lim;_,, H]| £9], and that w is in X0 by the completeness of these

spaces. Hence we extend H[-| to the full space by defining
H{fo] := lim H[f;").
j—00

Furthermore, the estimate Eq. (2.26) holds for the extended operator. To show this,
note that for any j

B 500 < 0°CIFS (15,004

and hence

IHLfS — fo+ folllswo < PCIES" — fo+ follswo

By an application of the triangle inequality and the reverse triangle inequality we find

I folllsmo < 8 Cllfollswo + (COllfo = Flswo + ML) = B so ) -
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Since the terms in the parenthesis become arbitrarily small for j — oo we conclude
that the estimate holds for the extended operator (which is denoted using the same

symbol). O

2.4.5. Regularity of Solutions to the Asymptotic Value Problem

Having established in Section 2.4.4. the existence of solutions to the asymptotic
value problem in the weak sense, we proceed to determine the regularity of these
solutions, and prove that they are solutions in a strong sense defined below. See
Section A.1. for general comments on finding solutions to partial differential

equations. Note that if w is a solution to the weak equation, we have

0 = (L[w] — Fluw], ¢)

0 n
= — /0 <<R[ILL]SOU), D¢>L2(T") + Zl (R[,u]tsaw, aa¢>L2(Tn) + <R[M]Sw7 ¢>L2(Tn)>dt

- /0 (Rl (fo + Friw), ¢>L2(Tn) dt.

Now suppose w could be shown to be continuously differentiable in both time and

space on (0,0] x T™. Then, by reversing the integration by parts, we find that

4 n
0= /0 <<R[M]SODw,¢>L2(Tn) + 3 (RIS 0w, &) 12 ) + (R[M]Now,qb)Lz(Tn))dt
a=1

1
— /0 (Rlul (fo + Frw), @) 1o (gny dt,

or equivalently,

0= [ (RI (L] = TTul) )y (2.27)

82



Since this equation holds for any test function ¢, we could argue that the differential
version of the equation, that is L{w] — F[w] = 0, holds pointwise on (0, §] x T™ almost
everywhere.

Of course, we cannot always (often) verify that w is continuously differentiable.
In such cases, the next best hope would be to show that w is differentiable in a
distributional sense (Definition A.1). If we can show that w € Xj, , and that there
exists a time derivative Dw € X5, ,-1 so that Ljw| and, Fw| are both in X5, . 1
and are equivalent as distributions (ie Eq. (2.27) holds), then we say w is a strong
solution.

For solutions to the asymptotic value problem for linear symmetric hyperbolic

Fuchsian systems with smooth perturbations, we obtain the following proposition.

Proposition 2.19 (Regularity of solutions to the Linear AVP). Suppose that Eq. (2.1)
15 a linear symmetric hyperbolic Fuchsian system with smooth perturbations and with
parameters {9, 11, q,qo, 7}, for ¢ > 1 and qo > n/2 + 1+ q. Suppose also that the
system is block-diagonal with respect to p, and the energy dissipation matriz Eq. (2.7)
is positive definite for all z € T™ and, in addition, DS) € Bs¢ o(T) for some T > 0 and

some exponent matriz & with strictly positive entries.**.

Then, weak solutions w of

the asymptotic value problem (whose existence has been checked in Proposition 2.17)

are differentiable in time and satisfy Eq. (2.1), with w € X5,,, and Dw € X5, 4-1.
Further, the solution operator H defined in Proposition 2.17 maps Xs,.4 to Xs,.4,

and satisfies

[Hfolllsna < 0"Cli folls.a: (2.28)

MThese are the conditions of Proposition 2.17 but with increased values of ¢, qo
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for all (not necessarily smooth) fo € Xs,4. The constants C > 0 and p > 0 are

uniform in the sense of Definition 2.12 (but may depend in particular on q).

Proof. Step 1: Convergence in Xs,,. We begin by establishing that the weak
solutions obtained as the limit of the sequence of approximate solutions {v;}
introduced in the proof of Proposition 2.17 have ¢ weak spatial derivatives, and thus
are in X;,,. Due to the higher regularity assumed, each approximate solutions
is contained in C°((0,d]; H1(T™)) N X5,.,4."> The same arguments detailed in the
proof of Proposition 2.17 can be applied here using the higher order energy estimates
Lemma 2.15, in order to show that {v;} is a Cauchy sequence. However, because of
the slight loss of control in the higher order energy estimate Lemma 2.15, we obtain
only that w, the limit of the sequence {v;}, is in X, , for an arbitrarily small € > 0,

and the estimate

[ follls.p—eq < 6°Cll follswa-

To regain “u-control” over the solution we note that since the equation is of linear
symmetric hyperbolic Fuchsian form for the choice of p, then it is also of this form
for i := p + € if € > 0 is sufficiently small in comparison to v — u. Moreover, the
block-diagonality conditions and the energy dissipation matrix positivity hold with
respect to zi. Hence the analysis described above can be performed with i in place
of u1, leading to the conclusion that in fact, the solution w is in X5z, = X5,,4 (as

opposed to X, above) and

[ follls.na < 0"Cli folls.a:

151n fact, the theory for symmetric hyperbolic systems guarantees that v; € C°((0,8]; H%(T™))
for each ¢, and each v; is also in X5, 4,. However, since we only control the ¢ \, 0 behavior of ¢
derivatives of the coefficients, we only hope to control the solution of the asymptotic value problem
in X‘Sv/MQ'
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possibly after a slight change of the constants C' and p. This verifies that w has
the sufficient number of distributional spatial derivatives to be considered a strong

solution, and in particular that there exists a d,w such that

_/06 (flm[ 65w, ad) 12(7ny +Z (R[S + R[pult0aS", 6) 12 Tn))dt

a=1
/Z (tS“R[udatw, &) 12y

Step 2: FExistence of a time derivative. We must also verify that the solution is
differentiable in time. This is a consequence of the convergence of the sequence in

Xs,,q- Define

%\i = (SO)_l (f() + Flvi - Ztsaﬁaw - NOUi> .

a=1
Since v; € X554, we have that v; € X;,4-1 for all i. Further, v; = Duv; for all
€ [t;, 0]. Hence, for any d; € (0, ), there exists a sufficiently large ¢ such that ¢; < §;
and v; = Duv; for all t € [d7,6]. Moreover, due to the convergence of the sequence

{v;}, we find that

[0i = U l|54-1 < Cllvi = vjlsq — 0

for a uniform constant C' > 0. Let v denote the limit of {¥;}, which is in the space
Xs,q—1- At this point we have shown that Duv;(t) = v;(t) — v(¢) uniformly (that is,
independent of t) at every t € [07,0]. An application of Theorem A.9 shows that under
the uniform convergences we have established thus far, Dw exists at each t € [dy, ]

as a Frechet derivative from [d7, 6] to H?}(T™) and Dw = ©. Since d; € (0,) can be
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made arbitrarily close to zero, the argument just presented applies for all ¢ € (0, ],
and thus Dw € X5, 4—1.

We now show that Dw is the distributional time derivative of w in the following
sense. First note that since D := t0;, for any matrix-valued function M and any

e>0

5 5
/ D (Mw,¢) = / O (t <Mw780>L2(Tn)> — (Mw, ‘P>L2(Tn) dt.

Evaluating the boundary term we find

)
/ at(t <MW, 90>L2(T”))dt = —¢€ <M'LU, (20>L2(T”) f—c ’

which vanishes in the limit ¢ \, 0. Thus if it exists Dw, satisfies

5 5
/O(MDw,go):—/O (((DM+M)w,<,0>+(Mw,D<p>).

In the present case M = R[u]S°, and the existence of Dw implies we can reverse the
integration-by-parts as in the discussion above Proposition 2.19. Combined with the

result from the spatial derivatives we obtain Eq. (2.27).

Step 3: Strong solutions. To complete the argument that w € X5, , just constructed
is a strong solution to the equation we verify that both L{w] and F[w| are in X5, 4—1.
This follows from the definition of linear symmetric hyperbolic Fuchsian systems

Definition 2.11, Lemma C.1, and the block-diagonality condition. O]

2.4.6. Extension Argument

So far we have proven the existence of solutions to the asymptotic value problem

for linear symmetric hyperbolic Fuchsian systems under the smooth perturbations
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condition that S?, ¢S and, F are in the smooth subspaces of the relevant weighted
Sobolev spaces. In this section we extend this theory to equations where the
coeflicients are general elements of Bs ,(r).

In this section we consider linear symmetric hyperbolic Fuchsian systems of the
form

L[w] := S°Dw + Z tS*0,w + Now = fo. (2.29)

a=1
We have dropped the linear source term Fjw to simplify the arguments. This is no loss
of generality since below we use the result established in this section in a contraction
mapping argument, the conclusion of which is the full non-linear theorem. Note that
the term Fjw has been introduced above in order to prove the higher order energy
estimates, since such terms arise in the derivation of the equations for dv. We obtain

the following proposition.

Proposition 2.20. Suppose Eq. (2.1) is a linear symmetric hyperbolic Fuchsian
system with parameters {9, 1, q,qo,r} (with F1 = 0) and thus of form Eq. (2.29),
with g9 > ¢+ n/2+ 1 and ¢ > n/2 + 1. Suppose also that with respect to u the
enerqgy dissipation matriz is positive definite and the system is block-diagonal. Then
for all fo € Xs,4 with v > p there exists a solution w : (0,8] x T" — R? of the
linear asymptotic value problem with zero leading order term such that w € X, 4,

and Dw € Xs,, 4—1. Further, the solution operator H[-| : fo — w satisfies

L [fo] [la.ng < 6°Cll folls v.g,

for uniform constants C, p.

The proof of this proposition relies on Proposition 2.19, for the existence of

solutions to the asymptotic value problem for linear symmetric hyperbolic Fuchsian
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systems with smooth perturbations. The basic idea is to approximate the system
in the general (non-smooth) case by a sequence of systems which have smooth
perturbations. Proposition 2.19 then provides a sequence of solutions to the smooth
equations, and we show that this sequence converges to a solution of the non-smooth

system.

Proof. Step 1: Construction of the sequence. Having specified a linear symmetric
hyperbolic Fuchsian system with zero leading order term, and coefficients S{, Ny €
H® and S7,5* € Bjcq(r) (not in the smooth subset), let {S7y;}, and {£Sf} be
sequences in Bsc,(r) N C*((0,0] x T™) which converge to S and tS* respectively.
For each i and the corresponding coefficients, define the linear symmetric hyperbolic

Fuchsian operator Ly by
L[] == (sg + S?m> D+ 1580, + Not,
a=1

and consider the sequence of linear symmetric hyperbolic Fuchsian equations

{Ly[w] = fo} with the same source f; in each iterate. We make the following remarks:

(i) Because for each i, the perturbation coeflicients ng and ¢5g, are in the space
Bs ¢ 4(r)NC>((0, 6] xT™), each system is a linear symmetric hyperbolic Fuchsian

system with the same parameters {0, i, ¢, qo, 7}

(ii) Since S§ and N, are the same for all i, the energy dissipation matrix

corresponding to each system is positive definite with respect to the same pu.

(iii) We choose S i and tS[“;] such that the system is block-diagonal with respect to

w for each 7.
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We would like to apply Proposition 2.19 in order to obtain a sequence of solution
operators {Hj;[-]}, and a sequence of solutions {wy;}. To do this we must ensure
that the sequence of DS7; is uniformly bounded in B (7). It turns out that this
property can be proved from the assumptions we have made thus far. The argument
is long and quite technical, and we simply cite the result from the proof of Proposition
2.13 in [3]. With this result, an application of Proposition 2.19 provides the sequence

of solutions {wy;} given by

wyy = Hig[fol,

with the property

Wi ll5,0.q < 0°C| folls..q

for uniform constants which are also independent of i.

Step 2: Convergence of the sequence in Xs, 4 1. We now show that this sequence
converges to a solution w of the asymptotic value problem with general (non-smooth)
coefficients in Bs¢ 4(r). For technical reasons we show this convergence first in the
space X;,.4-1. In Step 4 below we extend the convergence to X5, ,.

Let ;) := wy) — wy;), and derive the equation
Lig (€] = —ALgig) [wy ),
where we have used L[wp)| = Lij[wy] = fo, and where

ALgjw] := (L) — Lyy)) [w]

= (S0 = Styy) Dlwl + 3"t (St = Sfy) duluw]

a=1
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Note that this is a linear symmetric hyperbolic Fuchsian system for §j; with
parameters {d, 11, — 1, qo,r}. The change from ¢ to ¢ — 1 is due to the source term
which involves derivatives of wy;. By an application of Proposition 2.19 we obtain

the estimate

1€ulls.pa—1 < 07Cll follswg—1 = 6”Cl| AL [wip]llsmg—1-

To show that {wy;} is a Cauchy sequence in X;, ,—1 we show that the right hand side

of this inequality is bounded by a quantity which vanishes as i, 7 — oo. Note that

1A Lgglwglllsvas < I (8% = 895 ) Dleoglllswa-1

+ > 1t (i = Sy) Balwilllsmgr-
a=1

Using Lemma C.1, which provides a bound on the product of a matrix with a vector,
and the block-diagonal conditions we see that each product is in X5, ¢ 4—1. We may

bound the first term by
(8% = S%) Plwgllsssca < CISTy = S lscatIDwi g

Since we do not have control over Dwy; in the limit j — oo, we must eliminate this
term. We do this using the symmetric hyperbolic Fuchsian equation, from which it

follows that

-1 -1
HDw[j}H&u,qfl < H (S[(;‘]) fOHt&u,q*l + H (SB]) Now[j}”&u,qfl

+ 1 (SP) " £S5 0atwi s yug-1.
a=1
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We now show that each of these terms can be bounded by C|| fo|ls..4, for a constant
C' which depends only on 7, (the radius of the perturbation space Bs (r) associated
to the symmetric hyperbolic Fuchsian system) and in particular not on j. By the
splitting of S°, and the form of the inverse matrix Lemma C.20, it follows that
<S&> - € Bjs,4(7) for some 7 > 0. Further, since SY has the block-diagonal structure
of u, it is easily shown that (S[Oj]>_1 commutes with R[u] for each 5.6

Let us first consider || (S&)l follsuq—1. Using the properties of <SB]>1, and

Lemma C.1 we compute

—1 —1

1(SE) follsa— < ClIRI (Sy)  RI=rdlls0.0-1 1 folls g1
< Ol follsug-1,
< G follswg-1,

< ()| follswg

where in the second to last line we have used Lemma B.1, and in the last line
Lemma B.2.
-1
Next consider the term || (SB.]) Nowjp||s,u,g-1- By the block-diagonal property
-1 -1
and properties of (S&) there exists an 7 such that R[u] (Sg]) NoR[—p] €

Bs4(7) C Bspq—1(7). Hence, it follows that

-1 -1
1(SG) ™ Nowpllspg-1 < CIRIE (SG)) " NoR[=plllsog—1lwpllsmg-1-

-1
We claim [|R][u] (S&) NoR[—pl5,04-1 is bounded by a constant independent of

the particular perturbations, and depending only on 7. This follows from the

61n fact one only needs R[u]S°R[—pu] € Bs,,4(s) here.
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Sobolev inequality and a Moser-type estimate Lemma A.11, and the block-diagonal
conditions. Further, ||w;||su,q-1 is bounded by C|| fylls,, for a uniform constant C'
as a consequence of Lemma B.2 and the bound ||wp;|[s,u,q < 0°C|| folls.q-

Lastly, consider the terms || (Sg])l tS010awij|[s,uq-1-  The matrix operator
<S&> tSfy € Bse () for some positive exponent scalar ¢ and some 7 > 0 (not
necessarily the same as for the previous terms), while J,wyj) € Bjj—cq-1(s) for an
arbitrarily small € > 0 (see Lemma B.6). Hence, similar arguments as for the two

terms above allow us to obtain the bound

-1 a -1 a
| (S[]]) ZfS[j}aaw[j]Htiu,qfl < C|R[p—e€] (SB]) tS[j}R[_N+E]”5,é,q—1Haaw[j]HJ,ufe,qfla

7(1_1.

-1
where we note that || (SB) S 0awij s -1 < C <Sm> tS010awi 5 e
Under the block-diagonality condition the first factor can be bounded by a constant
depending on 7 and 7. It remains to show that ||O,wijl/su—cq—1 < C| follsu,q; this
follows from Lemma B.6 and ||wy;||s,ue < Cll folls.q-

At this point we have achieved

1AL [wip]llsprcar < CNSYy — Stigllscall follswg

+ Z 1t ( 0 S[aj]) Aalwip]ll6 ptca-1-
a=1

for a uniform constant (in the sense of Definition 2.12) which is independent of 1, j.

The second term can be handled in a manner similar as above to obtain

1AL lwillspca—1 < CllSTy — ST lsca—tll follswg

+CZHt — 5% lscatlfollsug:
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Since the {S?m} and {5} are Cauchy sequences, the terms on the right hand side
of this inequality vanish as 7,7 — oo, thus proving that {wy;} is a Cauchy sequence

m X(S’,Uﬂq_ 1-

Step 4: A solution to the asymptotic value problem. We establish that the limit
w = lim; o wy;) is a solution in a weak sense to the linear asymptotic value problem
with zero leading order term in a similar manner as in Proposition 2.17. Moreover,
each wy;) is a strong solution to the linear asymptotic value problem, which possesses
a time derivative Dwy;. Arguments like those detailed in the proof Proposition 2.19
show that there exists a time derivative Dw € X5, 42, and thus that w is a strong

solution.

Step 5: Convergence of the sequence in X;, 4. So far we have shown that the sequence
{wyy} converges in X, 41 to a function w, which has a time derivative Dw in the
space X5, 2. Moreover, we also know that each iterate wy,) is contained in the space

Xs,,q» With the bound

lwillsng < Cllfollswg (2.30)

for a constant C' independent of 7. The constant C' depends on the radius r associated
with the linear symmetric hyperbolic Fuchsian system, and each system is constructed
to have coefficients in a ball of this radius within the appropriate function space. Since
this situation comes up in other parts of the proof, we state the following general

lemma.

Lemma 2.21. Let {w;} be a sequence of functions in Xs,4(T"), each of which
satisfies a linear symmetric hyperbolic Fuchsian system of the form Eq. (2.29) with
coefficients in bounded subset of the appropriate function spaces. Suppose that this

sequence is known to converge to w in Xs,,1(T"), which also satisfies a linear
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symmetric hyperbolic Fuchsian system of the same type (in particular the coefficients
are in the same bounded subset). Further suppose that for each i, ||wil|s .y < M, for

some M > 0 independent of i. Then, w € X, ,(T").

Proof of Lemma 2.21. Fix a t, € (0,0] and consider the sequence {w;(ty)}. Since
each w; € X;,,, the map R[u|w; is a continuous bounded map into H?. Further,
since R|[p] is smooth, the sequence {w; (o)} is bounded in H? for any choice of t5. The
bound is uniform in that it is independent of j, but may depend on the choice of t,.
Due to the convergence in X;, ,—1 we also know that {w,(t)} converges to a function
w|y, € H7'. From these two data and Corollary A.6, it follows that wl|,, € HY. Of
course this argument can be made for any to € (0,6], and so we have shown that
w : (0,0] — H? is bounded. However, we have no information on continuity; this
must be gained using the equation.

The limit, w, satisfies an equation of the form Eq. (2.29) where the perturbation
coefficients are contained in Bsc,(r). Hence Sy and tS* are bounded continuous
maps of (0,4] into H?. Further, since ¢ > 0, the ¢ \, 0 behavior of S? and t5¢
is well-behaved and in fact SY,tS* € CY((0,4]; H?). As a consequence, the theory
for linear symmetric hyperbolic systems implies that w € C°((0,4d]; H?), and since
Rp] € C* ((0,8] x T™) that R[u|lw € C°((0,d]; H?). In fact R[u]w is bounded as a
consequence of the j — oo limit of Eq. (2.30), and hence w € )A((;,u,q.

The argument just given goes through for ;o — u + € for any € small compared
to v — p, and we find w € )A((;’we,q. It follows from the embedding Lemma B.5, that

w e Xs O

7l’l’7q.

Returning to the present step; since the sequence {wy;} is uniformly (in 7)
bounded by a constant, an application of Lemma 2.21 shows that lim; . wy; =:

w € Xs,,4- This completes the proof of Proposition 2.20. O]
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2.4.7. Uniqueness

At this point we have established that there exists a solution to the linear
asymptotic value problem for equations with coefficients which have perturbations

in the spaces Bs4(7). We now show that this solution is unique in X, .

Proposition 2.22. Suppose Eq. (2.1) is a linear symmetric hyperbolic Fuchsian
system with parameters {0, p, q, qo, v} with ¢ >n/2+1 and qo > q+n/2+ 1. Suppose
also that with respect to p the system 1is block-diagonal and the energy dissipation
matriz is positive definite. Then the solution of the asymptotic value problem (with

zero leading order term) for this system is unique in Xs,, ,.

Remark 2.23. (i) The solution is guaranteed to be unique only in the space X, 4,

and there could in particular be another solution in the larger space X5, with
< .

(ii) We have, without loss of generality, assumed the leading order term to be zero for
the linear systems. However, with a non-zero leading order term, one obtains the
same uniqueness result for the corresponding (in general different) asymptotic

value problem.

Proof. Let w and w be two generally different solutions to the same asymptotic value
problem, and define A = w —w. By linearity, A satisfies L[A] = éA) =0, where L[]
is given in Eq. (2.29), and féA) = 0 because the equations for both w and w have the
same source term fy. From the definition, A € X5, , and R[u]A : (0,0] — HY(T™) is
a continuous bounded map.!” Tt follows that A € HY(T™) at each t € (0, d].

We wish to use the energy estimates in order to control the L?norm of A for

t € (0,0]. Fix a ty € (0,0]. Then A(t,z) is the unique solution to the Cauchy initial

170f course we cannot guarantee that A alone is continuous map of (0, 6] to HY.
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value problem with data Al (z) := A(ty,z) at ty. Because the system is a linear
symmetric hyperbolic Fuchsian system which satisfies the hypotheses of the basic

energy estimate, we have
IR[uAllz2(t) < CIR[p] A2 (to),

for all ¢t € [ty,0] (recall féA) = 0). Moreover, this estimate holds for ;1 — p — € for
any € > 0 for which the energy dissipation matrix is positive definite. Thus, using

the definition of R|[u|, we have
IRl = e]Allr2(t) < CIR[p — €Al L2 (to) < CHIRIA] L2 (to)-

Since R[u]A : (0,8] — L? is bounded, the limit t5 \, 0 of both sides is well-defined,
and the right-hand most side has a limit zero. To complete the argument, we note
that R[u — €|(t,x) is positive and bounded at each ¢t. It follows that A = 0 on

(0,8] x T™ almost everywhere. O

2.5. Existence and Uniqueness for Quasilinear Systems

In the previous section (Section 2.4.) we have shown that there exists a unique
solution to the asymptotic value problem for linear symmetric hyperbolic Fuchsian
systems. In this section we use the existence and uniqueness for the linear theory and
a fixed point argument to establish existence and uniqueness to the full quasilinear
system.

For a specified leading order term wug, the idea is to construct a sequence of
solutions {u;} with u; = ug + w; via an operator G(uy) [-] : B — B for an appropriate
bounded set B of X, 4. If we can show that the operator G(up) [-] is bounded and is
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a contraction, then by the Banach fixed point theorem (Theorem A.13), there exists
a unique fixed point. The operator G(ug) [-] is constructed in such a way that the
fixed point is the desired solution to the quasilinear symmetric hyperbolic Fuchsian

system.

2.5.1. Construction of the operator G(uy) [-].

It is notationally convenient to define the following operator

L(ug + v)[w] := S°(up + v)Dw + Z tS*(up + v)O,w + Nyw. (2.31)

a=1

In terms of this operator the quasilinear symmetric hyperbolic Fuchsian system
Eq. (2.6) can be written

L(uo + w)[w] = F(ug)[w).

Let @ be a fixed function in By, 4(s) for some s > 0, and consider the linear equation
for w given by

L(ug + w)[w] = ¢,

for some specified function ¢ € X5, ,. This equation is linear symmetric hyperbolic
Fuchsian as in Definition 2.11, and therefore the solution is given by the solution
operator

w = H(ug + @) [¢)].

In the case ¢ = F(ug)[w] the system is also linear symmetric hyperbolic Fuchsian,

and w = H(ug + @) [F(up)[w]]. Define

G(uo) [w] := H(uo + @) [F (uo) [w]],
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so that the solution to the linear asymptotic value problem with coefficients
parametrized by w is given by w = G(ug)[w]. Further, the solution to the
quasilinear asymptotic value problem is a fixed point of the operator G(ug) [w]; that
is w = G(ug) [w].

For a prescribed leading order term wug, define the sequence {w; }ien by

Wy = 0, Wiyl = G(Uo) [U)Z] .

We show that the sequence can be bounded in Bj,,(s) and that G(ug)[] is a
contraction.

Note that each sequence element w; satisfies the linear symmetric hyperbolic
Fuchsian system

L(ug + wi—1)[w;] = Fuo)[wi_].

Further, due to the condition in the hypothesis of Theorem 2.10, that the system
be a quasilinear symmetric hyperbolic Fuchsian system as in Definition 2.7 in which
S9(+),tS%(+), and F(up)[-] are bounded operators, Proposition 2.20 may be applied
to obtain a strong solution w; to this equation w; € Bs, (), with a time derivative

Dwi S Bé,u,q—l(s)'

2.5.2. The sequence is bounded.

Suppose that for j = 0,..., N each w; € Bj, 4(s), for (d, i1, q, s) as specified in
Theorem 2.10, and consider w41 = G(ug) [wy]. We wish to show that |[wni1]]su,e <

s, for a sufficiently small choice of 9§, and as a consequence the sequence is bounded.
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The estimate Eq. (2.28) (for in general non-smooth perturbations) implies that

[wnallssng = [H(uo + wn) [Fuo) wn]} s.q < 07ClF (uo)[wn]ls..q,

for some v > u. Now, since it follows from the definition of QSHF systems that

F(up)[-] is a bounded operator satisfying the Lipschitz property, F(ug)[-] satisfies

19 (uo) [wn] = F (o) [0][ls.0g < C(s, @) l|wn 510

Hence, by the reverse triangle inequality

13 (uo) [wn]lls.g < C(s, Dllwnlls g + 13 (u0)[0] 5.4,

and we obtain the bound

lwniillspmg < 07C (s, llwnlls g + 6 ClIF (u0)[0]]]5.q-

Note that || F(uo)[0]]]s. 4 is a non-decreasing function of 6. Hence, for an appropriately

smaller ¢ < 6,

SPC<3’ q> (HwN”S,/L,q + ||9:(u0)[0]”5,u,q) S S5

where we have used ||wn /|5, < s. This shows that the sequence {w;} is bounded in

Bs ,..(s) for a sufficiently small 4.
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2.5.3. G(up) [] is a contraction.

We show that for any w,v € Bj, 4-1(5)

1G (uo) [w] = G(uo) [0] [|5,q-1 < Ollw = 0ll5 10-1,

for 6 € [0,1). The reason for proving this contraction property in the space Bj , 4—1(5)

is similar to that in the proof of Proposition 2.20, and becomes clear below. Compute

1G (o) [w] = G(uo) [0]15 11,41
= |[Hl(uo + w) [F (uo)[w]] — H(uo + ) [F(uo)[v]] [|51.q-1
< |[Hi(uo + w) [F (uo)[w] = F(uo)[v]] [I5

6uuqu71

+ [[H(uo + w) [F (uo)[v]] = H(uo + v) [F(uo) [v] [|51,q-1-

We now estimate both terms on the right hand side of this inequality. For the first
term, it follows from the estimate Eq. (2.28) and from the Lipschitz property of
F(up)]-] that

E(uo + w) [F(uo) [w] — F(uo) V] I5 01 < CO°lw = vll5,4-1-

For a possibly smaller choice of 6, we find that 6, := C6” < 1.

To estimate the second term, define
wa = H(uo +w) [Fluo)[v]], wp :=H(uo + v) [F(uo)[v],

and note that L(ug + w)[wa] = Fug)[v] = E(uo +v)[wg]. Subtracting Z(uo +w)[wp]
from both sides we obtain a linear symmetric hyperbolic Fuchsian system for the
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difference w4 — wp
E(uo +w)[wa —wpg| = Z(uo +v)[wp] — E(uo + w)[wp).

Notice that the source term for this equation is guaranteed to have only ¢ — 1
derivatives. This is the same situation as in the proof of Proposition 2.20, and is the
reason we are working in the space X5, ,—1 rather than X;, ,. Assuming ¢ > n/2+2
as in Theorem 2.10 we may apply Proposition 2.20'® to show that there is a (unique)

solution to this equation with the estimate
lwa = wslls ug-1 < COAL(v, w)[ws]|l5u.g-1,
for an appropriate v > u. We have defined the operator

AL(v,w)wp] = (S°(v) — S°(w)) Dwp + > t(S*(v) — S*(w)) Dawsp.
a=1
We know that wg is a strong solution to the linear asymptotic value problem Z(uo +
v)[@0] = F(up)[v], and as a result there exists a time derivative map Dwp and a spatial
derivative d,wp, both of which take values in Bs , , 1(s) C Bs, , 2(s). Further, the
coefficient matrices S?, S¢ € Bg ¢ ,(r) are bounded, satisfy the Lipschitz property, and

have the same block-diagonal structure as pu. Hence, we may apply Lemma C.1 in

18This is the source of the regularity requirement ¢ > n/2 + 2 in Theorem 2.10.
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order to estimate

AL (v, w)[ws] 5,41 < C(IISO("U) = 8%(w)5.¢.q-1llDwsll5 11

+ ) [t (S (v) = S*(w)) ”S,C,q—l||aawBH5,u,q—1>
a=1
< C(15°(w) ~ 8°(w)lscqs + D2 (S @) — ")) 51
a=1
S CHU - w||5,u,q—17

for an adapted constant C' in each step. Thus for a sufficiently small 5 € (0,6] we

find

HwA - wBHS,‘u,qfl S 92“” - wHS,,u,,qfl’

for some 6, € [0,1).

Combining the estimates for both terms we obtain

1G(uo) [w] = G(uo) [V} |5 g1 < Orllw = ll5 gy +Oallw =05, 4,

< 0”’(1) - UHS,,u,q—h

for 0 := 1/2max{6;,05}. Since 0 € [0,1) (controlled by the choice of ), it follows

that G(uyg) [-] is a contraction.

2.5.4. The fixed point is a solution.

Having shown that the sequence is bounded and that the operator G(uo) [-] is a
contraction, the Banach fixed point theorem (Theorem A.13) shows that there exists
a unique fixed point w = lim;_,,, w; € B; (s) such that w = G(ug) [w]. Due to

67“‘7[1_1
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the definition of H(ug) [] (and hence G(ug) [-]), w is weak solution to L(ug+ w)[w] =
F(up) [w].

Before we argue that w is in fact a strong solution to the equation above, we show
that w € B, (s), and not just B; , . (s). The situation is as follows. We know that

for each i, w; € B; , (s) (and is therefore uniformly bounded by s) and further that

{w;} converges to w (the limit point) in B (s). We have encountered this same

8,1,g—1
situation above in Step 5 of the proof of Proposition 2.20. There we proved a general
lemma, Lemma 2.21, which we apply here as well in order to show that w € Bg%q(s).

To show that w is a strong solution of Eq. (2.6) we show that there exists
first distributional derivatives in time and space. As a result, we may reverse the
integration by parts in the weak version of the equation as in Section 2.4.5., to obtain
the strong version Eq. (2.27). Since w € B;  (s), there exists first spatial derivatives

0,4,q

daw € By, . 1(s). To show that there exists a time derivative Dw € B; , . ,(s),
note that for each i, w; in the sequence constructed above is a strong solution to a
linear symmetric hyperbolic Fuchsian system, and hence there exists a time derivative
Dw,; € X5,,,-1. Due to the uniform (in time) convergence of {w;} to w, we can show
as in the proof of Proposition 2.19 that Dw; converges uniformly to some w € X5, ,—1.
Applying Theorem A.9 we see that w is differentiable in time, and Dw = @ on any

set [d7,d] C (0, d]. Since we can take d; arbitrarily small, Dw = w on (0, 0] and hence

Dw € X5, 4-1. This completes the proof that w is a strong solution.

2.5.5. The case ¢ — oc.

To complete the proof of Theorem 2.10 we consider the case in which ¢ — oo.
For any finite ¢ > n/2 + 2, we have now shown that there exists a solution to the

asymptotic value problem with remainder w € X;,_,, for some J, > 0. Note that
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many of the constants in the estimates we have used in principle depend on ¢. It is
conceivable that as ¢ — oo it may be necessary to take §, — 0. The extendibility
of solutions to the initial value problem for symmetric hyperbolic systems under
sufficient regularity conditions shows that we can always take 6 = d,,4o.

Suppose a finite ¢ > n/2 + 2 has been fixed, and w(¢, x) is the resulting unique
solution to the asymptotic value problem about ug in X, 4. Then for any ¢y € (0, d,],
w(t, ) satisfies the Cauchy initial value problem on [tg, d,] x T™ with data w|o(z) :=
w(to,xz) € HYT™) at to. The well-posedness of the Cauchy initial value problem
(Proposition 1.4, Chapter 16 of [85]) shows that w € C ([tg,d,); HY(T™)). Since the
coefficients in the equation Eq. (2.6) depend smoothly on all arguments’® we may
apply Proposition 1.5 from Chapter 16 of [85] to show that there exists a d, > J, such
that w € C ([to, 0.); HY(T™)). Since, ¢ = n+ 2 > n/2 4 2 is the minimum (integer)
regularity required in order apply the Theorem 2.10, we can take d, = d,12. This
shows that for any finite ¢, which may be taken arbitrarily large, each corresponding
solution w can be extended to exists on the interval (0,d,42]. This completes the

proof of Theorem 2.10.

2.6. A Fuchsian Theorem for Smooth Systems

In this section we develop the theory for the special case in which ug depends
smoothly on both the spatial and time variables (i.e. wug is C*((0,d) x T™)),
and the system is a smooth quasilinear symmetric hyperbolic Fuchsian system as
in Definition 2.7 and the comment below that definition. The main result is
Theorem 2.28, which establishes the existence and uniqueness of solutions to the

smooth asymptotic value problem under suitable hypotheses. A similar result could

19Gee definition of smooth quasilinear symmetric hyperbolic Fuchsian systems in paragraph below
Definition 2.7.
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be proved in the finite differentiability case. However, our aim here is not to prove a
Fuchsian theorem in all generality, but to provide a compact, easily checked theorem
for the “smooth” case, which is readily applied to our systems of interest.

The version of the theory presented in this section was developed by Florian
Beyer and myself. This theory builds upon and improves an earlier set of results with

F. Beyer, J. Isenberg, and P.G. LeFloch which is published in [3].

2.6.1. Motivation and Outline

The motivation for developing the theory in this section is that in applications
(such as that in Chapter III), it may be impossible to satisfy all the hypotheses of
Theorem 2.10 simultaneously, or the conditions that these hypotheses impose on the
parameters in the problem are unsatisfactory. The conflict arises when simultaneously
satisfying the block-diagonal conditions, the positivity of the energy dissipation
matrix, and the desired properties of F(ug)|-] in the definition of quasilinear symmetric
hyperbolic Fuchsian systems (Definition 2.7). Each of these conditions imposes
inequalities, or equalities in the case of the block-diagonal condition, and it may
happen that these inequalities directly conflict, or as in the case of the Chapter III
application, constrain the asymptotic data functions in ug. Such breakdown in the
applicability of Theorem 2.10 can be taken (as we show in this section) as evidence
that the prescribed leading order term does not contain enough information. By
adding a higher order correction to the leading order term, such as an asymptotic
solution which we discuss below, Theorem 2.10 can be successfully applied.

In Section 2.6.2. we introduce the additional structural conditions which are
required on Eq. (2.1), and state the existence and uniqueness theorem Theorem 2.28.

In the following sections we introduce the mathematical machinery, which is used
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in proving this theorem. Section 2.6.3. introduces the notion of an asymptotic
solution and proves an existence and uniqueness theorem in the case that one has
such an asymptotic solution. In Section 2.6.4. we construct an “ODE-formulation”
of the Fuchsian system Eq. (2.6). This formulation can be used to construct and
improve asymptotic solutions using the equation and prescribed leading order terms
via an iterative process. At each iteration one degree of regularity in the spatial
derivatives is lost. To ensure that we obtain asymptotic solutions with sufficient
regularity we work in the smooth category, although similar results can be obtained by
starting with a leading order term in a Sobolev space with sufficiently high regularity.
Having developed these tools we implement them in the proof of Theorem 2.28 in
Section 2.6.5. and Section 2.6.6.. In the last subsection, Section 2.6.7., we prove a
few results from Section 2.6.4. whose proofs were omitted earlier in the interest of

streamlining the presentation.

2.6.2. Structural Properties and Statement of the Theorem

We start by introducing additional structural properties which are needed of
Eq. (2.6). In this section we consider the situation where the prescribed leading
order term wug is modified by a function w € Bs, ,(s). In proving the results of
Section 2.6.3. and Section 2.6.4. it is necessary to control products of the form
(S9(w) — S?(w + h)) O;w, where h € X, for some i > p. The following property

make sense in light of Lemma C.1.

Definition 2.24 (Higher-order difference property). Suppose F : X5, 4 = Xs5.,4 i5 @

function operator satisfying the Lipschitz property, and let fi > p be another exponent
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vector. F' satisfies the higher-order difference property with respect to [i if
hw— AF,(h) = F(w+ h) — F(w)

maps all h € By ;4(5/2) to Xs jitv—pq for each w € By ,4(s/2) and all ' € (0, 0],

and satisfies the Lipschitz property.

The next two definitions record where this property is required in the principle

part and source terms in the equation.

Definition 2.25 (Product compatibility conditions). Suppose that Eq. (2.1) is
a quasilinear symmetric hyperbolic Fuchsian system around wug with parameters
{6, 11,49, qo, s}, as specified in Definition 2.7. Pick another exponent fi with fi > .
This system satisfies the product compatibility conditions with respect to fi

provided for all w € Bj,, 4(s), there is a positive exponent vect0r§ such that

(i) The function operator

w = R[u)SY (uo + w)R[—p] € Xs¢,

S

satisfies the higher-order property with respect to fi in both the q and the (¢ —1)

norms.

(ii) The function operator

w = R[u]tS*(uo + w)R[—p] € X;¢,

1S

satisfies the higher-order property with respect to fi in both the q and the (¢ —1)

norms.
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Similar properties are required of the source term F(ug)[w]. We have

Definition 2.26 (Higher order source conditions). The function operator w
F(uo)[w] € Xs,.4 obeys the higher order source conditions with respect to [i
if for a fixed 1 > p it satisfies the higher-order property with respect to fi in both the

q and (¢ — 1) norms.

Next, we note that one of the strengths of the theorem in this section over
Theorem 2.10 is that we no longer require the system Eq. (2.1) to be block-diagonal

with respect to p. Instead we demand the following weaker property:

Definition 2.27 (Smooth commutator conditions). For allw € By, 4(s), there exists
an exponent scalar & > 0 and anr > 0 such that R[u]Sy = SoR[u], R[u]No = NoR|[y]

and the function operators

w > RIS (ug + w)R[—p]  and  w — R[u)SY (uo + w)R[—p]

take values in Bsg (1) for all ¢ > n/2.
We may now state the main result of this section.

Theorem 2.28 (Solutions to the asymptotic value problem for smooth Fuchsian
systems). Suppose that Eq. (2.1) is a smooth quasilinear symmetric hyperbolic
Fuchsian system around ug with parameters {u,d,s} which satisfies the smooth
commutator conditions. Further suppose that for all ¢ > p > n/2, for some integer p

we have

(i) the system Eq. (2.6) satisfies the product compatibility conditions Definition 2.25
with respect to both fi = p+ o, where yg is a exponent scalar and i with respect

to which Eq. (2.6) is block-diagonal.
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(ii) the system Eq. (2.6) satisfies the higher order source conditions Definition 2.26
with respect to both fi = p+ o, where vy is a exponent scalar and i with respect

to which Eq. (2.6) is block-diagonal.

(i11) let X be the vector of eigenvalues of the matriz N := Sg_lNo. Then the exponent

vector i satisfies the positivity condition

> —RA

Then there exists a unique solution of the asymptotic value problem for Eq. (2.1) about

ug with remainder w € X5 , ., Dw € B; , . and for some e (0,4].

This theorem makes several refinements and improvements upon the
corresponding theorem in [3] (Theorem 2.21). First, we replace the condition that
N be in Jordan normal form by the smooth commutator conditions Definition 2.27.
This represents a slight loosening of the hypotheses, since under these conditions
one can transform to the Jordan basis without destroying the essential structure
of the equation. We note that this hypothesis is satisfied by the polarized T2-
symmetric Einstein equations which we consider in [3] and in Chapter III. Second,
in Theorem 2.28 we do not require the separate conditions on (S°(ug 4+ w))~" which
are included in the hypotheses of Theorem 2.21 in [3]. These properties are shown in
Section C.4. to follow from the assumptions on S°. Finally, the leading order term
ug in Theorem 2.28 is not required to be an “ODE-leading-order” term as it is in [3].

We remark that the proof of Theorem 2.28 relies on the application of
Theorem 2.10. Since the hypotheses of Theorem 2.28 are assumed to hold for
all ¢ > n/2, and in the smooth systems gy = oo, the regularity requirements of

Theorem 2.10 are satisfied. The proof of the existence of solutions to the asymptotic
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value problem in the smooth case is contained in Section 2.6.5., while the proof of
the uniqueness of this solution is detailed in Section 2.6.6..

To apply Theorem 2.28 to particular partial differential equations, such as the
Einstein equations in Chapter I1I and Chapter IV, it is convenient to verify conditions
Condition (i) and Condition (ii) for large classes of function operators. In Appendix C
we show these properties for the types of function operators which appear in our
applications in the cases that ji = pu+7y, where v, is a scalar, and /i is a scalar exponent
itself (that is f1 is “completely block-diagonal”), or where certain components of [
are allowed to differ by 4+¢ —the “nearly scalar” case.

It has recently come to light that there is a technical difficulty in applying this
theorem to our equations in Chapter III and Chapter IV. The issue is in satisfying
Condition (ii) with respect to a f which is block-diagonal. It turns out that it
is insufficient in our applications to verify this property for a scalar “completely
block-diagonal” fi. The next approach is to seek a “nearly scalar” ji and ensure
that one can find a consistent ordering of the components. While this is possible in
the T?-symmetric application (c.f. Chapter III), it severely limits the range of the
asymptotic data function k, thus rendering the application of this theorem mute. For
the application to the Gowdy spacetimes (c.f. Chapter IV) it has become clear that
one cannot find a consistent ordering of the components without choosing a different
leading order term altogether. While this is a serious issue, we believe that it is
ultimately technical in nature, and that the results Theorem 3.10 and Theorem 4.4
which we obtain are essentially correct.

The reason we believe our results are essentially correct is that it preliminary
calculations seem to indicate that the main obstacles can be overcome by another

method. Recall that the essential problem in applying the fundamental Fuchsian
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theorem to the second order equations in Chapter III and Chapter IV is in
simultaneously meeting the block-diagonal conditions and the positivity of the energy
dissipation matrix. The first-order reduction which we use forces (via the energy
dissipation matrix condition) a unnaturally large lower bound on the block-diagonal
exponent vector u. Our thought up to recently was that this problem was solved in
the present section by allowing the exponent vectors which satisfy these conditions
to be different (u vs f1). However, this issue can be overcome by another method. It
seems that by using a slightly more general first-order reduction we can control the
unnatural lower bound from the energy dissipation matrix. The original Fuchsian
theorem can then be used with a block-diagonal exponent vector. A more complete

treatment of these ideas is forthcoming in [2].

2.6.3. Asymptotic Solutions

Although we state and prove Theorem 2.28 for smooth systems, the concepts and
results in this sub-section (Section 2.6.3.) apply in the finite differentiability case. We

begin by introducing the following useful concept of an asymptotic solution.

Definition 2.29. Let u,o be exponent vectors with o > 0 and let o,s > 0. The
function W € Bs,q11(5) is called an asymptotic solution of order o (or a o-

asymptotic solution) of Eq. (2.1) with respect to ug if
R(ug)[w] :="> & (ug + )t + No(uo)th — F(ug)[1h] (2.32)
=0
is contained in Xs 4.

We call 0 a smooth asymptotic solution of order ¢ if it is in B;, ,(s) for

all ¢ > n/2.
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Lemma 2.30 (Boundedness of R(ug)[w]). Suppose Eq. (2.1) is a quasilinear
symmetric hyperbolic Fuchsian system about uy with parameters {0, i, q, qo, $} which
satisfies the smooth commutator conditions Definition 2.27. Let w € By q+1(8) be a
o-asymptotic solution. Then, there exists an r > 0 such that R(ug)[w] € Bysyq(r).

That is, R(ug)[w] is bounded.

This result follows from the definition of quasilinear symmetric hyperbolic
Fuchsian systems, the smooth commutator conditions, and Lemma C.1.

The proof of Theorem 2.28 relies on an application of Theorem 2.10 to the
asymptotic value problem for Eq. (2.1) about 4y = ug + w, where  is an asymptotic
solution of sufficiently high order. We state this result for the existence and uniqueness
of solutions to the asymptotic value problem based on asymptotic solutions in
Proposition 2.32. We first show that if one has a quasilinear symmetric hyperbolic
Fuchsian system about wug with parameters {9, , ¢, qo, s}, an asymptotic solution
w, and if certain conditions are met, then one may obtain a quasilinear symmetric

hyperbolic Fuchsian system in a more tightly controlled space with parameter ji > u.

Lemma 2.31. Suppose Eq. (2.1) is a QSHF system aboult uy with parameters
{6, 11,49, 90, s}, and suppose that w € By, 44+1(5/2) for some ¢ > n/2 is a o-asymptotic
solution with Dw € Xs,4. Then, Eq. (2.1) is a QSHF system about Uy = ug + W
with parameters {6, 1, q, qo, s/2} for any p < i < o, provided the higher order source
conditions (Definition 2.26 ) and the product compatibility conditions (Definition 2.25

) with respect to fi hold.

Note that we tacitly assume (always in this document) that u is greater than the
exponent vector for the leading order term ug. We present a proof of Lemma 2.31

below. The following proposition is a consequence of Lemma 2.31 and Theorem 2.10.
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Proposition 2.32. Suppose the conditions of Lemma 2.31 are met. Furthermore
suppose the smooth commutator conditions (Definition 2.27) are satisfied with respect
to p, that gqo > n/2+ q+ 1, that ¢ > n/2 + 2, and that o is sufficiently large enough
so that there exists an exponent vector i with p < i < o for which the system 1is
block-diagonal and with respect to which the energy dissipation matriz Eq. (2.7) is
uniformly positive definite at all (t,x). Then there exists a unique solution u to the
asymptotic value problem for Eq. (2.1) about uy with remainder h = u — ug — W

belonging to Xz, and Dh € X5 ., . for some b€ (0, 4].

The regularity conditions on ¢ and ¢y along with the assumption on o allow
us to apply Theorem 2.10 to the AVP of Eq. (2.1) about @y. Note that although
Proposition 2.32 provides a unique solution with the leading order term g = ug + w,
and is a solution to the AVP(ug) under the conditions we have imposed, there could
still be other solutions with leading order term uy. Below we show that only if further
conditions are met, is it true that the solution identified in Proposition 2.32 is the

unique solution to the AVP about wq.

Proof of Lemma 2.31. To prove Lemma 2.31 we verify that the conditions of
Definition 2.7 are satisfied with the leading order term @y = ug + w. Condition (i) is
clearly satisfied, since the structure of the matrices has not been altered.

Regarding Condition (ii) we note that SJ is unchanged since this depends on
the limiting ¢ ™\, 0 behavior of the leading order term, which is unchanged. Next we

verify that for the fixed w € Bs,, 441(5/2), the operators

his SO+ h), s S + h)
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map all h € Bjj4(5/2) to Bseq(r) (ie. are bounded operators) for some ¢ > 0
and satisfy the (¢ — 1) Lipschitz property. The boundedness property follows from
Condition (ii) and from the fact that @ + h € Bj,,(s). To verify the Lipschitz

property note that for all w € X5, 4, we have

152 (w0 + k) = SV + ) |ls¢.g-1 < Cllid + h — b + hll5pq-1
= C|lh = hl|spq-1

< Cllh = hllsg-1,

where in the last line we have used Lemma B.1. This shows the desired Lipschitz
property for h,h € X5 g
Lastly we verify Condition (iii). Again, the limiting function Ny remains

unchanged, and we proceed to verify that

Flio)[h] = fi(to + h) = > 5 (it + h)dyilg
5=0
maps all h € Bs;4(s/2) to a ball in X5, , for some © > [i, and satisfies the Lipschitz
properties in both the ¢ and (¢ — 1) norms. To derive a more useful expression for

F(up)[h], note that

J=0

and

~

L(ug + w)[w + h] = Fug)[w + A,
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while by linearity in the second argument we have
L(ug + @)[i + h] = L(ug + w)[i] + L(ug + )[h].

Combining these observations we find

~

and thus

F(tig)[h] = F(uo)[b + h] — Xn: £57 (fl + h)d; — N, (2.33)

j=0
We now use the fact that w is an asymptotic solution to Eq. (2.1). Towards this end

we add and subtract Z?:o 57 (ug + )9 to the above equation, and use Eq. (2.32)

to obtain
F(i1g)[h] = —AF (itg)[1] — ZO tASI (i) [R] 010 — R(uo)[id)], (2.34)
where
AF(i1g)[h] = F(up)[th] — F(up)[tb + h] (2.35)
AS (o) [h] = 7 (ug + ) — S (g + 1 + h). (2.36)

In order to verify the desired properties of F(1g)[h]| needed to satisfy Condition (iii), it
is sufficient to verify that these properties are satisfied for each term in Eq. (2.34). We
start with the R(ug)[w] term. This can be treated as a function operator h — R(ug)[w]
(independent of h), which is contained in X;,,. In fact, due to Lemma 2.30 there

exists 7 > 0 such that R(ugp)[w] € Bsgsq(7). This is a function operator of the

115



appropriate form under the hypothesis that i < o, and satisfies the Lipshitz property
trivially. Further, the requisite conditions on AF(ug)[h| follow from the hypotheses
and Definition 2.26.

We now focus our attention on the terms in ASY(g)[h]. Let

1] == AS°(a) (] Db = (S9(@0) — 59 (itp + b)) Dib,

[1[h] = imsa(ao)[h]aﬂw - Zn:t (S%(t10) — S (g + h)) Dyati.

Then under Condition (i) of Definition 2.25, I[h] maps h to Bs ¢ 4(r) for some r > 0.

Moreover, for all h,h € Bsj,4(5/2),

11TR] = I[h]|]5,54.q
< C|IRIuAS (iig) [ R[—p1] — R AS (tig) [RIR[— 1] | 5,50-¢—pusg | D | 6,14

< Cllh = hlls

where in the first inequality we have used Lemma C.1, and in the second we have
used that w is bounded and Condition (i) of Definition 2.25. A similar computation
holds in the case of (¢ — 1) regularity.

Similarly, for each term in [I[h], the appropriate map type and boundedness
requirements follow from Condition (ii) of Definition 2.25, from the boundedness of
w, and from Lemma C.1. Under the same hypotheses similar calculations as above
may be performed to verify the Lipschitz conditions (in ¢ and ¢ — 1 norms) for II[h].

This completes the proof that F(ug)[h] in Eq. (2.34) satisfies the properties of

Condition (iii), and hence the proof of Lemma 2.31. O
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2.6.4. ODE-Formulation and a Sequence of Asymptotic Solutions

In the previous section we have shown that if one has an asymptotic solution of
sufficiently high order, then it can be used to modify the prescribed leading order term
in order to apply Theorem 2.10 and obtain a unique solution to the asymptotic value
problem. However, the solution thus obtained is guaranteed only to be the unique
solution of the asymptotic value problem about the modified leading order term, and
not the original prescribed one. In this section we develop a formulation, which we call
the “ODE-formulation” that is useful for constructing and improving such asymptotic
solutions. Using this formulation we are able to prove under certain conditions that
the solution to the asymptotic value problem identified above is the unique solution
to the asymptotic value problem about the original prescribed leading order term.
The results of this section are critical for the proof of Theorem 2.28. While in the
section above we have stated results for finite regularity ¢, here we restrict to the
smooth case, ¢ — o0.

From the definition of quasilinear symmetric hyperbolic Fuchsian systems
Definition 2.7, it is clear that the coefficients Sy and Ny dominate in the limit ¢ N\ 0.
As a result, the partial differential equation Eq. (2.6) may under some circumstances
be well-approximated near ¢ \, 0 by the space-parameterized set of ODEs of the form
SYDw + Now = O(t**¢) for some € > 0, and where we take w € X;,,, as usual. We
use this observation to introduce “ODE”-operators corresponding to the quasilinear
symmetric hyperbolic Fuchsian system, and use these operators to understand the

leading order behavior of certain solutions. Given a leading order term wuy, let

Lopg(ug)[v] := Dv + N (z)v, (2.37)
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where N = (S%(uo)) " No(up), be the ODE-operator associated to the quasilinear
symmetric hyperbolic Fuchsian system Eq. (2.6). Since ug, and thus (S9(u))”" and
No(ug) are C°°(T™), and since Sy is invertible, A is well-defined and C*(T™). For a

prescribed leading order term, the system Eq. (2.6) can be written

Lopg(uo)[w] = Fopr(uo)[w], (2.38)
where Lopg(uo)[w] is given by Eq. (2.37), and where

Fopr(uo)[w] == (S°(uo +w)) ™" Fluo)[w]

_ i (So<u0 + w))_l S‘l(uo + w)taxaw (239)
- ((SO(UO +w)) " - (Sg(uo))_1> No(uo)w.

The operator Fopg(up)[-] has the following properties.

Lemma 2.33 (Properties of Fopgr(uo)[-]). Suppose that Eq. (2.1) is a smooth
quasilinear symmetric hyperbolic Fuchsian system around wug with parameters
{6, 1, 5/2}. Suppose further that the smooth commutator conditions Definition 2.27
are satisfied, and that the product compatibility conditions (Definition 2.25) and the
higher order source conditions (Definition 2.26) are satisfied with respect to ji = p+o,
with some exponent scalar vy > 0, and for all ¢ > n/2 + 1.

Then there exists an exponent scalar vy such that 0 < v < min{v — u,(}, and a

constant r > 0 independent of o, so that for all w € By, 4(s/2) and h € By ;4(5/2),

w — Fopp(uo)[w] € Byt ygry,q-1(7) (2.40)
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and

h = Fopm(uo)w] — Fops(uo)w + ] € By g (r) (2.41)

for all &' € (0,0] and for all ¢ > n/2 + 1.

The inequality ¢ > n/2 + 1 in this lemma arises from the condition that the
various properties involving ¢ — 1 hold for all ¢ > n/2. This lemma is proved below
in Section 2.6.7..

Under conditions which guarantee that Lopg(ug)[w] dominates near ¢ N\, 0, we
can use this formulation of the Fuchsian system to construct a sequence of asymptotic
solutions as in Definition 2.29. Suppose the right hand side of Eq. (2.38) is just a

function of the coordinates f(¢,x):

LODE(U())[U] = f (242)

If W(t,z) denotes the fundamental solution to the homogeneous equation
Lopg(ug)[v] = 0, then the general solution to Eq. (2.42) may be formally written

v(t,x) = W(t,2)(Usr (7). . s (2)T + W (L, 2) /o sTTW (s, 2) f(s, 7)ds,

for a spatially-parameterized R%valued “initial data” function u,(x). We may then

formally define the operator

Hopg(uo) [f] (t, z) := W (t, x)/o sTTW (s, 2) f(s, 7)ds, (2.43)

which, if it exists, maps a given source function f to the particular solution w =

Hopg(uo) [f] of Eq. (2.42) determined by (w.1(x), ..., uswq(x)) = 0.
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Lemma 2.34 (Existence and properties of Hopg(ug) [w]). Suppose Eq. (2.1) is a
smooth quasilinear symmetric hyperbolic Fuchsian system with parameters {6, u,s/2}
such that p has the block-diagonal structure of N, and u > —R(X\), where X is the
vector of eigenvalues of N'. Then for any r > 0, for all ¢ > n/2 and for any scalar
exponent v > 0, there exists 7 > 0, and an exponent scalar n > 0 which may be taken

arbitrarily small, such that

Hopg(uo) [1] : BE,qu%q(T) — Bé,u+v—n,q(f)-

In particular, for every f € X544 we have the estimate

Hope(uo) [f]

O, p+y—1,9 < C(;H”f“&uﬂ,qv (2'44)

for constants C',xk > 0.

The scalar exponent 7 represents a loss of control due to the presence of logt
terms. It can be chosen to be zero only if all eigenvalues of N have multiplicity equal
to one. In the more general case, n must be chosen to be positive, but it can be chosen
arbitrarily small. Details and the proof of Lemma 2.34 are found in Section 2.6.7.
below.

The idea for the proof of Theorem 2.28 is to construct a sequence of asymptotic
solutions using the composition of Fopg(uo)[-] and Hopg(ug) [-]; we record some
properties of this composition now. The proof of these properties is detailed in

Section 2.6.7. below.

Lemma 2.35 (Properties of the composition). Suppose that Eq. (2.1) is a quasilinear
symmetric hyperbolic Fuchsian system around ug with parameters {9, pu,s/2}, as

specified in Definition 2.7 such that the hypotheses of Lemma 2.33 and Lemma 2.3/
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are satisfied. Let W € Bs,q11(5/2) be a smooth o-asymptotic solution of Eq. (2.1)
around uy with o = p+ B for some strictly positive exponent scalar 5% and for any

q > n/2. Then the function

w := Hopg(uo) [Fopr(u)[w]]

is well-defined, and for some € > 0 is an element of B; ,,..(s/2) C B;,, (s/2) for
some 6 € (0,0]. Furthermore, w is a (o + A)-asymptotic solution for an exponent

scalar A > 0.

The exponent scalar A is equal to v —n, where 1 can be chosen arbitrarily small,
and v is bounded above by v — p, and by (. The property specified by Eq. (2.41) is
used in showing that the function w is an asymptotic solution of higher order than

W.
2.6.5. Existence for Theorem 2.28

As mentioned in the outline above, the proof of Theorem 2.28 is based on
constructing an improving sequence of asymptotic solutions, verifying that under
the hypotheses of the theorem we can generate an asymptotic solution of sufficiently

high order, and finally applying Proposition 2.32.

Theorem 2.28, proof of existence. We start by constructing a sequence of asymptotic
solutions using the ODE theory from Section 2.6.4., and in particular Lemma 2.35.

Define {0 };cz+ by

w(o) = 0, w(iJrl) = HODE(UO) [?ODE(U())[’UJ(Z)H .

2ONote that if 1 is a G-asymptotic solution for arbitrary & > p, then there exists a 0 < 8 < & —
such that  is a (u + 8)-asymptotic solution.
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We claim that {@®},cz+ is a well-defined sequence of asymptotic solutions in

B; , (s/2) for some & € (0,0], and for all ¢ > n/2. Moreover, there exists an iterate

8,14
i finat, Such that @(sma) is an asymptotic solution of sufficiently high order o(finet) 0
that there exists a i < o(fina) | with respect to which the system is block-diagonal,
and the energy dissipation matrix is positive definite.

Consider w® = 0. The left-hand side of Eq. (2.6) vanishes, while the right-
hand side is hypothesized to be in the space X, , for some v > p and for all ¢ >
n/2. In particular, ¥ is a v-asymptotic solution. In order to apply the lemmas
of Section 2.6.4., we track a particular sequence of asymptotic solutions, those of
the form ¢® = p + B for some scalar exponent 5. With this in mind, fix 8 such
that u + < v, and note that ¥(® = 0 is a (1 + B)-asymptotic solution. We then
check if there exists a fi satisfying p < ft < p + [ such that with respect to fi
the Fuchsian system Eq. (2.6) is block-diagonal and the energy dissipation matrix is
positive definite (such a fi satisfies the hypotheses of Proposition 2.32). Of course
if v is large enough (and so 5 may be chosen large enough) so that we can find a
1< i < p+ B < v satisfying these criteria, then we may simply apply Theorem 2.10.
We presume that this is not the case throughout this section.

From Lemma 2.35 we observe that @) is a (u + 3 + A)-asymptotic solution, for
some scalar exponent vector A which is bounded above by v — u and by (. Again we
check if there exists a i < pu+ G+ A which satisfies the hypothesis of Proposition 2.32.
Since the increase in order of the asymptotic solution at each iterate can be fixed, we
find that @ is a (p+ B +iA)-asymptotic solution. Since the order of the asymptotic
solution increases (by A) at each step of the iteration, it follows that there exists
an iteration step i yinq for which wlrinal) satisfies the conditions of Proposition 2.32.

We note that due to the form of Fopr(ug)[] a derivative is lost at each step of the
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iteration. However, since we work in the smooth setting this is not an issue, and
we can perform the iteration as many times as needed. In fact this is the reason
for restricting to the smooth setting in this theorem. We apply this proposition to
obtain a unique solution to the asymptotic value problem about ug + W #net) | with

remainder h € X 5hg

2.6.6. Uniqueness for Theorem 2.28

In Section 2.6.5. we construct a unique solution to the AVP(ug). This is also
a solution to the AVP(uy), although it is not known to be the unique solution to
this problem. In this section we perform a “bootstrap” type argument to show that
under the hypotheses of Theorem 2.28, the solution u = wug + w + h constructed
above is indeed the unique solution to the AVP(ug). A bootstrap-type argument is a
scheme for iteratively increasing the amount of information one has about a system
or property at each step.

Suppose @ = ug + W is any other solution to the AVP(uq) with w € X;,,. We
show that w —w € X5, 4, and hence by the uniqueness in Proposition 2.32, we obtain
w — w = h, and consequently 4 = u.

We know that both @w and w are contained in a bounded subset of X5, , for all
q > n/2. Thus, W — W € By ,,4(s/2) for some s > 0 and for sufficiently small §. The

bootstrap argument which we now employ increases our knowledge of the exponent

vector for w — w, which we expect to be greater than . Now w satisfies

Lopg (o) [@] = Fopg (uo) W],
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while w satisfies
Lopg(u)[t] = Fopr(uo)[@] + (S°(uo + @)™ Rl(up)[d).
Due to the linearity properties of Lopg(ug)[-], we find that

Lopg(u)[w — 0] = Kopg[w, W]

= Fopr(uo)[i] — Fopr(u)[i] — (S°(ug + 1))~ R(ug)[w].

At this point we would like to apply the Hopg(ug) [-] operator in order to increase
our knowledge of the exponent vector for w — w. To do this we must first understand
the properties of the right hand side. According to the properties of Fopg(uo)[]

(Lemma 2.33) we have

Fopr(uo)[@] — Fopr(uo)[W] € Bsjiry.q-1(7)

for some r > 0 and for an exponent scalar 0 < v < min{v, (}. Furthermore, due to the
smooth commutator conditions (Lemma 2.27) and the properties of (S°(ug + @)

(Lemma C.21) we have
(5°(uo +)) " Rluo)[d] € Biysp(7)
for some 7 > 0 and for an exponent scalar § < o — u. It follows that

KODE[ ~7 ’(b] € B5,,LL+C¥,(]71(T)
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for some r > 0 and for an exponent scalar « < min{j,~v}. Lemma 2.34 then tell us

that

W — w = Hopg(uo) [Kope[W, W]] € Bsuta—nqg—1(7)

and that

[@ = @[5 +0-ng-1 < COF.

The exponent scalar a — 7 is positive and can be fixed. Hence for a possibly smaller
choice of §, (&' € (0,6]) we find that & — @ € By ,1a-nq-1(5/2). Iterating this
argument k times provides us with the information that @ —w € By i k(a—n)q—£(5/2),
and since we work in the smooth case, that further 1 — @ € By y15(a—n)q(5/2).

There exists an iterate k such that p+ k(o —n) > [i, showing that hi=w—1w

m

X4 That is, any “other” solution to the AVP(ug) can be written as @ = ug + 1w+ h

for h € X5, But by uniqueness to the AVP (i), h = h and thus @ = w.

2.6.7. Proofs of Lemma 2.33, Lemma 2.34, and Lemma 2.35
2.6.7.1. Proof of Lemma 2.33

Proof of Lemma 2.33. It suffices to prove the desired properties for each term in the
expression Eq. (2.39).

Step 1: Boundedness of Fopg(uo)w]

We note that from the smooth commutator conditions Definition 2.27, and from

Lemma C.21, that

R[] (S°(uo +w)) " R[—p] € X504 and RS (uo + w)R[—p] € Xsgqr
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for the positive exponent scalar £. Since the system is quasilinear symmetric

hyperbolic Fuchsian, it then follows from Lemma C.1 that the three terms

Tiw] = (S°(uo + w)) ™ F(ug)[w],
Tolw)] = (S°(uo + w))f1 tS*(ug + w)o,w,
T3[w] == <(So(u0 + w))fl - (Sg)fl> Now, = X9 (ug + w) Now

are bounded in X4 41 for some exponent scalar v < min{r — p,£}.

Step 2: Boundedness of AFopg(ug,w)[h]

We verify this property by computing each term. Consider first

[Tifw] = Tifw + hlllspty.a-1
< (S°w) ™ (F(uo) ] — F(uo)[w + A]) [ls 441

1 ((80) ™ = (8w + 1) ™) Fuo)w + Allls s

Now by Definition 2.26, Lemma C.21, and the assumption that 4 = p + 7o for an

exponent scalar 7y, the first term can be bounded by

CIRI) (S°()) ™ Rl=lls0.4-1 | AF (o, ) ]l 514701

For the second term, we have that F(ug)[w + h] € X544 for some v < v — pu.

Lemma C.22 and the smooth commutator conditions then imply that the second
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term can be bounded

I ((82w)) ™ = (8w + ) ™) Fuo) [+ Al
< ((8°)) ™ = (5w + 1)) T + Al

< O ((8°(@) ™" = (8" + ) ™) g oyt 1F 0D 0+ i1

Each norm is bounded under the hypotheses of Lemma 2.33. Using similar arguments

we compute

I Tsfew] = Tolw + Bl 1401
< (S°(w)) " (8" (w)Baw — S (w + B)Da(w + 1)) |5 401
(@) ™ = (w4 1) ) 5w + BB + B g1
< IR ult (5 (o w) — S (o, w + ) RI=plllsj-prcas
x C|[R[u] (S°(w)) ™" RI=pllls04-110atlls -1
T R=plls04-1
X R[S (w + hYRI=4] -1 10ah 150
+ CIRLu] ((°w) ™ = (8°w + 1) ™) RI=#lls st pgr
X R[S (w + YR~ 4] -1 19t 01
+ ORI ()™ = (8w + 1) ™) RI=lls s

X |R[ult S (w + h)R[—p]||5.¢.-1 | Oalt|5, -1

+ CIRp] (8" (w))
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and

[ T5[w]— Ts[w + All[s4r,9-1
< 122 (W) Nohlls pyg—1 + 11 (Z5(w) — 2 (w + h)) No(w + ) [l5,7,6-1
< OIR[uZY ()R] 15 -1 IRII NoR =) 50,4112 l5,.4-1
+ O R[] (Z1(w) = X (w + 1) Rl=ullls - pscqn
X R[] NoR[=pi]lls0.q-1[w]l 61,91
+ O R[] (2} (w) = 29 (w + 1) Rl=illls - pscas

X I RIMNoR=plll5.0.9-117ll,0-1-

Each of these terms is bounded under the hypotheses of Lemma 2.33, thus completing

the proof. O]

2.6.7.2. Proof of Lemma 2.34

Proof of Lemma 2.34. 1t is useful to work with the quantities corresponding to the
Jordan normal form of Eq. (2.37); we denote quantities for the ODE equation in
Jordan normal form using an underbar. Let T be the matrix which takes N to its
Jordan normal form, N := T- N -T~!. Hence the inhomogeneous equation Eq. (2.42)
can be written

D(Tv) + N(Tv) =T,

and the corresponding solution operator can be written

B (ug) [T'f] = W / W (s, 2)T f (s, )ds
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We find that since W =T - W, we have

Hope (uo) [f] = T~ HEEE" (uo) [T'f] -

Working with the Jordan normal form is useful because in this basis the W matrices
have a well-understood structure. Let A denote the R?-vector of eigenvalues of N'; due
to the smoothness assumption, A € C*°(7T™). Then A and W take a block-diagonal
form with each block corresponding to a particular eigenvalue of /. Let \; be an
eigenvalue of multiplicity m.

Then, the blocks corresponding to \; are m X m matrices with the form

N 1 0 ... 0
0 N 1 ...0
Nlviock = : ;

0O 0 O 1
0O 0 0 . A

1 —logt % logzt ((::L)_T;; log”“1 t

0 1 —logt ... ey log™ 2t

W lptoek =t (m=2) - (2.45)
0 0 0 0 1
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The inverse of this block, i.e., the corresponding block of W™, is

1 logt % logt ... ﬁ log™ ¢
0 1 logt ... —L1<log™ %t

Wyt = £ =2 : (2.46)
0 0 0 0 1

Using this formulation of the quantities, we now prove that f +— Hopg(uo) [f] is
a well-defined bounded function operator with the estimate Eq. (2.44). The majority

of the work is in showing that the function-operator

Zfl(t,x) = Z(t,x, f(t,x)) = /0 sTTW (s, 2)T(x) f(s,x)ds

is a well-defined function operator from Xj, , to X;,, for some exponent vector p.
Consider T'f with f € X5, ,, where v is a general exponent vector v > p. Since
T is independent of ¢, we expect (naively) that 7'f should also be in X}, ,. However,
the components of T'f are formed by linear combinations of the components of f,
and even with the assumption that 7" has the same block-diagonal structure as pu, the
best we can hope for is that there exists a v (consisting of permuted elements of v),
such that Tf € Xs,,. To avoid this issue we accept the slight loss of generality®
and assume that v = p + v for a scalar exponent v as in the statement of the
lemma. With this choice, v shares the same block-diagonal structure as p, and thus
RV TR[-v] =T € X504 We apply Lemma C.1 (for the product of a matrix and a
vector) in order to show that T'f € X4 4 for all ¢ > n/2. This form of v is sufficient

to prove the existence of solutions for Theorem 2.28 in Section 2.6.5..

21 We also accept a slight loss of control, since in general v > p + . However, since we construct
a sequence of solutions over which we have increasing control, this slight loss is of no consequence.
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Due to the particular structure of W™ we see that these are R%*?-valued
functions of (t,2) in X5\ for some € > 0. The case € > 0 is required to control
the logt terms that occur if any of the eigenvalues Ay, ..., Ay have multiplicity greater
than 1 (see Eq. (2.45)). In the special case that all \; have multiplicity one, we can
take a e = 0. Since R[u + y|W 'R[—p —7] = W' € X5 _c00, due to assumptions
that p has block-diagonal structure of N, we can again apply Lemma C.1, to show
that W 'Tf € X5 ,4n1y—cq for all ¢ > n/2.

Now we compute

IRt 218
= [ ORI 20 ORI 120 s

|k|<q

where we have defined for convenience z(s,z) := W '(s,2)T(z)f(s,x). Due to the

Holder inequality (Lemma A.10) we have

IR[p)(t, VZLfI(E, ) izo

<2/ / T |OERpl(, )25, | 2 [[OERIN (L )25, ) s

lkl<q

= ( / ORI (E (s, )] d5>2

Ikl<q
2

- (/ sHIRIpI(E )25 ds) |
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Using the Moser estimate (Lemma A.11), we find that for any exponent vector o for

which the norm ||z][5, , is defined ,

> ([ s 1ot et ->||L2ds)2

<C (/0 sTHIR(E ORI=01(5, e IRIG)(5, )2(5, )| 170 ds)

=y IR R0 )l ) ol

The constant C'; which comes from the Moser estimate, depends only on ¢ and n,
and is thus independent of p, 0 and z. To estimate the integral over s, let r = s/t,

so that we may write

/O sHIRIPI(E, IR[=0](s, )l o ds = /O IRlp = al(t, ) R[=0 + 1)(r, )| gra dr

1
< CIIRlp = o)t M | IRL=0+ 101, o

0
where the constant C' again originates in the Moser estimate. The remaining integral
is finite for 0 = p+ v+ A — € > 0, and hence can be estimated by a constant which
only depends on ¢ and ¢g. Since the constant ¢ can always be chosen so that € < 7,
it follows that Z[f] is well-defined under the hypothesis > —RA. For any p < o

the factor ||R[p — o|(t,-)|| . < C0" for C, k positive and depending on ¢ and p — o.

Thus we have Z[f] € X5 4~+r—cq and

HZ[f] (t, ')Hé,u+v+>\—e,q < Cdﬂ”f”&wrmqv

for all ¢ > n/2.
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To finish, recall that HIEEM(ue)[Tf] = WZ[f], and Hopg(uo) [f] =
T HI (1) [T f]. Since € and « are scalar exponents, u has the block-diagonal

structure of A, and \ has the same block-diagonal structure of T-'W, we have

RA+p+y=dT'WR[-A—p— 7+ =RA+p T WR[-X - 4]
= RINT 'WR[=A]

= T7'W.

Hence, we use Lemma C.1 and the fact that T-'. W € X5 —A—eco to show that
Hopr(uo) [f] € Xs,uty—n.co, for some n > 0 (n is basically 2¢). Since both T~ and W

are smooth in 7™, the estimate Eq. (2.44) holds. O

2.6.7.3. Proof of Lemma 2.35

Proof of Lemma 2.35. 1. w € B; . .(s/2). We apply Lemma 2.33 to show that
Fopr(uo)[W] € By jqq,q4(r) for some v > 0, which is bounded above by v — p and by
¢, and for some ¢’ € (0, d], and some r > 0. Next, we apply Lemma 2.34, which shows
that there exists an 1 > 0, such that @ := Hopg(uo) [Fopr(uo)[W]] € X jty—nq, and
such that

||w”5/,u+7777,q < CémH?ODE(%)[w}H6’,u+%q < Cd’”r’

for positive constants C, . Hence, we can shrink ¢’ if necessary to § € (0, 6] such that
0|54y —nq < 8/2 for any s > 0, as specified in the smooth quasilinear symmetric
hyperbolic Fuchsian system. Since n can be chosen arbitrarily small, it follows that

there exists ¢ > 0 such that w € B; ., (s/2).
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2. Control w — w. In order to prove that w is an asymptotic solution of higher order
than w, we need to determine in which space the difference h := w — w lives. Note
that

W = HODE(UO) [?ODE(UO)[IZ]H

while W satisfies

Lo + %) [i] = F(uo)[] = R(uo) (0]

= Lopg(uo)[0] — Fopr(uo) (0] = (S°(w))

and thus

i = Hopr (uo) | (S°(@)) ™" R(uo) 1] + Fops(uo)d]|

It follows from the linearity of Hopg(ug) [-] that
h = Hops (1) {(5%))‘1 R(uo)[w]] .

Now by definition R(ug)[w] € X544, and we apply Lemma C.1 in order to control
(5°(0)) " R(ug)[]. Due to Lemma C.21 we know that R+ 8] (S°(w)) ' R[—p —

8] € X504 Hence, (S°(w0)) " R(uo)[i0] € Xs,1p4 and thus by Lemma 2.34, h €

X5,u+5—n,q-
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3. W 1s an asymptotic solution. To verify that w is an asymptotic solution, we

compute

R(uo)[t] = L(uo + w)[t] — F(uo) [1t]

(1o + @) (Lopm (uo) 0] = Fopr(uo)[w])

SO
S°(uo + 1) (Fonr(uo)[@] — Fopr(uo)[w]) -

From Step 2 and the properties of Fopg(ug)[-] (Lemma 2.33), we find that
Fope(uo)[w] — Fopr(ue)[W] = Fope(uo)[@] — Fope (o)W + h] € Bsyts—ntv.q(s/2).
Since 1 > 0 can be chosen arbitrarily small, there exists a scalar exponent A =~y —n

which is bounded above by v — u, ¢ such that w is a smooth asymptotic solution of

order A greater than that of w. n
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CHAPTER III

AVTD BEHAVIOR IN POLARIZED T2-SYMMETRIC
SPACETIMES

This chapter contains work published in [3]. The calculations were performed by
E. Ames and F. Beyer; while writing was done by E. Ames, F. Beyer, and J. Isenberg.

P.G. LeFloch contributed editorial changes.

3.1. Prelude

In this chapter we prove two theorems which establish the existence and
uniqueness of AVTD T%-symmetric solutions to the Einstein equations. The first one,
Theorem 3.3, obtains solutions in a weighted Sobolev space of Section 2.2.2. with
finite regularity. This result represents the minimal regularity assumptions needed
to obtain existence and uniqueness via our method of proof. In our second result,
Theorem 3.10, we find a family of smooth AVTD solutions. The family of smooth
solutions turns out to be slightly larger in that a constraint on the asymptotic data
which parametrizes the rough family of solutions is lifted. Both this constraint for
the rough solutions, and its removal in the smooth case is due to the difference in the
Fuchsian theorems which are used to prove the respective theorems.

Our results extend existing results in the literature for AVTD solutions to the
Einstein equations in the presence of T?-symmetry. As discussed above Isenberg and
Kichenassamy use the analytic Fuchsian theory to find a family of analytic AVTD
T?2-symmetric solutions in the polarized class. Later, Clausen extended the work
of Rendall in [67] to obtain a families of smooth AVTD T?-symmetric solutions in

both the polarized and half-polarized classes [32]. The theory we develop in this
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dissertation allows us to confirm the smooth results of Clausen, and also show that

similar families of solutions can be found with finite regularity.

3.2. T?-Symmetric Spacetimes

We write the metric for the T?-symmetric spacetimes Section 1.2.3., in areal

coordinates Section 1.2.3.2., and write down the Einstein equations.

3.2.1. Polarized T?-Symmetric Metric and Einstein Equations

Let y, z be coordinates on T2, and let x be the remaining spatial coordinate,
which takes values in S'. Further, let ¢t denote the areal time coordinate of
Section 1.2.3.2.. We write the metric as in [46], and make the same gauge choice
so that the two shift quantities M, and M, vanish. This metric is obtained from a
general form of the metric on spacetimes with U(1) x U(1) symmetry and T* spatial

topology derived by Chrusciel [26]. We have

2

g = e2nv) ( —adt® + dx2> + 2V <dy + Adz + (G + AH) d:E) 2 +e U2 (dz + de) ,
(3.1)
where the metric functions {n, U, a, A, G, H} depend only on t and .

From the form of the metric it is clear that the polarized case introduced
in Section 1.2.3., in which the generators Y,Z can be chosen to be g-orthogonal
corresponds to A = const. While the polarized spacetimes are characterized by
a geometric condition, another subclass we consider, called the half-polarized T?-
symmetric spacetimes, are defined by a restriction on the asymptotic behavior of the

metric fields. We introduce this subclass below in Section 3.2.3..
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When working with the Einstein equations it is convenient to make a particular
choice of the spatial coordinates y, z on T2. First note that we may always choose a

linear combination of the generators Y = a0, + b0, and Z = c0, + d0, with constants

a b
a, b, c,d such that det # 0 so that Ky = 0, K; = K (recall the definitions

c d

of the twist constants from Section 1.2.3.). Since we are considering here the case of
T?-symmetric solutions and not the Gowdy solutions, we restrict to solutions with
K # 0. The transformation K — —K preserves all conditions imposed, and so we
restrict further to consider just the case of K > 0.

Next we choose coordinates vy, z on T2 so that the coordinate derivatives align
with the generators specified above Y = 0, and Z = 0,. Since the form of the metric
Eq. (3.1) holds for any smooth coordinates on T2, it is preserved for this choice of
coordinates. With these choices we write the Einstein equations Eq. (1.1) as the
following system of partial differential equations, computed in [12]. We have a set of

second-order equations

Ut O%Ux atUt €4U
Ut =l = =554 5 0t o (A0 = adi), (3.2)
A 2 Ae A
Att - Tt - OéAmc = < 9 + O;tat - 414tlj15 + 4O4AJ:U:67 (33)
Oy Ny o 05326 Qlgy
Nt — OMNge = 277 + 2t_;]ét - E + 2 - Ut2 + aUa?? (34)
eV 9 3e¥a
+E(At - aAa:) - At K7,
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a set of first-order equations

2 2 eV 2 e

N = tUt + tCY(]m + 4_t(At + OéAm) —+ 4—t3@K s (35)
et «
e = 20U, + —AA, — —, 3.6
1 ot o e T 9, (3:6)
e 5
ay = —t—304 K s (37)
plus a set of auxiliary equations

G, = —e’"\aKt3, H,=e*"\JaAKt>. (3.8)

We have used the short-hand notation U, := 0,U, etc. for the partial derivatives. The
auxiliary equations come from the definition of the twist constants Ky and K7 and

from setting Ky = 0.

3.2.2. VTD System

In order to prove AVTD behavior of solutions we must first identify the VTD
model metric functions, which the solution is to approach in the singular region.
In the language of the Fuchsian theory of Chapter II, we are determining the
appropriate/desireable leading order term for the solution. To this end we compute
the VID system as in Section 1.3.4.. With a specified system of coordinates,
computing the VTD system from the associated Einstein system reduces to dropping
the spatial derivative terms relative to time derivative terms. This means that while in
an equation with both space and time derivative terms we drop the spatial ones, these
terms are not dropped in an equation in which each term contain spatial derivatives,

such as Eq. (3.6).
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From Eq. (3.2)-Eq. (3.8), we find the VTD system to be composed of the following

equations. We multiply the evolution equations by a power of ¢ equal to the order of

the highest time derivative in order to write the equations in Fuchsian form, that is

with the derivative operators D := td;, and D? = t?0?+t9;. We have the second-order

evolution equations

DU
D?*A —2DA

D*n— Dn

DaDU e*
—(DA
200 + 2t2 (DA)

DaDA b apu
«

DaDn
2a

and the first-order evolution equations

Dn
Da
DG

DH

DU)? ﬂDA
(DU + < (DA)
627722
——tQOzK,

—eJa Kt™2,

e /o AKt2.

e

— (DU)?* + —(DA)

2
)

4U

4¢2

2 e K2
+ —a
4¢2

s 3e¥a

Y

2
4¢2 K

(3.9)
(3.10)

(3.11)

(3.12)
(3.13)
(3.14)

(3.15)

Note that the equations for «, G, H are unchanged except for multiplication by t.

We also have the constraint equation, Eq. (3.6) which is unchanged; the asymptotic

analysis of this equation is addressed in Section 3.3.5. below.
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It can be shown [32, 43] that Eq. (3.9)-Eq. (3.15) are asymptotically satisfied in

the limit ¢ 0 by the following expansions

Ot x) = %(1 k() log t + Usa (), (3.16)
A(t,x) = Au(z) + Ay (2)t2@) (3.17)
At ) — %(1 k() logt + 1., (3.18)
G(t,x) = o, (), (3.19)
G(t,z) = G.(x), (3.20)
H(t,z) = H,(z), (3.21)

provided k(x) > 3. The functions of z € T, {k, U.., Ay, Aws, ., G, H,} are called
asymptotic data functions. The function «, is expected to be positive definite in order
for the asymptotic metric to maintain the appropriate signature. Further conditions
on the asymptotic data are imposed in the main theorems below.

In the polarized T2 symmetric spacetimes the A-field is non-dynamical,
corresponding to A = const. In terms of the asymptotic data above, we have in
this case A, a constant and A,, = 0, so that there is no free asymptotic data to
choose. The polarized class also determines the singular character of the solution
through the asymptotic data function k(x). From the expressions above we see that
if an AVTD solution is not polarized, then there is a power-law type blow-up in the
A-field if and only if k(z) < 0. For polarized AVTD solutions on the other hand,
there is no power-law type blow-up for any sign of k(x).

Note that since we expect locally Kasner-like behavior, the logarithmic terms
for U and 7 are consistent with those fields appearing in exponentials in the form of
the metric. The function k(x) determines the Kasner exponents p;, pa, p3 of the VTD
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metric at each spatial point

pr= (K =1)/(k*+3), p2=2(1—k)/(K*+3), ps3=2(1+k)/(k+3).

These are computed as the eigenvalues of (trk)~'k, where k is the second fundamental

form expressed in an orthonormal frame.

3.2.3. Half-Polarized T?-Symmetric Solutions

While the polarization condition corresponding to a non-dynamical A-field is
a geometric condition, relating to the structure of the two symmetry generators Y
and Z, the half-polarized T2-symmetric solution which we now introduce refers to a
restriction on the space of asymptotic data. We note that a fully general 7%-symmetric
solution which is AVTD (if such exist) has free asymptotic data functions A, and
A,.. On the other hand the polarized T2-symmetric solution which is AVTD has,
as discussed above, no free asymptotic data. This discussion motivates the following

definition.

Definition 3.1. Let g be a T?-symmetric solution of the Einstein equations which is
AVTD and hence has the metric field expansions Eq. (3.16)-Eq. (3.21). The solution
is called a half-polarized T?-symmetric solution if the asymptotic data are such

that 0, A.(x) =0, and A..(x) is freely specified.

This arises as a meaningful class of solutions since in our analysis below we
find that the Fuchsian theory of Chapter II cannot be applied unless the condition
0; A, = 0 holds. Of course this condition alone does not imply the full polarized class.
T?-symmetric solutions which are AVTD and which have half-polarized asymptotic

data have been shown to exist [32]. The term “half-polarized” to label solutions with
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“half” the number of freely-specifiable asymptotic data functions first appears in a
discussion of U(1)-symmetric solutions with AVTD behavior, in [45].

While we show in the following sections that there exists families of AVTD
half-polarized and polarized T?-symmetric solutions, fully general solutions are not
expected to be AVTD. To the extent that it makes sense to speak of the data
functions A, and A,, in this general context, such functions would be non-vanishing
and non-constant. Numerical studies and heuristic considerations indicate however
that fully general T?-symmetric solutions exhibit Mixmaster-like BKL behavior at
the t = 0 singularity, or behavior which is dominated by spikes —see the discussion

and references in Section 1.3.3..

3.3. AVTD Solutions to the T?-Symmetric Einstein Equations: The

Finite Regularity Case

The first result is an application of the fundamental Fuchsian theorem,

Theorem 2.10 to the polarized and half-polarized T?-symmetric Einstein equations.

3.3.1. Statement of Theorem
It is useful to specify the appropriate set of asymptotic data.

Definition 3.2. Let K9 denote the set of asymptotic data {k, U, As, Ass, 0, G, Hy}
such that A, is a constant, k, U, a, € HIT2(TY) (with a,(z) > 0), A, € HIT(T?)

and G, H, € HY(T") for any q > 3', and which satisfy the integrability condition

/ (0 K@) — Sogey@)as =0,

IThe inequality ¢ > 3 comes from the condition ¢ > n/2 + 2 in Theorem 2.10.
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together with, at each point x € T*, either

1. k(x) > 14++/6 for arbitrary A.. (the half-polarized case),

2. k(z) > 1+ 6 or k(z) <1—+/6 for A,. =0 (the polarized case).

The integrability condition above arises in demanding that the constraint
equation Eq. (3.6) hold in the limit ¢ N\, 0, as well as in considering the closed
spatial topology. The derivation of this constraint, and more details are found in
Section 3.3.5.. The inequalities on k& become clear in the proof of Theorem 3.3 below;
they are required in order to make the conditions on the exponent vector u consistent.
The different regularity conditions on the asymptotic data functions arise depending
on which parts of the equation each function plays a role, and on the particular non-
linear terms in the Einstein equations. In the definition above, as well as below we
use the notation U., (), (log a.(x))’, etc., to denote the derivatives of functions which
only depend on the spatial variable z.

Our first existence and uniqueness theorem for the 7% -symmetric vacuum

solutions is as follows.

Theorem 3.3 (AVTD (half)-polarized T?-symmetric vacuum solutions: finite
differentiability case). For any twist constant K € R, constantny € R, and asymptotic
data in K% there exists a § > 0, and a T*-symmetric solution (U, A,n,a,G, H) of

Einstein’s vacuum field equations with twist K of the form
(U, A;n,a,G H) = (U, A &, G, H) + W,
with leading-order term (U, A, 0, Q, G, H) given by Egs. (3.16)—(3.21), with

w@) =t [ (0RO - om0 6 ) dr B2
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and remainder W € Xs,, (and DW € X5, ,1) for any exponent vector p =

(:uh M2, 3, g, L5, /’LG) SCLtZSfyZTLg

1 < pi(z) < min{2, %(k(x) = 3)(k(z) + 1)},

<2k:(m) ++/1+ 4]{:(1‘)2) < peo(z) < 1+ 2k(x),

N | —

0 < pa(x) < pu(a), (3.23)

0 < pala), po(a) < 5 (k() — B)(k(a) + 1),

0 < po(a) < 3 (k() + 8)(h(x) — 1)

This solution is unique among all solutions with the same leading-order term and with

remainder W € X5, 4.

This result does not imply uniqueness of the solutions within the largest function
space of interest. For a given choice of asymptotic data in K9, the ideal result would
establish the existence of a unique remainder W € Xj , , with a lower bound for p

given by the exponent of the corresponding leading order term, that is

M1y B2 — 2ka“37#47“57”6 > 0.

However, Theorem 3.3 requires a stricter lower bound on p which is specified in
Eq. (3.23). It follows then that for given choice of asymptotic data in K? there
may exist solutions of the asymptotic value problem about (U ,fi,f],é’z,é, H ) with
remainder in the larger space Xj; 4, for i such that 0 < f; < 1 and 2k < fip <
% <2k(x) ++/1+ 4k(x)2>. We discuss this issue further below, and prove a result,

Theorem 3.10, which establishes uniqueness in the largest space compatible with the
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leading order expressions (i.e. a space with exponent vector p with the ideal lower
bounds above).

In proving Theorem 3.3, it is useful to first focus on a subset of the T>-symmetric
Einstein vacuum equations. Inspecting, Egs. (3.2)-(3.8) we see that the equations
Egs. (3.2), (3.3), (3.5) and (3.7) together form a coupled evolution system for the
variables U, A, n, and a, while Eq. (3.6) serves as a constraint equation for this system.
We call this system the main evolution equations. We treat the second-order
evolution equation for 7 as a constraint on the main evolution equations, although it
plays an insignificant role. The remaining evolution equations for G and H, Egs. (3.8),
can be integrated after we have dealt with the main evolution system.

In the next few sections we focus on the main evolution equations. The central
task is to formulate a first-order symmetric hyperbolic system, and verify that, for
our choice of leading order term, this system is Fuchsian in the sense of Definition 2.7.
The leading order term is chosen to be consistent with the VT'D expansions Eq. (3.16)-
Eq. (3.21) so that the solutions we eventually obtain are AVTD. To obtain solutions
we seek to apply Theorem 2.10. The remaining hypotheses of Theorem 2.10 are
checked in Section 3.3.4., and we formulate our central result for the main evolution
equations in Proposition 3.5. In Section 3.3.5. we return to the remaining Einstein
equations and show that given a solution to the first-order main evolution system, we

obtain a solution to the full Einstein system as in Theorem 3.3.
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3.3.2. Main Evolution Equations.

In order to apply the Fuchsian theory of Chapter II we formulate the main

evolution equations as a first-order symmetric hyperbolic system of the form
S°(u)Du + tS“(u)O,u + f(t, x,u) =0

as in Eq. (2.1) for some first-order fields u. To obtain a symmetric hyperbolic system
it is necessary to define a new field from the spatial derivative of a. As is done in
[43], we set

B = 0. (3.24)

The evolution equation for S may be obtained by taking the spatial derivative of

Eq. (3.7) and by using the constraint Eq. (3.6) to eliminate 7,; we find

2n

B, = —et—4aK2 (18 + a (" AL A + 42°ULLY) )

The first derivatives of a which appear in other evolution equations are now replaced
using Eq. (3.7) for oy and S for a,.
We also introduce at this stage a redefinition of the variables U and 7 which is

performed in [3]. In that paper we define

~

d

1 1
::U—i(l—k(x))logt and ﬁ::n—z(l—k)Qlogt.

The reasons for these two seemingly similar redefinitions is actually different. The
variable U is introduced because in the Fuchsian theory of [3] it is desirable to have an

“ODE leading order term.” This means that the leading order term for the first-order
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system ug should satisfy

LODE(U())[U()] = DUO —|—N(U0)UQ =0.

One must balance this condition on wuy with the desire that the first order leading
order term, which is derived from the VTD expansions Eqs. (3.16)—(3.21) above,
be compatible with the first-order field definitions. For a second-order field u(¢, z),
the first-order fields in a Fuchsian equation are typically defined by u; = u,uy =
Du,ug = tO,u. In Section 2.4.4 of [3] we show that for an equation of the type
which U satisfies (a non-linear Euler-Poisson-Darboux equation), the ODE-leading
order term condition is incompatible with the first-order field definitions. This issue
is rectified by working with the new field U obtained by subtracting off the log t-term.

The field 7 is introduced more as convenience. Note that the logarithmic term
1/4(1 — k)?logt leads to an O(1) term under the action of the D = tJ, operator.
In Eq. (3.12) this term cancels with the O(1) contribution from (DU)? term on the
right hand side. By defining 77 as we do, and in light of the redefinition of U, this
cancelation occurs at this stage.

The Fuchsian theory in [3] has since been improved. Although neither of the field
definitions U or 7 is necessary for our current formulation of the Fuchsian theory, we
keep them here in order to avoid redoing the analysis completely. The full set of

first-order fields are defined as follows

uy = [7, U = DU, Uz = tar[/j, (325)
Uyqg = A, Uy = DA, Ug = t@xA, (326)
Uy =1, ug = @, ug = f. (3.27)
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The main evolution system Egs. (3.2), (3.3), (3.5) and (3.7) can now be written as a

first-order symmetric hyperbolic system as in Eq. (2.1). We find

Dul = U2,

1 1 1
Duy — ugtdyus = EtUQ(Ug — —tlogtk') + 564“115_2’“ (ug — ugug

2
1
- 162“7251/2(1_’“)2_2118}(2(1 — k + 2uy)
1 2 "
— §t log tk" ug,

'LL8DU3 — ugt&qu =usus,

Duy = us,

1
Dus — ugtdyug = 2kus — 4usus + —tugug + 2ugug(2uz — tlog tk')

2

o 1€2u7t1/2(17k)272

5 ugus K2,

U8DU6 — UgtazU5 = Ugug,
1
Duy = (1 — k)ug + u3 + Zu8(2u3 — tlogtk')?

- l75_2'“64“1 (up + usug) + ;162“7751/2(1_’“)2_

4
Dug = — €2u7t1/2(17k)272u§K2’
Dug = — 62“7t1/2(1_k)2_2u8K2
_ ((1 — k + 2uy)(2u3 — tlog tk)ug P
t

The coeflicient matrices are

S%(u) = Diag(1,1,ug,1,1,ug,1,1,1),
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(3.32)
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(3.34)
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(3.37)



and

Sfwy=]0 0 0 0 0 —u 00 0], (3.38)

while the source term f(¢,z,u) is given by the negative of the right-hand-side of
Eqgs. (3.28)-(3.36).

Note that the system has a block-diagonal structure, and the first two blocks have
a structure typical of second-order equations reduced to first-order by field definitions
of the type Eq. (3.25). To make these blocks symmetric we have multiplied the third
and sixth equations by us.

The function k(z) that appears in the components of f(¢,x,u) as a result of the
definitions of the variables u; = U , and uy = 7) is, at this stage, an arbitrary function.

Finally, we note that the corresponding equations in [3] included terms Nu for a
matrix N(u). As is discussed in Section 2.2. we no longer partition the equations in
this way at this stage in order to simplify the presentation; the system Egs. (3.28)—

(3.36) is however, equivalent to that in [3] .
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3.3.3. Evolution Equations as a QSHF System

In this section we prove that for a specified leading order term u, the first-order
system corresponding to the main evolution equations, which is introduced in the
previous section, in fact forms a quasilinear symmetric hyperbolic Fuchsian system as
in Definition 2.7. A leading order term for the first-order fields can be derived from
the VID expansions Egs. (3.16)—(3.19) using the definitions of the first-order fields.
We find

w =(y, Uy, Us, Ug, Us, Ug, Uz, Us, Ug)

(3.39)
= (Ups, 0,tUL,, Ay + At 2k A%, 0, 1, 0, &)

The choice ug = 0 may seem incorrect since from the definition of ug and the VTD

expansion for the A-field we compute

10, A(t, ) = '@ (A (2) + 24, (2)K (z) logt)

assuming A, is independent of x as in K?. We note however that since in the half-
polarized case? k(x) is positive definite, this leading order term vanishes as t \, 0. Our
choice above is therefore consistent with this computation, and in addition simplifies
the analysis. Although not needed for the analysis here, we note that this choice of
u is an ODE-leading-order term.

To check that we have a quasilinear symmetric hyperbolic Fuchsian system,

we also specify an exponent vector p. Considering the block-diagonal conditions

2In the polarized case A is not a dynamical field, rendering this discussion mute.
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Definition 2.9, we choose

= (o, fa1, f1, fay by fh2y H3, [y f1d)- (3.40)

As per the Fuchsian method we make the ansatz that the solution takes the form
u = U+ w, where w is a remainder controlled in X5, ,. The precise control which we
may obtain on w is determined by the leading order term u and the equation. From

the VI'D expansions we hope to obtain control in spaces with p given by

W1, pi3, g >0, and o > 2k.

However, as the lemma below shows, we can not guarantee at this stage that w is
in so large a space. The first step in the Fuchsian analysis is to verify that for the
given choice of leading order term one obtains, possibly under certain conditions, a

quasilinear symmetric hyperbolic Fuchsian system.

Lemma 3.4. Choose any asymptotic data functions {k, U, As, As, o} such that
A, is constant, o, is positive definite, o, and n, are functions in HY(T"), A, is

contained in HIY(Ty), k and U,. are elements of H™*(T"), and k satisfies

k(z) > 1+ V5, or, k(z) <1—+/5

Then there exists sufficiently small 6,s > 0 such that for any q > 3 the symmetric
hyperbolic system formed by FEgs. (3.28)—(3.36) forms a quasilinear symmetric

hyperbolic Fuchsian system as in Definition 2.7 about u given by Eq. (3.39) and with
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w as in Eq. (3.40), satisfying at each point v € T*

max{0,1 — (k(z) — 3)(k(z) + 1)/2} < p1(x) < min{2, (k(x) — 3)(k(x) + 1)/2},
2k(x) < po(z) < min{l + 2k(x), u1(x) + 2k(x)},
0 < ps(z) < (),

0 < pa(z) < min{(k(z) = 3)(k(z) +1)/2,p () — 1+ (k(x) = 3)(k(z) +1)/2}.

Moreover, we find the matrices

SY = Diag(1,1,a,,1,1,,, 1,1, 1), (3.41)

and

No=10 0 0 0 -2k 0 00 0f- (3.42)

o o o0 o 0 0 000

Proof. Step 1: By construction the matrices SJ, S® and S! are all symmetric. Further,
provided a,, > 0 at all z € T", there exists a > and s > 0 for which both S, and

SO are positive definite.
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Step 2: From the form of Eq. (3.37) above, and expansion for ug = « it is clear that

SY = Diag(1,1,a,,1,1,a,,1,1,1), and S%(w) = Diag(0, 0, ws, 0,0, ws, 0,0, 0).

As SP(w) is linear in w it is clearly bounded and satisfies the desired Lipschitz
property. Further, S{(w) € X, for any 0 < ¢ < py.
Similarly, we find from Eq. (3.38) that ¢S{(w) is linear in w, and tS{(w) € Xs¢,4

forany 0 < ¢ < 1.

Step 3: Lastly we check Condition (iii) of Definition 2.7. To decompose f(t,x,u)
into f(t,z,w) and Now we insert the Fuchsian expansion ansatz « = % + w in the
expression for f(t,z,u) above in Eqs. (3.28)-(3.36). Inspecting these expressions it
is clear that terms of only a few different types are present. There are terms of
the form H?Zl u?" for some positive integers p;, there are terms of the form e for
some positive real number r, and component u;, and there are products of these two
types of terms, as well as such terms being multiplied by functions of space and time.

Lemma C.3 shows that any such term (u) can be expanded in the form

QZJ(U) = ¢0(t7 l’) + ¢1(t7 ‘T)w + iﬂg(t,l’, U)),

and that it is a well-defined function operator. We then form Nyw by considering
all terms linear in w with an O(1) coefficient, and which respect the desired block-
diagonal structure. Although Ny need not have the same block-diagonal structure as
w at this stage (ie in order for the system to be a quasilinear symmetric hyperbolic
Fuchsian system), we construct it to be consistent with this structure for later

convenience. An example is the term (1—k)uy which appears in the evolution equation
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for uz, Eq. (3.34). While this term generates a linear term in wy with an order one
coefficient, it breaks the block-diagonal structure of Ny. The terms not selected for
Ny (the Fuchsian principle part) go into fi(t, z, w).

The source operator for the reduced equation, F(ug)[w], is then obtained by
subtracting off Y77 57 (w)djug, as in Eq. (2.5). The objective of this step is to
remove terms which are unbounded in the limit ¢ ™\, 0 from the equation.

Our next goal is to verify that F(ug)[w] € Xs,, for some v > p. Similar to
in the Fuchsian reduction step above the terms in each component of F(ug)[w] are
of three types: I) Terms which are independent of the w fields and depend only on
asymptotic data functions and (¢,z). II) Products of w-fields multiplied by some
function of (¢, x), such as a combination of asymptotic data functions. III) Terms of
type (IT) multiplied by a factor e™: for some real number r and component w;. The
discussion and lemmas in Appendix C show that for the asymptotic data with the
indicated regularity, each such term is a bounded operator on Xj , , with target X;, ,
for some v > p which satisfies the requisite Lipschitz estimates.

The constraint on the asymptotic data 9, A, = 0, which defines the half-polarized
class arises in this step. In analyzing F(ug)[w] we find terms which blow-up as some
function of k(z) in the limit ¢ \, 0, and which are proportional to 9, A, —e.g. 9, At~ .
Since these terms violate the condition that F(ug)[w] is contained in X, , for some
v > p (recall p > 0), we eliminate them by restricting our asymptotic data to the set
with 0, A, = 0.

Due to the large number of terms in the expression for F(ug)[w] (this is especially
large after the Fuchsian ansatz v = wug + w has been implemented) this analysis
is performed with the aid of a computer program. This program is written in

Mathematica. O
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3.3.4. AVTD Solutions of the Main Evolution System.

We now show as an application of Theorem 2.10, and as a step towards proving
Theorem 3.3, that there exists a unique solution the first-order main evolution system
with leading order term given by Eq. (3.39). We state this result formally in the

following proposition.

Proposition 3.5. For any twist constant K € R, for any Sobolev differentiability
indexr ¢ > 3, and for any choice of the asymptotic data functions such that A, is
an arbitrary constant, a.(x) > 0, k, Us, a, € HIT2(TY), A,. € HTHTY) and n, €

HYT"Y), and k satisfies (at each x € T") either
1. k(x) > 14+ /6 (for arbitrary A,. the half-polarized case),
2. k(z) > 146 or k(z) <1 —+/6 (for A.. =0 the polarized case),

there exists a &1 € (0,6], and a unique solution of the first-order main evolution
system Eqs. (3.28)-(3.36) with leading-order term u and remainder w € Xs, ,,, (and
Dw € X, uq-1) so long as the exponent vector p given by Eq. (3.40) satisfies the

following inequalities at all x € T*:

1 < p(z) < min{2, (k(z) — 3)(k(z) + 1)/2},

<2k(m) T 4k(a:)2) < a(x) < 1+ 2k(z),

N | —

0 < ps(z) < (),

0 < pala) < 5 (k() — B)(k(x) + 1)

While in Proposition 3.5 and elsewhere in this section we have written the results

for the polarized and half-polarized solutions together, it should be clear that in these
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statements any mention of uo, the A-field, and the corresponding first order fields wy,
ws and wg only pertains to the half-polarized case.

As noted above, this proposition is an application of Theorem 2.10 to the
quasilinear symmetric hyperbolic system established in Lemma 3.4. The following
lemma regarding the positivity of the energy dissipation matrix is an essential part

of the proof of Proposition 3.5.

Lemma 3.6. The energy dissipation matriz My defined in Eq. (2.7) corresponding
to the quasilinear symmetric hyperbolic system of Lemma 3.4 is positive definite at

every x, provided that

0u(@) >0, pulz)>1,

pe(z) > max {1, k(x) + % 1+ 4/{:(x)2} . (@), palz) >0,

holds for all x € T*.

Proof. We compute from the definition

p —1 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0 0
0 0 auuw—1) 0 0 0 0 0 0
0 0 0 pe  —1 0 0 0 0
My=10 0 0 0 g —2k 0 0 0 0
0 0 0 0 0 (e —1) 0 0 0
0 0 0 0 0 0 ps 0 0
0 0 0 0 0 0 0 e O
0 0 0 0 0 0 0 0 ju
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This matrix is guaranteed to be positive definite if the eigenvalues of sym(M,) =
1/2 (]\/[0 + MT ) are positive definite; this property holds if the inequalities above are

satisfied. O

Proof of Proposition 3.5. We mnote that the quasilinear symmetric hyperbolic
Fuchsian system formed by Egs. (3.28)—(3.36) and the leading-order term Eq. (3.39)
is block-diagonal with respect to the exponent vector Eq. (3.40). Thus to apply
Theorem 2.10 and complete the proof of Proposition 3.5 it remains to verify that the
hypotheses of Lemma 3.4 and Lemma 3.6 can be satisfied simultaneously, and that
the matrices S) and Ny are contained in H%®(T") for gy > 1/2+ 1 + ¢ (since n = 1).
This later condition is satisfied provided a, and k (the asymptotic data appearing in
these matrices) are contained in H?"2(T").

The hypotheses of Lemma 3.4 and Lemma 3.6 can be satisfied simultaneously
only if k(z) > 1+ /6 in the half-polarized case, and either k(z) > 1 + /6 or
k(r) < 1 —+/6 in the polarized case. In particular, the constraint k(z) > 1+ /6
comes from combining the inequalities on p;.

This establishes that the hypotheses of Theorem 2.10 are satisfied. An

application of this theorem completes the proof of Proposition 3.5. O

3.3.5. The Full Set of Einstein’s Vacuum Field Equations.

Thus far, using Theorem 2.10, we have constructed solutions u of the first-order
main evolution system. In this section we show that under additional restrictions on
the asymptotic data: I) The first-order fields given by the solutions to the first-order
main evolution system in fact correspond to second-order fields, that is the first-order
field definitions propagate. II) Given the solutions to the main evolution system, the
Einstein equations, Eq. (3.4) and Eq. (3.6), which we treat as constraints, as well as
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the definition of the f-field Eq. (3.24) are satisfied asymptotically and propagated
by the evolution. Provided these first two points can be shown, it follows that the
solutions to the first-order main evolution system in fact give solutions to the Einstein
equations Eqgs. (3.2), (3.3), (3.5), and (3.7) by reversing the first-order field definitions.
IIT) The auxiliary equations for G and H (Egs. (3.8)) can be integrated. We state

these results formally in the following proposition.

Proposition 3.7. For any solution of Proposition 3.5 with asymptotic data in K9,
as in Definition 3.2, the full set of Einstein’s vaccum field equations Egs. (3.2) —

Eq. (3.7) are satisfied, and Eqs. (3.8) can be integrated for G and H.

Proof. We start by showing that the solution to the first-order main evolution system
corresponds to a solution of the original second-order Einstein equations. Define the

constraint violation quantities

Ci(u) :==ug/t — Jyuy, Co(u) :=us/t — dyuq, (3.43)

Cs(u) :=us/t — Oyuy, Cy(u) :=ug/t — Dpuy. (3.44)

The propagation of C;(u) and Cs(u) follows directly from Eq. (3.28) and Eq. (3.31)
respectively, since t times these constraint violation quantities is equal to the indicated
equations. For Cy(u) and Cy(u) we use Eq. (3.28),Eq. (3.30), Eq. (3.31), and Eq. (3.33)
to derive the expressions DCy(u) = 0, and DCy(u) = 0. Then, since the form of the
leading order term for the main system implies that Cy(u), Cy(u) must asymptotically
vanish, it follows that each must vanish for all time. The results of these analyses are
that we may make appropriate substitutions of the fields in the analysis below, e.g.
we may replace instances of us by tdyu;. This is also a step towards proving that the

second-order Einstein equations for U and for A are satisfied.
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To complete the argument that the remaining Einstein equation are satisfied, we

consider the following constraint violation quantities. From Eq. (3.4), we define

2
axnx atnt . Ckm Ay

&= _ntt+an$m +

2 " 20 da 2
2 2 etV 2 2 3e’la 2 (3.45)
_Ut +aU$+4_tZ<At_an>_ Y K
while, from the constraint Eq. (3.6), we have
et a
= =, + 20U, + — A Ay, — —. 4
o) Ne + 2tUU, + op 0 (3.46)

Additionally, we must show that the constraint based on the definition of 3 is satisfied;

we define
Qs :=—a, + 0. (3.47)

We note that if the constraint violation quantities £, Q;, and Qs can be shown to
vanish identically, then, along with the propagation of C;,7 = 1,...,4 above, we obtain
that a solution u of the main evolution system Eqs. (3.28) — (3.36) corresponds to
a solution of the Einstein equations Eqs. (3.2)—(3.7). The following lemma is an

important step in establishing this result.

Lemma 3.8. Let u be a solution of Eqs. (3.28) — (3.36). Then,

1
&= 5(@2 — Ug) Q1 — us Q1 4
(3.48)

1
i Z <64“1t_1_2ku5u6 + (k? 1 2u2)(10g tk — 2t_1u3)) Qs.

160



A consequence of this lemma is that if we can show that Q; and O, vanish
identically under the hypotheses of Theorem 3.3, then it follows that £ vanishes

identically as well. Before treating Q; and Qs we prove the above lemma.

Proof. The proof consists of substituting the results of the first-order main evolution

system in Eq. (3.45), and using the field definitions
1 1 ,
U:u1+§(1—k(x))logt, nzm—i—z(l—k(x)) log t.

In order to apply our knowledge of the solution u to the first-order main evolution
system, we put the constraint violation quantities in terms of these quantities. We

find

Qo = —ug, + Uy (3.49)

Q1= Uz, + E(1 — k+ 2ug) + et 1=k ug — k' log tus — U8

t us
" (3.50)

8,x
= Uy, — =24
Ure = 5 F (u)
E= — Uy + usz g + T(u)

(3.51)

1 u% 1
L — ZK(1 - k)logtus »
dug 4 ( )ogu&,

+ §u8,xu7,x + 5“8,&::5 -

where S(u), and T'(u) contain the remaining terms, all of which depend on the first-
order fields u, but in particular do not depend on spatial derivatives of ug —we write

such terms explicitly since they involve the constraint violation quantity Qs later in
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the analysis. Notice that in the expressions for £ and Q;, the terms independent of
u which arise due to the definition of U and 7 cancel.

We now write the second-derivative terms appearing in the expression for £ as

DU7 1
Urit =~ g + ZatDUﬂ
2
= ugQi — ~tiga + 2 4 gD, S (1)
UgU7 zx Ug L1,z 2 8,xx 2U8 8Uzx 9
and we also compute
1 1 ui, 1
FUR 2 UT = —ZUS o - ’ = xS .
5 Us.a T, 5 s Tus + S useS(u)
Inserting these expressions into £ we find
1 1, 1
E= — U8Q17x — §u8,xQ1 — Z_Ik (1 — k) logtu&x + EU&IS(U)
Du 1

Finally, we use the constraint equation for ug,, from which it follows that

1

4
1 1, 1

— zatDw — é_lk (1 — k) logtug + ug0,S(u) + §u95(u) + T(u).

1
€= —5(=Q+u)Q —usQua —

DU7
t2

(K'(1 —k)logt —2S(u)) Qo

Presuming that u satisfies the first-order evolution system Eqs. (3.28) — (3.36) we find

that the terms in the second line cancel, giving the form of £ stated in the lemma. [J

We now proceed to show that Q; and Qs vanish under appropriate conditions
on the asymptotic data; these conditions are encoded in the Definition 3.2 for K9.

We start by writing evolution equations for DQ; and DQs. To this end it is useful to
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compute the following mixed derivatives. From Eq. (3.34) and Eq. (3.35) we obtain

1
UT ot = zaxDuﬁ

1 1
= — ZKQ log(t)tz (1M =3p/c2ury o 4 ZK%log(t)t%(l’k)2’3k’e2“7ug

+ 1K2t%<1_k)2_362“7umu8 + EKQt;(l—k)2—3e2u7u8

)

1 1
— log(t)k"uzug — 3 log ()t 2F 1k et — 3 log ()t~ 2F 1k e* uug

k/'UQ

t

1
— log(t)k'us zus — log(t)k ugug . + Zt log® (t)k"*usg ,
1
+ §t10g2(t)k:'k”u8 TR ety P ety g

1 5 1 o5 1 ope
4 g2k 1€4U1U5U57x+—t 2k 1€4u1U6U6,mU8+Zt 2k 164"1u§u87$

2 2
kus, — 2usts,  Usy | 2UsUzals | Ulsg
t t t t t

1
Uzt = géxDUS

— K23 (K -2k-5) (—e*7) ug (us (2ur, + (k — 1) log(t)k') + 2us ) -

By using these expressions for the mixed derivatives, the constraints Eq. (3.50) and
Eq. (3.49) to eliminate u7, and us., and finally the evolution system Eqgs. (3.28) —

(3.36) we obtain

1
DQ, = — EUSJ(262u7t(k_3)(k+1)/2Q1
1
+ <u§ — tlog tusk’ + 1 (et ug +t2(logt)2(k’)2)> 0,,

DO, = — 2K262“7t(k73)(k+1)/2us (Qa +2ugQy) .

The intermediate expressions are long in length, and so we refrain from writing them

out here.
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These describe, at each spatial point, a system of linear homogeneous ordinary
differential equations for Q; and Qy on the interval (0,6]. Due to the leading order
terms for the first-order fields u,® and the condition k(x) > 3 or k(z) < —1 at each
x € T, we observe that the coefficients of this system are well-defined and vanish
in the limit ¢ N\, 0. Hence, at each spatial point, this system is Fuchsian ODF that
can be considered a special case of Definition 2.7. The Ny matrix for this system is
identically zero. Hence if the leading order terms, Q;(z) and Qs () can be chosen to
vanish, then the quantities Q; and Q, vanish for all (¢,z) € (0,6] x T*. Moreover,
Q; = Qy = 0 is the unique solution to this ODE AVP in a space X, (a space similar
to X5, but without the spatial regularity parameter) for a p > 0.

The question becomes under what conditions on the asymptotic data functions
k, U, Ay, Ass, 0s, ay and &, can we set Oy (z) and Qy(z) to zero. By inserting the
leading order expressions for u into Eq. (3.50) and Eq. (3.49) and taking the ¢ N\, 0

limit we find

/

Qi =~ + (1= WL, — 5= and Qy=al-f.

Oy

It follows that Q, = 0 if and only if
B = o, (3.52)
and Qol = 0 if and only if, for an arbitrary constant 7,

wa) =mt [ (A=) - Glozay @) dr (553)

3Recall that in this section we assume u to be a solution obtained in Proposition 3.5
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In particular, due to the closed spatial topology we must choose the asymptotic data

k, U,. and ay, as in Definition 3.2, to satisfy

(- kL) - Logay @) ) dx =0
[ Loge ()

At this point we have shown that under the hypotheses of Theorem 3.3 a solution
u of Proposition 3.5 is a solution of Egs. (3.2)—(3.7) if and only if the asymptotic data
functions satisfy the conditions of Definition 3.2, and in particular Egs. (3.52) and
(3.53).

It remains to treat the Eqs. (3.8) for G and H. Using the known solutions of
Egs. (3.2)-(3.7) to evaluate the right hand sides of Eqs. (3.8), we see that both are
O(t%) for a power £ > —1 uniformly in space. It follows that the Egs. (3.8) may be

integrated over t € [0, 0] at every spatial point, giving

¢
G(t,x) = Gi(z) — / D ot x) Kt'=3dt,
0

t
H(t,x) = H.(z) +/ e2n(t'x) /Oé(t’,x) A(Zf/,x)Ktlfgdt/.
0

From the control on o, n, and A which we have established —via control on u, and the
above constraints— we observe that the remainder functions G — G, € Xj, ,,, , and

H — H, € X5, 4,4 for any of exponents satisfying
0 < ps(x) <1/2(k(z) = 3)(k(z) +1), 0<pe(r) <1/2(k(z)+3)(k(z) —1).

It is sufficient to take Gy., Ga, € HY(T").

This completes the proof of Theorem 3.3. n
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3.4. AVTD Solutions to the T2-Symmetric Einstein Equations: The

Smooth Case

In this section we prove that there exists smooth AVTD T2-symmetric solutions
to the Einstein equations Egs. (3.2) —(3.7) and Egs. (3.8). This result improves on
Theorem 3.3 in that it establishes uniqueness of the remainder part of the solution,
W in a larger function space. On the other hand, in order to prove this theorem we
must make stronger regularity assumptions; in fact we go to the smooth case. While
it is not necessary to assume smoothness, a similar result could be established with
sufficiently high Sobolev regularity, we do so here because this assumption simplifies
the analysis and the end result.

To clarify how Theorem 3.10 below achieves the improvement in the uniqueness
statement, we briefly discuss the obstacles to such a result which arise in Theorem 3.3.
In that theorem we must satisfy a number of conditions which constrain the exponent
vector u. In particular, the block-diagonal conditions imply that we must choose u
as in Eq. (3.40), while for an exponent vector with this structure the positivity of the
energy dissipation matrix Lemma 3.6 requires the (non-optimal) lower bounds p; > 1
and p1p > 1 <2k:(x) +4/1+ 4k(x)2>. This is the origin of the lower bound “gap” for
the exponent vector obtained in Theorem 3.3. The theorem in this section is based
on an application of Theorem 2.28 to the main evolution system. Because we not
require the system to be block-diagonal for the theory applied in this section, we can
in particular choose p? to be different from p' = p? = % This flexibility allows
us to choose a u® as to optimize the positivity condition of Theorem 2.28 —see the

proof of Proposition 3.11 below. The non-optimal lower bound on s, is improved

“Here we have used upper indices to enumerate the component of x for the nine-dimensional
first-order main evolution system, while we have kept the convention of the lower indices to denote
components of the six-dimensional exponent vector corresponding to the Einstein metric fields.
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in the positivity condition of Theorem 2.28 without needing to alter the form of the
exponent vector.

A related issue with Theorem 3.3 is the constraint on the asymptotic velocity
k(x), which is stricter than the bounds k(x) > 3 in the half-polarized case, and
k(x) > 3 or k(z) < —1 in the polarized case, which are expected based on numerical
and heuristic studies. The constraints on k(z) in Theorem 3.3 come from ensuring that
the upper bound for y; is in fact larger than the corresponding lower bound. Since
in this section we improve the lower bounds on the exponent vector, the constraints
on k(z) are also improved to the results expected.

We now proceed to present the set of appropriate asymptotic data for the smooth

case, and the main result of this section Theorem 3.10.

Definition 3.9. Let K> denote the set of asymptotic data {k, Use, As, Ass, 0, Gy Hi}
such that A, is a constant, and k, U, s, Ase, G, H, € C°(TY) with a.(z) > 0 and

which satisfy the integrability condition

[ (0= KanuL) - Sogey @) e =0

together with, at each point x € T, either
1. k(x) > 3 for arbitrary A.. (the half-polarized case),
2. k(x) >3 or k(z) < —1 for A, =0 (the polarized case).

Theorem 3.10 (Existence of smooth AVTD solutions to the (half)-polarized
T%-symmetric vacuum Einstein equations). For any twist constant K € R, constant

no € R, and asymptotic data in K> there exists a & > 0, and a T?-symmetric solution
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(U, A,n, o, G, H) of Einstein’s vacuum field equations with twist K of the form
(U,A,T],CY,G,H) = (ﬁaﬁaﬁa&aGO(?H) + W,
with leading-order term (U, A, 7, &, G, H) given by Eqgs. (3.16)~(3.21), with

we) = (0= BV - 050, )

and remainder W € X5, (and DW € X;,) for any exponent vector p =

(:uh M2, 3, g, s, ,uﬁ) SatZSfyan

0 < pa(z) < min{2,1/2(k(z) — 3)(k(z) + 1)},

0 < pio(x) — 2k(z) < min{1, ()},

0 < pislr) < (), (3:54)
0 < pa(), ps(w) < 1/2(k(z) — 3)(k(x) +1)

0 < pe(x) < 1/2(k(x) + 3)(k(x) — 1)

This solution is unique among all solutions with the same leading-order term and with

remainder W € X5, -

The proof of this theorem is similar to that of Theorem 3.3; the most notable
difference being that in the proof of existence of solutions to the first-order main
evolution system we apply Theorem 2.28 rather than Theorem 2.10. We discuss the

proof and other minor differences next.

Proof of Theorem 3.10. As mentioned the heart of this proof is the application of
Theorem 2.28 to the first order main evolution system. In order to apply this

theorem we first verify that Eqgs. (3.28) — (3.36) form a smooth quasilinear symmetric
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hyperbolic Fuchsian system about the leading order term Eq. (3.39). The main
evolution system is the same as in Section 3.3.2., except that now the function k(z)
introduced in the definition of the fields U and 7 is smooth on T'. As a result,
the coefficients S°(t,z,u), S%(t,z,u) and the function f(¢,z,u) are smooth in all
arguments.

To show that this system forms a smooth quasilinear symmetric hyperbolic
Fuchsian system, we specify the leading order term Eq. (3.39) as before, although
now the asymptotic data is taken to be C°°(T"). The functions S and N, associated
to the Fuchsian system have the same structure as in Eq. (3.41) and Eq. (3.42), but
are in this case smooth in space. Finally, as above the operators SY(w), tS%(w) and
F(up)[w] can be shown, using results of Section C to be Lipschitz operators for all
q > n/2. Further, F(u)[w] € Xs,,, for some v > p provided p is bounded above as
in Eq. (3.54); these bounds are similar to those found in the case of finite regularity
(cf. Lemma 3.4).

For reasons listed in the discussion above we may choose the exponent vector for

this smooth system to be of the form

o= (p1, pons i1 + 1 — €, pig, o, fig, 3, fa, f1s) (3.55)

for some € > 0 which may be taken arbitrarily small. This seemingly odd choice of
the third component becomes clear in the proof of Proposition 3.11 below. The next

proposition shows that there exists smooth solutions to this Fuchsian system.

Proposition 3.11. For any twist constant K € R, and smooth asymptotic data

functions {k, U, As, Ass, @, Gy Ho} such that A, is a constant and k satisfies
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1. k(x) > 3, (in the half-polarized case),

2. k(x) >3 or k(z) < —1, (in the polarized case)

there evists a 6 € (0,9], and a unique solution u = u + w of the asymptotic value
problem of Eqs. (3.28) — (3.36) about i given by Eq. (3.39) with remainder w € X5

7”7007

and Dw € Xz, . The exponent vector Eq. (3.55) must satisfy

0 < g < min{2,1/2(k — 3)(k + 1)},
0 < po — 2k < min{1, py},

0 < pz < p,

0<pg<1/2(k—3)(k+1)

We prove this proposition below, after we complete the proof of Theorem 3.10.

Now that we have obtained smooth solutions to the first-order main evolution
system, it remains to show that there exists smooth solutions to the full Einstein
system Egs. (3.2) —Eq. (3.7) and Eqs. (3.8). The argument proceeds exactly as it
does in the finite regularity case detailed in Section 3.3.5., as all of the arguments
presented in that section extend to the case when the fields are smooth. We find the
same constraints on the asymptotic data, which are now taken to be smooth; this

leads to the definition of appropriate data K. n
We now prove the main step in the proof of Theorem 3.10, Proposition 3.11.

Proof of Proposition 3.11. We verify that the smooth quasilinear symmetric
hyperbolic Fuchsian system about the leading order term Eq. (3.39) and with the

exponent vector Eq. (3.55) satisfies the hypotheses of Theorem 2.28.
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1. Smooth commutator condition: The matrix coefficients must satisfy the conditions
outlined in Definition 2.27. We verify from the form of Ny given by Eq. (3.42),
and the diagonality of Sy (Eq. (3.41)) that these coefficient-matrices have the block-
diagonal structure of u given in Eq. (3.55). Similarly SY(w) is diagonal and hence
commutes with R[u]. Since S{(w) € Bsc,y(r) for ¢ > 0, as long as uy > 0 the
corresponding condition in Definition 2.27 is satisfied. To prove that the condition
on tS1(w) is satisfied we compute R[u] - tS'(w) - R[—pu]. Because of the structure of
tSY(w) (cf. Eq. (3.38)), and the structure of y in Eq. (3.55), we find this product to
be in Bs¢ ,(7) for some exponent scalar & < e. This condition is the reason we can
only have (p; +1 —€)-control (and not (u; + 1)-control) over the field t0,U. Without

the positive € the product R[u] - tS%(w) - R[—p] would only be contained in some

By 0,4(7).

2. The product compatibility, and the higher-order source conditions: We verify that
the product compatibility conditions outlined in Definition 2.25 hold for the operators
S9() and tS'(-) given in Eq. (3.37) and Eq. (3.38) respectively. The matrix-valued

operator SY(-) is diagonal, and hence

Ru] (57 (w) — SY(w + h)) R[—p] = SY(w) — SY(w+h) = Diag(0, 0, h%,0,0, k%, 0,0,0)

for any h € X5, We consider only i of the form i = p + o for a positive scalar

exponent yo. Thus, i® = u®+~9 = ps+ 0 and we have control in Xj for some

CHA—p.q
positive exponent scalar C~ as desired, since j4 > 0.
For the similar condition on ¢S'(-), we consider each of this matrices three blocks

separately. The third block is identically zero, so the property holds trivially. For the

second block, the 3 x 3 matrix has the same block-diagonal structure as the relevant
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portion of the exponent vector p (namely (po, po, t12)), and hence commutes with
R[1]®. The same argument that is used above for the S(-) operator can be applied

to this block. For the first block, we find due to the structure of u (c.f. Eq. (3.55))

0 0 0
Rlp® (18" w — 18"w +h) VR = {0 0 e

0 —hBt 0

Again, the same argument as before can be used to show that we have appropriate
control on this quantity for g = u + vo.

The additional properties needed of the source operator F(ug)[-], which are
specified in Definition 2.26 are shown in Section C.3.3. to hold for the types of

function operators present in this application.

3. Positivity condition: Finally we verify Condition (iii) of Theorem 2.28. From the
expressions for Ny and S (Eq. (3.42) and Eq. (3.41) respectively) we compute the
block-diagonal matrix A = (S9)~" Ny, with blocks

0 -1 0 0 -1 0
NY=19 0o o, N=10 2t o |,
0 0 -1 0 0 -1

and N'®) = 03,3. Since the matrices are upper triangular we can read the eigenvalues
off the diagonal. Let A denote the R%vector of eigenvalues. The condition g > —RA\
then gives

p1 > € pe >max{0,1—2k} =0 pusz,pug > 0.
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Since € > 0 can be taken arbitrarily small, we take p1 > 0, and note that for any such
i1 we can find an € > 0 such that the conditions discussed above are satisfied.
This verifies the hypotheses of Theorem 2.28; the proposition follows as a direct

application of this theorem. O

Note that in [3] we needed ug to be an ODE leading order term in order to apply
the smooth Fuchsian theorem (an earlier version of Theorem 2.28) in that paper.
This condition is still reflected in the leading order term we choose here, given by
Eq. (3.39), although the fact that it is ODE is no longer a necessary hypothesis of

Theorem 2.28.
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CHAPTER IV

AVTD GOWDY SOLUTIONS IN WAVE GAUGES

The work presented in this chapter is unpublished; all calculations were

performed by E. Ames with the guidance of F. Beyer and J. Isenberg.

4.1. Prelude

In this chapter we establish the existence of a family of AVTD T? Gowdy solutions
in a family of so-called wave gauges. This family of gauge choices has been used in
proving many important results in mathematical relativity, most notably the local
existence of solutions to Einstein equations by Yvonne Choquet-Bruhat [35] (see also
[23] for a global existence result, [36, 75] for general expositions, and [52, 59] for more
recent uses). The wave gauges are particularly useful because they guarantee that
the Einstein equations take hyperbolic form, and one can employ the methods and
techniques which have been developed for this type of partial differential equation.
Of particular importance is the first-order symmetric hyperbolic form, on which our
Fuchsian theory is based.

The original motivation for this Fuchsian formulation of the Einstein equations
in wave gauges is to develop a tool with which we can study the U(1)-symmetric
class of solutions. As discussed in Section 1.4.3., families of AVTD U(1)-symmetric
solutions have been found in the analytic function class. However to prove the
existence of (only) smooth solutions, the present methods (such as ours presented
in Chapter II) require the structural property of hyperbolicity. While the natural,
geometric, time coordinate for T2-symmetric solutions —the areal time— provides a

hyperbolic formulation of the Einstein equations in that class, no such time coordinate
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has been identified for the U(1)-symmetric class of solutions. Further, the gauges
chosen in the studies of analytic U(1)-symmetric solutions [24, 25, 45] do not yield
a symmetric hyperbolic formulation of the equations. As a warm-up problem to
using this formalism in the U(1)-symmetric class, we have used this formalism to
investigate the gauge-dependence of the AVTD property in the simpler case of T3-
Gowdy solutions.

The AVTD property is by definition dependent upon the choice of coordinates —
recall Definition 1.11 (and the surrounding discussion), which is taken from [44]. The
results discussed above in Section 1.4.1. show that in both the smooth and analytic
AVTD Gowdy solutions, there exists a family of surface-orthogonal observers (those
following worldlines with zero shift relative to the foliation) relative to the areal
foliation that experience AVTD behavior. It is not clear if non-stationary observers
(corresponding to coordinates with a non-vanishing shift) in these spacetimes would
experience AVTD behavior. Similar statements can be made regarding the polarized
and half-polarized T?-symmetric solutions, as well as the polarized U(1)-symmetric
solutions. We have the following open questions: ) Suppose a solution in some
symmetry class is AVTD in one system of coordinates. Is this solution AVTD in any
other system of coordinates?  II) What characterizes a family of coordinate systems
in which a particular solution (in a particular symmetry class) can be shown to be
AVTD?

The only results in the literature which begin to address these questions are those
by Isenberg and Moncrief in [45]. Most of that paper is devoted to showing that there
is a family of analytic polarized and half-polarized U(1)-symmetric solutions in which
surface-orthogonal observers in a harmonic time foliation experience AVTD behavior.

In Section 5 the authors investigate the gauge-dependence of their result. They find
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a two-parameter family of harmonic time foliations in which the surface-orthogonal
observers experience AVTD behavior, and further, they show that in each of these
foliations, the world-lines of the surface-orthogonal observers become asymptotically
parallel. That is the shift vector describing the path of the observers in one harmonic
time asymptotically vanishes when expressed in another harmonic time within the
family. It is unknown whether this property of asymptotically parallel worldlines is
a general property of coordinate systems in which AVTD behavior can be verified.

In this Chapter we take a step towards understanding these questions. We
construct in Section 4.3.2. a two-parameter family of wave gauges which contains the
areal gauge. These gauges are asymptotically areal in the sense that the gauge source
functions approach those of the areal gauge near the singularity. In Section 4.3.3.
we state, and prove in Section 4.4., that for each fixed gauge choice in the family,
there exists a family of smooth AVTD solutions parametrized by a set of asymptotic
data. In each of our solutions the worldlines of the surface-orthogonal observers are
asymptotically parallel to those of the observers in the areal gauge. This last result
lends support to the idea that asymptotically parallel worldlines is a general feature
of coordinate systems in which AVTD behavior can be verified.

Our results so far do not address question (I) posed above. Although for a fixed
(non-areal) gauge in our family, we find a family of AVTD solutions, we do not yet
know how this family compares to the family of AVTD solutions in areal gauge. This
important question is currently under investigation.

We give a brief outline to the chapter. In Section 4.2.1. we review the wave-
gauge formalism for the Einstein equations. This is followed in Section 4.2.2. and
Section 4.2.3. by writing both the evolution and constraint propagations systems

as first-order symmetric hyperbolic systems (in the case of one relevant spatial
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coordinate) and writing down a general Fuchsian reduction as in Chapter II for these
systems. In Section 4.3. we review in more detail the known AVTD solutions in
areal gauge, in particular we state a theorem for existence of these solutions with the
remainders in weighted Sobolev spaces of Section 2.2.2.. We also set-up and state
our main results in this section. The Sections 4.4. and 4.5. are devoted to proving
the main results; the proof of existence of solutions is based on the Fuchsian theory

developed above.

4.2. Wave Gauge Formalism
4.2.1. Vacuum Einstein Equations
The vacuum Einstein equations Eq. (1.2), can be written in an arbitrary system
of coordinates as
Ric;j = _§gklakalgij + Vil + 6™ (Crmiling + Trmiltjn + ThmiTiin) = 0, (4.1)
where
1
Lgmi := 5 (Okgmi + OiGmk — OmGri) » (4.2)

and

Clearly if one could choose coordinates so that I'; = 0 the equations would take
hyperbolic form; such a choice is called wave gauge.
One can actually make a more general gauge choice by choosing arbitrary gauge

source functions F; so that F; = I';, which may depend on the metric functions but
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not its derivatives. The Einstein equations are then equivalent to the following system

of evolution equations:

1
—nglakglgzj + VT + "™ (Comiling + Timilijn + TromgLiin) = 0 (4.3)
and constraint equations:

F;—T;=0 (4.4)

V(F, —T;) = 0. (4.5)

It is necessary that the constraints be propagated by the evolution equations.
Let D; :=T'; — F; be the constraint violation quantity. In terms of this quantity the

Einstein evolution equations Eq. (4.3) are written
Ricij + ViDj) = 0. (4.6)
We can take the trace of this equation to compute the scalar curvature
R=-V'D;,

and us the divergence free property of the Einstein tensor V/G; = 0 to derive a linear

wave-type constraint propagation equation

V'V:D; + R,*D; = 0. (4.7)
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Thus, in a Cauchy problem if D; = 0 and V;D; = 0 on a slice (), then D; = 0 in the

domain of dependence D(2:,) (see for example [75] Chapter 12).

4.2.2. Fuchsian Formulation of the Vacuum Einstein Evolution Equations

In this section we write the second order Einstein evolution equations in the
wave gauge as a first-order symmetric hyperbolic system like that in Chapter II.
We also perform a general Fuchsian reduction for a certain class of leading order
terms; in specific applications one must check that the reduced system obtained
is in fact a Fuchsian system in the sense of Definition 2.7. Because we find it
necessary in applications such as to the Gowdy equations in Section 4.3., we add
multiples of the constraint violation quantity D, to the evolution equations. The
coefficients C’,-jk multiplying Dj, can be chosen in applications to modify the principle
part of the quasilinear symmetric hyperbolic Fuchsian equation, since D, contains
first derivatives of the metric. The extent to which the principle part can be modified
depends, of course, on which derivatives of which metric components appear in Dy, in

a given application. Write the evolution equations as
1
_§gklakalgij + ViFj +Hi — Cii" Dy =0 (4.8)
where we have defined

Hij = " g™ (Crailonj + Crailonjn + TriiTonin) - (4.9)
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for brevity. Since n = 1, the principle part is

1 1 1
_§gklak:algij = —590°3§gij - 9015130%7 - 59118%9@%

To bring the evolution system into Fuchsian form, involving the Fuchsian derivative
D := tdy, and to avoid a singular coefficient in the principle part of the eventual
Fuchsian system we multiply through by —2¢?(¢%)~!. Noting that t*93u = D*u— Du

we obtain
D?g;; + 2tB(9)01 Dgij — t*alg) 07 gij — 26*(¢™) " H(t,z,9) = 0

where we have defined

a(g) =—g" /9", Blg) :=g""/g”

H(t, xZ, g) = 2t2(g00)71 (V(ZE) + Hij — Czjkpk)

(4.10)

The system is put into first order form by introducing new fields for the first derivatives
of the metric fields. In the following we focus our attention on one metric field by fixing
i, 7, and derive the first order system corresponding to this field. Let U = (Uy, Us, Us)
be defined by

U = gij, Uz := Dgij, Uz := t01gi; (4.11)

The first order equations for g;; (¢, 7 still fixed) are then

DU, — Uy =0, (4.12)
DUQ + 2B(U)t81U2 — a(U)t81U3 - U2 + H[U] = 0, (413)
DUs — t0,U, — Us = 0, (4.14)
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where a(U), 5(U), and H[U]| are the functions of (¢,z) and ¢ introduced in Eq. (4.10)
written in terms of the first order fields. By multiplying the third equation through
by a(U) the system Eq. (4.12)-Eq. (4.14) can be written as a symmetric hyperbolic

system as in Eq. (2.1) with

10 0 0 0 0
SU)=101 o |, and SYU)=]0 28(U) —aU)|. (415
00 o) 0 —a(l) 0
and
—U,
flUl=| —U,+ H[U]
—a(U)Us

To obtain a the Fuchsian system we must choose a leading order term. Suppose ug

is the prescribed leading order term for the metric field g;;. Then we let

(}1 = U, l°]2 = DUO, (0]3 = t(?luo, (416)
and write the Fuchsian equation for the remainder field W := U — U contained in

some space X5, 4 for 6 > 0, and integer ¢ possibly infinite, and an exponent vector
w: Tt — R3. Suppose uy € X5, for some £ : T' — R, then we take p to have the
form

po= (1 + K, pn + Ky + £+ 1—¢),

where € > 0. The value of 1 — € measures the additional control we have over the
t-weighted spatial derivatives (the component W3 = t9;W;). One may expect that

we should have one additional power of control corresponding to ¢ = 0. However, we
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leave € arbitrary at this stage since it turns out that this quantity is constrained in
the Fuchsian analysis below.

The problem of obtaining a Fuchsian equation, given a choice of leading order
term, is in separating the various terms in H[U] = H(U)[W] into those function
operators belonging in the Fuchsian principle part and those belonging in the Fuchsian
source. This sorting requires knowledge of the types of function operators which

appear in each term. We suppose at this point that H(U)[W], and « have expansions

of the form

a(U + W) =ag(z) + ay (W) (4.17)

H[U + W] =ho(t, z) + h(a)W; + h2(2)Wy + ho(t, 2, W), (4.18)

where the functions hi(z) and h? depend on the functions CZ

Since the function operator [(-) appears only in S%(-), we do not bother with
expanding it as above, but we still need to know in which weighted Sobolev space
(Section 2.2.2.) it takes values. Below we discuss in slightly more detail the nature of
the function operators which make up H(U)[W], and motivate the above expansions.
We now write out the Fuchsian quantities in terms of the expansions Eq. (4.17) and

Eq. (4.18).

Recalling Definition 2.7 we write

Sp = Diag(1, 1, a9(z)), S7(W) = Diag(0,0, . (W)),

from which it is clear that oy must be positive definite. It must be checked in a given

application that S{(WW) and S§(W) are function operators which satisfy the requisite

properties listed in Condition (ii) of Definition 2.7 above. Next, we seek to write f[U]
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as — fi1(ug + W) + No(up)W and find

—U,
—fl(U0+W) = —(?Q—Fho(t,l') +h2(t,$,W> ’

—(ao(x) + a1 (W) Us

and
0 -1 0
No(uo) = | hl(z) h2(z)—1 O : (4.19)
0 —ap(x)
Finally we compute
F(uo) W] =
0

—ho(t, ) — ho(t, 2, W) — DU, — 2tB(U + W)Uy + ta(U + W) Us + Uy |
0

which must be verified to satisfy Condition (iii) of Definition 2.7 in particular
applications.

The expansion of the function operator H(U)[W]in Eq. (4.18) can be understood
in more detail. Recall from Eq. (4.10) that there are three types of terms, H;;, V(i.F),
and those proportional to D;. In the following, we rely heavily on the discussion of
function operators in Section C of the Appendix. To understand all of these terms,
it is necessary to understand the components of the inverse metric, and in particular

their properties as function operators. Lemma C.10 shows that if ;1 > 0, the inverse

metric components are smooth function operators on w € B;, ,(s) for a sufficiently
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small s, each of which can be expanded in the form
g7 (W) = yo(t, ) + yi (t, 2)W + y2(t, 2, W),

where the sum over n = 1,...d is implied and g is a rational function of the
components of W. Once the components of the inverse metric are understood as
function operators, the various contractions of the Christoffel symbols are easily
analyzed. Note from Eq. (4.2) that for any i, j, k, I';;; is a linear function operator.
Consequently each quadratic term in I is a quadratic function operator, and it follows
that H;; is a polynomial function operator which has an expansion as in Eq. (C.1).
Similarly, each Ffj consists of inverse metric components multiplying an
expression linear in the first-order fields, and the same for I'y. Since each component
of the inverse metric has an expansion as above, as do the linear function operators
in the remainder of the Christoffel symbols, it follows that V(;F;) and Dy are also
polynomial function operators, each of which has an expansion of the form Eq. (C.1).

o

We conclude that H(U)[W] takes the form

I 18 .
HO)W] = 3" Lot 2)WE = holt, z) + ()W +h3 ()W + h(t, 2, W). (4.20)
j=1 i=1
Note that while in general terms linear in components of W other than W; and Wy
appear in the expression, these do not contribute to the Fuchsian principle part of
the equation for Wy —as this would break the block-diagonal structure— such terms
are instead contained in ho(t, z, W).
We remark that such a reduction must be done for each metric field, resulting
in a 3 x N-dimensional first-order symmetric hyperbolic system, which is organized
into IV blocks. Here N denotes the number of independent metric fields, and has a
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maximum of ten. A similar reduction can be performed in situations where the metric
depends on more than one spatial coordinate. In such scenarios, the first-order system
will be (2+n) x N-dimensional, where n denotes the number of dynamically relevant

spatial coordinates.

4.2.2.0..1 Propagation of first-order field definitions Suppose that in a
particular application one can verify that the function operators satisfy the requisite
properties in Definition 2.7 and Theorem 2.10, (or Theorem 2.28 in the smooth case),
and hence obtain a unique solution to the first-order symmetric hyperbolic Fuchsian
system. To show that this solution corresponds to a solution of the original second-
order system we must show that the constraints obtained from the first-order field

definitions are propagated by the evolution equations. We have
Cl(U) = Ug/t—atU1, and CQ(U) = Ug/t—azUl.

The preservation of the first constraint, C; = 0 for all ¢ € (0, ], follows directly from

the first evolution equation Eq. (4.12), which implies
tC1 =0.
Further, from Eq. (4.12) and Eq. (4.14) we derive

1
DCQ - ZDUg - Ug/t - (?xDUl
1
=7 (t0,Us + Us) — U/t — 0,Us

=0
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It follows that since Co = 0 is a solution to this equation, it is the unique solution
provided C, vanishes asymptotically, that is CQ([} ) = 0. This condition is satisfied by

the definition of the leading order terms for the first order fields Eq. (4.16).

4.2.3. Fuchsian Formulation of the Vacuum Einstein Constraint

Propagation Equations

While in the Cauchy formulation discussed above in Section 4.2. it is possible
to show that the constraints vanish if they vanish on an initial data surface, here we
must show that the constraints vanish in a neighborhood of the singularity based only
on the knowledge that they are satisfied asymptotically. This requires a formulation
of the propagation equations as a symmetric hyperbolic Fuchsian system. Since these
equations are linear, we seek to form a system of the type in Definition 2.11, and to
prove the existence of solutions only the hypotheses of Proposition 2.20 must be met.

With the addition of constraints to the evolution equations, so that Eq. (4.6) has
the form

where Cijk are functions of the spacetime coordinates, we obtain the corresponding
linear wave equation for the constraint propagation by the same process as in

Section 4.2.. The result is
V'V:D; + R;'D, = (2V,C";* — V,;C™) Dy, + (2C°;* — C/'*6%) VD (4.22)

Comparing to Eq. (4.7), we see that the left-hand side is the same, while additional
terms depending on the coefficients C’ijk have been added to the right-hand side.

Expanding the wave operator and the covariant derivatives in terms of the metric
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and Christoffel symbols Eq. (4.22) can be written

¢*0,0,D; — A9, Dy, — BIDy, = (2,07 F — v,i'%) Dy — (207 F — ¢/*s1) T D,

+ (209,% — C'*8]) 0Dy
with

AP =g™T7 5% + 29T

mai)

Bf =¢™ (01}, = I}, Tp = T0,0%) — R,F.

)

Multiplying this equation by t2, using the definition of the Fuchsian derivative

operator D := td; and the identity D?u(t) = t?0%u(t) + tOyu(t) we find

" D*D; + 2¢""t0, DD; + ¢''td1toD;
= tA% DDy, + tA}*t0, Dy, + t* BF Dy, + DD;

+t (ngmC'mik — glmC’lmk@Q) DDy,

+1 (29" Cri® — 6" Cr"0} ) tO1 Dy,

+12 (2v,;¢0F — v, ofF —209,mT8 4+ CmelTk ) Dy,

We now construct a first-order symmetric hyperbolic system as in Section 4.2.2.,

and choosing a leading order term, the corresponding Fuchsian system. Since the
system in this section is linear (the system in Section 4.2.2. is quasilinear), we are
able to give a slightly more detailed presentation. Elements of the reduction however

are very similar to that in Section 4.2.2.. We derive a first-order system for the
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first-order fields
(Vi,...,Vis)" := (Dy, DDy, t\ Dy, . .., Dy, DDs, t0,D3)"

which is block-diagonal. Each block has the form

DVip_g —Via_1 =0
DViy 1 +28(g)t01Vaa—1 — a(g)to1Vaa — Vaa_1 + Ha[V](t, ) =0 (4.23)

DVsg — 10 Vaa_y — Vaq =0

where A = 1,...,4 indexes the blocks in this case. The H,[V] are given by

—k —k
Ha—ina[V] = —t/g™ (A?k + C(O)i) Vagra —t/g% (Azlk + C(l)i) Vaks
(4.24)

g (B ) Vi,

where
CH .= (2v,;07F — v,0/F — 2091k + C™siTh )

— —k
CcO), = (ngmC’mik — glmC’lmk(S?) , and C0), := (lemC’mik — glmClmkéil) )
The coefficient matrices are known in this case since they depend upon the solutions
to the evolution equations.

Next we seek the reduced system formed by inserting V' = V + W into the first-
order system. We choose a leading order term V = 0 since this a linear system and

we assume the constraints hold asymptotically. If this is to form a linear symmetric

hyperbolic Fuchsian system about V= 0, we should find that

F(V 4+ W) = NoW — F(V)[W),
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(since Y7 tS7 ajf/ = 0), where N is a matrix-valued function of z, and F(V)[W]
satisfies the properties in Definition 2.7. As in Section 4.2.2. the main burden of
the analysis is in the terms H4[V]. Here, each H4[V] is a linear combination of the
components of V| with coefficients determined by the metric fields (solutions to the
evolution equations which are taken to be found). The analysis simplifies in this
(linear) case to checking the exponent of ¢ in the coefficient of each term. Those
terms with coefficients which are O(1) as ¢ N\, 0 will placed into the Ny part, while
any other term must be higher order and placed in F(V)[W]. In the later case, we
may obtain inequalities on the exponent vector for W.

The contributions to the Ny part of the Fuchsian principle part can be identified
as the ¢ \, 0 behavior of the corresponding coefficients. To this end we define

(0)7 — 00)~1 40 1)J — 1 00\=1 AU 37— im £2( %)L B7 49
o' =lmt(g")T AT, o = lime(gT) T4 b; limt*(¢™)7" B/, (4.25)

and similarly,

2 ~ t ——k t ——k
Fi=1lim{ —CF v c(o)f =lim< —C©), & c(l)f =lim< —CW, & . (4.26)
t\0 goo t\0 gOO 0 gOO

Thus, a(o)f + C(O)f describes the O(1) coefficient of V3;45 in the function operator
H;11[V], and similar interpretations are made for the other coefficients (see

Eq. (4.24)). The (i + 1) block! of the Ny matrix can then be written

NSV = | i —qO — @ g ) (4.27)

'Recall i = 0,...3.
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Note that in most of our applications a(l)z = 0(1)2 = 0, and oy = 1, and this matrix

has the same form as Ny found in Eq. (4.19) above.

4.3. AVTD Gowdy Solutions
4.3.1. Review: AVTD Solutions in Areal Gauge

In this section we review in more detail than Section 1.4.1., what is known
regarding AVTD behavior in the Gowdy solutions in areal coordinates. The original
results may be found in [18, 44, 67]. The purpose of this section is to state an existence
theorem for the smooth AVTD Gowdy solutions in terms of our present theory, most
importantly we establish control of the remainder fields in terms of the weighted
Sobolev spaces Section 2.2.2.. We expect this formulation of the result to be useful
in comparing the AVTD solutions in areal gauge with those obtained in Theorem 4.4
below. As stated above, this comparison is ongoing work.

In areal coordinates (%,7,7,2), the T>*—~Gowdy spacetimes (M, g) are given by

M = (0,00) x T® and

N (dP 4 i) + (P + 207 Qs + (PG + P2, (4.28)

=i

where t > 0 is the areal time coordinate, and Z, §j, Z are standard coordinates on T%.
The functions A, P, and Q are functions of ¢ and # only. It is shown in [18, 67] that
a family of smooth solutions to the Einstein equations, which we denote A, exist in

which the metric functions have the following expansions at every point & € T' in a
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neighborhood of ¢ = 0, (the singular region)

P, &) = —k(i)logi + Pu.(%) + wp(i, @),
Q&) = Qu(F) + Quu(@)*® + wq(t, 1), (4.29)

At 7) = k(&)?logt + M\u(Z) + wr(F, 7).

The functions wp(t, ), wq(t, ), wa(t,¥) in Eq. (4.29) decay in a controlled way as
t \ 0. The asymptotic data functions k(F), Pu (), Q+(7), and Q..() depend only on
spatial variable z, and must satisfy certain constraints listed in Theorem 4.1 below.
The work of Ringstrom [74] proves that in fact the solutions A are generic in the
space of all solutions with 7% Gowdy symmetry.? Solutions with expansions given by
Eq. (4.29) are AVTD since the leading order terms in the expansions of the metric
fields satisfy (at least asymptotically) the corresponding VTD system [44]. We have
the following theorem, which is essentially Theorem 4.4 from [18] formulated in our

present notation.

Theorem 4.1 (Existence and uniqueness of smooth AVTD solutions to the
T3-Gowdy-Einstein system). Let {k, Pu, Q«, Qus, Aix } be any smooth asymptotic data

with k € (0,1), and satisfying

N (&) = —2kP (%), / " k(%) (=05 Puc(@) + 26> D Q.. (2)0:Q. (7)) dE = 0.
0

2More precisely, Ringstrom shows that there exists an open and dense set of initial data for the
T3-Gowdy equations for which the corresponding maximal globally hyperbolic developments have
the expansions Eq. (4.29) with k& € (0,1) in the direction of the singularity about all but a finite
collection of points.
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There exists a solution of the full T3-FEinstein-Gowdy system of the form Eq. (4.29)

with wp € X5 p.oos WQ € Xspp0o and Wy € X5, 0o fOT pp, plq, pix satisfying

0 <pp <min{2 — 2k, 2k, 1 + pg}
0 <pg < min{2,2k, 1+ up} (4.30)

0 <pn < min{3 — 2k, 2k}.
4.3.2. Asymptotically Areal Wave Gauges

Before presenting our main results in Section 4.3.3. below, we introduce the
metric and gauge fields which are used in the analysis. Due to the symmetries in
the Gowdy class we consider gauge source functions depending only on (¢,z), and
further we restrict to the case /5, = F3 = 0. Given this choice of gauge source
functions we find that the metric for the vacuum T? Gowdy Einstein equations in
general takes a block-diagonal form with one block corresponding to the (¢, x)-part
of the metric (which we call the ~-block), and one block to the (y,z)-part of the
metric (the 7-block). In the special case of the areal gauge (Fy = —1/t, F; = 0), the
(t,x) block can be chosen to be diagonal. However, for more general families of gauge
source functions the shift component 7y, is non-vanishing under Einstein evolution.
For the wave gauge formalism a parametrization based on the metric components
is most natural. However, for technical reasons we choose a non-metric component

parametrization for the 7-block. We parametrize the metric in terms of the fields
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Y005 Vo1, V11, and Ty, Ti2, Tao as

Yoo o1 0 0
Yor Y 0 0
g=| " " . (4.31)
0 0 T11 T117T01

2
0 0 T11To1 T11701 + T22

Now that we have specified the metric fields, we make a formal definition for the class

of gauge source functions we consider.

Definition 4.2 (Asymptotically areal wave gauge). Let t > 0, and let z* be
coordinates on T2. Furthermore, let 7 be the leading order term of the T-block, and
suppose that Vol(1) =t. The gauge is called asymptotically areal wave gauge if

the gauge source functions take the form

1
f():_?‘i_FO(t,'T); ‘Flel(t7x>7 ‘FQ:‘F3:0

for Fy € Xs¢,00 and Fy € Xsg, 0o with § > —1,& > 0.

Notice that the gauge source functions correspond to those for the areal gauge
at leading order —hence the name. The areal gauge can be recovered by taking the

limit 50,51 — OQ.

4.3.3. Main Results

We begin by proving the following theorem for the existence and uniqueness of
a family of solutions to the T3-Gowdy Einstein equations in a class of wave gauges.
The following set of asymptotic data plays an important role in the results of this

section.
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Definition 4.3. Suppose gauge source functions F have been chosen as in
Definition 4.2. Let K denote the set of asymptotic data {k(x), V(2), Yae (), o (), Tux () }

which is C*(S), and such that k € (0,1) and

B 7*@01
1+&°

Vax = '7;/7* = _k(I)T;/T*"

where @y = limp o Fi (¢, z) /5.

Theorem 4.4 (AVTD Gowdy solutions in asymptotically areal wave gauges). Choose
any gauge source functions as in Definition 4.2 with parameters &y, &, satisfying & >
3/2(1 + k%), & > 1/2(1 + 3k?), and any smooth asymptotic data in K for the metric
fields in Eq. (4.31). There exists a solution g = g+ § of the form Eq. (4.31) to the full
FEinstein-wave system given by the evolution equations Eq. (4.3) and the constraints

Eq. (4.4), with leading order term g given by

Foo = — (@)t /2D (4.32)
Ho1 = (2)t/2F - DFHG (4.33)
Sy =y () $/202D) (4.34)
iy =7 ()t (4.35)
T12 =Tux(7) (4.36)
g =7 ()M, (4.37)
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and with remainder g € X5, - for p satisfying

(1—k*)/2 < < pa,
0 < po < min{&y, 1, pia, fis},
(1—k*/2 < pg < 2 — 2k,

(4.38)
0< pg < 2—2k,

2k < ps < 2,

0 < pg < 2— 2k.

Let S(&o,&1) denote the family of solutions obtained in Theorem 4.4. Note that
for each appropriate pair (&, &) specifying the gauge, there is a family of solutions
parameterized by the asymptotic data in K. The asymptotic data is coupled to the
choice of gauge through the shift function, which imposes the constraint v,, = —Y—i%.
Theorem 4.4 is proved in Section 4.4. below using Fuchsian methods.

The leading order terms for the metric fields given in Eqs. (4.32)-(4.37) are
motivated by the leading order terms for the metric fields in areal gauge Eqs. (4.29).

The later can be shown to asymptotically satisfy the VI D Gowdy equations in
areal gauge. Similarly, the leading order terms we have selected in the asymptotically

areal gauge can be shown to satisfy the VI'D equations corresponding to Eqgs. (4.3)-

(4.5). The following lemma, which states this result, is proved below in Section 4.5..

Lemma 4.5 (Each family S(&,&1) is AVID ). For any two parameters &y, &
satisfying the inequalities in Theorem 4.4, and asymptotic data in IC, the family of
solutions S(&o, &1) obtained in Theorem 4.4 is AVTD.

Given that we have established the existence of two families of AVTD solutions

in different gauges (one gauge being the limiting case of the other), we would like to
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relate these two families. However at this time we the relationship between S(&g, 1)
and A is not known. Based on our preliminary computations so far we make the

following conjecture:

Conjecture 4.6. For any choice of parameters &y, &1 satisfying the inequalities in

Theorem 4.4
S(60,&1) C A.

4.4. Existence of Solutions in Asymptotically Areal Wave Gauge

The proof of Theorem 4.4 is based on an application of Theorem 2.28, to the
Gowdy equations in asymptotically areal wave gauges. In Section 4.4.1. we use the
Fuchsian reduction in Section 4.2.2. to set up a singular initial value problem for
the Gowdy equations, and check the criteria of Theorem 4.4. In Section 4.4.2., we
analyze the constraint equations in the Gowdy case taking advantage of the general

Fuchsian formulation worked out in Section 4.2.3..

4.4.1. Analysis of the Evolution Equations
4.4.1.1. First order system and leading order terms

To prove Theorem 4.4 we begin with the Einstein equations for the metric
Eq. (4.31) written in the wave-gauge formalism for a fixed choice of gauge source
functions chosen as in Definition 4.2, and derive a quasilinear symmetric hyperbolic
Fuchsian system as in Definition 2.7 using the reduction in Section 4.2.2..

There are six non-vanishing metric fields, leading to an eighteen dimensional

system for the first order fields

(Un, -, Uis)" = (700, DY00s tI1Y00, - - - » Tz, DTaa, t01722)". (4.39)
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The system is block-diagonal with each block having the form of Eq. (4.12)-Eq. (4.14).
Let A=1,...,6 index the blocks corresponding to the six metric fields. We have the

system

DUsg—g — Usp—1 =0
DUs3ys 1 + 25((])7581[]3,4,1 — a(U)talUgA —Usa_1 + HA[U] =0

DUsy —t01Uss—1 — Uss =0,

where the functionals H4[U] are given by

H\[U] = 2t2det+7(U) (VFo) + Hoo — CgyDy.) [U] (4.40)
Hy[U] = 2t2de%(w (VoFy + Ho — C5,Dy) [U] (4.41)
H3[U] = QthG%fU) (VaFi + Hu — CfiDy) [U] (4.42)
Hy[U] = thde%U) (V2T + Hao — C5,Dy) [U] (4.43)
H5[U] = 2t2% (V(2]-"3) + Haz — CEDy, (4.44)

Uy (ViaFay + Has — CiyDY) > U] + G (U)

dety(U)

Hy[U] = 22
olU] i

(v(gfg) + Has — Cly Dy (4.45)

+ Uy (Vo Fa) + Hao — C5,Dy) — 2Us3 (V2 F3) + Hoz — Ch3Dy) ) (U] + Gs(U).

The functionals G5(U) and Gg(U) defined by

D71 D7y n 2’Y()0t317117fa1712 B 2’Y()lDle?falTn B 2”Y()lDTll?fale

Gs(g) =2 (4.46)
T11 V11711 Y11711 Y11711
to 2 D1yt
Go(g) = 2711 (D12)? + 2( 1712) Y0011 _4 T12 17'127017'117 (4.47)
Y11 711
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account for the additional terms generated when the wave operator acts upon the 7-
block of the metric Eq. (4.31). Asin Section 4.2.2. the system is brought to symmetric
form with block-diagonal matrices S° and S' (with each block of the form Eq. (4.15))
by multiplying each DUs4-equation through by a(U).

We now choose a leading order term U , for the first order fields, and in the

Section 4.4.1.2. below we verify that the resulting system for W

SUU +W)DW +tS*(U + W)W = —f(U + W) = > S/ (U+ W)o,U, (4.48)
5=0

is a quasilinear symmetric hyperbolic Fuchsian system as in Definition 2.7. The

remainder W is taken to be in X5, ,, where § > 0, g is some integer possibly infinite,

and for each of the six blocks in the first order equation the exponent vector p is

chosen to have the form

(4)

WY = g+ K, pia + KA, ppa+ra+1—€ (4.49)

The origin of the 1 — € in the third component is explained above in Section 4.2.2..

Here x4 denotes the exponent corresponding to the appropriate leading order term.
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The leading order term for the first order evolution system is chosen to be

Uy = — 7, (2)t/2# =D (4.50)
Uy =0, (z)t/2F+D) (4.51)
Uz =, ()2 -1 (4.52)
Urg =7 (x)t* " (4.53)
Urs =70 (2) (4.54)
Usg =7, (z) " 1tF, (4.55)

and with leading order terms for the remaining first-order fields chosen in a manner
consistent with the definition of the fields as in Eq. (4.16) above. That is, if @A,
A =1,...,6 denotes the six functions on the right-hand side of Eq. (4.50) -Eq. (4.55),

then we choose the remaining first-order leading order terms according to

ﬁgA_g == @ZA, 6314_1 == DIZA, and ﬁgA == t@l@ZA. (456)

This leading order term is consistent with that in Eq. (4.32) -Eq. (4.37), except in the
case of the shift, [0]4. The reason is that in the evolution equation for g, (or DUs ) the
most singular terms, given the other leading order terms, are of order O(¢/2**+1)) In
order to cancel these singular terms we choose the leading order term as in Eq. (4.51)
above, where o,.(x) is an appropriate function of the spatial coordinate. The origin
of the leading order term Eq. (4.33), in Theorem 4.4 is explained below when we

analyze the constraint equations.
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4.4.1.2. Obtaining a smooth QSHF system

In this section we show that the symmetric hyperbolic system obtained in
the previous section is a quasilinear symmetric hyperbolic Fuchsian system as in
Definition 2.7 about U given by Eq. (4.56) and Eq. (4.32)-Eq. (4.37). Before we state
this result in the following lemma we make a more specific choice for the functions Cijk )
In Eq. (4.40)-Eq. (4.45) we write the form for the functions H4[U] for a fully general
set of functions Cijk . The reason for adding multiples of the constraint violation
quantities to the evolution equations is to modify the Ny matrix in Eq. (4.48) in
order to obtain solutions for W in the largest possible space X5, , (i.e. the smallest
possible 1). The lower bound on p is often controlled in our Fuchsian theorems by
a positivity condition on Ny, (e.g. Condition (iii) in the case of Theorem 2.28). It
turns out, that due to the structure of the Gowdy equations the optimal lower bound
on each component p4 can be obtained without the addition of terms C’ijka for all
A except A =1. In the A =1 case, which corresponds to the block of equations for
Y00, We find that we must add constraint violation terms to avoid strong restrictions
on the asymptotic data k(z) and the exponent vectors &y, and &; that arise from the
(uncontrolled) lower bound on y;. Fortunately, Dy contains terms which contribute to
Fuchsian principle part of the 7y evolution equations when multiplied by appropriate
coefficients.

Henceforth, we set

Co’ = A(2)/t, C;F =0, -elsewise.
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We choose an explicit 1/t time dependence for the coefficient so that when multiplied
by #2, as in done to obtain Eq. (4.12)-Eq. (4.14), C,,"Dy has the appropriate order in

t to modify the principle part of Eq. (2.6).

Lemma 4.7. The block-diagonal system FEq. (4.12)-Eq. (4.14) and Eq. (4.40)-
Eq. (4.45) forms a smooth quasilinear symmetric hyperbolic Fuchsian system as in
Definition 2.7 around U given by Eq. (4.56) and Eq. (4.50)-Eq. (4.55) with the
asymptotic data {k, Vs, Oux, Ts, T } Satisfying the relations

2 (T + ksTl)
(k2 —1) 7

ke (0,1)

Osx =

and for W € X, 4 for all ¢ > n/2, with p given by Eq. (4.49) satisfying the following

inequalities:

0 < p1 < ps, (4.57)
0 < po < min{&y, p1, fia, 6}, (4.58)
0 < pg < min{l+&,2 — 2k}, (4.59)
0 < jug < min{l + &,2 — 2k}, (4.60)
0 < s < 2, (4.61)
0 < g < min{l + &, 2 — 2k}. (4.62)
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Furthermore, Sy = Iig (the identity matriz in eighteen dimensions) and the matriz

Ny is block-diagonal with the blocks given by:

0 -1 0

NoY = | (R = 1)/24 A2 k) —(L+38)/24 4 0 |-
0 0 -

0 -1 0

No? = k2262 - 1) (1-3k)/2 0 |
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Proof. We first show the coefficient matrices S° and S¢ satisfy the conditions of

Definition 2.7. Due to the leading order terms U we find

U
U)= ——
o) = -
= — DU = U'Wy + U 20 Wy + O(minf puy + s, 203 })
=1— 7;1t1/2(1_k2)W1 _ 7*—1251/2(1—1@2)[/1/7 + O(min{py + 3, 2u3})
= g + ozl(W)
and
Uy
U) = —=
80) = 5

= &4[}7_1 + (0]7_1W4 - (0]7_2&4W7 + (/)(min{,@ + ps, 2”3})
— O-**fy**lt + 7;1t1/2(1—k2)w4 i U**’y;2tl/2(3ik2)w7

+ O(min{pe + p3 + 1, 203 + 1})

where g = 1, a1 () + Xs g = Xscog for (o = minger {1, ps} and g(-) + X5, —
Xs1,4 are Lipschitz operators in the sense of Definition 2.3. Hence, consulting

Eq. (4.15) we find Sy =I5, and for each block A=1,...,6

00 0
Sy =1o0 o |, (4.63)
0 0 Oél(W)
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and

0 0 0
S W)W =10 28W) —1—ay(W)]|- (4.64)
0 —1—oay (W) 0

It follows that there exists a constant exponent vector ( with 0 < ¢ < 1 such that
tSUW), S (W) € X5, for all W € Bs,, 4(s) and all ¢ > n/2.

We now show that f(U+W) +> 0 tSj(W)ﬁj(O] — NoW —F(U)[W], where Ny is
as given in Lemma 4.7 and F(U)[W] maps all W € Bs,4(s) to X;,., for some v > p,
and satisfies the Lipschitz property provided the inequalities Eqs. (4.57)-(4.62) hold.

In each block the vector f(U + W) from Eq. (2.1) has the form

f3a2(U) = = Usa, (4.65)
f3a-1(U) = HalU] = Uza_1, (4.66)
f3a(U) = (U1/Ur)Usa. (4.67)

Clearly the f34_o and f34 components are quite simple to analyze while the
fsa—1 components take more work. We start by analyzing Eq. (4.65). With the

decomposition U = U+ W, we find

faa—2(U) = —Usy_1 — Wau_1.

As a consequence we set (NéA))(LQ) = —1, for each A. Furthermore, from Eq. (2.5)

and Eq. (4.15) we find

(F(O)[W))3a—2 = Usa_y — DUsa_5 = 0,
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where the second equality holds due to the definition of U (see Eq. (4.56)).

Next, consider the components Eq. (4.67).
faa(U) = (U1 JUn)Us s = = Wi — a1 (W)Was — a(U)Usa

Again we find (NéA))(3’3) = —1, for each A. From the definition (f;(W))sa =

a1 (W)Wsy + a(U)Us 4 and hence

(FO)[W))3a = a1 (W)Wss + a(U)Uss — a(U)DUs 4 + a(U)t0Usa_

= 061(W>W3A — Oé(U) (Dﬁ:&A + tallong,l — [73A>
However, D[ong + tf)l(}gA,l — (73/; = 0, by the definition of [O], SO
(FO)W])3a = a1 (W) Wsa.

Since «y(W) is a Lipschitz operator which takes values in Xjs. , for (, =
mingern{p1, 3}, and the product of Lipschitz operators is again Lipschitz
(Lemma C.16), the function operator ay (WW)W34 is Lipschitz, and we obtain control
in X5, , with v > p provided pq, g > 0.

Finally we treat the f34_1(U) components Eq. (4.66). The analysis of the —Usa_1
term proceeds as before, and we focus our attention on the analysis of the functionals

H4[U]. Each H4[U] has the form

T ISR

=1 i=1 =1 i=1
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where p/ € Z, and ¢;(t,z) and d;(t,z) are constants or functions of the spacetime
coordinates. Since det(7) = 711799 = UyoUss, this function operator is contained in the
expression above. The inverse determinant of the blocks v and 7, which show up in
the components of the inverse metric, appear independently due to the block-diagonal

form of the metric. The inverse can be computed

Y1/ dety  —v01/ dety 0 0
—o1/dety oo/ dety 0 0
g ' = ol o/ . (4.68)
0 0 (T1178), + To2)/ det 7 —711701/ det T
0 0 —T11T01/d€t7' Tll/det’?'

To obtain an expression of the form Eq. (4.20) we must address the function operator
(detv)~! = (U,U; — U})™!; clearly this operator does not have the desired form. In
our analysis we replace the operator (det~)~! by the operator (U;U;)~!, which does
have the desired form. To justify this simplification we note that due to the leading

order expressions Uy, Uy, U7, the expansion

!
- UL U

1/ det(v)[U] +J[U],

for a function operator J[U] which is O(t*~**), is valid near the singularity. It turns
out that the contribution of J[U] can be ignored (that is it is higher order) if p; < 2
for i =1,...,6.> We make this assumption now, and verify that it is satisfied in the
analysis below. Notice that each y; in Eqgs. (4.57)-(4.62) is bounded above by two for
ke (0,1).

3This can be see by multiplying ﬁ + J[U] by any function operator of the form H}il c(t,z)UP".
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At this point we have written each H[U]| in the form Zﬁi 1, ¢ (t,x)UipZ.
We refrain from showing these here because the number of terms is quite long
((22,29,22,6,8,6) respectively), and because the specific terms are not particularly
interesting. The next step in our analysis is to sort the terms given the expansion U =
U + W, and determine for each A = 1,...,6, the functions ho(t,z), hi(t,z), h3(t, z)
and ho(t, z, W) introduced in Eq. (4.20). We describe this analysis here, and give a
couple of examples below.

As a first step we evaluate each term at U = U , and by inspecting the exponent
determine in which space X, , this function takes values. Note that the Fuchsian
principle part is O(t#47"4). If v < 4 + ka4, then we place the function in h(()A) (t,x)
and save the term for later analysis. This is what we might call a “singular” term. If,
on the other hand it is not clear that v < py + k4, we place function in héA) (t,x, W)
(and hence in F(U)[W]) and record the upper bound 4 < v — k4. Since such terms
are higher-order at leading order, and we assume p4 > 0, these terms play no further
role in the analysis.

Next we analyze the linear portions of the “singular” function operators.
These terms can be divided into “within-block” terms containing the fields
Wi3a_o0, W3a_1, W34 and “out of block” terms which are proportional to the remaining
W-field components. The within-block terms with O(1) coefficients contribute to the
Fuchsian principle part, with the coefficients forming elements of Ny(z). We check
that the remaining linear within-block terms have coefficients which are O(t€) for
e > 0, and hence go into F(U)[W]. Also contributing to F(U)[W] are the linear terms
with out of block W-field components. We record the space X;,, , in which each such

term takes values, as well as the bound pus + k4 < v = g+ kg + p for B # A, and

thus ps < up + kg — Ka + p. The higher-order parts of the function operator (i.e.
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those at least quadratic in the W-field components) are part of F(U)[W] and provide
no additional information. The inequalities recorded above in Eqgs. (4.57)-(4.62) are
the maximal bounds consistent with our sorting of terms.

Due to the large number of terms in the equation under this type of expansions,
even in relatively simple cases such as the Gowdy spacetimes, this analysis is
implemented in the computer algebra system Mathematica. We now provide a few

examples of the analysis described above for terms in H;[U].

Examples:
1. Consider the term

T[U] := tFo(t,x)Us.

At leading order, that is with Uy = Uy = —7y, k1%, with sy = 1/2(k? — 1), we have
TV[U] = =7, (@) k1 (2)t @ Fy (¢, ).

Since Fy(t,x) € Xsgy00, Wwe know that at leading order this function behaves like
wo(z)t% for some smooth function ¢g(z). We expect this term to be in the Fuchsian
source since there is no way for such a term to cancel with derivative terms in
the principle part (since it involves gauge source functions), and the areal gauge
is obtained by the limit {; — oo (and thus it makes no sense to have this term in the
Fuchsian principle part). The Fuchsian PP which is O(u; + k1), and as a result we

obtain the inequality
L+& > pu |

The next term in 7 (U)[W], which is tFy(t, x)Ws, is higher order still, and placing it

o

in F(U)[W] only carries the information that 1 + & > 0.
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This is an example of a “higher-order” function operator, and how such operators
determine the bounds on p. In fact, bounds such as this one are observed in

Eqgs. (4.57)-(4.62) above.

2. Next consider the function operator

303

TZ[U] - 5?17

which also appears in H;[U]. The leading order function is easily computed

. 3o 3
TQ[U] = §U22U1_1 = EI{%V*tnl
Since k1 < K1 + p1 under the assumption that p; > 0, this is “more singular” than
the Fuchsian principle part. Hence, this function contributes to h(()l)(t,x), and we
consider higher-order parts of the function operator —i.e. those linear in W-fields.

The theory in Section C.3. shows that the function operators UZ[W] and U; '[W]

have the following expansions

Uit = <I°J;1 e rl(W)>

where 7 (W) = O(—k1 + 2u1), and ro(W) = O(2k1 + 2p1). The linear part of the
operator T»[U] is

3

oo o o 3
—§U22U1‘2W1 + 33U U Wy = —§/£%W1 + 3k, W
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Comparing to Eq. (4.18), we see that —2 7 contributes to h(()l)’l(x) and 3k to h((]l)’z(ac).
The next terms are all O(k; 4 2p1), which is higher-order, again since p; > 0, so that
the remaining parts T3[U] go into ho(t,z, W). Further, since r1(W) and (W) are
Lipschitz operators (see Section C.3.), this property is achieved for the contributions

o

to F(U)[W]. Note that this function operator does not constraint u at all.

It remains to verify that the singular terms in ) 7, tS7 (W)aj(o] are canceled by
corresponding singular terms in ha (¢, ) possibly under additional restrictions on
the asymptotic data, and to record the space in which the remaining terms live. We

first investigate the spatial derivative terms. From Eq. (4.13) these are
25(U)t81[?3,4_1 — a(U)t@llong.

Since (ngA_g, which corresponds to the field itself, is O(k4), we have Usy 1 = O(ka)
and Usy = O(ky + 1) from Eq. (4.56). Above we computed that at leading order
ao(U) = 1 and B(U) = O(t). Thus each of the above spatial derivative terms is

O(ka + 2). These terms provide a bound on p:
pPa+ KA < ka+2= g <2

which is satisfied by the inequalities Eqs. (4.57)-(4.62) for k£ € (0,1).

Next we verify that
DUsp—1 — Usay + hag(t,z) = 0.

This is satisfied identically for all A, except in the A = 2 block, where we require

Opy = % This establishes Lemma 4.7. L

210



4.4.1.3. Existence and Uniqueness to the Evolution Equations

In this subsection we apply Theorem 2.28 to the quasilinear symmetric hyperbolic
Fuchsian system found in Lemma 4.7. The following proposition is a result of this

application.

Proposition 4.8. There exists a unique solution U = U+ W to the system defined
by Eq. (4.12)-Eq. (4.14) and Eq. (4.40)-Eq. (4.45) with U given by Eq. (4.56) and
Eq. (4.50)-Eq. (4.55) for W € X5, 14 for all ¢ > n/2 + 1 provided: The asymptotic
data {k, Vi, Oux, Ts, Tos } Satisfy the relations

2 (Ts + k.tl)
(2 —1)

Oxx =

ke (0,1)

The exponent vector p given by Eq. (4.49) satisfies

max{ (1 — k%)/2,1/2(3 + k*) — A} < 1 < ps, (4.69)
0 < po < min{&y, pa, i, fi6 }, (4.70)

(1—k%)/2 < pz < min{l + &, 2 — 2k}, (4.71)

0 < pg < min{l + &, 2 — 2k}, (4.72)

2k < us < 2, (4.73)

0 < pg < min{l + &, 2 — 2k}. (4.74)

Proof. We have shown in Lemma 4.7 that this system is a smooth quasilinear
symmetric hyperbolic Fuchsian system; it remains to verify that the hypotheses of
Theorem 2.28 are satisfied.

The System Satisfies the Smooth Commutator Conditions Definition 2.27

First note that the matrix S°(w) is diagonal, and thus in particular S§ commutes
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with R[p]. Further, from the structure of Ny given in Lemma 4.7, and that of u in
Eq. (4.49) we see that Ny commutes with R[u] as well.

Recall the structure of each block of the matrix-valued operator S?(-)from
Eq. (4.63). Since SY(-) is diagonal and has a target Xs., , with ¢, = min{uy, p3}
the requisite property for S?(-) holds provided puy, uz > 0.

Next we consider the condition on tS(U + W) block-wise. The argument is
similar to that for the T2-symmetric solutions in Section 3.4.. Each block of tS“((o] +

W) and R[u], denoted by the index A, have the form (c.f. Eq. (4.64) and Eq. (4.49))

0 0 0
S U+WND =0 —2gW)  —t—tan(W) |-

0 —t— tOél(W> 0
and
tHATRA 0 0
(R[u))™) = 0 ¢maha 0
0 0 t—Ha—ra—(1=€)

As a result, each block of R[u]tSe(U + W)R[—p] is equal to

0 0 0
(RIS U+ WIR[—u)M = [0 —28(W)  —(1 + a1 (W)
0 —(1+ay(W))e 0

It is clear that in order to have control in By ¢ ,(7) for some exponent scalar & > 0
it is necessary to assume € > 0. This is the reason for the slight loss of control over
the spatial derivatives components. With this choice, and recalling properties of o ()
and [(-) (see proof of Lemma 4.7) we find that the Condition 2.27 are satisfied.
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The Product Compatibility Conditions and Higher-Order Source
Conditions Hold Based on the structure of a4 (-) and 5(+) (c.f. proof of Lemma 4.7),

observe that

Aai(h) == ar(W) —ar(W +h) € Xsp..g AB(R) :=BW) = BW +h) € X544

with 7, = v + min{p, 3} and 7z = 1 + 49 + min{us, pus}. From the diagonality of
S9(-) it follows that Condition (i) of Definition 2.25 is satisfied provided py, uz > 0.

To check Condition (ii), we compute block-wise

0 0 0
(RIS (W) = S"W + WR[=u))' Y = | 0 —2tAB(h) —Aar (k)2
0 —Aay(h)t 0

The condition follows from form of 7, and ng and the positivity of ji1, 2, 3.

The higher-order source conditions Definition 2.26 follow from the form of H[U]
Eq. (4.20) and the results of Section C.3.3.
The Positivity Condition (iii) is Satisfied This is the positivity condition
involving the matrix N and the exponent vector pu; it may be satisfied provided
certain bounds on the components of 1 are met. We state this as the following

lemma.
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Lemma 4.9. The system in Lemma 4.7 satisfies Condition (iii) of Theorem 2.28 if

the following inequalities on the exponent vector hold

pr >max{1/2(1 — k?),1/2(3 + k%) — A},
p2 >0,

ps >1/2(1 — k?),

pa >0,

s >2k,

M6 >0.

Proof of Lemma 4.9. The matrix SJ is the identity, and hence N' = Ny. To make
the analysis simpler we bring A/ into Jordan normal form, which we label A. Since
Ny has the block-diagonal structure of p (Definition 2.8), it follows that A also has
the block-diagonal structure of pu. As a result, we may easily read off the inequalities
obtained from the condition p < —Re{A}, where X is the vector of eigenvalues of N.

In the first block we have

1/2(1 — k?) 0 0
(A)D = 0 A—1—k 0
0 0 1

The positivity condition applied to the first component then yields u; +1/2(k*—1) >
—1/2(1 — k?), which implies p; > 0. Identical computations for the second and third

components yield

pr > 123+ k) — A, p > 1/2(1 - k) + e
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We can take e arbitrarily close to zero, yet for any choice of A the smallest lower
bound on j; is 1/2(1 — k?). Since we leave A arbitrary at this stage, the lower bound
is as reported in Lemma 4.9. For the remaining blocks we simply list the block of A/

and the resulting inequalities.

1/20—k%) 0 0

(N)® = 0 k2 0 |, pa >max{—1/2(1+ k?) + ¢, 0}.
0 0 -1
1/2(1 — k?) 1 0
(NP = 0 1/2(0—k2) 0 |, #s>max{1/2(1 - k) +¢,0}.
0 0 -1

MP=] 0 k-1 o0 |, ja > max{0,k — 1+ ¢}.
0 0 -1
0 0 0
M =[o 2k 0 |, 15 > max{2k, }.
0 0 -1

(M) = 0 -1—-k 0 [ e >max{0,e — 1 — k}.
0 0 -1
Taking the limit € — 0 concludes the proof of Lemma 4.9. m

To finish the proof of Proposition 4.8 we note that the inequality 1/2(1 — k%) <
2 — 2k is consistent with the condition & € (0,1). The choice of coefficient A is

discussed after analyzing the constraint equations. O]

215



4.4.2. Analysis of the Constraint Equations

In the Cauchy formulation of the Einstein equations one verifies that the
constraint violation quantities are propagated by the evolution equations, so that if
initial data is chosen such that the constraint equations are satisfied on the initial slice,
then they are guaranteed to be satisfied in the domain of dependence of the initial
data. In the Fuchsian formulation we work with in this paper, one can only guarantee,
by an appropriate choice of leading order terms, that the constraint equations are
satisfied asymptotically. The Fuchsian formulation of the constraint propagation
system in Section 4.2.3. allows us to argue that if the constraints are satisfied
asymptotically, then they are satisfied in a region (0, 0] x T™ near the singularity.

We start by constructing a first order system for the constraint violation
quantities D; = I'; — F;. Two of these are identically satisfied Dy = D3 = 0, so

we are left with a six-dimensional system for

(‘/la ey %) - (DOa DDO; taIDCH D17 DDla taﬂcpl)

The computations in Section 4.2.3. show that the resulting first order system for the
constraint propagation equations are of the form Eq. (4.23) and Eq. (4.24), where
A =1, 2 denotes the block of equations corresponding to Dy and D; respectively.

In the section below we show, using the known solutions of the Einstein evolution
equations, that under certain constraints on the asymptotic data the first order
quantities (Vi,...,Vg) vanish asymptotically as ¢t N\, 0. As a result a zero leading
order term V = 0, is consistent with the solutions to the evolution equations.
In Section 4.4.2.2. we show that the first order system forms a linear symmetric

hyperbolic Fuchsian system about this zero leading order term, and the Fuchsian
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theorem (Theorem 2.28) may be applied in order to conclude that D = 0 is the

unique solution to the constraint propagation equation in some space X, 4.

4.4.2.1. The first order constraint violation quanities vanish asymptotically

Having found solutions to the Einstein evolution equations in the previous
section, we can straightforwardly compute the constrain violation quantities D; :=

I'; — F;; we have

DO = 1/t—F0(t,£IZ‘)+Do(g), and Dl = —Fl(t,$)+D1(g),

where Dy(g) and D;(g) are nonlinear functions of the metric fields. Inserting the

known expressions for the metric fields ¢ = g + ¢, we find that at leading order

Di(g§) = =0/ Vs

Thus, in order for D; vanish at leading order would require that F(t, z) have an O(1)
term, in contradiction with the condition of asymptotically areal gauge that Fi(¢,x)
vanish as t N\, 0. It follows that in order to satisfy the constraints asymptotically in
the asymptotically areal gauge, we must choose 0,,(z) = 0. What then is the first
non-vanishing term in the expansion for 79,7 To answer this question we write

,3/01 = Vsx (x)tA(x) )
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for arbitrary v..(z) and A(x). We also write the leading order behavior of the gauge
source function Fi(t,x) as

Fi(t,x) = g1 ()t

recalling that F} € Xs¢, . The asymptotic form of the constraint D; = 0 then yields

;** (k2 — 1 — 20) 204K ) ()¢ = 0,
Vs

which implies that

P17

A=1/2(k*>+1) + d A~ =— .
/2( )+& and vy 1 &

With this form for 4y, we find 4

Dy = — %0y + '8¢ /(1 + &) + O(1 + 26),
DDy = O(min{&y, 1 + &1})

t0,Dy = O(min{1 + &, 2+ & 1),

all of which vanish asymptotically for & > 0,&; > 0, and

Dl = O(min{:uh H2 + 517 K3, 4, MG})?
DD, = O(2 + 3¢))

4Recall that a function f is O(p) if f(t) = O(t*).
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Since the first order fields for the constraint violation quantities vanish asymptotically
given solutions to the evolution equations with the specified leading order terms
and asymptotic data satisfying certain constraints, the leading order term V =0is
consistent.

The updated leading order term for the shift vy; modifies the constraint on the
asymptotic data which we obtained in the analysis of the evolution equations, namely

that
2 (7_*7; + kV*TL)
(k2 —1)

Osx =

If we now impose o,, = 0, we find the new constraint on the asymptotic data is

Yo/ Ve = —kT, /T

4.4.2.2. Constraint propagation equation in the case of the Gowdy

equations

Having obtained the conditions under which the constraint violation quantities
vanish asymptotically, we now use the Fuchsian formulation of the constraint
propagation equations, Section 4.2.3.; to show that the D = 0 is the unique solution
in one of our weighted Sobolev spaces. In a first lemma we verify that for a
zero leading order term the first order system for (V;,...,Vs) is a smooth linear
symmetric hyperbolic Fuchsian system. As is illustrated in Section 4.2.3. the main
work is in analyzing Hi, Hy and in particular in computing the limiting matrices
{a® a® b,c,c® M}, In order to compute these matrices we use the updated
information about the leading order term ~y;, as well as the leading order terms
for the other metric fields. The matrices ¢, c<0>§, and c(l)g depend on the coefficients

C,.*, which as above are C," = A(x)/t and all other coefficients vanishing.

ij
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Lemma 4.10. The system Eq. (4.23) and Eq. (4.24) is a smooth linear symmetric

hyperbolic Fuchsian system about V =0 with parameters {d,n, s} forn given by

n= (77177717771+1—57772;7727772‘1‘1—6)

satisfying

|7]1 — 772| < 1.

Further, Sy = 1 and the Ny-matriz is block-diagonal with blocks

0 ~1 0
N = | —1/20+ k%) —A 1/23—Kk)—1-A 0 |,
0 0 ~1
0 ~1 0
N =0 12—k -1 0

0 0 —1

Proof. We start by finding expressions for the S° and S matrices, and verifying that
they satisfy the properties of Definition 2.7. Comparing Eq. (4.23) with Eq. (4.12)
-Eq. (4.14) we see that S° and S® are the same in both applications, and hence are
given as in Lemma 4.7. We note however that in this application the matrices depend
on the metric fields and not the unknown (the constrain violation quantity). It follows
that S° and S° satisfy the properties of a symmetric hyperbolic Fuchsian system.
As before, the bulk of analysis for the f(1¥) term concerns the functionals H;[WW]

and Hy[W]. In order to facilitate this analysis we compute the relevant quantities
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from Section 4.2.3..

o [1202-3 0
0 1202-3)]
e 0 10—k
1/2(1 — &?) 0

and further
02+ &) O(1)

o)  02+4&)

t(QO())—lA?j _ a(O) _

o(1) O(2 + 2&)
O2+&) 0(1)

Ho™) AV — o) =

We also find
2~ A+02+¢&) 0
- ’
O(1) 0
and
—_— A O — 01 0
-%m%: ’_%ﬂ%: (1+&) |
g 00 g A 0

From these expressions and the definition of H4[W] (Eq. (4.24)), we write down the

expressions for the non-trivial components of f(W): f(W)s and f(W)s. Generally
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we have

fW)za1 = =Waa 1 + Ha[W],

with H4[W] given by Eq. (4.24). From the first row of the matrices above we compute

fW)g == Wo + H W]
= (%(1 + k%) + M)Wy + (%(3 — k) =1 =AW,
+ %(kﬁ2 — 1)W6

O +1)+O0(m +2)

The terms in the first line are apart of Ny. The term in the second line does not
belong in the Ny matrix since it would break the block-diagonal structure. As a
result, we place it in J (V)[W] and this imposes a constraint on the exponent vector
1: Ne+1—€ > ;. The first term in the last line also imposes the condition 1y +1 > 7y,

while the second term is clearly higher order.

We similarly compute

fW)s = = W5 + Hy[W]|

= (%(3 —k?) — 1) W
1

G0 = 1)+ AW

+ O +m)+ O, +2 — 2k).

Again the first line is apart of the Ny matrix. From the term in the second line we

obtain 71 + 1 — € > 75. Another constraint on 7 is created by the first term in the
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third line. In order to place this term into F(V)[W] we must choose 1o < 1+41;. The
last set of terms of O(ny + 2 — 2k) are clearly higher order.
Combining the contributions to Ny in the above two expressions with the usual

terms —1 from Eq. (4.27), we find the blocks listed in the lemma. O

We now prove that this smooth linear symmetric hyperbolic Fuchsian system

satisfies the conditions of Theorem 2.28.

Proposition 4.11. V' = 0 is the unique solution to the smooth linear symmetric

hyperbolic Fuchsian system of Lemma 4.10 in X5, o for all ¢ > n/2+1 and n satisfying

m > max{1/2(1 +k*) +A,0} 12 >0

Proof. Since the system is linear homogeneous, we know that V' = 0 is a solution.
The Fuchsian theorem (Theorem 2.28) tells us in which space we are able to guarantee
the uniqueness of this solution. In Lemma 4.10 we have verified that F(0)[W] is a
bounded operator in some space X;,, , for some v > 7. Since this operator is linear
in W it also satisfies the higher-order source properties, Definition 2.26. The product
compatibility conditions (Definition 2.25 do not apply in the case of a linear system,
and the coefficients SY and S are easily shown to satisfy the smooth commutator
conditions (Definition 2.27) for the exponent vector 7 given in Lemma 4.10. We note
as in the case of the evolution equations that we must choose ¢ > 0, although it can
be arbitrarily close to zero. The main work in applying Theorem 2.28 is in checking
Condition (iii). From the expressions for Sp and Ny in Lemma 4.10 we compute N
and transform this into Jordan normal form. Because of the block-diagonal structure

of the Ny matrix, A has the block-diagonal structure of the exponent vector n. We
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find

1 0 0 0 0 0
NY =10 —120+k)-A 0|, N®=1]0 1/20-%) 0
0 0 —1 0 0 -1

The inequalities given by n > —Re{\A} are satisfied if the inequalities in the

proposition statement hold. O

Note that the lower bound on 7 sets the largest space in which we may guarantee
that D = 0 is the unique solution to the constraint propagation system. In
Section 4.4.2.1. we computed the constraint violation quantities from the metric
fields and found

Dy € X&pom D, € X57p1,q>

where py = min{&y, 1 + &1}, and p; = min{uq, pe + &1, ps, f4, fe}- This is a measure
of how much control we actually have over the constraint violation quantities. In
order to guarantee that these constraints are propagated uniquely by the evolution
system, we require our level of of control to be at least as great as that required for
the solution to be unique (that specified by X5, ,). That is, we require X5 ,, C X5, .4,

or n < p. This imposes the conditions

min{&, 1 + &} > max{1/2(1 + k%) + A, 0},

and hence gives the lower bounds on &g, &

Eo> 120+ kD + A, & >1/2(=1+ k) + A (4.75)
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4.4.3. Addition of Constraint Violation Quantity

The addition of (A(x)/t)Dy to the vy evolution equation in Section 4.4.1. is

designed to improve the lower bound on

max{(1 — k?)/2,1/2(3 + k*) — A} < .

The idea is to choose A in order to obtain the smallest lower bound for uq,
corresponding to the largest space in which uniqueness of the solution can be
guaranteed. It is clear that the best one can do independent of the choice of A
is a lower bound of (1 — &?)/2. Choosing A such that 1/2(3 + k%) — A < (1 — k?)/2,
we find A(z) > 1+ k2.

Due to the modified constraint propagation system Section 4.2.3., the coefficient
A also shows up in the lower bound for ; where, 7; > max{1/2(1+k?)+A,0}. From
this inequality, it appears that in order to optimize the lower bound for n; we should
choose A < —1/2(1+ k?), which is clearly at odds with the optimum choice according
to the evolution equations.

Unless we optimize the lower bound on p; we are left with a severe restriction

on the asymptotic data k(z), since 1 < pusz < 2 — 2k. Therefore we choose

Az) =1+ k2,

and deal with the consequences of an non-optimal bound for n;. The consequence is a
stricter lower bound on the exponent vectors from the gauge source functions. From

Eq. (4.75) we compute

E>3/2(1+ K, & > 1/2(1+ 3k?).
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With this choice of A we can simplify the inequalities in Proposition 4.8. Due to the

lower bound on &, we find 1 4+ & > 2 — 2k, so that these inequalities become

(1—Kk*)/2 < py < ps,
0 < pg < min{&y, g, pa; fi6 }
(1—-k*)/2 < ps < 2 — 2k,
0< g < 2—2k,
2k < s < 2,

0< pg < 2— 2k.

This concludes the proof of Theorem 4.4.

4.5. Solutions in §(&y, &) Are AVTD

We prove Lemma 4.5. Fix an asymptotically areal gauge satisfying the
inequalities on &g, &; in Theorem 4.4, and a fix a choice of asymptotic data in . To
proceed we drop the spatial derivative terms from the Einstein evolution equations
Eq. (4.3), and multiply by —2t3(¢%°)~! to eliminate the singular coefficient. These
are the same manipulations as we have done in Section 4.4. for the Fuchsian analysis,
except that in additiona we have essentially ignored the spatial derivative terms here.
The result is a system of six, coupled, second-order, nonlinear ordinary differential

equations of the form

DQQij — Dg;; + Bf(g)}—k + Ba(g) =0,
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where Bf(g) and By(g) are nonlinear functions of the metric fields. To verify that
these equations are asymptotically satisfied by the leading order terms Eqs. (4.32)-
(4.37) we insert the leading order terms into the equation and evaluate the limit

t \, 0. Labeling each ODE operator by VI'D4(g), A=1,...,6, we find

VIDI(3) = —3 (K — Dyt 60 F, + O(C (34 42))

VTDa(g) = _%u# )2 (’)(min{%(B + 1), %(1 R )
VTDy(§) =~ (K ~ Dyt 260 Fy + O (348 + &)

VTD4(§) = (k- D)7t®PE, + 0B - k+ &)

VTDs(§) = (k- D)rrt® PR+ 0B -k+&)

VTDs(9) = (k= )it PR+ 02 + k).

Clearly each of the terms on the right hand side vanishes in the limit ¢ ™\, 0. This
shows that the leading order terms Eqs. (4.32)-(4.37) are VT'D leading order terms in
the sense that they satisfy (asymptotically) the VTD equations in the corresponding
gauge. We have thus shown that the solutions obtained in Theorem 4.4 and the
solutions to the VTD equations have the same leading order term, and moreover that

the difference vanishes as ¢ \, 0. Hence, we conclude that the solutions S(&p,&;) are

AVTD solutions.
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CHAPTER V

CONCLUSIONS AND DISCUSSION

The results presented in Chapters II -IV contribute both understanding of the
singular behavior of cosmological solutions to the Einstein equations, and tools to aid
in future investigations.

The families of AVTD solutions in the (half)-polarized T?-symmetric and the
Gowdy classes which we find in Chapter III and Chapter IV respectively, extend the
knowledge of this type of behavior in the respective classes of spacetimes. In the
(half)-polarized T?-symmetric case we find a family of AVTD solutions with Sobolev-
regularity. Before this result, all such AVTD solutions were known only to exist in
the smooth class. These AVTD solutions in the larger and less regular function
space add to the large amount of current research concerning “rough” solutions
(28, 39, 52, 54, 55]. As mentioned in Section 1.3.2., the regularity of solutions
is particularly relevant in studies of extendibility. We do not show that generic
polarized T?-symmetric solutions are AVTD. Such a result would be an important
step in proving the restricted strong cosmic censorship conjecture within this space,
but remains an open problem.

In the case of the Gowdy solutions, the results we present in Chapter IV
corroborate evidence in [45] for the U(1)-symmetric solutions, that AVTD behavior
is found in families of gauges. We are unable however to characterize the family of
all such gauges or coordinate systems in which Gowdy solutions are AVTD. It is of
particular interest to determine whether the Gowdy solutions exhibit AVTD behavior

in constant mean curvature (CMC) coordinates. In a cosmological spacetime the
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CMC foliation provides a global time coordinate which is invariantly defined by the
geometry. These questions are under current investigation.

As mentioned above this dissertation also develops “tools” which we anticipate
will be useful in future research. The most significant is the existence and uniqueness
theorems for a class of quasilinear symmetric hyperbolic systems of Fuchsian type.
Our results, along with those in Ames et al. [3, 4] are the first such theorems for
quasilinear equations. Since the Einstein equations are generally quasilinear, this is
an important step for studying more general classes of solutions. Since these Fuchsian
theorems require the equations to be in hyperbolic form, we also study the Einstein
equations in a class of gauges which guarantees this structure. In particular, we
perform a general reduction of the equations in these gauges to a form suitable for
checking and applying the Fuchsian theorems. Our reduction applies to classes of
spacetimes in which the field variables depend only on time and one space coordinate,
such as the T%-symmetric spacetimes. The next step in this general theory is to extend
this reduction to cases where the field variables may depend in general on all n + 1
coordinates.

We expect these tools and techniques to be of particular use in obtaining smooth
and less regular AVTD solutions in the polarized U(1)-symmetric class — in fact this
is our primary motivation in developing them. As discussed in Section 1.4.3. the
U(1)-symmetric spacetimes are much more varied and present additional difficulties
not present in the 7%-symmetric spacetimes. The proof of smooth AVTD solutions
in the polarized U(1)-symmetric class would complete the first two columns of Table
1.1 and provide a significant step towards proving restricted strong cosmic censorship

within that class. The investigation of these results is in progress.
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APPENDIX A

CONCEPTS IN PDE AND ANALYSIS

The concepts and results in this appendix are all standard in functional analysis
and PDE theory. We summarize the relevant theorems there only for completeness,
and reference. For more in-depth and comprehensive treatments see [22, 34, 47, 75,

86].

A.1. Distributions and Sobolev Spaces
A.1.1. Distributional Derivatives

We briefly recall the notion of a distribution so that we may introduce the idea of
weak derivatives and Sobolev spaces. A more comprehensive treatment can be found
for example in [22].

Let T(U) denote the set of smooth functions with compact support in U C R%
this topological vector space is called the space of test functions. A distribution S is
an element of the dual space 7*(U), that is a distribution is a map 7 (U) — R, and

acts on functions ¢ € T(U) by

S(p) ::/USgpdx.

The notation S(¢) = (S, ¢) is used when S is a continuous linear functional on T (U).
Examples of distributions are the Dirac delta and the Heavyside step.

The derivative of a distribution in direction z?, 9S/0x is defined by

(950", ) := (S, 0¢p/0z") .
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The motivation for this definition clearly comes from the case when S = f is a C}(U)
function, performing integration by parts, and noting the compact support of the test

functions.

Definition A.1 (Distributional or weak derivatives). Let f € Li (U). A function

loc

v e L (U) is called the distributional or weak derivative of f in the direction x* if

/U o(2)p(x)dz = /U F(2)0(x) /0 dz.

Now suppose « is a multi-index. The function v is the a-th distributional or weak

deriwative of f, provided

[ v@eteris = [ fa)uptara

The notation Dop(x) = (521)*" -+ - (521)*4. Often the same notation is used for the

1

weak derivative of the distribution v = Dy f.

A.1.2. Sobolev spaces and the Sobolev embedding theorem

Let U be an open set of R%.

Definition A.2 (Sobolev spaces). Let ¢ € N and 0 < p < oco. We define the
Sobolev space WP(U) to be the set of functions w € LP(U) such that all distributional
derivatives Definition A.1 Dow for |a| < q are also in LP(U). For this space we have

the norm
1/p

|lwl|lwar = Z/|Daw|pdx
U

ler|<q
A special case of the Sobolev spaces occurs for p = 2; we denote these spaces by

H(U).
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Theorem A.3. If f € HI(U), then f € C™(U) for all integers m such that 0 < m <

q —n/2. Further,

[ fllem < (1 fll .

Note that C"™-norm is defined by || fllem@w) = 320 101=0 [0%f]-

A.1.3. The H*(R™) Sobolev Spaces and Duality

This section comes from Appendix C of [3]. F. Beyer is the primary author of
this appendix; editing by E. Ames, J. Isenberg, and P.G. LeFloch.

Following [22, Chapter VI] or [75], one defines the Sobolev space H*(R") for any
s € R as the set of temperate distributions u such that %(1 + [£]?)*/? € L*(R"), where
u := Fu is the Fourier transform (in the sense of temperate distributions) of u. The

norm defined by

lulls = 1[@(€) (1 + €1*)*2 ]l 2 am)

turns this space into a Banach space. If s = ¢ for any non-negative integer ¢, then
H*(R") is equivalent to the standard (p = 2) Sobolev space H?(R™). For general

s € R, the space H*(R") is in fact a Hilbert space for the scalar product

(w0, = [ B+ IR PRE + €.

Let u € H*(R™) and v € H*(R") for any s € R. Then the dual pairing

between H*(R™) and H*(R"),

() = [ a(eyae)ds (A1)
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is well-defined, as a consequence of the inequality

| (u,0) | <

/n A&+ [EP) 2o (1 + €))7 de| < Jlull-sv]ls. (A.2)

By means of this pairing, we can identify H~*(R") with H*(R")* (the dual space)
as follows. For every uw € H™*(R"), the map (u,-) : H*(R") — R is a bounded
linear functional, i.e., an element of H*(R"™)*. Conversely, according to the Riesz
representation theorem, there exists a unique element wy € H*(R™) for each element

¢ € H*(R™)* such that

¢(v) = (wg, v),

for all v € H*(R™). The last expression can be written as

(w, v), = / Wy(€)(L+ [€%)20(E) (L + [€7)/2dg = | Ts(€)D()de,

R

where Uy 1= Ws(£)(1 + [£]?)* is the Fourier transform of vy := F 1 (w,(£)(1 + |£]*)%).
We have vy € H™5(R"), since (1 +[£]2)7%/2 = w4(€)(1+€]?)*/2 € L*(U). By means
of the pairing above, we have thus constructed a unique element v, € H *(R")
corresponding to each ¢ € H*(R™)*. In this sense, we can therefore identify H~°(R")
with H*(R"™)* for every s € R.

The following result concerns the relationship between Sobolev spaces of different

indices.

Proposition A.4. For every s € R and o > 0, the space H*(R") is a dense subset

of H*(R™).
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Proof. We first show that H*"7(R") is indeed a subset of H*(R") for o > 0. Suppose

that u € H*t7(R"). Calculating the || - ||s norm of u, we obtain

lullt = [ EORO+ I)de < [ AP +1ER) e = s, < o

from which it follows that u € H*(R™). To check that H*"7(R") is a dense subset, it
is sufficient to note (see, e.g., [22]) that C§°(R™) (the space of smooth functions with

compact support) is dense in both H*(R") and H*"7(R"). O

A.1.4. Convergence results in Sobolev spaces

One can use this dense inclusion property (Proposition A.5) together with the
duality properties discussed above to derive certain convergence and closedness-type
results for sequences in Sobolev spaces. We first discuss a result of this sort for

Sobolev spaces on R", and then do the same for Sobolev spaces on T".

Proposition A.5. Choose s,s9 € R so that 0 < so < s. Let (wy,,) be a bounded
sequence in H*(R™) in the sense that there exists a constant C' > 0 so that ||wy,||s < C,
for all integer m. Moreover, suppose that (w,,) converges to some w € H*°(R"); i.e.,

|wm — wlls, = 0. Then, w is contained in H*(R™).

Proof. The boundedness of the sequence implies the existence of a subsequence of
(wy,) (which for simplicity we identify with (w,,)) which converges weakly. Hence,
as a consequence of the Riesz Representation Theorem and the above dual pairing in

Eq. (A.1), there exists an element w € H*(R"™), so that, for every Y € H *(R"),

(Y0 —wy,) =0 (A.3)
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We wish to show that w = w and hence that w € H*(R"). To do this, we consider

an arbitrary X € H % (R") and the dual pairing
(X, 0 —w)| < [(X, 0 — wn)| + [(X, 0 — wy)]

where w — w is considered as an element of H*°(R"), and where we have used the
triangle inequality. Since X € H*(R") C H*(R") according to Proposition A.4,
we can consider the first term on the right hand side as a pairing between H*(R")
and H*(R"), and hence Eq. (A.3) implies that this term can be made arbitrarily
small by choosing m sufficiently large. The second term is considered as a pairing

between H* (R"™) and H*°(R"™) so that Eq. (A.2) yields
(X w0 — )| < [ X | s [0 — win] s,

Also this term can be made arbitrarily small by choosing m sufficiently large. Hence,
we have found that (X,w —w) = 0 for all X € H *(R"). Now, the Riesz
representation theorem implies that for every X € H*°(R") there exists precisely

one X € H*(R") for which
OZ(X,@—w):<)?,ﬁ5—w> :
He0(R™)

In particular, we may choose X =0- w, which implies that w — w = 0. O

Corollary A.6. Choose non-negative integers q and qo so that qo < q. Let (w,,) be a
bounded sequence in HI(T"), in the sense that there exists a constant C' > 0 so that
Wi || agry < C, for all integers m. Moreover, suppose that (wy,) converges to some
we HO(Th); i.e., ||wy — || gaory = 0. Then, w is contained in H(T").

235



Proof. We formulate the proof so that it can be easily generalized to general smooth
orientable, connected compact Riemannian manifolds M in any dimension n. For
this paper, the relevant special case is M = T'. Let ((U;,¢;)) be a collection of
coordinate charts, i.e., open subsets U; C M and homeomorphisms ¢; : V; — U; where
Vi == ¢; ' (U;) are open subset of R", which cover M, i.e., M = J,; U;. It follows from
compactness that we can assume that there are N such coordinate charts. Let (7;)
be a subordinate partition of unity. Then we find that (w,,) is a bounded sequence in
H?(M) if and only if for all s = 1, ..., N, we have that (w,,0¢;) is a bounded sequence
in H9(V;). Moreover, ||wp, — w||gay — 0 for some w € H®(M) if and only if for
alli =1,..., N, we have that |[w, o ¢; — w o ¢;|| ga(v,;) — 0 (since wo ¢; € H®(V})).
Now, the Stein Extension Theorem (Theorem 5.24 in [1]) implies the existence of
total extension operators E; (Definition 5.17 in [1]), which are linear maps FE;
from functions defined on V; to functions defined on R"™ with the following property:

If f € H"(V;) for any non-negative integer r, then
L. (Eif)|y, = f almost everywhere,

2. E;f isin H"(R™), and there exists a constant C' > 0, so that

1Eif |l @ny < Cllflarva)-

Hence, we find that (w,,) is a bounded sequence in H?(M) if and only if for all
i=1,..., N, we have that (E;(wm,o¢;)) is a bounded sequence in H4(R™). Moreover,
|y, — W] grao (r1y — 0 for some w € H® (M) if and only if for alli = 1,..., N, we have
that || £;(wn, 0 ¢;) — Eij(w o ¢;)|| gao@ny — 0 (since E;(w o ¢;) € HP(R™)). It follows
from Proposition A.5, that E;(w o ¢;) € HY(R™). Hence, w o ¢; € HI(V;). Since this

is true for all i = 1,..., N, it follows that w € HY(M). ]
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A.2. Fundamental Concepts and Theorems from Analysis
A.2.1. Banach Space

Most function spaces are infinite dimensional vector spaces with a structure

encoded in the following definition.

Definition A.7. A vector space X which is complete with respect to a norm || - || is
called a Banach space. A Banach space is usually denoted (X, || - ||), or just by X if

the norm s clear in context.

A.2.2. Frechet Derivative

It is important to extend the notion of a derivative from R" to abstract Banach

spaces.

Definition A.8 (Derivative between Banach spaces). Let X, Y be two Banach spaces,
and U an open subset of X. The mapping f : X — Y 1s said to be differentiable at

xo € U if there exists a continuous linear mapping Df of X into Y such that

f(@o +h) = f(xo0) = Dfleg + R(h),  where | R(h)|ly = o(|[A]lx),

for all h such that xo + h € U. Recall |R(h)|ly = o(||h|lx) means that

limy o |R(A) Iy /|2 |l x = 0.

Equivalently, there exists a continuous linear mapping D f satisfying

1f (o + ) = f(wo) = Dfally < Cllllx

for a constant C' independent of h.
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An important result for us is the case where f can be considered a map from a

“time interval” into a function space, such as a Sobolev space. The following result

concerns the derivatives of such maps.

Theorem A.9. Let [ = [a,b] be a bounded interval of R, and let X be a Banach
space. Suppose {f,} with f, : I — X is a sequence of continuously differentiable

functions. Further, assume that
— {fn} converges to f uniformly on I
— the sequence of derivatives f) converges uniformly on I.

Then f is differentiable at each t € I, and
f'@t)= lim f/(¢t) forall tel.
n—oo

This is a generalization of Theorem 5.11 on page 51 of [47], to Banach-space

valued functions. Note however, that we do not establish that f’ is continuous on 1.

Proof. Let || - || denote the norm on X, and |- | denote the usual norm on R. Further,
let g = lim, . f;,, and suppose ; is an open neighborhood of ¢t € I. We wish to

show that for any s € (),

1F(8) = f(s) = (t = s)gll < CJt = s,
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for some positive constant C' independent of s. We compute

1) = f(s) = (t = s)gll = lF (&) = f(s) = (£ = 5)(g(t) = fo(£) = (t — ) f5]
< (@) = f(s) = (& =)ol + [t = slllg(t) = £
< IF(#) = fu(t) = (F(s) = fuls))

+[1fu(t) = fuls) = (t = ) fo ()] + Ct — 5]

where we have used that the sequence of derivatives f/ converges uniformly at t.
Since f/ is the derivative of f,,, and using the uniform convergence of f,, to f on

the desired inequality is obtained. O]

A.2.3. Holder inequality
Let U be an open set in R

Lemma A.10. Suppose 1 < p,q < oo and 1/p+1/q = 1. Then if u € LP(U) and

ve LY(U), we have
/U (u,0) d < [full s o]l o

A.2.4. Moser estimate

Lemma A.11. Let f, g be functions in L>(T™) N HY(T™). Then,

1 gllmre < C ([ fllzoellgllze + 1 Fllzallgllze) -
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Further, for all multiindices o with |a| < q we have

1D%(fg) = FDgllae < C (I llmallgllee + IV Fllzoellgll o) -

This is Proposition 3.7 of Chapter 13 in [86], and the proof is contained there.
Note that the hypothesis of Lemma A.11 hold if for example f,g € HY(T™) and

q > n/2 by the Sobolev inequality. This yields the following useful estimate.

Corollary A.12. Suppose that f,g € HI(T™) for g > n/2. Then,

£ gllzra < Cllf |l sallgl o

for a constant C' depending on n, q.

A.2.5. Banach fixed point theorem

Theorem A.13. Let (X, |- ||) be a Banach space, and let B C X be a closed subset.

Suppose f: B — X is a map such that f(B) C B and

1/ () = F)ll < bllz =yl

for all x,y € X, with 0 < 0 < 1. Then, f has a unique fixed point in B.

This is Theorem 4.7 of [47] for example.

A.3. Symmetric Hyperbolic Systems

In this section we collect some results on (non-singular) symmetric hyperbolic
systems. These are adapted from [85] Chapter 16. Ringstrom, [75] provides a more

rigorous presentation.
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A.3.1. Comments on PDE

In PDE theory the focus is often on proving that a particular class of PDE is

well-posed. By this, it is informally meant that:

— The PDE has a solution.
— The solution is unique.

— The solutions depend continuously on the data specified in the problem.

What is meant by a solution to a PDE? The ideal notion of a solution to a given
PDE is an explicit functional form of the independent variables which has enough
continuous derivatives in order to satisfy the equation. Better, the solution is smooth
or analytic in some or all of its arguments. A solution having sufficient continuous
derivatives, whether or not it can be written down explicitly, is known as a classical
solution. It is known that for most PDE such classical solutions cannot be found.
Further, for some problems such as studying the evolution of shocks, the solutions one
is trying to understand are not even continuous. It is therefore desirable to consider
weaker notions of a solution.

One of the most useful notions of a weak solution is a function which satisfies the
equation in a distributional sense. Given a PDE one usually forms an integral version
of it in which all the derivatives are transferred to act on smooth test functions. The
function is then said to be a weak solution of the equation if this integral equation
holds for all smooth test functions. Note that in this case the solution in general only
needs to be locally integrable.

Often, proving the existence of solutions in a weak sense is a good place to
start when proving the existence of solutions to PDE. This separates the questions

of existence from regularity. To improve upon the weak solution, the next step is to
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increase the regularity assumptions on the data and coefficients and use these stronger
hypothesis to prove that the solutions you have found are actually differentiable in a
distributional sense. A solution which is both a weak solution and can be shown to
have sufficient distributional derivatives to satisfy the equation (in a distributional

sense) is called a strong solution.

A.3.2. Well-posedness of Symmetric Hyperbolic PDE

Consider partial differential systems of the form

SOt, z,u)0pu + Z Se(t, x,u)0u + f(t,z,u) =0, (A.4)

a=1

where S7: [0,8] x T" x U — R4 and f:[0,0] x T" x U — R? and where U is an

open set of R?.

Definition A.14. The equation Eq. (A.4) is called o quasilinear symmetric
hyperbolic system if S° S are symmetric and bounded for every (t,z,u) in
0,8] x T™ x U, and if there exists a co > 0 such that |S°| > ¢y, (that is S° is uniformly
bounded from below). Unless specified otherwise we suppose S?, f are smooth inu € U,
for U an open set of RY, and further that S?, f € C (I; HY(T™)) for ¢ > n/2+1, and

I an open set of R.

We have the following results concerning the initial value problem consisting of

Eq. (A.4) and the data prescribed at ¢ = 0

o(z) € HY(T™), (A.5)
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for ¢ > n/2+ 1. Suppose I in Definition A.14 is an interval about ¢ = 0. We have
existence of unique solutions. We first give a result for linear systems in the case that

the coefficients have finite regularity. This is based on Propositions 1.7 and 2.1 of

[85], Chapter 16.

Proposition A.15 (Existence and uniqueness for linear systems). Suppose Eq. (A.4)
is a linear symmetric hyperbolic system, meaning that S°, S, and f are independent
of u, and suppose that S°,S% f are in C (I; H?) for ¢ > n/2+ 1. Then there is a

unique solution u € C (I; H?) to the initial value problem Eq. (A.4) and Eq. (A.5).

For quasilinear systems we cite the following result in the case that the coefficients
depend smoothly on the arguments (¢, z,w). This is based on Corollary 1.6 of Taylor
[85], Chapter 16.

Proposition A.16. Suppose Eq. (A.4) is a quasilinear symmetric hyperbolic system
and that S°, S, f are C°(I x T™) and also depend smoothly on u. Then there is a

uniques solution u € C°(1 x T™).
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APPENDIX B

PROPERTIES OF THE SPACES X; .o

B.1. Relations Between Spaces X, ,

We discuss the relationships between different X, , spaces, when two parameters

are fixed and the third is allowed to vary. Clearly, X; = C Xs5,, for any o€ (0, 4].

sHq

Next we prove embedding lemmas for the exponent vector, and regularity parameters.

Lemma B.1. Fiz a 6 > 0, a ¢ € Z", and an exponent vector v, and suppose f €

Xspq- Then f € X5, 4 for any p < v, and we have the estimate

”fH&u,q < C”f”&l«q

for a constant C' depending only on the difference v — pu and 9.

Proof. Since f € X5, 4,
[ ls..g = sup (R[]l azm) < C < oo.
t€(0,4]
Computing
[l = sup [ RIplfagan)
t€(0,4]

= sup [[R[u— VR[] f||rsrn)-
te(0,0]

244



Because R[u — v] = Diag{t" ", ... t" "} and since u,v are smooth on 7" and

thus obtain there maximum and minimum values,

sup [|R[p — VIR f |l marmy < sup [|R[p — v]l|zoo )RV zaerny < Cll 545
te(0,5] t€(0,9]

for a constant C' depending in general on d, u, and v. This shows that f € X5,

with the proclaimed estimate. O

Lemma B.2. Fiz a § > 0, exponent vector u, and let ¢ € Z*. Then the following
embedding holds

X(S?u?q C X(S,[L,Q71 C te C X67u707

and we have the estimates

[wllspg = 1wlispa-1 == lwlls o,

for any w € X5, 4.

Proof. Let w € X5,,4, | be an integer in [0, ¢], and o a multi-index. Then,

1/2

q
lollspg = sup [ 3 / Rl de
te(0,0] a,al=0 n
1/2

l q
= swp (3 [ jorRiuPds 3 [ jorRuls
Tn Tn

t€(0,4]

o, |a|=0 o, |al=1+1
z 1/2
> swp (Y [ oeRluPds
t€(0,9] ala)=0 7 T"
= [wlls s
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This shows that w € X, and that ||wl||s.; < ||wlsug for any [ € [0,¢]. Similar

arguments show that ||w||s,; < ||w||s,k for all [,k € [0, q] such that k& > 1. O

B.2. Relation to Bounded Continuous Maps
B.2.1. Relations to Other Function Spaces

We can think of w € X5, , as a map between Banach spaces w : (0,6] — HY(T™).

Lemma B.3. Fiz parameters 6 >0, g € Z* and an exponent vector . If f € X5,.4

then at each t € (0,6], f € HI(T").

The proof of this follows from the definition of the || - ||5,,, norm and smoothness
of R[ul.

In the case 1 = 0, the space X5, consists of maps w such that the norm

[wlls0,0 = sup [lw]|ms
te(0,0]

is finite. This is equivalent to the more familiar space L> ((0,d]; H9). It follows that
if ¢ is a non-negative definite exponent vector and f € X;., for some 6 > 0 and

positive integer ¢, then f € L™ ((0,4]; HY).

B.2.2. The Spaces )A(&,u,q

In the section above we discuss conditions under which f € X, , is a bounded
map between Banach spaces. We now extend this idea, by investigating under what
conditions such maps are continuous. Define ngu’q as the set of maps f : (0,0] —
HY(T™) with the property that R[u|f is bounded and continuous; cf. Eq. (2.2). If
we endow Xg’#’q with the norm || - ||s .4, then )A(l;%q are Banach spaces. Note that if

fe X&u%,q for some € > 0, then R[u|f : (0,6] — HI(T™) is uniformly continuous.
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All functions in X;,, can be approximated by smooth functions according to
the definition of these space Section 2.2.2.. Functions in )/(\'5,#,(1, however, can be
approximated by a particularly useful sequence of smooth functions as follows; the
following lemma is taken from Appendix A of [3]. We refer to that paper for the

proof.
Lemma B.4. Let f € )A(M,q; i.e., Rlulf : (0,0] — HI(T") is bounded and continuous.

Let J? be defined as follows

f), t € (0,9],

Rl = OR[u](6)£(0), t € [0,00).

Let ¢ : R — R be smooth with ¢(x) > 0 for all |z| < 1 and ¢p(z) =0 for all |x| > 1,
with fR x)dr = 1. Let (y) be a sequence of positive numbers with limit 0. For any

ntegers i,j, we set

R0 = [ [ ®ufeago () 2o (50) avas.

Then (R[] f):; has the following properties:

1. (Rlulf)ij € C((0,8] x T*) for all integers i, j.

2. The function

fig =Rl (Rlulf)ij (B.2)

has the property that

fij € )?5’“,(] N Xs,q for all integers i, j.
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In particular, for any given integers i, j, one has

IR ig (& ey < Cllflls g, for all t € (0, 4],

for a constant C' > 0 independent of t (but possibly dependent on i, j).
3. (Rlu)f)ij(t,x) — Rlpulf(t,x) fori,j — oo at a.e. (t,x) € (0,8] x T".

4. If [ is such that Rlu]f : (0,8] — HI(T?) is a uniformly continuous map (e.g.,

if f € )A((;Wre,q for some € > 0), then

I\ fij — fllopq — 0 fori,j— oco.

We can now use Lemma B.4 to relate the spaces X, , and )?5%,1. The following

embedding is originally proved in [3].

Lemma B.5. If we fiz a constant 0 > 0, an exponent vector u, and a non-negative

integer q, then for all e > 0, one has
X&;Hre,q - X&u,q - Xé,u,q-

Proof. The inclusion X;,, , C )?5%(1 follows easily from the fact that each element in
Xs..q 1s the limit of a Cauchy sequence in (C°°((0,0] x Th), || - ||s,4.4), Whose elements
are in particular bounded continuous maps (0,] — H?(T"), and the convergence is
uniform in time.

To check the inclusion )A(g,#ﬁ,q C Xsp,q, let a function f be given in )A(&#er'
Hence f satisfies the condition of the previous lemma, in particular that of
Condition 4. It follows that f € X5, 4. m
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B.3. Derivatives of Functions in X5,
B.3.1. Time derivatives

We also wish to comment on time derivatives of functions in X;, , and )?5,#,(1.
Let f € )A(g%q. We say that f is differentiable in time ¢ if the (bounded continuous)
map R[uf : (0,8] — HI(T") is differentiable in the sense of a map between Banach
spaces (Frechet derivatives). Its time derivative (multiplied by ¢) D(R[u]f) can then
be considered to be a map (0,0] — HY(T"), and we set Df := R[u] ' (D(R[u]f) —
DR[u)f). If this map is continuous, then we call f continuously differentiable in t. If
this is the case for f and if in addition R[u]Df is bounded, then we have Df € )?5,”,(1.

Now, let f € )?57“761 be continuously differentiable. ~ Then Df is the
distributional time derivative of f in the following sense. Let ¢ be any test
function with the properties as in Section 2.4.4.. Choose ¢ > 0. Then we clearly have

that

/875 f¢>L2 Tl))dt < []f>¢>L2 )

t=e

Hence, the boundary term vanishes in the limit ¢ — 0. The following integrals are

meaningful for ¢ = 0, and hence we obtain

é
| RUDL6)
0 (B.3)

0
- _/0 ((R[u]ﬁ Do) oy + (Rlulf + DR[ulf, ¢>L2(T1)) dt

The reader should compare this with the expressions for weak solutions in Section 2.4..
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B.3.2. Spatial derivatives

Next we prove a result concerning the spatial derivatives of a function in our

weighted Sobolev spaces.

Lemma B.6. Fiz a 6 > 0, a ¢ € Z*, and an exponent vector j. Suppose that
w € Xs,uq(T"), and that |5, < M, for some M € RY. Then, there exists real

numbers €, C' > 0 such that for any coordinate x* € T",
aw € Xsp—eq1(T") and  ||0aw|lsp—cq-1 < Cllwlls g < CM.

Note that the slight decrease in the exponent vector is necessary in order to

control the factors of logt which appear when commuting d, with R[u].

Proof. Let a be a multi-index, and compute

g—1 /2
e Y -—eauw)

t€(0,0] a]ale0
q—1
= sup (/ Z {aaa Rl — eJw|* + 0% (0, R[p — €]))wl?
te(0,0]

a,|al=0

1/2
—2@ﬂ@Rm—dMMﬁ@Rm—dm}) .

Now, 0, R[n— €] = tlog tDiag{d.u}.R[u], which can be bounded by CR[u] in (0, d] x
T™ since p is smooth and the ¢t dominates the logarithm. To deal with the cross term

we note that from the Cauchy inequality

2(07(0aRlp — e))w, 070, R[p — eJw) < |07 (Rl — e)w]” + |070.R[p — e|w|*.
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It follows that

10aw]lsju—e.q-1

1/2
< C sup (/ Z 1020, R[p)w]* + |0°R [ ]w|2)

t€(0,6] o]0
g-1
< C sup (/ Z 1020, R[u]w|? + [0SR [p]w]* + Z |05 R[ ] w[Q) )
ORI o Jal=0 6.181=q

where > 5 5, is a sum over all multi-indices of order ¢ such that 9P is not of the

form 0%0,. This last expression is equal to C'||w||s,,q, Which proves the lemma. [
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APPENDIX C

FUNCTION OPERATORS ON X;, o SPACES

In this appendix we develop the relevant theory for function operators between
the weighted Sobolev spaces Xs,,. The results presented here are particularly

relevant in applications of the Fuchsian theorems Theorem 2.10 and Theorem 2.28.

C.1. Function Operator Basics

In Section 2.2.3. we introduce the notion of a function operator corresponding
to a function of the type f : (0,6] x T™ x Q@ — R™. There we introduce the notion
of a bounded function operator, as well as the Lipschitz property (Definition 2.3)
which is critical in proving the existence results Theorem 2.10 and Theorem 2.28.
For the second Fuchsian theorem additional properties (c.f. Definition 2.25 and
Definition 2.26) are required on the relevant function operators in the equations.
In the sections below we verify that these properties hold for the class of function
operators which we find in our applications.

While most of our analysis is concerned with treating functions of the “new
unknown” w € By, ,(s), we are also interested in the “expansion” of a function
operator f(u)(t,z) under the Fuchsian ansatz u = up+w. For this Fuchsian reduction

we would like to partition a given functional f(¢,z,u) into terms

flt,xu) = folt,z) + fi(t,x) - w+ folt, x,w), (C.1)

where fy is purely a function of the coordinates, fi(¢,z) encodes the coefficients for

the linear terms, and f5(¢, x,w) contains the remaining, generally nonlinear, terms in
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the expanded functional. We then wish to know the exponents vy, 14, 5 associated
to the spaces fo € X510, f1 € X514, and fo € X5, 4.
To begin we look at u as a function operator —one might think of this as the

“fundamental Fuchsian function operator.” Consider

w — u(w) = ug + w,

for up € Xs,4, and w € By, q(s) for 4 > k (this is necessary in order for w to
be considered a “remainder” with respect to ug). It follows that u(w) is a function

operator u : By, 4(8) — Xs,4. Further, it is clear that u(w) satisfies the Lipschitz

property.
C.2. Linear Function Operators

Let m, d be positive integers, and suppose  C R? is open. In this section we
consider functions L(t, z,u) defined by L : (0, ] x T™ x Q — R? and the corresponding
function operators L(u)(t, ), which are linear in u € €. Such function operators can
be written

L(u) = A(t, z)u,

where A(t,z) is a R™%-valued function. These operators have the expansion

L(w)(t,x) := L(u(t, z,w(t,z))) = A(t, x)uo(t, x) + A(t, z)w(t, x). (C.2)

The following lemma tells us about what function space we can expect for the target.

Lemma C.1. Let w be a d-vector-valued function in X5, , for some exponent d-vector

i, a constant § > 0, and an integer ¢ > n/2. Let A be a d X d-matriz-valued function
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so that Rlu] - A-R[—p] is an element of Xs¢ 4 for an exponent d-vector (. Then, the

d-vector-valued function A.w is in Xscipq and
[Awllscing < ClIIRIK - A-Rl=pllsc.allwllsma (C.3)

for some constant C' > 0 depending only on q and n.

Note that a similar theorem can be proved with w replaced by a d x d dimensional
matrix in the space Xs, 4. Also, in the case d = 1, the R-valued functions R[y] and

A trivially commute, and we have that for A € X;. 4,
[Awllsctna < CllAllscallwlsma:

Proof of Lemma C.1. From the definition of the weighted Sobolev spaces, and given
that Rlp] - A - R[—pn] € Xs¢,q, and w € X, 4, there exists a sequence of matrices
B, € X54,0C*((0,6] x T™) and a sequence of elements w,, € X5,,,NC>((0,0] x T")
which converge to R[u] - A-R[—p] and w in X5, and X5, , respectively.

To show that Aw is in Xs¢ip,q, we show that the sequence of elements
(R[—p] B, R[p]) wy, converges to Aw in X ,,4¢,. While it follows from the definitions
that (R[—u| B, R[p]) w, € C=((0, 6] xT™), we show that R[—pu| B, R[p|w, € X5 tc¢,qMN

C*((0,0] x T™). Due to Corollary A.12 we have

[R[=p]BuRp]wn[sp+cq = sup |R[C]BnR[p]wn|| e
te(0,0] (C 4)

< C sup |R[C]Bnllma sup |R]plwn| e < oo,
t€(0,9) +€(0,9)
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as desired. Now consider

IRICI By Rlpuwn = RICIRIPAR]—pRp]w]| o
= R[S (Bn = RIu]AR[=p]) Rlplwn + RICT (R[] AR[=p]) Rlp] (wn — w) [ o
< CIRIA(By = RIFAR[=p) | o | R[] wn | 1o
+ CIRIARIMAR[=p] || o [ RI] (wn = w) [ o

< OBy = RIpAR[=plls¢.allwnlls g + IRIMAR[ =1 l5¢,allwn = wll5.q)

Since the right hand side vanishes in the n — oo limit, we have shown that
R[—p] By R[p]w, converges to Aw in Xs1, , and that Aw is in X5, ,. The estimate

for Aw follows by taking the limit n — oo of Eq. (C.4). O
We now show that these operators are Lipschitz.

Lemma C.2. Let L(w) be a linear function operator as in Eq. (C.2), with A satisfying
the properties of Lemma C.1, and choose an exponent vector p, any exponent scalar
Y > 0, and positive real numbers 0 < § < s. Then L(-) satisfies the Lipschitz

property, and for all w € Bs,, 4(s) and h € Bs; 4(5) with i = p+ v we have that

L(w) = L(w + h) € Xscipg-

Proof. 1. Let w,w € By, 4(s). The proof of the Lipschitz property follows from
L(w) — L(w) = A(w — @) and the estimate Eq. (C.3).

2. We have L(w) — L(w + h) = —Ah. Since i differs from p by a scalar,
and R[u|AR[—p] € Xs¢,q by assumption, it follows from Lemma C.1 that Ah €

Xs.¢ting- u
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C.3. Nonlinear Function Operators

In this section we verify the desired properties of the function operators in
the case that these operators are nonlinear in the fields. Again this is relevant for
applications of the Fuchsian theory. However, since in most cases the analysis can
be performed separately for each component of the function operator we simplify the
following analysis by considering only f of the form f : (0,6] x T" x Q@ — R. The
basic non-linearities we deal with are multiplications, positive powers, exponentials,
and inverses. We first establish a general result, and later consider specific cases in

more detail.

C.3.1. General Smooth R-Valued Function Operators
To begin we establish the expansion of such operators under the Fuchsian ansatz.

Lemma C.3. Let f(t,xz,u), f:(0,0] x T" x U — R be a function which is smooth
in its arguments. Further suppose that w — u s the basic Fuchsian function operator
defined by u(w) = ug + w, for a given uy € Xs,4. Then the corresponding function
operator f(w)(t,z) = (fou)(t,z) = f(t,z,u(w(t,z))) has an expansion of the form
Eq. (C.1).

The proof of this lemma is based on Taylor’s theorem.

Proof of Lemma C.3. At each (t,z) € (0,0] x T™ and for all w € V' C U we have

ft,2,u) = golt,z) + gl(tv ZU)(U) + 92(t, :B)(u, u) + 9.(t, z, u)
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where g;(t,z)(u) is the linear form D, f|o, and go(¢,z)(u,u) is the quadratic form

D2 flo, and where limy, 420 9-(t, 2, u)/||u]|* = 0. We may write
g1(t, ) (u Z)\thul, and  go(t, z)(u,v) Zp’ (t, z)u;v;,

for some smooth functions \(¢,z) and p’*(t,z). Expanding u; = ug; + w; we obtain

the desired function operator for w contained in some set €. O

C.3.2. Some Basic Constructions
C.3.2.1. Products

Consider functions of the form f(u) = ujug, where uy, us : (0,0] x T" — R are
interpreted as any two components of the vector u. Clearly this has an expansion
of the form Eq (Cl) with fo = Up,1U0,2, fll = U/O’Q,f% = Ug,1, and fQ = W1W2. To

understand the function operator fo = wjws,, we establish the following.

Lemma C.4. Let w; € X5,,, and wy € Xs,,, be two functions (0,9] x T" — R,
for some constant § > 0, some smooth exponents py and ps, and an integer ¢ > n/2.
Then wy - wy 18 1 X4, 40,9 and, for some constant C' > 0, depending only on n,q

we have

(w1 'w2||5,u1+u2,q < Ole“(S,m,q |Jws S.p2,q-

Lemma C.5. Let wy,ws be as above, and define g(w) = wyws. Then g(-) satisfies

the Lipschitz property.
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Proof of Lemma C.4. Since wy € Xs,, 4 and wy € X;,,,, there exist sequences

(Wim) C Xspr,g NC((0,6] x T™) and (wa,m) C X5, N C>((0,6] x T™) so that

|w1m — wl”&m,q =0,  |lwam —wy Suzg — 0

We also know that wy(t)wq(t) € HY for every t € (0,0] and wi mWam € X p14ps,q N

C*>((0,0] x T™) for every m. Moreover,

[ 712 (w1 pwa  — wiws) || e = ([T (Wi — w1 )t 2w, + T wit ™ (wy, — wa)||

< Ol (wan = wi) lal [t wa,n [ o + CllE™ wn || o [ (wa,n = w2) || 1a

< Cllwin = wills g gllwznllspse + 1willspmallwan = w5

This implies that wy ,, w2, converges to wiwy in X5, 44,4, and hence that wiw, €

X 1+p0,9- We have, for every t € (0,0], that

b2 (B8l s < ClE 0y (8) el |20 11

where the constant C' > 0 does not depend on w;, we and t. This establishes the

remaining estimate. 0

Proof of Lemma C.5. This follows from straight-forward computation

IRk + pa] (9(w) = g(@)) [[a = 72 (wiws — Drid2) || s
< [ we || pal[#2 (we — @3)| o

2 o (01 — 1) 1

Taking the supremum for ¢ € (0, 0] establishes the estimate. O
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C.3.2.2. Integer Powers

Consider the function operator f(u) = u? for any integer p with p > 2 or p < —1.
For p = 0, the expansion is of course trivial and for p = 1, we simply find the
fundamental Fuchsian function operator, (c.f. Section C.1.). Here w; is a component
of the R%valued function w. However, to simplify the expressions below, we now use

the expression u for a single component. Such function operators have the expansions

P
uP = Z <i) ug? Fw”

k=0

in the case that p > 0, and

= =S (P ot

k=0

in the case that p < 0.

Let us focus on the case p > 0. We assume
Uy € Xsrg W E Xsptpg-
In terms of the expansion Eq. (C.1), we have
Jo=uo” € X5
This follows from applying the product lemma (Lemma C.4) iteratively. We also have

—1
flw = puop w € X(S,pn—‘ru,qa
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and

p(p—1 _
f2[w] = %uop *w? € X prt+2u,q-

We have the following lemma.

Lemma C.6. Suppose pn > 0. Then the function operator f(u) = uP, with u = ug+w
has the expansion above, is a well-defined function operator into Xs,y. 4, and satisfies

the Lipschitz property.

The proof of this lemma follows from a repeated application of Lemma C.4.

C.3.2.3. Exponentials

Consider the function operators of the form f(u) = exp(ru;) for a real number
r. Again u; represents a component of u, although in the rest of this discussion we
let u denote the component. The expansion has the form f(w) = exp(rug) exp(rw),
and we can use Lemma C.3 (basically the Taylor expansion) to see that it takes the

form Eq. (C.1).

Lemma C.7. The functional f(w) = exp(rw) is a well-defined operator Bs,, ,(s) N

Xs g — X504, for p >0, and satisfies the Lipschitz property.

The proof of this lemma is based on the following result (see [86] Ch. 13,

Proposition 3.9).

Proposition C.8. Let F be smooth, and F(0) = 0. Then for w € H? with ¢ > n/2
[E(w)l[ e < Cllwl[zee (14 [[w]]aa)

for a constant depending on q,n.
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Proof of Lemma C.7. Consider h(w) = f(w)—1 = exp(rw)—1. Then the proposition

and the Sobolev inequality implies
[(w)[lze < Cllwllza (14 [Jwl[za) -
By the reverse triangle inequality we also have

Hf(w)HHq < ”h(w)HHq + ”1HHq.

Therefore,

1f ()l < C@)[wllaza (1 + lwllza) + C(n).

Taking the sup,¢ (g4 shows that the operator is well-defined with target X 4.
The Lipschitz property follows from the Taylor expansion formula and Lipshitz

property for products Lemma C.5. O]

C.3.2.4. Inverses

Let f(w)(t,z) have an expansion as in Eq. (C.1), and consider f~!(w). We have

the following lemma, which is a consequence of the Taylor theorem.?

Lemma C.9. Let f(w) have an expansion as in Eq. (C.1) with fo(t,x) = 1, and
fo(w)(t,x) := folt,x,w(t,z)) a smooth function operator which is at least quadratic
inw for all w € Bys,q(s). Then there exists a 0 < § < s and a f(w)(t,x) such that

for all w € B ,4(3)

1

STt om i LAk oeit fw) )

fH(w)

1See for example Corollary 8.17 [47] for the Taylor theorem for Banach spaces.
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Function operators involving inverses which we are particularly interested in are

the components of the inverse metric.

Lemma C.10 (Function operator properties of inverse metric). The inverse metric
is a smooth function operator on w € By, ,(s) for a sufficiently small s > 0, which

can be expanded as
g~ (w) = yolt, x) + yi(t, 2)w; + ya(t, 2, w),

where y, is a R%-valued function of t,x, and the sum over i is implied.

Proof. The inverse of a matrix can be written ¢g=! = %, where adjg is the adjugate
of g which is made up from the cofactors of g. In terms of the first order fields u; both
det g and adjg have the form i IL ufg for positive integers p{ . Under the expansion

ansatz u = vy + w,
det g = bo(t, z) + b\ (t, x)w; + ba(t, z, w).

Since this is a smooth function operator of w € By, ,(s) for a sufficiently small s > 0,
and provided b (t, x)/bo(t, x)w; and by(t, x,w)/by(t, ) vanish near ¢ \, 0, 1/ det g can
be expanded in a similar form. Likewise, adjg, can be expanded, and the product of
such operators has the form stated in the lemma for some scalar function yo(¢, z) and

function operator ys(t, x, w) and a vector valued function y; (¢, ). O

Next we record the specific function expression for the inverse determinant of

the metric in Chapter IV.
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Lemma C.11. The inverse determinant of the v-block of the metric Eq. (4.31) can

be written as the following expansion of function operators

G(w) :=(dety)™!

:O(tl_kZ) <1 _ O(tl/2(1—/<;2))w7 _ O(t1/2(1—k2))w1 _ O(t(l—kQ))w1w7 + .. > .

The proof of this lemma follows from the fact that near ¢ , 0 the fields
U,U; dominate the square of the shift UZ, and from the leading order expressions

Egs. (4.50)-(4.55).

Lemma C.12. The inverse determinant of the T-block of the metric Eq. (4.31) can

be written as the following expansion of function operators
(det 7')_1 = O(t_Q) (1 — O(t_l_k)wlﬁ — O(tH—k)’wlo — O(t_Q)wlowm + .. ) .

C.3.3. Higher-Order Properties for Simple Function Operators

In this section we establish the higher-order property Definition 2.24 for some
of the simple function operators considered above. These results are essential for
verifying the conditions of Definition 2.25 and Definition 2.26. We consider both the
cases that i = p+ 79 and i is “nearly” a scalar, meaning certain components are

allowed to differ my +e.

Lemma C.13. The R-valued function operator F(w) := \(t,x)w" for \(t,x) € Xs¢,q,
and w' the i'™ component of the vector w satisfies the higher order property with respect
to:

L ji= i+ for any €
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2. [u is scalar for & > 0.
3. fu is nearly scalar for & sufficiently large.

Proof. We suppose F(w) occurs in the j component of the source. Computing

AF,(h) we find the higher order property requires

v — < €4

For fi = p + 7o, this inequality reduces to 1’/ < & + pu® which must be satisfied if
F(w) appears in the source term. In the case that [ is scalar the inequality becomes
vl — i/ < &, which can hold for € > 0. Finally in the nearly scalar case, such that
fi* = i’ + € we have 17 — i/ < £ + ¢, which can be satisfied if £ + ¢ > 0. The Lipschitz

property is straightforward. O]

Lemma C.14. The function operator F(w) = [[L,w! satisfies the higher-order

condition.

Proof. The case of only one p; non-zero is covered in Lemma C.13.
Now consider a function operator which depends on two of the components,

Fy(w) = wywe. We compute

AFQ(h) = hﬂUQ + hg(’wl + hl)

Let j denote the component of the source in which the function operator occurs. The

higher-order property then yields

v —p? < min{pt 4+ p?, 5%+ pty
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For fi = p + 7y, this inequality becomes 1/ < p! + p2, which holds by definition. In
the case that /i is scalar or nearly scalar the inequality reduces to 7 — pf < min{u' +
e, u? + €2}, for €, e > 0. Clearly this holds provided min{u' + €', u? + €2} > 0. A
similar argument holds for function operators with three fields, and arbitrary products
follow from an application of Lemma C.19. The Lipschitz property is proved as in

Lemma C.5. O

Lemma C.15. Suppose i > 0. The function operator F(w) = (exp o P;)(w),
where P;(w) = w; is the projection onto the i component satisfies the higher-order

condition.

Proof. We compute using the Taylor expansion of F'(w),

and thus AF,(h) € X;pi,. It follows that AF,(h) € X5 i 10i—piq (08 Xs ity a5 2
special case) if

V= = = < i (C.5)
Here we have used that 17 = 0 for the exponential function operator.

1. Case i =+ vo: The inequality Eq. (C.5) becomes

W= =0<p

which is true since p > 0.
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2. Case [ is nearly scalar: We assume i/ = fi* + € for some ¢ > 0 (here equality

corresponds to the scalar case). The inequality Eq. (C.5) becomes

e < 1,

which holds since € may be taken arbitrarily small.

The Lipschitz property is proved as in Lemma C.7. m

C.3.4. Combinations of Function Operators

Lemma C.16 (Product of function operators). Let f and g be two R-valued function
operators satisfying the Lipschitz property and defined on w € B, ,(50)N X5, .4, Where
we have chosen sy and p to be such that both operators are defined on B, ,(so).
Suppose that for all such w, w — f(w) € X5, and w — g(w) € Xs,, for exponent
scalars v,n : T™ — R. Then the function operator w +— h(w) := f(w)g(w) is well-

defined and satisfies the Lipschitz property with target Xs, 1y q-

Applying the above lemma iteratively to a function operator of the form h(w) =

(f(w))* for some positive integer k, we find the following corollary.

Corollary C.17 (Positive powers of function operators). Let f be an R-valued
Lipschitz function operator mapping Bs,,,(s0) N Xs g t0 Xsuq. Then the function
operator w — h(w) = (f(w))* for positive integer k is a well-defined Lipschitz

operator taking values in Xspy, 4.

Lemma C.16 is proved in Appendix B of [3]. We now consider the higher-order

property Definition 2.24.

Lemma C.18. Let F(w) be an R-valued function operator from Xs,, to Xs,4

satisfying the higher-order property, and let A(t,x) be an R-valued function in Xse,
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for some q > n/2. Then as long as & > 0, the function operator F(w) := A(t, z)F(x)
satisfies the higher order property with respect to both i = pu + o, and fi scalar, or

nearly scalar.

Proof. We compute AF,(h) = A(t,z)AF,(h). Since AF,(h) € X5y pq We see
that this is guaranteed to hold as long as ¢ > 0. The Lipschitz property follows from

straightforward computation. O]

Lemma C.19. Let F' : X5, , — X5 q and G+ X5, 4 — Xs,,4 be two R-valued
function operators satisfying the higher-order property with respect to both i = o,
and i scalar, or nearly scalar. If vi,vy > 0, the product H(w) := F(w)G(w) satisfies
the higher order property with respect to both i = p+ 7o, and i scalar, or nearly

scalar.

Proof. By computation we find AH,(h) = O(fi—pu+v1+13), from which the property

follows. The Lipschitz property is proved as in Lemma C.16. n

C.4. Properties of the Inverse of S°

We start by quoting a result from [60] on computing the inverse of a sum of

matrices.

Lemma C.20 (Inverse of a sum of matrices). Let G and G + H be non-singular
matrices, and let H have positive rank r. Write H = Ey + ...+ E,., where E;,i =

1,...,7r are rank one matrices, and suppose Cyy1 = G+ E1+ ...+ Ej is non-singular

fork=1,...,r. Define C;y = G. Then,

Cii = Ct = uC T By G
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where

vp = (1+tr(Cy Ey)) ™

and in particular
(G+H)'=C ), =C"—vC T ECT! (C.6)

We now use this lemma in proving desired properties of the inverse of the matrix-
valued operator S°. Since S°(w) = S§ + SP(w), where we can decompose S?(w) =
> pe1 ST(w) we write

(S°w)) ™" = (S9) " + 20(w).

The perturbation matrix X?(w) consists of a sum of terms each with products of the
form (S)™" - S, (w) - (S9)™". Note that in many of our applications SY is diagonal
with every third entry non-zero. In these cases S7 has rank d/3, and each S?,(w) can

be represented as a sparse matrix containing only the non-zero diagonal element.

Lemma C.21. Suppose as in Definition 2.27 that SO shares the block diagonal
structure of p, and R[p]SY(w)R[—p] € Bsgy(r) for some & > 0. Then the function

operator

w = Rl ($°(w)) ™ Rl=p)

is a bounded operator (Definition 2.4) of Xs,.4 to Xso4 for all w € Bs,,(s0) N

Bs,.4(s). Further, the function operator

w = R[p|ES (w)R[—p]
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is a bounded operator of X4 to Xseq for some exponent scalar §, and for all

w € Bs,p(50) N Bsyug(s). The exponent scalar § is less than or equal to the minimum

of €.

Proof. First note that from the assumption that R[u]SY(w)R[—u] € Bsey(r), and
the splitting of SY(w) into rank one matrices consisting of the rows of S (w), we find
that for each k

R[] SY  (w)R[—p] € Bse, q(r),

for the exponent scalar . The proof of Lemma C.21 is by induction on C, jl from
Lemma C.20. Clearly, there exists an r > 0 such that C;! = (88)71 is contained in

Bs4(r). Next note that
Cyt = (S6) " = (58) " S (w) (S9)
and thus,
RIEIC5 RI=p) = (55) ™ = w1 (5) " RIS (w)R(=p] (55) "
Since 14 is a bounded function in X4, we find that
RIWCy R[] € Bso(r)

for the same r as with £ = 0, and

v1 (S9) " RIuSY (w)R[—u] (S9) " € Bigy o7
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for some 7 > 0. Now suppose that R[u|Cy "R[—p] € Bso4(r) and compute

ROy RI=p) =R[u]Cy R[4

— v (R[WC, " RI=p]) (RIpST (w)R[=]) (R[MCy " R=p]) -

From Lemma C.1, and the fact that v, € X0, we find that the second part is
contained in Byg, (7)) for some 7, while the first term is in By ,(7) by assumption.
Since & > 0, it follows that R[u]C, ., R[—p] € Bsoge(r). This shows that in
particular R[u]C ' R[—u] = Ry (S°(w)) ™' R[—p] is contained in Bsg,(r) for all
w as in the lemma. To see the bounded property on R[u|%9(w)R[—u] we note that

.....

F=mini_ {7} )

Lemma C.22. Let ¢ > n/2. Suppose as in Definition 2.27 that S shares
the block diagonal structure of p, SY(w) € Bscq(r) for all w € Bj,,(s), and
R[] SY(w)R[—p] € Bseq(r) for some & > 0. Further suppose that for some exponent
vector &, the function operator h — R[u] (SY(w) — S%(w + h)) R[—pu] is a bounded
operator from Xsp 4 t0 Xsetj—pq for all w € By, 4(s) and for ft = p+ -y, where v is

any exponent scalar. Define
A (S°(ug +w)) ' [h] == (S°(uo + w))_1 — (S%(uo +w + )~
Then the function operator

b= RIuA (S (uo +w)) " [HR[=p] = R[u]ASS (uo + w) A R[]
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is a bounded operator Xsp, — Xseyppg for some exponent scalar £ > 0 for all

w € Bg7u7q(5).

Proof. The proof again follows from induction on C,_ 431- First note that AC;! =

A (S9) "' [h] = 0. Next, we find

Rl (C5 ™ (w)~Cy (w + h)) R[]
= Rl () (58) ™ 0, (w) (9)
o+ h) (58) 7 8%+ b) (58) ) RI-4

= Rlu] (50) " (Sa(w) = SYy(w+ 1) (S0) " Rl=p] + ...

since v (w) = O(1) for all w € By, 4(s) under the hypothesis that w — SY(w) is a
bounded map into Bs ,(r) for some ¢ > 0. It follows from the remaining hypotheses

that there exists an exponent scalar £ such that R|u] (C5H(w)—Cy N (w+h))R[—p] €

Bévél +i—p.q (711 ) .

Now suppose that R[u]AC, L [RR[—p] € Bisg +i—pq(r). Compute

RIpAC, R [=p]
= RIWAC L [WR][-1]
= R (G ()80 () Gty ()
= ety (w+ STy (w + WO (w -+ ) )Rl
= RIWACL [WR][-1]
= R (Gl (W) ASS (WO (w) + Oty (w+ WASS A [P]C, (1 + )
+ O (W) S 1 (W) AC L [B] + ACL[RISY oy (w)Ciy (w + h)

— Gl (w)ASY  BCE (w4 h) ) RI=p).
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Inserting R[u]R[—p] between each matrix multiplication, and using the induction
hypothesis, the knowledge from Lemma C.21 that R[u]AC, L (w)R[—u] € X504,
as well as assumed properties of R[u]SY(w)R[—pu], R[u]ASY(w)[h]R[—pu], and that

jL — = 7y is an exponent scalar, we find that

R[N]Angz[h]R[—u] € Xsgti—pa-

Further, we can use the Moser and Sobolev estimates in combination with the
boundedness hypotheses to show that this function operator is bounded.

The conclusion of Lemma C.22 follows from setting k + 1 = r = rank(S?). O
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