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Abstract

In this thesis we study hyperbolic PDEs arising from general relativity and the stan-
dard model of particle physics. In particular we prove the asymptotic stability of special
solutions of these PDEs against small initial data perturbations. The study of stabil-
ity elucidates our understanding of whether such PDEs can provide mathematically
reasonable models for physical phenomena in our universe.

In Chapter 2, we prove the stability of the Kaluza-Klein spacetime to perturbations
that depend only on the Minkowski coordinates. This chapter is based on the published
work [Wyal8] and uses the powerful direction-dependent decay and energy estimates
established by Lindblad and Rodnianski for their proof of the stability of Minkowski
spacetime.

In Chapter 3, we present joint work with Shijie Dong and Philippe LeFloch [DLW19].
Using the hyperboloidal foliation method of LeFloch and Ma we establish the sta-
bility of the ground state of the U(1) standard model of electroweak interactions.
This amounts to establishing stability of the trivial solution of a coupled nonlinear
wave—Klein-Gordon-Dirac PDE system. In Chapter 4, we study a different type of
wave—Klein-Gordon PDE system which has quadratic wave-Klein-Gordon interactions
in which there are no derivatives on the wave component. We show the stability of its
trivial solution, and this chapter is based on a collaboration with Shijie Dong published
in [SW20].

In Chapter 5, we show that the Milne spacetime is a stable solution to the Einstein
Klein-Gordon equations, which is based on joint work with David Fajman appearing
in [FW19]. The method utilises the CMCSH gauge and associated coercive energy
estimates developed by Andersson and Moncrief for their proof of the stability of Milne
as a solution to the vacuum Einstein equations.

Finally, in Chapter 6, we show the stability under the vacuum Einstein equations
of the product of high-dimensional Minkowski space with a compact special holonomy
manifold. This result provides a counterexample to an instability argument by Penrose
and combines ideas from Chapters 2-5. Work presented in this final chapter is based
on a collaboration with Lars Andersson, Pieter Blue and Shing-Tung Yau, and appears
in [ABWY20].



Lay summary

Consider two balls, one placed at the bottom of a valley and the other at the top of a
hill. If no forces act then the balls will not move from their starting positions. If we
now take the valley ball and instead move it up the side of the valley, then upon letting
it go, it will naturally roll back down to the bottom stable point. By contrast, if the
ball on the hill is moved slightly away from the hilltop, perhaps it has been pushed by
a strong gust of Scottish wind, then the ball will rapidly roll off the hill and away from
its unstable hilltop position.

Partial differential equations (PDEs) are one of the main tools used to model phys-
ical phenomena, from balls rolling off hilltops to the motion of the black hole thought
to lie at the centre of our galaxy. Special ‘positions’, such as the bottom of the valley,
arise as steady state solutions to the PDE. A steady state solution is asymptotically
stable if all small initial perturbations of its starting position lead to solutions that,
over time, asymptote back to the original steady state.

In this thesis we show the asymptotic stability of five steady state solutions to
PDEs derived from two field theories: general relativity and the electroweak model of
particle physics. The PDEs are closely tied to the wave equation, which models many
kinds of waves, such as sound waves, electromagnetic waves, and, as recently discovered
experimentally, gravitational waves.

To have any hope of proving asymptotic stability, the steady states we consider
must be geometrically special, for example by having a high degree of symmetry, and
the initial perturbations we consider must be small. The PDEs that we study are
nonlinear; roughly speaking this allows for the ball to change shape as it moves around
and down the valley, which makes proving stability more difficult. Other issues arise
when we consider different types of balls, describing different fundamental particles,
and even further interesting dynamics occur when we change the shape of the valley to
the one below where there is a continuum of physically indistinguishable steady state
solutions.
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Chapter 1

Introduction

In this thesis we study Einstein’s theory of gravity. Special relativity is Einstein’s frame-
work for non-gravitational physics. Events are no longer labelled by absolute notions of
space and time, but rather are represented as spacetime points in the Lorentzian man-
ifold (R'*3 n = —c2dt? 4 dz? + dy? + dz?). This spacetime and any physics observed
within it obey a symmetry, generated by Poincaré transformations, which modifies
the Galilean symmetry of Newtonian mechanics in a way compatible with electromag-
netism. Although observers can no longer agree on a preferred notion of time and
space, they can at least agree on the speed of light ¢ as a frame independent quantity.

General relativity is Einstein’s geometric theory of the gravitational force. It ex-
tends the principles of relativity to non-inertial reference frames and gravitational
physics. Events are now represented as points in a curved Lorentzian manifold (M, g).
In general relativity a freely falling observer travels on a geodesic of this curved space-
time. Thus their motion due to gravity arises as the deviation of their path from
otherwise inertial motion in the flat space (R!*3 ).

The Einstein field equations determine the behaviour of the curved metric tensor g
and, like Lorentz’s formulation of electromagnetism, are independent of any reference
frame. Instead of Poisson’s equation for the scalar gravitational potential on R3 the
Einstein equations are equations for tensor fields on the differentiable manifold M. In
natural units (G = ¢ = 1) the field equations read

Ric[g] — %guyR[g] = 81T, (1.0.1)
where the distribution of matter sourcing the gravitational field is represented by the
energy-momentum tensor 7),,. The specific relationship (1.0.1) between curvature,
expressed through the Ricci tensor Ric[g|,, and Ricci scalar R[g], and matter was
first introduced in [Einl6]. The left hand side of (1.0.1) is, up to an overall constant,
fixed by the Bianchi identity and local conservation of energy. The overall constant is
determined by comparing, in a weak curvature approximation, the tidal acceleration of
two nearby particles in general relativity and in Newtonian gravity.

There are many known solutions to (1.0.1) which describe different phenomena
within our universe, some of which have even been tested experimentally. Important
solutions are Minkowski spacetime, the Schwarzschild and Kerr black holes and cos-
mological models such as the FLRW spacetimes. Even though the local form of these
metrics depends on the coordinates used, the spacetime is only defined up to an equiv-
alence class under diffeomorphisms.

The Einstein equations (1.0.1), together with the conservation law for the stress-



energy tensor, form a system of PDEs for the metric components and matter terms.
The overriding motivation of this thesis is to formulate the Cauchy problem of general
relativity and to study steady state solutions to the associated PDEs and their be-
haviour under small perturbations of the fields. However, what does it mean to study
a perturbation of a spacetime which the author perceives as being close to a particu-
lar spacetime as measured by some coordinates (¢, x), since you the reader could have
very easily used other coordinates (t',2)? How is it possible to measure the dynamical
behaviour of a spacetime, when there is no natural choice of time parameter?

Thus, to study the question of spacetime stability we need to break the diffeomor-
phism freedom in (1.0.1). A key prediction of general relativity is that in a weak field
approximation around a Minkowski background, equations (1.0.1) reduce to a system
of wave equations for the perturbation of the metric h,, propagating at the speed of
light. This is in stark contrast to the instantaneous action of the gravitational field in
Newtonian theory and in its frame independent formulation, Newton-Cartan theory,
which do not admit such wave-like solutions [HHO19]. Hyperbolic PDEs describe phe-
nomena with a finite speed of propagation and so to study spacetime stability we break
the diffeomorphism freedom in (1.0.1) in a way that uncovers this hyperbolic structure.

Structure of Chapter 1. Our goal in this chapter is to present the Cauchy problem
in general relativity and summarise the main results of the thesis. In Section 1.1 we
introduce the study of local solutions to the Cauchy formulation of (1.0.1). In Section
1.3 and 1.4 we introduce some of the key methods used to prove the existence of global
solutions to wave and Klein-Gordon equations. In Section 1.5 we discuss properties of
the linearised Lorentzian Einstein equations and special geometric properties of Rie-
mannian Einstein spaces. In sections 1.6-1.9, we introduce the main results of this
thesis which are presented in Chapters 2-6. Each section includes a brief introduc-
tion to the topic of interest, some pertinent references and the main ideas behind the
proofs. Although the topics presented in Chapters 2—6 are somewhat diverse, we hope
the presentation in this Chapter will emphasise their unifying features. Notation is,
unless remarked upon, kept consistent throughout the thesis.

Notation 1.1 (Tensors, Indices). Let (M, g) be a smooth (1+m)-dimensional Lorentzian

manifold of signature (—,+,---,+). We sometimes write four-dimensional instead of
(1 + 3)-dimensional. Let Greek letters denote spacetime indices u,v € {0,...,m} and
Roman letters denote spatial indices a,b € {1,...,m}.

For the metric g,, let V[g] denote its Levi-Civita connection, and let Riem[g]” .,
Ric[g],, and R]g] denote its associated Riemann tensor, Ricci tensor and Ricci scalar
respectively. With respect to some coordinate system {z#} let the Christoffel symbols
be denoted I'[g]), and the reduced wave operator be denoted Oy = " 9pu0yv. In
Minkowski spacetime with Cartesian coordinates we write O = —9? + > 1| 8%1, and
d"z = dz!...dz" for the flat Euclidean volume form.

Let é be a fixed pseudo-Riemannian metric on M with similar definitions for V[é]
etc. Following [Bes87] we define the following contraction with respect to é

(R[é] 0 ) = Riem|[é],, a7 M uyy = Riem[é],7,  upn, (1.0.2)
which acts on symmetric (0, 2)-tensors u,,,. We occasionally use ~ to denote a heuristic,
or perhaps leading-order, relationship between variables.

Notation 1.2 (ADM decomposition, for full details see e.g. [Ren08]). Suppose (M, g)
is a Lorentzian manifold and M = R x ¥ is foliated by spacelike surfaces 3; defined



as level sets of a time function t : M — R. The gradient 1-form (dt), is associated,
by metric duality, to a vector T* which defines the unique normal direction to ;. We
define n* = —NT* to be the future-directed unit normal to 3;, where the lapse function
N = (=T*(dt),)~"/? > 0 is the normalisation factor. The induced Riemannian metric
and second fundamental forms of ¥; in M are given by g and K. To compare these
objects between each leaf 3; we introduce coordinates {z%} on ¥; so that we can now
use coordinates {t,z%} on M. In general the coordinate vector 9; is not colinear to
n* since the lines % = const may not be orthogonal to the slices ;. The shift vector
X measures this difference as (0;)* = Nn® + X*. Finally, the definition of the second
fundamental form implies the identity

Z5.Gab = —2NKap + Lx ab, (1.0.3)
and the spacetime line element can be expressed as
Gudrtda” = —N?dt? + gop(da® + Xdt)(da’ + XPdt). (1.0.4)

The lapse and shift variables were first introduced in [FB56].
Given a stress-energy tensor 7, we follow the convention in [Ren08, (2.20)] and
denote the energy density and matter current by

p=T"nyn,, =-THPmn,, (1.0.5)
where PP, = 6 4+ nfn,, is the orthogonal projector onto X; with respect to g, .

Notation 1.3 (Multi-indices). Let Z = {Zi,...,Z,} be a set consisting of ¢ vec-
tor fields which do not necessarily commute. We use the multi-index notation I =
(t1,...,u) for k € Zt with each ¢; € {1,...,¢} for j € {1,...,k}. In this case |I| = k
and Z! = Z,, ... Z,,. When I is empty we denote |I| =0 and Z! = id.

Notation 1.4 (Inequality symbols). Given two real functions f,g we write f < g to
imply that there exists a constant C' > 0 such that f < Cg¢. This constant may depend
on free parameters, but it will always be independent of the smallness parameter €. We
denote f ~ g when both f < gand g < f.

1.1 The Cauchy problem in general relativity

Our goal over the next few pages is to understand the keys steps which are used to
establish a local well-posedness theorem for the initial value formulation of the Einstein
equations. We remark that although the following is standard, all of our later chapters
rely on this theory (up to some modifications) and so it is worthwhile to review it here.

Definition 1.5 (Geometric vacuum initial data). A vacuum initial data set is defined to
be a triple (32, gap, Kqp) such that X is an m-dimensional manifold, g, is a Riemannian
metric on ¥, K, is a symmetric 2-tensor on ¥ and the following constraint equations

are satisfied:

(1.1.1)

V[g]bkab - v[g]a(gbckbc) = Oa
R[g] — Ko K™ + (3 Ke)* = 0.

The following theorem tells us that the above geometric initial data is sufficient to
produce a globally hyperbolic Einstein spacetime. The result was shown by Choquet-
Bruhat in [FB52] with later modifications concerning maximality added in [CBG69].



Theorem 1.6 (Local well-posedness of the vacuum Einstein equations). Let (X, g, K)
be smooth geometric vacuum initial data. Then there exists a unique (up to diffeomor-
phism) smooth globally hyperbolic Lorentzian manifold (M, g), called the development,
such that: (M, g) is Ricci flat, (X,g) embeds as a Cauchy hypersurface into (M, g)
with second fundamental form K, the pull-back of the solution g to ¥ is g, and the
development is maximal in the sense that any other smooth Ricci-flat spacetime with %
a Cauchy hypersurface embeds isometrically into M.

The theorem also holds with appropriate matter fields and to initial data of lower
regularity. For the first step towards theorem 1.6, we introduce a quite general gauge
condition made with respect to é,, [HE73], since this is used (in some form) in all but
two of the later chapters.

Definition 1.7 (é-wave gauge). Define V7 in local coordinates by
V7 =g (7 5lg) = T74[€]) - (1.1.2)
Define also V) = ngﬁ. We say that g is in the é-wave gauge if and only if
V7 =0. (1.1.3)

The difference of two Christoffel symbols is a tensor, and so V7 is a well-defined
vector field on M. Since V7 is tensorial, and thus a coordinate-independent quantity,
it is unclear how the condition (1.1.3) breaks the diffeomorphism covariance of the
Einstein equations. However, we should really interpret (1.7) locally, with é being
defined with respect to a fixed, local coordinate chart which we use to construct the
é-wave gauge coordinates.

To make this more precise, we recall that coordinate transformations and diffeomor-
phisms are two sides of the same coin. On the one hand, a chart ¢ : & C M — R*™
defines coordinate functions {z#} that label points p € U on the manifold by a vector
¢(p) in RY™™. Another chart ¢ : U’ C M —C R will define other coordinates and
in the overlap region U NU’ we can move between the two coordinates by the transition
map 1o o~ 1. An alternative view of this process is to move the points on the manifold
by a diffeomorphism ¢ : M — M and evaluate the points p € ¢! () in terms of the
original coordinates {z*}. Thus the new coordinates are defined by the pullback maps
{y* = ¢.2"}, and the transition map is defined for points p € ¢~1(U) NU.

Keeping in mind the discussion in the previous paragraph, it turns out that con-
dition (1.1.3) in fact identifies coordinates such that the identity diffeomorphism i :
(M, gu) = (M, éap) satisfies a particular property. To see this, we must first recall
that a mapping between manifolds f : (M, gu) — (M, é4B), given in local coordinates
by {z#} — {y? = fA(z")}, is called a harmonic map if

9" O — Il Dp 8 + T AC,T 00 pers = 0. (1.1.4)

By identifying (M, éap) = (M, é,,) and A with p, a calculation then shows that
condition (1.1.3) is equivalent to specifying coordinates {z#} such that the identity
diffeomorphism i : (M, g,,) — (M,éap) satisfying 9,i* = 5;‘ is a harmonic map
[CB09, VI§7.4]. Harmonic maps with a Lorentzian domain are often called wave maps,
hence the gauge condition (1.1.3) is also often called a wave map gauge.

Having said all this, the easiest perspective of definition 1.7 comes when we have
a foliation. In such a situation, we can choose lapse and shift functions in a way



compatible with (1.1.3) and these variables clearly specify a preferred way to measure
space and time. This is done later in (1.1.19).

If the spacetime (M, g) satisfies the vacuum Einstein equations and (1.1.3) is sat-
isfied throughout the spacetime, then the following ‘reduced’ equations hold.

Definition 1.8 (Reduced Einstein equations). A Lorentzian manifold (M, g) is defined
to be a solution of the reduced Einstein equations if and only if

9PV [V [E] g — 97 (gu,\é/\p Riem|[é] s + guré™ Riem[é]pwa)

(1.1.5a)
= Fulgl(Vielg, V[elg),
where the quadratic nonlinearity is defined as
Furlgl(V[elg, VIElg) = g7°g*° (V[é]ygsﬁv[é]agm + VIé]ugva VIe]ggvs (1.150)

~ 3V1Eh g5V [Elugra + VIEhGuaVIElsgua — Vel 00V 1E] 905 )-

There are two key properties we should glean from (1.1.5). The first is that the
equations are hyperbolic wave equations for the metric components g,, and so we
should be able to make sense of an initial value problem. The second point is that
the right hand side nonlinearity is quadratic in derivatives of the metric components
Vel G-

A very useful identity relating a solution of the reduced Einstein equations with the
standard geometric Einstein equations is the following. For a solution (M, g) to the
reduced Einstein equations (1.1.5) the following identity holds

Riclg], — égw,R[g] = V[V ¢ %gWV[é]WV“’. (1.1.6)
The proof follows by working at an arbitrary point in normal coordinates such that
I'lé] = 0. This identity is used (see (1.1.21)) to show that a solution to the reduced
Einstein equations, under particular assumptions of the initial data, also satisfies the
vacuum Einstein equations. Before we address the Cauchy problem for the reduced
Einstein equations (1.1.5) we first comment on a special case of the é-wave gauge.

Example 1.9 (Wave gauge). If M admits a global coordinate system {y“}, then we
can define € to be the Minkowski metric with respect to this coordinate system, i.e.
€ = Napdy® @ dy”. Consequently in these coordinates I'lé] =0 and (1.1.3) becomes

g T 4lg) = 0. (1.1.7)
By moving to the wave map point of view, it can be shown that (1.1.7) is equivalent to
9*7V[g]aVglsy” = 0. (1.1.8)

If the metric g, written with respect to particular coordinates, satisfies (1.1.7), either
globally or locally, then we say it is in wave (also harmonic, de Donder) gauge and we
call such coordinates wave (also harmonic, de Donder) coordinates. An example of a
Lorentzian manifold admitting global coordinates is Minkowski spacetime (R!*", 7).

Not all manifolds admit global coordinates. Nonetheless locally around any point
p € M there exists a neighbourhood and geodesic coordinates with respect to which
the condition I'[¢] = 0 holds and (1.1.7) is satisfied. This local condition was used in



the original proof of theorem 1.6. Furthermore if (M, g) satisfies the vacuum Einstein
equations and is in wave gauge, then the reduced Einstein equations (1.1.5) simplify to

9°?00059, = Fuwlg](Dg, g). (1.1.9)

where F,, is given in (1.1.5b) (with V[€] replaced by 0 since I'[¢] = 0).

Local existence for quasilinear wave equations

The reduced Einstein equations (1.1.5) (also (1.1.9)) are quasilinear second-order hy-
perbolic equations for the metric components g,,,. The behaviour of a linear PDE is
significantly dominated by its principal part. Quasilinear here means that the PDE is
linear in its highest derivative terms, and consequently many results of linear systems
apply at least locally in time. The following quite general result for local in time exis-
tence for quasilinear wave equations dates back to work of Leray where it was stated
on general manifolds [Lerb3]. For simplicity we state here the result on R™ given in
[Rin09a, §9].

Proposition 1.10 (Local-in-time existence for geometric wave equations). Consider
on R the Cauchy problem for the following quasilinear second-order hyperbolic PDE,

G'uy(t, -'E,Q,Z))auaul/) = F(ta xz, %Z), a"/w)a
¥(0,-) = ¢, (1.1.10)
8151/}(07 ) = ¢l'

Here, for all (t,z) € RY™" G is a Lorentzian metric on R*™"™. We assume F and all
components of G are sufficiently reqular with bounded derivatives (see [Rin09a, §9] for
a precise statement). If N> N >n/2+1 and (¢o, 1) € HVTHR") x HY(R"), then:

(i) Existence and uniqueness: there exists a T > 0, depending only on ||¢o|| gy
and ||¢1|| g, such that there is a unique classical solution u € C?([0,T] x R™) to
(1.1.10) and such that the following maps are continuous

t€[0,T) — u(t,) € HNTHR"), (1.1.11)
t €[0,T] — dwul(t,-) € HY(R™). (1.1.12)

(ii) Domain of dependence: if Q C R™ and (¢o,¢1)|q = 0, then ¥» = 0 in the future
domain of dependence DT (Q) N ([0, T] x R™). Note that DT (Q) precisely consists
of points conmnected to Q) by past timelike curves, and timelike here is with respect
to the Lorentzian metric G5 (x,1)).

(iii) Continuation criterion: If we set T to be the supremum over all such times T
such that there is a solution 1) defined on [0, T] x R™ satisfying part (i), then either
Ty = 400 or

lim (sup > |90/ v(t,2)]) = 0. (1.1.13)
t—=Ty xER" 7|+ J]<2

Furthermore Ty is independent of N.

(iv) Stability: suppose we have initial data ¢o, 1 € CG°(R™) that are approximated by



a sequence of initial data ¢f, 0% € C5°(R™) in the sense that
lim ¢ — @bl v + lim (|1 — @[y =0, (1.1.14)
k—00 k—o0

for some N > N > n/2+ 1. Then the corresponding solution 1 is defined on
some mazximal time interval (T_,Ty), and W* are defined on some mazximal time
intervals (T’_‘:,Tf). For any fixed time t € (T—,Ty) there exists a ko such that for
all k > ko the approximate solution is defined there, i.e. t € (Tf,Tﬁ), and the
solution 1 is approzimated by W* in the sense that

lim [[(t, ) — B5(t, ) gver + Tim [96(E, ) — (L, )| w = 0. (1.1.15)
k—o0 k—oo

Let us highlight some key points of this proposition. Firstly part (i) tells us that
for some small time away from the initial slice a solution exists and behaves just as
smoothly as the initial data. Why should we care about initial data regularity, when,
as argued in [HE73, §3.1], the ‘order of differentiability of the metric is probably not
physically significant’? A key motivation to understand at what point our theory breaks
down, and perhaps when other physics kicks in. A prime example here is the study
of low regularity solutions to the Einstein equations which are relevant to Penrose’s
strong cosmic censorship conjecture, see for example the discussion in [DL17, §1].

Part (ii) tells us that causality holds in ([0,7] x R",Gy,). Part (iii) tells us that
the solution either breaks down in a concrete way, or it exists forever, and as the data
are made smoother the time of existence doesn’t disappear to nothing. In particular if
one makes the data more smooth then the solution inherits this regularity (also called
‘persistence of regularity’). Finally part (iv) tells us that small perturbations of the
initial data lead to small perturbations of the solution and those perturbed solutions
exist for some slightly perturbed time interval. The key part is that the perturbation
is measured using the natural regularity-norms of the data and solutions so that any
divergent behaviour is detected and not somehow missed. A PDE satisfying parts (i)
and (iv) is said to be well-posed in the sense of Hadamard.

Local existence for the reduced Einstein equations

The proof of theorem 1.6 is not just a simple application of proposition 1.10 to the
reduced Einstein equations (1.1.5) with Cauchy data

g;w‘E = (gﬂ)um

(1.1.16)
8tguy‘2 = (gl)/u/-

This is obvious just by the fact that geometric initial data (3, gap, Kqp) specifies m(m +
1) functions while (1.1.16) requires (m + 1)(m + 2) functions. The missing initial
data are precisely what we can choose using the free degrees of freedom allowed by
diffeomorphism covariance. One choice is to prescribe the lapse N and shift X on X
and identify

(90)o0 = —N?%, (90)oa = N*(g0)ap X" (1.1.17)

We leave N an unspecified function but for simplicity set X% = 0 so that J; is colinear
to n*. Following the ADM notation 1.2 we then set

(90)ab = Jabs  (91)ab = —2N Koy (1.1.18)



The initial data for (0;N,0:Xa) = ((91)00, (91)0a) is then chosen by satisfying V7 = 0
on X, which amounts to satisfying the algebraic equations

(91)00 = N*(g~)®Tlefg, — N*(g~") " Kap,

1.1.19
(91)0a = —NOuN + N*(g0)aa(g™")*T1[3] — N*(g0)ac(g ") *T[€]5 - ( )

We write (77!) to emphasise that the indices are raised with respect to g. We return
to the identity (1.1.6). The Bianchi identities for g imply that the left-hand-side of
(1.1.6) is divergence free with respect to V[g]* (not V[é]*). Thus the right-hand-side
becomes

9°P0,05VY + AV VY 4+ BIVY =0, (1.1.20)

where A}7, By, are tensors depending on g,é and their derivatives. This is a second-
order quasilinear system of wave equations for V7, and so proposition 1.10ii if V7|y, =0
and 9;V7|y = 0 then V7 = 0 in the Cauchy development of the initial data. However
we have no more gauge freedom remaining to impose 9;V7|s; = 0. Thankfully though
we can return again to (1.1.6) and contract the left-hand-side with n#Y" on ¥ where
Y is orthogonal to n with respect to the metric (go). By the Gauss-Codazzi equations,
the constraint equations (1.1.1) and the condition V7 = 0 on X, the left hand side of
(1.1.6) vanishes on ¥ leaving us with

0 = (Riclgl,w — 39w R[g]) n"Y" |5 = —in"Y*V[€],,Vals. (1.1.21)

This shows 0;V,|s; = 0. The same argument using n#n” yields 9;Vy|x, = 0.

Multiple technical difficulties still remain however in order to transform the initial
data (1.1.16) into something compatible with the R™ result of proposition 1.10. In
particular, one must consider small patches of ¥ on which the manifold locally looks
like R™ and in local coordinates mollify the initial data (1.1.16) to satisfy the conditions
of proposition 1.10. From each patch one obtains a Cauchy development, and the
time of existence in this development needs to be related to both local (in space) and
global Sobolev norms of the data. The Cauchy developments must then be carefully
patched together, accounting for coordinate changes, in order to produce a spatially
global Cauchy development. Finally the statement about continuous dependence on
the initial data requires more care when the objects being perturbed are tensors (not
scalars) and thus are also subject to diffecomorphism transformations. We gratefully
refer to [CB09, §VI, §A.III] and [Rin09a, §14-15] for the details.

We have nevertheless broadly understood the steps behind theorem 1.6 and how
the vacuum Einstein equations possess an inherent hyperbolic structure which can be
exploited to produce a local spacetime solution from appropriately specified geometric
data. Thus the arena is set for the study of the global stability of Einstein spacetimes.

1.2 The linear wave equation

We now aim to turn a local-in-time spacetime into a globally defined one, in the sense of
future and/or past geodesic completeness. It is convenient to require that the geometric
data is very close to the background spacetime, since a large perturbation of a spacetime
can deform the geometry so much that a black hole forms [SY83].

The study of small-data global well-posedness for PDEs is a major and active area
of reseach within mathematics beyond general relativity. We use the energy method



applied to systems of quasilinear wave equations and, in Section 1.4, quasilinear Klein-
Gordon equations. In order to put the main results of the thesis in context it is useful
to study some of the key methods and issues that arise for these systems. To start us
off we consider the following theorem, which can be found in [Sog08, Th. 1.1].

Theorem 1.11 (Decay of solutions to the linear wave equation on Minkowski space-
time). Let n > 3 and (t,z) € C?([0,00) x R™) be the unique future global solution to
the Cauchy problem
Oy =0,
¥(0,7) = ¢o(z), (1.2.1)
O (0,2) = d1(x),

where ¢o, 1 € CF(R™) with support in {x € R™ : || < R}. Then the following
properties hold.

(a) Finite speed of propagation: for anyt > 0 the support of ¥(t,-) is contained in the
ball {x € R™ : |x| < R+ t}. Moreover if ¢o, 1 vanish then the solution vanishes
inside the domain of dependence cone {(t,z) € [0,R) x R" : |z| < R —t}.

(b) Strong Huygen’s principle: if n is odd and ¢o, 1 vanish on the sphere Si(xo) =
{z € R": |z — xg| =t} of some radius t > 0, then (t,x0) = 0.

(¢) Decay estimates: there exists a constant C(n, g, 1) = C such that for arbitrary
rectangular spacetime derivatives 0L07 and (t,z) € [0,00) x R™

n—1

Cl+t)~ = if n odd,
T S T S o (1.2.9)
Cl+t)" =2 (L+|t—|z||)” 2 ifn even.
¢ t
DN 4
A X
2 7
¥ =0 $=0
x ~R R z
n even

Figure 1.1: Strong and weak Huygen’s principles. The blue regions indicate the support
of the function emanating from data supported on the red line.

There are several important features in this theorem. The first is not stated, but
using Kirchoff’s representation formula the future global solution can be explicitly
constructed in terms of the initial data. As expected the domain of influence of a
point precisely coincides with a light cone in Minkowski centred at that point (part
a). In odd dimensions a change in initial data ¢g, ¢1 at a point xy propagates entirely
along the boundary of the light cone (part b). Without sourcing the wave on a fixed



Minkowski background has constant kinetic energy (K Ejp) and so heuristically this
energy is dispersed on larger and larger spheres:

KBy = [ {00 ~ 100P Area(Si(a0)) ~ 004", (1.23)

This agrees with (1.2.2). Although the behaviour concerning strict propagation along
the light cone is lost in even dimensions the factor of (14|t—|z||) in (1.2.2) compensates
by giving additional decay away from the wave zone {t ~ r}. Indeed the decay estimates
of part ¢ confirm the idea that if there are more directions (i.e. dimensions) for a wave
to move into then its amplitude decays faster.

Comparing theorem 1.11 with proposition 1.10 illustrates some of the changes that
occur when a nonlinearity is included. For one thing, the representation formula and
strong Huygen’s principle of solutions to the free wave equation are lost when new
sources and nonlinearities are included. However the finite speed of propagation in the-
orem 1.11a (also called the weak Huygen’s principle) also holds in proposition 1.10ii.
The decay properties of theorem 1.11c, as the linear and hence predominant contribut-
ing factor to a quasilinear wave, play an essential role in establishing global results for
quasilinear wave equations.

1.3 Nonlinear wave equations

We now state three important theorems concerning the existence (or non-existence!)
of small data solutions to three nonlinear wave equations.

Theorem 1.12 (Global existence for semilinear wave equations). Let ¢g, ¢1 € C5°(R"™)
and consider on [0,00) x R™ the Cauchy problem

Oy = F(9y),
»(0,x) = epp(x), (1.3.1)
O (0,2) = o1 (),
where O = (O, ..., 001)) denotes the full spacetime gradient and |F(0¢)| < C|0y|P

forZ > p > 2. If e > 0 is sufficiently small and either n > 4 or (n,p) = (3,3) then
(1.3.1) has a unique global smooth solution that decays as

0v(t, 7) §5(1 +07T (14|t |2]l) 72, (1.3.2)

|
Wt z)| <el+8)""T, n odd.

Remark 1.13. The assumption about smallness is necessary. The decay rate (1.3.2) is
somewhat crude here, however the statement when n = 3 is relevant to later discussions.

Theorem 1.12 is known to fail when n = 3 and p = 2 due to the following example
of John.

Theorem 1.14 (Semilinear wave equation with finite time blow-up [Joh81]). Consider
on RT3 the Cauchy problem
0y = (9)*,
¥(0,z) = ¢o(x), (1.3.3)
Op(0,x) = ¢1(x).
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Then every non-trivial C® solution emanating from smooth data ¢g, ¢1 € C5°(R3) blows
up in finite time.

Clearly in three spatial dimensions additional structure is needed on quadratic
derivative nonlinearities (i.e. p = 2). The following theorem was proved independently
by Klainerman [Kla86] and Christodoulou [Chr86] and gives one important class of
nonlinearities, called null forms, with good structure and hence stability of the trivial
solution in the case n = 3,p = 2. Note that the reduced Einstein equations (1.1.9)
about a Minkowski background (R'*3, ) involve quadratic nonlinearities which do not
have a priori good null structure, see the later discussion in Section 1.6.

Theorem 1.15 (Small-data global existence for a null form). Let ¢g,¢1 € C§°(R3)
and consider on R'3 the Cauchy problem

0% = (90)° = Xom1 (0a9) + F (4, 09),
¥(0,2) = ego(z), (1.3.4)
9(0,2) = egr(z)
where O = (Op), ..., 0n1)) denotes the full spacetime gradient and F (¢, 0) denotes

a cubic nonlinearity O(|Y|®> + [0v|3). If € > 0 is sufficiently small then (1.3.4) has a
unique global smooth solution.

)

1.3.1 The vector-field method: Klainerman-Sobolev inequalities

We now outline a proof of theorem 1.12, in the present subsection 1.3.1 and in subsection
1.3.2. In doing so we illustrate the vector-field method, a powerful method used to show
the stability of quasilinear wave equations which will be endemic throughout the thesis.
The method uses L? energy estimates (themselves classical tools in PDE analysis) which
are derived from the method of multipliers, together with L (dispersive) estimates
derived from weighted and commuting vector fields. An influential presentation of these
ideas appeared in [Kla86]. We follow the proof as given in [Sog08, §II].

Firstly we know from theorem 1.10iii that we can construct a smooth solution ) (t, x)
on some maximal interval [0,7%) x R™ for 0 < Ti(g) < co. This is characterised, for a
given g, by the blow-up of the norm

> |9k w(t, @) & Lo([0,T.) x R™). (1.3.5)

H]+|J]<2

In order to obtain the pointwise control that will allow us to extend the solution ¥ to
[0, T,] x R™, typically one uses a Sobolev inequality to convert the pointwise norms into
L? norms which then obey certain conservation properties due to the PDE.

Lemma 1.16 (Sobolev Inequality). For every N 3 k > n/p there exists a constant
C = C(n,k) > 0 such that for all ¢ € WFP(R™)

Sup. |6 = [|6l] oo rr) < Cllllwrp(mny- (1.3.6)

Let us heuristically interpret lemma 1.16. For £ € N and 1 < p < oo the inho-
mogeneous Sobolev space W*P(R") is the completion of C5°(R™) with respect to the
norm

léllwen = ( /R Y oeprare) (13.7)

0<s<k
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We refer to [Rin09a] for full definitions. Very roughly one can interpret a Sobolev space
as measuring the amplitude A, support V' and (single) frequency w of a function ¢ as

| @llwes ~ (AP PV)VP = Ak VP, (1.3.8)

The uncertainty principle states that a function of frequency w must be spread out on
a ball of radius w™!, i.e. support of volume V > w™". Putting these together gives

AFVIP > Ak=P > A~ g, (1.3.9)

which is as given in lemma 1.16 (note for inhomogeneous Sobolev spaces one essentially

has w 2 1). Note also that (1.3.8) is dimensionful and so the constant in (1.3.6) is also.
In this thesis we primarily work with the Hilbert spaces H* = W*?2 and apply (1.3.6)

to show that there exists a C' = C(n) > 0 such that for all functions ¢ € H2+1(R"):

sup [¢(2)| < C D 110560l 2 (en)- (1.3.10)

z€R™ [1]<2+41

Unfortunately the estimate 1.3.10 does not encode any of the decay properties we
see for the linear wave equation in theorem 1.11c. Such information is provided by the
Klainerman-Sobolev inequality. The idea is to replace the rectangular spatial vector
fields 0, used in (1.3.10) with the following larger collection of vector fields that are
both weighted in ¢t and x and preserve the equation O = 0.

Definition 1.17 (Minkowski invariant vector fields). Define respectively the generators
of spacetime translations, spatial rotations on constant ¢ level sets, and Lorentz boosts

O , Og, 1<a<n, (1.3.11a)
Qap = 7’/bcl’caoz - T]QC:L‘Cab, 1<a<b<n, (1311b)
Qo = Napz’0y + 2°0,, 1<a<n. (1.3.11c)

These vector fields commute with the Minkowski wave operator 0. Define the generator
of spacetime dilations, also called the radial vector field since its integral curves are the
rays through the origin, as

S =1t + Y a"a, (1.3.11d)

a=1

for which [0, 5] = 20. The (2n + 2 + 3n(n — 1))-dimensional set of these vector fields
is denoted

I'={0,,%,,5}. (1.3.12)
Thus from solutions to 09 = 0 we can generate new solutions OI'/1) = 0. Note also
that for arbitrary I';,T'; € I we have [I';,I';] = >, ¢;xI'x for constants c;jy.

Remark 1.18. We aim to keep notation consistent throughout this thesis. Sometimes
Q, is written as Qo (e.g. [LR10, Sog08]), as Zy, (e.g. [H6r97]), or as L, (e.g. [LM16a]).
We prefer to reserve L for the vector field generating the forward Minkowski light cones,
and thus introduce the notation €2, for the boosts.

The boosts and rotations form a representation of the Lie algebra of the Lorentz
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group, while the full set (1.3.11) forms a representation of the Lie algebra of the Poincaré
group, the group of Minkowski spacetime isometries. If one were to consider the wave
equation on a spacetime without a maximal symmetry group then such a large collection
would not exist. Using the I' vector fields instead of merely 0 we obtain the following
Sobolev-type inequality [Kla84, Kla85b].

Theorem 1.19 (Klainerman-Sobolev Inequality). There ezists a constant C' = C(n) >
0 such that for all functions ¢(t,-) € H2+Y(R™) and for all t > 0:

sup (1+t+|z[)" 2 (1 + [t — |2]))2]6(t,2)| < C Z IT? (L, )| p2mny- (1.3.13)
z€R™ [[|<2+1,Ter

Recall our goal is to show that, for sufficiently small ¢, T, = 4oc0. By applying
(1.3.13) and remark 1.22 to (1.3.5), we see that it will suffice to prove

sup Y |07 (t, )| paeny < oo (1.3.14)

0<t<Tx 1]<243

By multiplying the PDE (1.3.1) by 0;% and integrating (by parts) the resulting expres-
sion over [0, ] x R™ we obtain the following energy identity for all 0 <t < T}

t
10%(t, M 2gany < 106(0, | p2an) + C /0 1F(r, Ml p2enydr. (1.3.15)

Note the squared norm |93, measures the wave’s kinetic energy

O (t, )1 2 n :/ o + Dgh]? )d" . 1.3.16
00(t.Mizay = (100 > | vP?) (1.3.16)

If there is no sourcing, i.e. F' =0, then (1.3.15) would imply that the wave has constant
kinetic energy. Although equation (1.3.16) does not control the wave amplitude ||¢|| 2,
it is (up to squaring) equal to the |I| = 0 term of (1.3.14). Thus we define the following
higher-order energy

= D T et )7 e (1.3.17)

[I|<N

By commuting the vector fields I'Y through the PDE, where the total number N of
these vector fields is yet to be fixed, the energy identity (1.3.15) yields the following
forall 0 <t < T,

E ()1/2 <g 1/2+ Z / ||FI HL2 Rn)dT (1318)

[I|I<N

1.3.2 The vector-field method: the bootstrap argument

In this section we complete the proof of Theorem 1.12. We begin by stating two useful
lemmas. The first is an important estimate called Gronwall’s inequality. It is a key
tool used throughout the study of PDEs. We refer to [Sog08] for a proof.

Lemma 1.20 (Gronwall’s inequality). Let F'(t), A(t), B(t) : [0,T] — [0, 00).
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1. Differential form: assume F(t) is differentiable and satisfies
F'(t) < A(t)- F(t), te[0,T]. (1.3.19)

Then, F' also satisfies
t
F(t) < F(0) - exp ( / A(s) ds). (1.3.20)
0
2. Integral form: assume F(t) is continuous and satisfies
¢
F(t) < B(t) +/ A(s)F(s)ds, te]0,T], (1.3.21)
0

and B(t) is non-decreasing on [0, T]. Then, F also satisfies
t
F(t) < B(t) - exp (/ A(s) ds). (1.3.22)
0

The final step to complete the proof of Theorem 1.12 is a bootstrap, or continuity,
argument. This involves first assuming the required estimate and then proving a strictly
better estimate. The following lemma justifies this approach.

Lemma 1.21. Fiz a constant A > 0 and let F(t) : [0,Ty) — [0, 00) be continuous, where
0 < Ty < o00. Suppose F(0) < A, and assume the following holds for all 0 < T < T,

1. If F(t) < 4A for each t € [0,T], then in fact F(t) < 2A.
Then F(t) < 4A (and hence F(t) < 2A) for all t € [0,T%).

Proof. Define the set S = {T" € [0,T%) : F(t) < 4Aforall 0 <t < T}. The set S is
nonempty since 0 € S, and it is relatively closed in [0, 7}) since F' is continuous. For a
given T' € S, assumption (1) implies that F(t) < 2A for all 0 < ¢t < T. Since F(t) is
continuous it follows that 7'+ 6 € S for small enough |§|. Thus S is a nonempty, closed
and open subset of the connected set [0,T}) and hence S = [0, T%). O

We return now to the proof of theorem 1.12. For some constant Cy > 0 we have
En(0)2 < Cpe. (1.3.23)

Since En(0) depends only the initial data ¢g, ¢ we can choose Cj independent of e.
For Cj > Cj another large constant, assume that

sup En ()2 < Che, (1.3.24)
0<t<T

for some fixed 0 < T < T,. We now return to the higher-order energy inequality
(1.3.18). By distributing and commuting derivatives (note [0,I'] x 0 and Z > p > 2)
we find

t
> [ I E ey
1< 0
t
SC/ 1T )y - D 10T (7, )2 (gnyd T (1.3.25)
0 |J]<Z+1 [I|<N
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We apply the Klainerman-Sobolev inequality to the L> terms above, provided that N €
N is large enough to absorb the right-hand-side of the Klainerman-Sobolev inequality
into Ey (i.e. provided % +1+%5+1 < N). By considering now the higher-order energy
inequality (1.3.18), together with our assumption (1.3.24), we have for any 0 < ¢ < T,

E(r)\/?
) dr. (1.3.26)
+7) 2

Since Ex(t)'/2 € C°([0,T%)), we can apply the integral form of Grénwall’s inequality
from lemma 1.20. In particular we have Ey(t)Y/2 < C(Coe) for all 0 < t < T if

t
En(t)/? < CEN(0)2 + O(CreyP™! /
0 (1

_(n=1)(p—1

t
C(Cre)-! / (1+7) " g <o (1.3.27)
0

We can choose ¢ sufficiently small to enforce (1.3.27), provided that n and p satisfy

(n—Dp-1)

5 > 1. (1.3.28)

Thus, after possibly increasing C7, we have shown that for sufficiently small

1
sup En(t)Y2 < C(Coe) <

~Che. (1.3.29)
0<t<T 2

To apply lemma 1.21, we now let F(t) = Ex(t)/2, 44 = Cie and T, be the maximal
time of existence given by the local existence theorem. Thus the bootstrap argument
has allowed us to show

sup Z 10T 4 (t, )| L2 (rny < o0 (1.3.30)
0SI<T: 112,

By a Sobolev estimate, (1.3.10) or (1.3.13), and the small point made in the following
remark, this proves that > /s <2 1010/ 4| is uniformly bounded on [0,T}) x R™. By
the continuation criterion of theorem 1.10iii, we may extend the solution to [0, T +¢) for
a small 0 > 0. This contradicts the maximality of T}, and so we must have T, = +oc.
The decay estimates stated in theorem 1.12 can be shown using the Klainerman-Sobolev
inequality and the following remark.

Remark 1.22. Some care is in fact required to ensure that (1.3.30) implies

sip > |ohof (L w)| < oo (1.3.31)
(t2)€0,T)XR™ 111 71<2

This is because a naive application of either (1.3.10) or (1.3.13) would indicate that we
need to control terms such as [T/ (7, -)|| r2(re) Which are not included in the natural
energy En(t). Since ¢p,¢1 € C§(R™) we can choose R > 0 such that supp(¢p) U
supp(¢1) C {|]z| < R}. By the finite speed of propagation, ¢(t,z) = 0if 0 < ¢t < T}
and |x| > R+ t. Thus for |J| < 2 the estimate

o0 p(t,2)| < CA+ )T (L4 [t —|zl)72 Y orTwt, ey, (1.3.32)
[I|<5+3
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can be integrated up in the direction u =t — r to give, for all (¢,x) € [0,T%) x R™,

n—1 1
Tyt a)| < CO+0" 3 (L[t —|el)2 S0 O b(t ) p2n) < oo.  (1.3.33)
[I|<%+3

The finite speed of propagation, essentially proposition 1.10ii, is a major feature for
hyperbolic PDEs. Indeed theorem 1.12 still holds if we considered a perturbed principal
operator O + h*(0v)0,0, for some appropriate conditions on ~A*”. Although the light
cones and domain of dependence for the quasilinear equation are then slightly shifted
from the background Minkoski geometry, the hyperbolic property of finite propagation
is still present and plays a key role.

1.3.3 Alternative vector fields

To derive (1.3.15) we multiply the PDE by X4 = ;1) and integrate by parts to obtain
the identity

/t X1 - 00 = E(t) — Eo(0). (1.3.34)
0 JR3

Typically one calls X the multiplier. If X is a vector field, then we have the more
natural interpretation via a conserved current. Let T'[¢],, = 0,40, — %nuyﬁpzbﬁpw
If X is Killing with respect to n and v is a solution to the linear wave equation then,
by Stokes’ theorem, we have the identity

t
0= /0 /R3 (Xw SOy + %T[d}]“l’(.ﬁfxﬁ)w)dxdT
t
z/ Ou(Tlp)H, X" dadr (1.3.35)
0 JR3

_/ ,TW%XW&M—/ T, X7 (dt),.
{t} xR3

{0} xR3

Thus the energy identity arises from the conserved current T'[¢]#,X". Even in the
inhomogeneous case the above construction can still lead to useful estimates, as in
(1.3.15). There is a beautiful interplay between a good choice of X and the geometry of
the region of integration, see for example [DR13]. The use of vector fields as multipliers
dates back at least to work of Morawetz who used each of the following vector fields

S = t@t + ’I“ar,
Ko = (r* +t%)0; + 2rto,., (1.3.36)
M = 87"7

to derive decay rates for different wave and Klein-Gordon equations in [Mor61, Mor62]
and [Mor68] respectively. Note, by contrast, that the use of vector fields as commutators
dates back at least to work of Klainerman [Kla84, Kla85b].

K is often called the conformal Morawetz vector field! and satisfies Ly n = 4.
Even though the wave equation is only conformally invariant in one spatial dimension,
the vector field Ky can still produce useful conservation laws for the wave equation.

'Ky is one of the 1 + n vector fields K, = mp,x°x”d,, — 2mu,x"z"0, that generate the special
conformal transformations of Minkowski. Together with I'" these vector fields generate the full set
conformal Killing vector fields of Minkowski spacetime.
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Indeed using the multiplier (Ky+(n—1)t)1 one eventually arrives at the energy estimate
Ben[U1()""2 < CEan[91(0)2 +C [ 0+ ) 2E@ Dl aedn, (1337

for the conformal energy
Benl01() = [ (IS9P + S 10+ S 0utl? + o) (1.3.38)

a#b

A key feature of this energy is that it includes v in L?. Using (1.3.37) the decay
estimates (1.3.2), for simplicity in the homogeneous case, can be improved to

3

0p(t, 2)| S e(l +t)_ (-2l
ot )] S e(1+1)7"F (1+ [t - |o]])~

m

(1.3.39)

m\»—t

In the inhomogeneous case see for example [Ali09, §6.7]. The work [MH17] establishes
a parallel conformal energy using a different foliation of Minkowski spacetime which is
relevant to our work in Chapter 4.

1.4 The Klein-Gordon equation

The Klein-Gordon equation reads
Oy — m?yY = 0, (1.4.1)

where m > 0 is a constant mass parameter. If we multiply this equation by 0yt and
integrate over [0,t] x R3, assuming some large x decay in v, the naturally controlled
energy functional on constant t slices is

B0 = [ (0P + Y 0l mlo) . (1.42)
{t} xRn" o
Note E,,[¢](t) controls the inhomogeneous Sobolev norm H'!(R™)
En[)() = [, ) 3 @ny = Y 10" () 72@ny- (1.4.3)
17|<1

This is in stark comparison to the energy for a wave equation which, as we have seen,
only controls the homogeneous Sobolev norm |9(¢, ')”Hl(Rn) = ||0Y(t,-)||r2. Indeed

handling the L? norm |[[1(¢,-)|| £2(rn) is not natural for waves. However at the expense

of r-weights we can obtain L2-control on a wave in terms of E[¢)]'/? using the following
Hardy inequality. We make use of Hardy-type inequalities in Chapters 2, 4 and 6.

Lemma 1.23 (Hardy inequality). There exists a constant C = C(n) > 0 such that for
all functions 1 € C§°(R™) and n > 3 we have

HFl‘/’HLZ(Rn) < CZWaWh%Rn)- (1.4.4)

a=1
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1.4.1 Nonlinear Klein-Gordon equations

The following theorem dates back to [Kla85a, Sha85]. It indicates that the special
structure required in theorem 1.15 is not required for Klein-Gordon fields.

Theorem 1.24 (Global existence for semilinear Klein-Gordon equations). Let n > 3,
p > 2 and consider on [0,00) x R™ the Cauchy problem

Oy — m* = F(0y),
¥(0,2) = ego(), (1.4.5)
Op(0, ) = egn (),
where |F(0¢)| < ClOY|P, m > 0 and ¢g, ¢1 € CC(R™) with support in {x € R" : |z| <

R}. If e > 0 is sufficiently small, then (1.4.5) has a unique global smooth solution
obeying, fort > 2R,

(t )| Sem™t 2. (1.4.6)

Remark 1.25. Compare the fast decay rate (1.4.6) with that of (1.3.2).

A problem occurs if we try to study equation (1.4.5) using the vector-field method.
The dilation vector does not produce new solutions to the Klein-Gordon equation, and
hence the Klainerman-Sobolev estimate is not useful to us. However we can convert
L™ estimates into L? estimates using vector fields in the smaller set

zZ = {am Qap, Q2 } = T\{S}, (1.4.7)

provided we evaluate the L? norms on hyperboloids. This idea to use hyperboloids
dates back to work of Klainerman [Kla85a] and Hérmander [H6r97].

Definition 1.26 (Hyperboloidal foliation). Define |z|? = Y_"'_, (z%)? and define, in the
region t > |z|, the hyperboloidal coordinates to be

s = (1 — |2)'2,

Yy==.

(1.4.8)
Define, for a € {1,...,n}, the vector fields Y, so that, in the hyperboloidal coordinates,
they are given by
Y, = . (1.4.9)
For s > 0, define the spacelike hyperboloidal hypersurface
He = {(t,x) € (0,00) x R" : t* — 2% = 5%}, (1.4.10)

The hyperboloidal radius s > 0 is used to label the hyperboloidal slices of the light
cone on which we define energies. We then have the following Sobolev inequality, see
[Hor97, §7.6).

Theorem 1.27 (Hyperboloidal Sobolev Inequality). Let ¢ € C°°(R™) be supported
in|x| <t— R and s > 2R. Then there exists a constant C > 0 such that

sup 3o(ta) <C S 1270t @)l (1.4.11)
(t,ﬂ?)EHs ‘”S%“(‘LZGZ
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We consider the Cauchy problem of (1.4.5) at typ = sg = 2R. Initial data supported
in {x € R" : |z| < R}, by a finite speed of propagation argument, can be shown to
lead to solutions supported in the light cone {(¢,7) € R : |x| <t — R}, see also the
figure.

The hyperboloidal foliation.

In a similar way to the derivation of (1.3.15) we can apply the multiplier 0y to the
PDE and integrate over the region Usrp<y<sHg to obtain the basic energy inequality

Em[P)()'/? < En[¥](s0)? + C/S 12T F|| 1234,y d7 (1.4.12)

where the hyperboloidal energy functional takes the form
Entil(s) = | (Ie/0osf + 3 Wabl? + mPuf)aa (1.413)
s a=1

—/H (’8tw‘2+2’8a¢‘2+22%aatwaa¢+m2|¢|2>dnl‘. (1.4.14)
s a=1 a

Theorem 1.24 is proven in a similar way to theorem 1.12; with a commutator-boosted
energy inequality on hyperboloids together with the hyperboloidal Sobolev inequality
(1.4.11). In particular the bootstrap argument is very similar to that shown in section
1.3.2 except the application of Gronwall’s inequality only requires

n(p—1)

> 1 (1.4.15)

instead of (1.3.28). Clearly (1.4.15) is satisfied in the critical case n = 3,p = 2.
Although Klein-Gordon fields decay faster (1.4.6) than a wave field, their derivatives
do not decay faster or enjoy direction dependent decay properties. The different decay
rates of massive and massless fields reflects the different conformal structure of such
particles.

1.5 Symmetries and Riemannian geometry

Having spent some time talking about wave and Klein-Gordon equations, we briefly
give a short discussion here on Lorentzian and Riemannian Einstein spacetimes. This

19



will leave us well-placed to discuss the main results of the thesis in the subsequent
section.

1.5.1 Riemannian Einstein spaces

The ideas and results in this section can be found in [Bes87], see also the clear presen-
tation in [Kro14]. It is relevant to Chapters 5 and 6.

Notation 1.28 (Compact spaces). Let (K,7) be a compact, connected, orientable
smooth Riemannian manifold without boundary of dimension d > 3 with the obvious
definitions for V[v],T'[7] etc. Let capital Roman letters denote abstract indices A, B €
{1,...,d}. Define the pointwise and L? inner products

(u,v)y = YA yPPuspvep, (1.5.1)

()20 = [ ()i, (152

where u,v € T'(S?(K)) are arbitrary symmetric two-tensors. Let .# denote the space
of all Riemannian metrics on K and

My = {7 € M : vol,(K) = / dpy = 1}. (1.5.3)
K
Define the total scalar curvature functional as

S(y) = /}CRMduw (1.5.4)

where R[v] is the scalar curvature, also called the Ricci scalar.

The functional S(v) : .# — R is diffeomorphism invariant. To also make it scale
invariant typically it is restricted to either .} or to S(v)/(vol,(K)@=2/4). Under such
a restriction, the critical points of S(v) are given by the following definition.

Definition 1.29 (Riemannian Einstein metrics). A Riemannian metric v € .# on K
is said to be Einstein with Einstein constant k£ € R if

Ric[y]ap = kvaB- (1.5.5)
If £ < 0 then + is called a negative Einstein metric.

A result of Hilbert then states that v € .#) is Einstein if and only if it is a critical
point of S(v)|.# [Hil24]. The second variation of S(vy) requires the following definition.

Definition 1.30 (Lichnerowicz Laplacian). Define the operators Ap, L, acting on
symmetric two-tensors up by

(Apu)ap = — Ayuap — 2(R[y) o u)ap + Ric[y]acu® B + Ric[y]“puac,  (1.5.6)
(ﬁyu)AB = — AfyUAB — Q(R[’y] ou)AB.
These operators are elliptic and self-adjoint with respect to (1.5.2). Note Ay is called
the Lichnerowicz operator and £ is often denoted Ag and called the Einstein operator.
Here A, = y48V[4] ,V[v]p is the standard Laplacian.
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When (K, ) is Einstein note the relationship
Ap =L, +2k-id. (1.5.8)

For simplicity fix some Einstein metric v € .#; with Einstein constant & € R
which is not the standard sphere. We consider now the second variation of S(g)| 4
at v € .1 in the direction of h € T, (.#). First, recall that an arbitrary two-tensor
hap can be decomposed into antisymmetric, symmetric traceless and trace parts. This
decomposition is orthogonal with respect to the induced metric acting on two-tensors.
In an analogous way, a result of Koiso [Koi79] implies that a symmetric two-tensor
h € T, (.#1) can be decomposed as

hap = hlYyg + h45 + hag, (1.5.9)

where h! = %.,S,”X’y for some vector field X on K, h? = f~ for some function f € C*(K)
with fIC fdpy =0, and h is traceless trvﬁ = 0 and transverse V[v]ABAB = 0. Note h
is called a TT-tensor. This decomposition is orthogonal with respect to the bilinear
form induced by S%(h, h) and so we can consider the second variation evaluated on each
component of (1.5.9) separately.

Since h! is a variation coming from the group of diffeomorphisms of K acting on
v, and S(7v) is diffeomorphism invariant, it quite quickly follows that S;’ (h',n') = 0.
Next one can show that S;/ (h?,h?) > 0 using Lichnerowicz’s eigenvalue estimate of the
smallest nonzero eigenvalue of the Laplacian [Lic58]. Thus an Einstein metric v is a
local minimum of S(7) when restricted to metrics of the same volume in its conformal
class. Finally a calculation shows that

1

S4(h,h) = _2/<£'y]_17]_1>7dﬂ'y~ (1.5.10)
K

The operator L, is a self-adjoint elliptic operator with respect to the above L?
inner product and thus has a discrete spectrum and finite dimensional kernel. The
unknown sign of these eigenvalues and thus the ambiguous sign in (1.5.10) leads us to
the following definition.

Definition 1.31 (Riemannian linear stability, Ao, infinitesmal Einstein deformations).
Let (KC,7) be an Einstein manifold. We say (K,~) is Riemannian linearly stable if for
all symmetric tensors hap such that tr,h =0 and V[V]Ah 4B = 0 one has

(&b B)gzge = [ (b, =0, (L5.11)

and otherwise (IC,7) is Riemannian linearly unstable. If instead of (1.5.11) we have
(ﬁyﬁ,ﬁ)Lg(,@ > c(h, E)LQ(K) for some constant ¢ > 0 then we say the manifold is
Riemannian strictly stable. We define Ag to be the smallest eigenvalue of L, |rr and
we call ker(L,|7r) the space of infinitesmal Einstein deformations.

The sign of A\g and properties of ker £, play a central role when studying the evolu-
tion of v under Ricci flow (see for example [CCG™15]) and under the Einstein equations,
which is our focus. Although definition 1.31 and the sign appearing in (1.5.10) may
seem contradictory, this is in fact correct when one considers Ricci flow or the evolu-
tion of a Lorentzian spacetime constructed from (K, ). More generally, we see that an
Einstein metric is neither a local minimum nor maximum of S(y).
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We now give a brief discussion of the properties of A\g and ker £, referrring to [Bes87,
§12] for complete and rigorous details. We say metrics 1,72 € .# are equivalent,
denoted y1~s, if there exists a positive constant ¢ > 0 and a diffeomorphism ¢ of K
such that 1 = ¢ - ¢*vy9. The set of Einstein metrics under this equivalence relation is
called the moduli space of Einstein structures and denoted & (K). Note that &(K) is
not a manifold and can be disconnected, e.g. Hopf fibrations can give different Einstein
structures on $4"*3 with different Einstein constants [Bes87, §12.53].

Consider now a fixed Einstein metric v € .#;. We would like to understand the
conditions on a symmetric 2-tensor h that ensure, at least infinitesimally, that v + h
is also an Einstein metric. Since &(K) is not a manifold, and since we would like
to rule out (v + h)~~, some technical set-up is required. Ebin’s slice theorem posits
the existence of &,, a submanifold in .#; containing v which is a slice of the action
of the diffeomorphism group?. We next consider a curve of Einstein metrics in this
submanifold, i.e. y(t) € &, with v(0) = ~. Since ~(¢) are all critical points of S(v)|.»
we have that ¢ — vol,;)(K) - R[y(t)] is a constant function. The first derivative h =

dzli(tt)\t:() satisfies the system
V()] hap =0, /’Ctrw(t)hd,uw(t) =0, (1.5.12a)
d /. Riy(?)]
— — . =0. 1.5.12
& (meho) - 20O )| <o (15.120)

Note that (1.5.12b) is the linearised equations of motion. Two key results now state that
solutions to the system (1.5.12) precisely coincide with ker(L,|7r) [Bes87, Th. 12.30]
and, moreover, ker(Ly|r7) is equal to the tangent space at v of a finite dimensional
submanifold Z C &, [Bes87, Th. 12.30].

If ker(Ly|77) = {0} then Z N &(K) = {7} and so up to the equivalence relation ~
there are no other Einstein metrics with the same Einstein constant close to v in &(K).
Such Einstein metrics are said to be rigid, and so under evolution by the nonlinear
Einstein equations, we can expect to converge back to . Clearly a Riemannian strictly
linearly stable manifold is rigid. Unfortunately the other case is not so clean. If there
exists a nonzero h € ker(L,|rr) then Z is a submanifold of positive dimension. However
because the Einstein equations are nonlinear, there may not exist a curve of Einstein
metrics tangent to h. If such a curve does exist however, then h is said to be integrable,
and one could expect to converge back to a member of this curve (not necessarily v(0))
under Einstein evolution.

We now give two important examples of Riemannian linearly stable and strictly
stable manifolds that are studied in Chapters 5 and 6.

Example I - Hyperbolic manifolds

We first consider a negative Riemannian Einstein metric with Einstein constant k < 0,
given in definition 1.29. In the case d = 3 such a space necessarily has constant sectional
curvature (and thus is hyperbolic) [Bes87]. A compact manifold K admits either no
hyperbolic metric or precisely one [Mos68]. Thus if I has a negative Einstein metric
it is isolated in the moduli space of Einstein structures. This can also be proved using
eigenvalue estimates [Koi79, Kr615], leading to the following result.

%j.e. there exists a neighbourhood U C .# of v such that any metric in ¢ can be related to an

element of &, by a diffeomorphism. Roughly speaking this means we can fix the diffeomorphism
freedom.
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Proposition 1.32. Let (K,v) be a negative Einstein three-manifold with Einstein con-
stant k = —2/9. Then (KC,v) is strictly stable, with A\g > 1/9 and ker(L,) = {0}.

In the case d > 3 hyperbolic Einstein spaces are still strictly stable and hence iso-
lated. However there are also examples of families of non-hyperbolic, negative Einstein
metrics. Thus ker(L,|rr) # {0} for such metrics. These non-hyperbolic, negative Ein-
stein metrics are still Riemannian linear stable and integrable however they are not
isolated in the moduli space of Einstein structures. Thus under the Einstein flow it
is possible to evolve from one member of the family to another. This is relevant in
[AM11] however does not occur in our Chapter 5 where we restrict to d = 3. For
further discussion on negative Riemannian Einstein metrics see [Bes87, Ch.12].

Example II - Special Holonomy manifolds

Our next example concerns manifolds (K, y) with a spin structure. We refer to [Bes87,
Ch.68F] for rigorous definitions of the concepts. Heuristically speaking, these are man-
ifolds where one can write down a well-defined Clifford algebra and globally defined
spinor 9 that transforms under the double cover of the Lorentz group. Just as it is not
possible to write down a nowhere vanishing vector field on even-dimensional spheres
S?" the existence of a nowhere vanishing spinor also involves topological restrictions.

Definition 1.33 (Killing spinor). Suppose (K,7) has a spin structure and admits a
nonzero spinor . We say the spinor is Killing if

VI xy = cX - ¢, (1.5.13)

where - denotes Clifford multiplication, V°[4] is the spinor covariant derivative and
c € C is a constant. If ¢ = 0 then % is said to be parallel.

A manifold (K,v) admitting such a nonzero spinor is necessarily Einstein with
Einstein constant k = 4c¢?(d — 1). Thus if ¢ is parallel then (K,v) is Ricci-flat and,
moreover, such manifolds are linearly stable due to the following result.

Theorem 1.34 ([DWWO05, Theorem 1.1]). If a compact Riemannian manifold (K,~)
has a cover which is spin and admits a nonzero parallel spinor then, for all symmetric
two-tensors u,

/ (Lyu,u)ydpy > 0. (1.5.14)
K

Thus the Calabi-Yau 3-fold, Ga, Spin(7) and hyperkdhler manifolds are Riemannian
linearly stable.

The proof works by arguing that in the presence of a nonzero parallel spinor, it
is possible to relate £, to the square of the Dirac operator. In fact this idea dates
to earlier work of [Wan91] on the deformation theory of Killing spinors. All known
examples of compact Ricci-flat manifolds admit a spin cover with nonzero parallel
spinors and thus are Riemannian linearly stable. A major open question is whether all
compact Einstein manifolds with nonpositive scalar curvature are stable [KW75]. This
fails in the noncompact case by the Riemannian Schwarzschild metric [GPY82]. For
completeness we mention that a spin manifold (K,v) admitting a parallel spinor can
be classified according to its holonomy group, see for example [Wan89].
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In Chapters 2 and 6 we consider the evolution under the Einstein equations of a
spacetime constructed from Minkowski with a compact Riemannian space covered by
theorem 1.34.

1.5.2 Linearised Lorentzian equations

The global solutions produced in theorem 1.12 were very close to the trivial zero so-
lution. Motivated by this, we now rewrite the reduced Einstein equations (1.1.5) in
terms of a small perturbation away from a fixed spacetime (M, §) which satisfies the
vacuum Einstein equations.

Definition 1.35 (Metric perturbation). A spacetime g can be written in terms of a
perturbation and inverse perturbation away from ¢ as

h,ul/ = Guv — §W, (1515)
HMW = g — g (1.5.16)

Note care is required to raise indices on the perturbation h,, since it does not
necessarily agree with the inverse H#*”. In particular

H"W = —g"P g% hgy — hogHPY o = —h* + O(h?). (1.5.17)
If we choose é = g then the reduced Einstein equations (1.1.5) become

(97 + HP)V[31aV (3]sl + 2(R[3] © h)y = Foulg)(V[glh, VIGIh) + Fu(H, h),

(1.5.18a)
where F,,, was defined in (1.1.5b) and F},, is given by
F;U/(Ha h) = Haﬁ (ha5 Riem[g]éuuﬂ + has Riem[g]éyuﬂ)
(1.5.18b)
o+ H? (s Riem([g] s + g Riem[g] oz
Note in this calculation we used that Ric[g] = 0 so that
9" gua Riem[g]* 5 = (§7° + H°)(gun + hyur) Riem[g] .6 (1.5.19)
= H" g\ Riem[§]* .5 + Hhyp Riem[g] 5. (1.5.20)
The linearisation of equations (1.5.18a) reads
VI91*Vglahyw + 2(R[g] 0 h) =0, (1.5.21)

where we used definition (1.0.2). The differential operator in (1.5.21) is, up to an overall
minus sign, the Lorentzian version of the operator £, from definition 1.30.

Remark 1.36. It is enjoyable to write out the notation R[j]o and enjoy the similarity
between the linearised Einstein equations and the Maxwell equations in Lorenz gauge

V31V [dlahuw — 2 Riem[§]* u, hag = 0, (1.5.22)
V[91*V[jlaAu — 2Ric[g]* Aq = 0. (1.5.23)

Moreover there are close relationships between solutions of these equations, see for ex-
ample recent work on a Schwarzschild background [Joh20] and in supergravity [BCCT19].
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In Chapters 2 and 6 we study equations (1.5.18a) when (M, §) is a product space-
time.

Definition 1.37 (Product spacetimes). Given a (1 + n + d)-dimensional manifold
M = M x K the product spacetime metric takes the form

gudatda” = gijdxidxj + 'yAdeAde. (1.5.24)

We call (M, g) the external manifold and (K,~) the internal manifold. We use p,v €
{0,...,1+ n + d} for spacetime indices, a,b € {1,...,1+ n + d} for spatial indices,
i,7 €{0,...,n} for external indices and A,B € {1+n+1,...,1+ n+ d} for internal
indices.

The presence of the internal space breaks the symmetries of the operator in (1.5.21).
In Chapter 2 we consider a product spacetime with initial data with unbroken internal
symmetry. In Chapter 6 we do not do this and the compact space produces ‘effective’
metric masses in the operator (1.5.21). These ‘effective masses’ will at least have the
right sign due to the condition of Riemannian linear stability. We compensate for the
broken symmetries in this case by taking the Minkowski dimension sufficiently high.
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Main results of the thesis and
their context

1.6 Kaluza-Klein theory

Just as electricity and magnetism were unified by Maxwell’s theory of electromagnetism,
and spacetime and gravity were unified through Einstein’s theory of general relativity,
string theory is a candidate theory unifying quantum theory with gravity. The objects
of interest in string theory are higher-dimensional spacetimes. The simplest higher-
dimensional spacetime, the Kaluza-Klein spacetime, attempts to produce a unified
system of general relativity and electromagnetism. It has been known since the 1920s
[Kal21, Kle26]. The spacetime manifold takes the form R'*3 x S! with metric

3
grk = —dt? + ) (da®)® + (da?)?, (1.6.1)
a=1

and (¢, 2%, mA) € R x R? x S'. In Chapter 2 we prove the following stability result.
Theorem 1.38 (§2 Th. 2.9, see also [Wyal8]). The Kaluza-Klein spacetime (R'*3 x
S, gk k) is stable as a solution to the classical vacuum Einstein equations provided the
internal St symmetry is not broken. That is, the spacetime is stable against perturba-
tions that depend only on the Minkowski coordinates (t,z) € RT3,

The initial data restriction in theorem 1.38 appears in string theory, where one
considers the limit of a small circle radius such that at low energies the theory should
be independent of the internal space. The equations of motion in five dimensions
reduce to a nontrivially coupled Einstein-matter system in four-dimensions. To see this
reduction consider a five-dimensional vacuum Einstein spacetime G, which does not
depend on the internal coordinate z*. That is

G (2t ) = G (27, (1.6.2)

with indices given in definition 1.37. For fixed constants «, 8 we can reparametrise the
metric as

2a¢ .. 1L 286 4. A. 286 4.
GW:<6 gij + eTOAA; e AZ>. (1.6.3)

e209 A, o286
Indeed provided 8 # 0 this choice fully parametrises the higher-dimensional metric, see

for example [Pop]. This ansatz is chosen so that g;; transforms as a 2-tensor, A; as a
vector and ¢ a dilaton (scalar field). The five-dimensional vacuum Einstein equations
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for G, are equivalent (i.e. we have a consistent truncation) to the following

Ric[g]ij = %&qﬁaﬁﬁ + %6_60@ (Flijk — %Fleklgij> s (1.6.4&)
Vigli(e %*F7) =0, (1.6.4b)
97V 9):V[gl;6 = —%ae*6a¢Flekl , (1.6.4¢)

where F;; = 0;A;—0jA; and a = —% = 1/\/ﬁ According to theorem 1.38, the trivial
Minkowskian solution of equations (1.6.4) is stable. It is very important to note the
nontrivial coupling between the vector potential and scalar field in equations (1.6.4)
which prevents us from setting ¢ = 0 and thus obtaining a pure minimally coupled
Einstein-Maxwell theory, whose trivial Minkowskian solution was already known to be
stable [Loi09]. A similar reduction also occurs if one considers the flat d-dimensional
torus T¢, and indeed theorem 1.38 applies to this case also. Theorem 1.38 was also
followed by an analogous result for cosmological Kaluza-Klein spacetimes where the
Milne spacetime replaces the Minkowski manifold [BFK19].

1.6.1 Witten’s ‘bubble of nothing’

In a remarkable and highly influential work by Witten, it was shown that the Kaluza-
Klein vacuum (R'*3 x St g i) is unstable at the semi-classical level [Wit82]. We now
briefly discuss part of Witten’s result in relation to theorem 1.38.

By starting with the five-dimensional Schwarzschild black hole, Witten performed
two appropriate Wick transformations (which are not so relevant to our discussion)
leading to the following Lorentzian metric

457 =~ 4 col(IPA0 4 O (- (RS (165)

Here dQ? is the line element of the unit sphere S?, R > 0 is a constant and the variables
range over I’ € R, p € [R,00) and ¢ € [0,27R) is a periodic variable. The metric (1.6.5)
is a solution to the five-dimensional vacuum Einstein equations. The spacetime does not
exist in the region p < R. The radius of the fifth dimension, given by R\/1 — (R/p)?,
shrinks to zero as p — R in a way that implies (1.6.5) describes a nonsingular and
geodesically complete spacetime.

Witten argued that, under a semi-classical process which should be thought of as
the field-theory equivalent of quantum tunnelling through a finite barrier, the Kaluza-
Klein vacuum (R'*3 x S, gx ) decays into the solution (1.6.5). Thus Witten argues
that the Kaluza-Klein vacuum is semi-classically unstable.

However the process Witten considers is different to the classical perturbative ap-
proach studied in theorem 1.38. A useful perspective illustrating how these approaches
are disjoint comes by looking at the initial value surface. The ¢ = 0 initial value hyper-
surface of the Kaluza-Klein vacuum (R'*3 x S!, g k) has topology R? x S!. In theorem
1.38 we consider perturbations of the vacuum which have the same topology as this
slice. By contrast, we can look at the T' = 0 hypersurface of Witten’s solution, where
the metric induced from (1.6.5) is

2

ds? — p2d? 4 — I -+ (1= (R/p)?)de*. (1.6.6)

1= (R/p)

It is crucial to note that p > R > 0. This means that (1.6.6) does not describe a
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conical geometry, but is a metric on the topological space R? x S? with p and ¢ the
polar coordinates on R?. Thus Witten considers excitations of the Kaluza-Klein vacuum
with a different, R% x S?, topology. By definition, there is no continuous perturbation of
any size, let alone of the small size we consider, that could lead to a change in our initial
topology R x S'. Thus the two results do not disagree. For completeness we remark
that at p = 400, the spacetime (1.6.5) does actually have the same topology as the
Kaluza-Klein vacuum, and Witten argues that this makes such excitations reasonable
from a semi-classical point of view.

Finally, in terms of the usual notion of ADM energy, (1.6.6) has zero energy and
Witten claims that, using methods of Brill and Deser [BD68]|, it is even possible to
have negative energy solutions. This is a crucial part of Witten’s argument, since
the semi-classical process cannot decay into a spacetime with more energy than it
started with. By comparison, the ¢ = 0 slice of Minkowski spacetime has zero energy
and, by the positive energy theorem [Wit81, SY81], every Riemannian manifold that
is asymptotically Euclidean with non-negative scalar curvature has strictly positive
energy. Thus Minkowski spacetime is semiclassically stable since no nontrivial states
with zero energy exist. Although (1.6.6) shows that a Kaluza-Klein-type positive mass
theorem cannot in general be true, Witten makes the point that if we only consider
perturbations of the Kaluza-Klein vacuum in which the topology is not changed, then
in fact the methods of [Wit81] still apply.

1.6.2 Null conditions

The proof of theorem 1.38 is shown by studying a class of quasilinear wave equations
with particular structure in the nonlinearities quadratic in dg. To explain this structure
let us introduce the following notation.

Definition 1.39 (Null variables). Introduce the null variables s = t+r, ¢ =t —r
and w? := x%/|z| the radial unit vector so that 9, = w*d,. Define the Minkowski null
vectors 205 = 0 + 0, and 20, = 0; — 0, and the angular derivatives D, = 0y — waw’0p.
We define ‘good’ 0 derivatives by

3
00 = 01> + > Dot (1.6.7)
a=1

Note that the set {9, @, } spans the tangent space of the outgoing light cone |z|—t =
constant. See also Section 2.2. By direct calculation (e.g. [LR10, Lemma 5.1]) we have
the very useful estimate

L+t —=rDIoyl+ A +t+r)dp| <C > [Ty, (1.6.8)
17]=1
Combining (1.6.8) with (1.3.33) we can in fact return to theorem 1.12 and state the
following refined estimates
n+1

)T (L + |t — |z|])2, (1.6.92)

|0 (t, z)

x e(
|0g9(t, )

| <e(l+t
| <e(+6)"2 (1+ |t —|z||)=. (1.6.9b)

These estimates, part of a broader class of peeling estimates, show the preference for
the wave to move along directions tangential to the light cone (1.6.9a), and not in
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directions transversal to it (1.6.9b). Note since ¢t — |z| = O(t) in the support of 1, the
decay rate of (1.6.9a) is integrable in dimension n = 3.

The following definition introduces a large class of nonlinearities which have the
property that at least one of the derivatives is a good derivative 0.

Definition 1.40 (Null condition). Consider a system of unknowns ¢ = (¢1,...,%m)
satisfying for K € {1,...,m} the PDEs

OYg = FK((BM/;) (1.6.10)
The nonlinearity F(9v) = (F1(9v), ..., Fn(0v)) is said to satisfy the null condition if
at lowest order it takes the form
Fr(@) = Y aiyOubroniu, (1.6.11)
L,M=1
and the constants g%’ ,, satisfy

Q%VLM@&V = 0 whenever n""¢,,£, = 0. (1.6.12)

In particular this implies that F' is a linear combination of the following bilinear forms,
called (classical) null forms,

Qo(¥, ) = " 00y, (1.6.13a)
Qua(, ¢) = 0,1p0atp — 0 p0a). (1.6.13D)

The null condition was first introduced in [K1a80] where it also covered more general
nonlinearities of the type F (v, 0%).

Remark 1.41 (Strong null forms). The null forms @, are sometimes called strong
null forms. If we write the null forms in terms of the I' vector fields we find

Qo(, ) =t~ (S¢ - ep — 210t - Qoatp), (1.6.14a)
Qab (¥, ¢) =t (0a¥ - Qv — A1) - Qoap + Qapt) - Do) , (1.6.14b)
Qoa (¥, ) =t (911 - Qatp — Qat) - Brp) . (1.6.14c)

From this decomposition we can see that the strong null forms do not involve the
scaling vector field S and so are compatible with both massive and massless wave
equations. That is, it is possible to study a Klein-Gordon equation with a nonlinearity
only involving @, using the energies (1.4.2) on constant t-slices provided an adapted
Sobolev estimate (which does not require S commutation) is also proved, see [Geo90].

In a similar spirit to (1.6.14), albeit using the null frame {9, 9, d,} instead, one
can show the following key estimates for null forms:

1Q(1h, )| < C (|0¢]|0¢] 4 |0v]|0¢]) , (1.6.15)
T(Q(¥, ¢)) = Q(TY, ¢) + Q(¥, Tp) + Q. ), (1.6.16)

where Q is a linear combination of classical null forms (for example if I' = S then
Q = 2Qp). The first estimate shows that effectively null forms always involve one good
derivative. The second estimate tells us that this good structure is preserved when we

apply the vector fields T.
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Returning now to theorem 1.15 we see the nonlinearity is in fact Qo(¢,v). To
prove this theorem along the lines of distributing derivatives as in (1.3.25), we need
to estimate |9y in both L? with a high number of T' derivatives, and L> with a low
number of I' derivatives. Can we obtain improved estimates for ||0%||;2, better than
those for ||0v| ;2 in the energy inequality (1.3.15)? Emulating the heuristic idea of
(1.2.3), we can use (1.6.9a) to see that we should expect the following rough behaviour

|0y /tK / KE,
————————dadr < A )dr ~ 4~ KE
// Atz ~ f, 7o rea(S¢(zo))dr - ..

(1.6.17)

The following lemma, dating to work in [Ali04, LRO5], formalises this idea. See also
[Ali09] for a proof.

Lemma 1.42. Consider the equation O = F. For every 6 > 0 there exists a constant
C = C(9) such that

0v? i t
(/ /RS A+l —|a ||)1+5d:cdr> SCH‘?TP(O?‘)’L?(RL%)—FC'/O IF(7, )| 12 rs)dT.
(1.6.18)

Away from the light cone we have (14 |r —¢|)~17% < (14+¢)7179. Since (14¢)~'7°
is integrable, the above lemma is really improving our estimates of the good derivatives
near the light cone. As first noted in [LR10], it is possible to now prove small data global
existence for theorem 1.15, or more generally for systems of wave equations satisfying
the null condition of Definition 1.40, by repeating the argument as in theorem 1.12
combined with (1.6.8), (1.6.15), (1.6.16) and lemma 1.42.

1.6.3 The weak null condition and Kaluza-Klein spacetimes

The vacuum Einstein equations written in terms of the metric components do not satisfy
the null condition, but rather a ‘weak null’ condition first identified by Lindblad and
Rodnianski [LR03]. The weak null condition essentially measures how much residual
energy of a quasilinear wave remains near null infinity .# . The amount of residual
energy corresponds to the existence of solutions for some asymptotic PDE system at
. If there is too much residual energy, i.e. if the asymptotic system does not have
solutions, then one expects that problems would occur for the original PDE. The use
of asymptotic systems has its origins in work by Hérmander [Hér87]. The following is
a simple example of a weak null system discussed in [LR03], see also the presentation
in [Luk16].

Theorem 1.43 (Global existence for a weak null system). Let ¢, ¢1, ¥o, U1 € C5°(R?)
and consider on R'*3 the Cauchy problem

0y = (9rp)?, (1.6.19a)
D = Qo(¥, ), (1.6.19b)
with initial data
Y(0,7) = eWo(x), Op(0,2) = Vi (),

0(0,7) = ego(x), Opp(0,2) = epy(x). (1.6.20)
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Then for e > 0 sufficiently small there exists a global smooth solution which satisfies

log(2+t)

Aol <e(1+8)~L oy <
0ol Se(1+1t)", |0Y|Se L

(1.6.21)

There is a kind of feedback loop occurring in (1.6.19). Note that the bad nonlinearity
seen in theorem 1.14 sources the field ¢. This leads to the slower decay rate for the
field ¢ in (1.6.21), which one can see as an indication of the residual energy of .
However when 1 sources the field ¢ it does so as a null form ¢ which has better
properties as seen in theorem 1.15. Thus global existence can still be shown for the
system (1.6.19) using a combination of lemma 1.42, properties of null forms and energy
estimates discussed before.

The feedback loop above was actually believed to lead to a break down in global so-
lutions to the Einstein equations when written in harmonic gauge [CB73]. Nonetheless
the powerful direction-dependent decay and energy integral method of [LR05, LR10]
established that, even when using harmonic gauge, Minkowski is a stable solution to
both the vacuum Einstein equations and the Einstein equations coupled to a massless
scalar field. Of course the Einstein equations are significantly more complicated than
(1.6.19) and so the proof in [LR05, LR10] required several other key insights. For our
purposes, if the internal symmetry of the product spacetime on R'*3 x S! is not broken,
then in a higher-dimensional é-wave gauge, i.e. (1.1.3) with é = gxx, then in terms of
the perturbation h = g — gxx the vacuum Einstein equations reduce to the following
non-linear wave system

gklakalhij = P(0;h, (%h) + Qij(ah, oh) + Gw(h) (Gh, 6h) ,
g™ 0LO1hia = Qia(Oh, Oh) + Gia(h)(dh,dh), (1.6.22a)
" OLOhaa = Qaa(Oh, dh) + Gaa(h)(Dh, ).

The quadratic non-null terms are
Kl cd (1 1
P(0;h,0;h) =n"'n Zaihklajhcd - §aihkcajhld
1 1
+ 5AB(SCD (4az‘hABath'D — 28ihACathD> (1.6.22b)
1 1
+ §ABpH <4aihABajhkl + ZajhABaihkl - aihAkathl) ;

and the other terms are standard null (Q) or cubic terms (G) given in proposition 2.52.
Since we have such a large group of symmetries there are a few ways the proof of theo-
rem 1.38 could proceed. Under the S'-symmetry assumption the five-dimensional vac-
uum Einstein equations reduce to a non-minimally coupled four-dimensional Einstein-
Maxwell-scalar field system (1.6.4) whose stability could be studied. This was a key
part of the approach in [BFK19]. Another alternative approach is to study the five-
dimensional quasilinear wave equations (1.6.22) by adapting the method of [LRO5,
LR10] to include the internal space.

The approach we take is to treat the addition fields {h;4, hap} appearing in (1.6.22)
as just a collection of fields obeying four-dimensional quasilinear wave equations. Thus
the proof of theorem 1.38 essentially extends the result of [LR05, LR10] to the Einstein
equations coupled to a system of nontrivially coupled wave equations which are not cov-
ered by the Einstein scalar field system but include interactions expressed in (1.6.22b).
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Note that, in a similar way to (1.6.21), we obtain the following decay estimates

0hia| + [Ohaal +|0hi| Se(l+1)7, (1.6.23a)
Ohpr| Se(l+1)" log(2 +1). (1.6.23b)

We omit the full definition of hrj for now, but remark that the main point to take
away is that most metric components behave like ¢ (1.6.23a) while one component of
the metric g, behaves like 7 (1.6.23b).

As established in [LR03, LR05, LR10], the weak null condition is an important crite-
rion for global existence of quasilinear wave equations. We note the recent work [Keil8]
which also studied the weak null condition using different vector fields as multipliers.

1.7 The Higgs Mechanism

The four fundamental interactions known to exist in nature are gravitational, electro-
magnetic, strong and weak interactions. These interactions are each described by a
field theory. So far we have talked about Einstein’s classical field theory of gravity,
general relativity. The other major field theory of 20th century physics is that of the
standard model of particle physics which brings together the strong, weak and electro-
magnetic interactions. An essential ingredient of this theory is the Higgs mechanism
which leads to a new type of symmetry breaking. In Chapter 3 we study a classical
gauge theory coupled to a Higgs field on a fixed Minkowski background, as a toy model
for the electroweak sector of the standard model. In particular we prove the following
result.

Theorem 1.44 (§3 Th. 3.2, see also [DLW19]). The ground state of the Higgs mech-
anism applied to an abelian gauge field and Yukawa-coupled spinor field is classically
stable to compact perturbations.

1.7.1 An abelian gauge theory and the Dirac-Proca equations

Given the theory considered above is quite different to the gravitational theory we have
discussed so far, let us briefly step back to Maxwell’s theory of electromagnetism. For
full details of the theory discussed in this section, see for example [AH12]. Consider on
a fixed Minkowski background (R'*3,7) the Lagrangian density

1

E:4

F F*. (1.7.1)
We require the electromagnetic tensor to satisfy the Bianchi property

O, Fyp = 0. (1.7.2a)

This identity combined with the Poincaré lemma implies that we can write the potential
as F,, = 0,A, —0,A, where A, is a four-potential. The Euler-Lagrange equations of
(1.7.1) for the potential A" are

OAY — 9”(9,A") = 0. (1.7.2b)

The system (1.7.2) precisely encodes Maxwell’s (source-free) field equations and are
invariant under the gauge transformation A, — A, + 0,a for some function . In
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order to obtain a well-posed PDE for A” we need to choose a gauge. The analogue of
the harmonic gauge discussed in Example 1.9 is the Lorenz gauge

9 A" = 0. (1.7.3)

Note it is named after Ludvig Lorenz and not Hendrik Lorentz. Under the Lorenz
gauge condition the equations of motion (1.7.2b) (c.f. the geometric Einstein equa-
tions (1.0.1)) reduce to uncoupled linear wave equations for A" (c.f. the reduced
Einstein equations (1.1.5)). It is a standard calculation to show that initial data
(A,(0,2),0;A,(0,z)) satisfying (1.7.3) is propagated, in the sense that solutions to
these linear wave equations evolving from such data will also satisfy (1.7.3). The pho-
ton is described by such a massless vector boson.

Remark 1.45. Note that (1.7.3) still enjoys some residual gauge freedom, namely A, —
A, 40,0 for some function o satisfying the linear wave equation. Such residual freedom
can be removed by imposing further conditions, such as some restrictions on one of the
initial data components (A,(0,z),0:A,(0,z)) or some other asymptotic condition on
the initial data. A similar feature arises in general relativity where there also exist resid-
ual gauge degrees of freedom. For example for linearised gravity about Minkowski one
can easily write down additional gauge transformations compatible with the harmonic
gauge.

The massive Z° and W* bosons are fundamental particles mediating the weak
interaction. In order to describe a massive vector boson we could artificially include a
mass term to (1.7.1) in the form

1 1
L=—FuwF" + §m2AHA“. (1.7.4)

The action arising from (1.7.4) is often called the Proca action. Note that the Lorenz
gauge in (1.7.3) is implied by the Euler-Lagrange equations for A” and cannot be fixed
by a gauge choice.

The Dirac-Proca equations were an early model for electroweak interactions and
describe the interactions between a massive vector boson and a massive spin 1/2 field
of mass M > 0. In the Lorenz gauge the equations of motion for this model read

1
O0A” —m?A” = —51#*707”(14 — %), .
1.7.5
. 1
—i"Optp + Mp = — " A (L — V)b

The Dirac matrices {7, v1,~2,73} are 4 x 4 matrices satisfying the identities

(Y27 =AY+t = =2 Ly, (1.7.6)

3

and 7° = i7%y192~43. Note the unusual sign in (1.7.6) comes from our mostly plus sign

convention.
1.7.2 The Higgs mechanism in an abelian gauge theory

The Lagrangian density (1.7.4) is no longer gauge invariant under the transformation
A, — A, + Oy The Higgs mechanism allows us to maintain symmetry in the La-
grangian while still producing an effective mass to the vector bosons. Theorem 1.44
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treats just one abelian vector boson and one fermion field. The Lagrangian is given by

L= —iF;wF“" — (Dug)* D' — V(¢ ¢) — i* y° 4 Dty + go* o™y, (1.7.7)

where A > 0, g, q, 4 are real constants and we use the following definitions for the Higgs
potential, gauge curvature and gauge covariant derivatives:

V(6 ) = 26" + M¢"0)%,  Duo = (9 — iqAu)o,

, (1.7.8)
F = 0,4, — 0,A,, Dyt = (8, — iqA, ).

The unknowns are a gauge vector A = (A*) : R'™3 — R* with gauge group U(1), a
Dirac fermion 1 : R3*t! — C* and a complex scalar field ¢ : R!*3 — C representing the
Higgs field with U(1) charge ¢ that couples to itself, the gauge vector and the fermion.

The Lagrangian (1.7.7) is invariant under the following transformations
Ay A=Ay + 0, ¢ ¢ =€ 1%, s ) = "1, (1.7.9)

where a = «(t, x®) is some arbitrary function of spacetime. The Euler-Lagrange equa-
tions for AY, ¢ and 1 derived from (1.7.7) are the following

OAY — 8 (9,A") = iqd™ (D" ¢) — iq(D"$)* ¢ + qib*+° 7",
DFDy¢ = V' (¢ p)¢ — g™y 0, (1.7.10)
iV Dy = go* i,

where V' = % If 42 < 0 then the trivial solution of (1.7.10) is

(A5, ¢0, vo) = (0,0,0), (1.7.11)

and this is invariant under the symmetries (1.7.9) of the Lagrangian. By contrast if
u? > 0 the scalar field potential V' now has a nonzero minimum defined by

ov w
07 where <¢)0> = ﬁ = ﬁ

aiﬁf) (#0) B
Consequently the field ¢ has a non-trivial minimum (¢g). The system (1.7.10) now
has a continuous nontrivial set of solutions, often called ground states, labelled by a
parameter 0 € [0, 27):

(1.7.12)

(A5, do,1b0) = (0, |v]e”,0). (1.7.13)

Symmetry breaking describes the situation where a Lagrangian (or its equations of
motion) obey a symmetry that the ground state of the theory does not inherit. Although
the set of ground states in (1.7.13) is U(1) invariant (note ¢jpo = v?), there is no
nontrivial « such that ¢, = ¢o. This implies that the U(1) symmetry is broken since
any ‘spontaneous’ choice of a ground state, that is any choice of 8, is not invariant under
the symmetry. In this situation Goldstone’s theorem implies that the spontaneous
breaking of the continuous U(1) symmetry generates a massless scalar boson [Gol61].
By choosing ¢¢ = ve'? for some constant fy we can parametrise ¢ as

¢ = (ve' + h)e'®, (1.7.14)
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One can show using (1.7.10) that the field A is a massive boson, called the Higgs field,
with ® being the new massless Goldstone boson, which can be removed by gauge fixing.

Remark 1.46. By contrast to the above, note that the Einstein-Hilbert action of general
relativity and solutions to the Einstein equations are respectively diffeomorphism in/co-
variant.

1.7.3 Global evolution of the U(1) Higgs Boson: nonlinear stability
and uniform energy bounds

All ground states of (1.7.13) are physically indistinguishable. We consider constant
ground states satisfying 0,¢9 = 0 and express the field ¢ as a perturbation x = ¢ — ¢o.
The equations of motion (1.7.10) now become

0AY — 9" (divA) — 2¢° A" ¢ = iq(¢*(0"¢) — (8"¢")9) + qv*y 7",  (1.7.15a)

0¢ — V'(¢*¢)¢ — iqpd, AF = 2iqA,0"p + q° AP AL — g™, (1.7.15b)

iV O — g dh = —qy" A, (1.7.15¢)

As in the discussion of the Lorenz gauge (1.7.3) we need to fix a gauge condition in

order to obtain PDEs of a definite type. A key aspect of our proof is to choose the
following modified Lorenz gauge

0 AF + iq(qf)ax - X*qbo) =0. (1.7.16)

This choice removes a first order term from the nonlinearities in (1.7.15a), however it
also feeds back into equation (1.7.15b). We obtain the following system of four coupled
equations

(0—m2)A” = qp*y°" ¢+ Fav,  (1.7.17a)

Ox —my ;702 (66x — x"b0) —m3 %(cbéx — X"0) = —gdo* Y + Fy, (L.7.17b)
ivH O — mgp = Fy. (1.7.17¢c)

The nonlinearities are defined in (3.4.14) and the masses are
mg =2¢%0% > 0, m3 = 4\w? > 0, mg = guv?, (1.7.18)

where A\ > 0,¢g,v,q are constants. Using (1.7.17b) we derive two Klein-Gordon equa-
tions for the real functions x4+ = ¢fx £ x*¢o (see Section 3.5.3). As is well known, the
Dirac equation can be squared to obtain a Klein-Gordon equation with mass mf] (see

(3.3.18)). We can now state a slightly more precise version of theorem 1.44.

Theorem 1.47 (§3 Th. 3.2, see also [DLW19]). Consider the system (1.7.17). There
exists € > 0, which is independent of mg, such that for all compactly supported, Lorenz
compatible initial data, with Sobolev norm (see (3.1.9) ) sufficiently smaller than e, there
exists a global-in-time solution (A, x,v) with
Al Set™32 x| Set™32, (1.7.19a)
Y| S emin (71, [my| ~173/2). (1.7.19b)

Since we are dealing with Klein-Gordon equations, our proof uses the hyperboloidal
foliation discussed in Section 1.4. For simplicity, we study my > 0 since the case m, < 0
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follows in the same way. The result of theorem 1.47 holds in a fairly straightforward
way for the cases mgy = 0 or my ~ min(mg, my). However much more is required to
obtain a result uniform in terms of the mass parameter my € [0, min(mgy, my)]. To
achieve this, we define an energy for the first order Dirac equation on hyperboloidal
slices which gives a weighted L? estimate

| (0= Swme) do = /002 (1.7.20)
Hs

The weighted L? estimate for the Dirac equation is independent of its mass, and thus in
stark contrast to what one normally obtains for Klein-Gordon equations (as discussed
at the start of Section 1.4). Since the Dirac equation can be used to obtain a Klein-
Gordon equation, we also have available standard hyperboloidal energies like (1.4.13).
The combination of estimates satisfied by these energy integral quantities allows us to
obtain the interpolated decay estimate (1.7.19Db).

Indeed there is typically a dichotomy between the decay of a massive scalar (1.4.6)
and the decay of a massless scalar (1.2.2), in the sense that taking the zero-mass limit in
the decay rate of the former does not reduce to the decay rate of the latter. However in
the case of a Dirac field, which of course is not technically a scalar, the decay estimate
(1.7.19b) indicates that this limit is possible.

Finally note that our proof also relies on an additional transformation on the vari-
ables A” and y+. These are heuristically of the form

AY = A+ O0(191%), x4+ =X+ + O(10P). (1.7.21)

The transformation follows a similar idea used in [Tsu03a] and allows us to remove the
slowly decaying nonlinearities (the non-F' terms) given in (1.7.17). By theorem 1.24
the F' nonlinearities in (1.7.17)) are easy to control. Finally, we note that our method
can also be applied to prove the stability of the ground state (Ay, o) = (0,0) of the
Dirac-Proca equations (1.7.5) for an appropriate class of gauge-fixed initial data.

Theorem 1.48 ([DLW19]). The ground state of the Dirac-Proca equations (1.7.5) is
classically stable to compactly supported perturbations.

1.7.4 Stability of a coupled wave—Klein-Gordon system with quadratic
nonlinearities

We view theorem 1.47 as a stepping-stone towards the Glashow-Weinberg-Salam (GSW)

model of the electroweak, Higgs and Yukawa sectors of the Standard Model. Maxwell’s

theory of electromagnetism describes a gauge theory with an abelian group U (1) [Max73].
Yang and Mills [YM54] extended this concept to nonabelian groups, in particular

SU(3), which was then used by Glashow [Gla61] to describe weak and electromag-

netic interactions using the gauge group SU(2) x U(1). By work of Weinberg [Wei67]

and Salam [Sal68], Glashow’s theory was combined with the Higgs mechanism [Hig64]

as a way to explain the origin of the Z° and W boson masses. The Z° W+ bosons

and the Higgs boson were experimentally detected in 1983 and 2012 respectively. The

analogous result of theorem 1.44 for the GSW model remains open:

Conjecture 1.49. The ground state of the Glashow-Salam-Weinberg model is classi-
cally stable.

Substantial progress towards addressing this conjecture has been made by Shijie
Dong, Philippe LeFloch and the author. The main distinction between conjecture 1.49
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and theorem 1.44 is going from an abelian gauge group to a rather special nonabelian
gauge group which, from the point of view of the PDEs, leads to nontrivial (quadratic
yet no derivatives) wave—Klein-Gordon interactions. Note that previous PDE work
studying Higgs fields assume that the Higgs potential does not have a non-zero constant
term, see [EMS82, eq. 2.49]) and [CBC81, eq. 2.12], which prevents these important
nontrivial wave—Klein-Gordon interactions from occurring.

In Chapter 4 we present some of the preliminary work addressing conjecture 1.49,
in particular the following theorem.

Theorem 1.50 (§4 Thm. 4.1, see also [SW20]). Consider the Cauchy problem for the
coupled wave—Klein-Gordon equations

Ou = uv + udv, (1.7.22a)
Ov — m%v = uw, (1.7.22b)

For all compactly supported initial data smaller (in the sense of (4.1.3)) than € there
exists a global-in-time solution (u,v) with
lu(t,z)] Set™', |u(t,z)] Sem 32, (1.7.23)
The overall sign in (1.7.22) is irrelevant to that given later in theorem 4.1. The first
key idea in the proof of theorem 1.50 is to treat the nonlinearity in equation (1.7.22b)
on the left-hand-side as a perturbed mass v'm? + u. We then adapt robust pointwise
decay estimates for Klein-Gordon equations given in [LM16a] and energy estimates
given in [LM14]. To prove these modified estimates we require improved L2-type and
L norms for the wave component u. We obtain the former from a conformal-type
energy estimate, first introduced on hyperboloids by Huang and Ma [MH17], and the
latter from robust pointwise decay estimates for linear wave equations given in [LM16a).
The second key insight involves a combination of two transformations introduced
in [Tsu03a, Kat12]. To treat the nonlinear term udv in (1.7.22a) we first note the
identity udyv = 0y (uv) — vOyu. Then we split the wave as u = Uy + 9,Us. This leads to
two new wave equations for U; and Usy. Significantly the first of these equations now
contains the nonlinearity v0;u which has much better properties than udyv. However
both equations still retain uwv nonlinear terms. To treat these we transform the variables
again. This transformation heuristically takes the form

U, = U, + O(uv), (1.7.24)

for p € {1,2}. This transformation is similar to that used in (1.7.21) for theorem 1.47.
We then obtain two new wave equations for U 1 and (7'2 whose nonlinearities now contain
additional null forms which, as seen in theorem 1.15, can be controlled.

Although theorem 1.50 unfortunately does not deal with all of the problematic
terms required to prove conjecture 1.49, it does allow us to show the stability of the
trivial solution of the Klein-Gordon-Zakharov equations. These equations read

3
Ou = — Aps|vg]?,
Kzl e [0K] (1.7.25)

Ovg — Vg = —UVk,

where v : R™*? = R and vg : R1™ — C for K = 1,2,3. The system describes the
turbulence of Langmuir waves in high-frequency plasmas, see for example [TtH78].
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Theorem 1.47 and theorem 1.48 are known for non-compactly supported data, al-
though without the uniform result in the fermion mass, in [Tsu03b] and [Tsu03a] re-
spectively. The method in [Tsu03b, Tsu03a] relies on constant time slices, and thus
requires some very subtle decomposition of the nonlinearities into strong null forms
(see Remark 1.41). Our theorems 1.47 and 1.48 do not require such subtle decom-
positions, which is important since the decomposition does not easily extend to the
GSW model. The Klein-Gordon-Zakharov equations have also been studied before
using constant time slices or phase-space methods in [OTT95, Kat12, Tsu96]. The
work in Chapters 3 and 4 nonetheless gives a new application of the hyperboloidal
foliation method, in particular following the recent series of works by LeFloch and
Ma [LM14, LM16b, LM16a, LM17a, LM18], which hopefully will allow us to resolve
Conjecture 1.49.

1.8 Slowly expanding cosmological spacetimes

In Chapter 5 we return to general relativity and study slowly expanding cosmological
spacetimes. Typically in cosmological models the decay mechanism comes from the
cosmological expansion, and not dispersion. Milne is the FLRW spacetime with the
fastest cosmological expansion, and thus volume growth, amongst A = 0 spacetimes
(see e.g. [And14]) and so it is the most natural candidate for a future-stable vacuum
cosmological spacetime with simple asymptotics and no cosmological constant. We
show the following result for the Milne spacetime.

Theorem 1.51 (§5 Th. 5.12, also [FW19]). The four-dimensional generalised Milne
spacetime is a stable solution to the Einstein Klein-Gordon equations in the direction
of cosmological expansion.

1.8.1 Friedman-Lemaitre-Robertson-Walker spacetimes

We first motivate the study of the Milne spacetime. General relativity has been fre-
quently used in the study of cosmology, from providing a robust explanation for the
anomalous precession observed in the perihelion of Mercury [Le 59], to predicting new
phenomena, such as the deflection of light in the strong gravitational field around the
Sun [DED20]. Standard comological models are based on the cosmological principle
which comprises two postulates. The first postulate is that there exists a family of fun-
damental observers which follow timelike geodesics spanning the spacetime manifold.
Their proper time is called cosmic time, which we denote t.. The second postulate
states that the universe is spatially homogeneous and isotropic.

Under the conditions of the cosmological principle, Friedman proposed in [Fri22] a
model of an expanding universe M = R x ¥ with the following line element

= —d¢? te)?
g c+a( ) (1—1{37’2

+ r2d82> : (1.8.1)
Here a(t.) is the scale factor (expanding if a(t.) > 0) and ¥ is a Riemannian three-
manifold of constant sectional curvature k € {—1,0,1}. We refer to line elements of
the form (1.8.1) as Friedman-Lemaitre-Robertson-Walker (FLRW) metrics. The FLRW
metric can be supported on the simply-connected Riemmanian manifolds R3,S? and
H? which are globally maximally symmetric (i.e. they admit a full set of globally
defined independent Killing vector fields). It is also possible to allow a cosmological
spacetime to be isotropic but only locally homogeneous, since although the former is
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rather well confirmed it is difficult, from our position on Earth, to confirm the latter.
Thus it is reasonable to allow quotients of the spaces ¥ by a subgroup of their isometry
group and to consider FLRW metrics with spatial slices with nontrivial topologies that
are only locally isometric to R?'S? or H3 (e.g. k¥ = 0 and ¥ = R3\Z? = T3, or
k = —1 discussed below). Furthermore from a PDE point of view, when the spacetime
undergoes accelerated expansion (d(t.) > 0) the topology of ¥ is broadly speaking
irrelevant to the analysis, see the discussion in [Rin08, §1.2].

How does a free wave behave on a spacetime of the form (1.8.1)7 Heuristically one
could argue that the wave length should scale with the expansion factor like A ~ a,
while the wave’s energy is inversely proportional to the wave length. The energy density
is then the energy of the wave divided by the volume over which it is distributed. Thus
(1.2.3) is replaced instead with:

-1
a/ —
0V ~ p~ —5 = [09] ~ alte) . (1.8.2)

This argument however is too simplistic, since the waves are sourced by the back-
ground curvature and hence scatter as they propagate through the spacetime. Indeed
in the flat (k = 0) Einstein-de Sitter universe one can show that linear waves decay as
|0y < t7! in agreement with the standard Minkowski decay rate, while in k = —1 the
rate becomes faster [0v| < t-2 [AC14]. More significantly, in these cases the strong
Huygen’s principle (theorem 1.11b) no longer holds, see for example [AC14, CNO19]
and references cited within. This indicates that the stability mechanism (i.e. decay)
comes from the cosmological expansion and thus depends on properties of the scale
factor a(tc).

We return to the FLRW ansatz (1.8.1). The next step in producing a cosmological
model is to describe the matter content that interacts with the spacetime. The strong
symmetry of the spacetime forces the stress-energy tensor to take the form

Tyw = (p+ P)upuy + Pgpy. (1.8.3)

This is the stress-energy for a perfect fluid with (average) density p, pressure P and
four-velocity u*. The governing PDEs for this gravity-fluid system are the Einstein
relativistic-Euler equations which, due to the strong symmetry, reduce to the following

ODEs
N
a 8 k
a 4
- —— P 1.8.4b
p= —3%(;) +P). (1.8.4c)

To close the system we impose the baryonic equation of state P = c2p relating the
pressure to the density with |cs| < 1. Three important solutions to these equations are
the Milne, de Sitter and Einstein de-Sitter spacetimes, which undergo linear, accelerated
and decelerated expansion respectively.

GMilne = _dtz + tng57 (p7 P) = (O)O)a (185&)
gas = —dt? + e *gga, (p, P) = (A =3/€%,—A). (1.8.5b)
Gas = —dt2 +12/3dS?, (p, P) = (5t.%,0), (1.8.5¢)



Figure 1.2: Conformal diagrams of de Sitter (left) and Milne spacetimes. Reproduced
with permission from [And14].

Firstly we see that the Milne spacetime has linear expansion rate a(t.) ~ t. which a
priori seems very slow compared to the accelerated expansion rate of de Sitter a(t.) ~
ele. However the system (1.8.4) can be studied from a dynamical systems perspective
with the solutions (1.8.5) arising as equilibrium points. In the case A = 0 there are
two equilibrium points. The first is a source, corresponding to the unstable Einstein
de-Sitter universe (1.8.5¢) which has slow volume growth, while the second is a sink,
corresponding to the stable Milne universe (1.8.5a) which has maximal volume growth
amongst A = 0 models. This why Milne is sometimes referred to as an ‘attractor’
amongst A = 0 FLRW models. A similar analysis when A > 0 shows that de Sitter
arises as an asymptotic attractor state. For further details see [And14].

From a PDE perspective the Milne spacetime behaves differently to spacetimes
undergoing accelerated expansion. Note first that de Sitter spacetime is conformal to
part of the Einstein cylinder with a spacelike conformal boundary # %, see Figure 1.2.
For spacetimes undergoing accelerated expansion one can typically ‘localise’ the PDE
arguments so that stability only needs to be shown for initial data that is local in space.
For example in [Rin08] initial data for (1.8.5b) is considered at a point p € ¥ on the
initial hypersurface. Due to the rapid volume expansion:

J*(Bi(p)) € D" (Bs(p)). (1.8.6)

That is, the solution in the causal future of a ball By(p) of radius ¢ around a point
p is fully determined by data in the set Bss(p). Contrast this to the wave equation
in Minkowski (theorem 1.11a) where J*(Bg(p)) € DT (R3). This localisation analysis
also holds for spacetimes undergoing power-law inflation, where the metric takes the
form

gpr, = —dt? + t*Pgps, (1.8.7)

and stability of such spacetimes can be shown in the accelerating regime p > 1 [Rin09b).
By contrast the Milne spacetime is conformal to an infinite cyclinder, see Figure 1.2,
and so topology is relevant since an observer is able to see the whole past of their
spacetime. Furthermore there are no particle or event horizons in Milne and so it sits
precisely at the threshold where the localisation methods fails.
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1.8.2 Attractors of the Einstein—Klein-Gordon system

In Chapter 5 we investigate the stability of the following generalised Milne spacetime
as a solution to the Einstein—Klein-Gordon equations.

Definition 1.52 (Generalised Milne spacetime). Let (X,v) be a Riemannian negative

Einstein three-manifold with Einstein constant & = —2/9 (see definition 1.29). The

generalised Milne spacetime is the Lorentz cone spacetime M = (0, 00) x K with metric
t2

IMilne = —dtg + gc’y. (1.8.8)

The generalised Milne spacetime is globally hyperbolic and a solution to the four-
dimensional vacuum Einstein equations. By taking an appropriate quotient of H? the
definition includes the spatially compact & = —1 case of (1.8.1).

Given the scaling apparent in cosmological spacetimes of the form (1.8.8) it is
natural to put a~ or overline on all ‘physical’ quantities from now on which we then
rescale. For simplicity here however, we refrain from introducing the rescaled variables
until Chapter 5. The dynamical metric g, evolves as a small perturbation of (1.8.8).
It is governed by the Einstein equations

Ricfgl — 3R = 8770 (1.8.92)
7"V (g],V[gl.6 = m*¢, (1.8.9b)

with the Klein-Gordon stress-energy tensor

Ty 18] = VIgludVIghd — 3 (7 VIglo oV [gled + m*6?) . (1.8.9c)
We express g, in terms of the ADM variables (see Notation 1.2)
G = —N2dt® + §op(dz® + Xdt)(dz® + XPdt). (1.8.10)

For t = t. the generalised Milne spacetime (1.8.8) corresponds to

O t2 t
(gabvkab7N7Xa)’Milne - <9C’Yab7§’7ab,170> . (1811)
Note that the mean curvature 7 = f]”bl%ab for Milne is given by 7|yime = —3t;1. Thus

hypersurfaces of constant ¢. are also surfaces of constant mean curvature (CMC) and
so we could instead use 7 € (—o0, 0] as a time function where 7 — 0 corresponds to the
direction of cosmological expansion.

This motivates the gauge choice for equations (1.8.9a). The future (t. — oo) stabil-
ity of the generalised Milne spacetime as a solution to the vacuum Einstein equations
is known due to a series of works by Andersson and Moncrief [AM03, AM11]. They
use the constant mean curvature, spatially harmonic gauge (CMCSH):

t=r, (1.8.12a)
Ve = g"(TG[9] — Thely]) = 0. (1.8.12b)

The first condition is in fact a geometric restriction, since not all spacetimes admit a
time function whose leaves ¥; are CMC [CIP04]. For our purposes however, the Milne
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spacetime, and small perturbations, do admit CMC slicing. The second condition is
the spatial version of the é-wave gauge discussed in Definition 1.7.

With respect to (1.8.12) the Einstein equations reduce to hyperbolic equations for
the first and second fundamental forms g, and kg, and elliptic equations for the lapse
N and shift X. The analogous version of theorem 1.6 for this mixed hyperbolic-elliptic
system was given in [AMO03]. As an example two of these equations read

Oikap = —V[laV[alN + N (Ric[g]ab + Thab — 2;%6,;01)) + Likap
— 87N S,y — AT pGap, (1.8.13)
AN =1- (l?:ab/%“” +ar(p+ trgf)) . (1.8.14)

Condition (1.8.12b) implies that the Ricci tensor appearing in (1.8.13) becomes an
elliptic operator involving the Lichnerowicz Laplacian of definition 1.30

-~ 1, .
Riclglap = =5 LyGab + Sabs (1.8.15)

and where S, denotes some higher-order error terms (essentially all quasilinear and
nonlinear terms of (1.5.18a)). A major insight of [AM11] was to use the lowest eigen-
value \g of £, see Section 1.5 and in particular proposition 1.32, to define L?-energy
norms based on the operator £, with small correction terms related to A\g. These cor-
rected energy norms yield strong energy estimates that yield decay of the geometric
perturbations at a rate that implies future geodesic completeness of the spacetime.

For our purposes the key difficulty in addressing theorem 1.51 is the matter field.
A crucial difficulty for massive matter models coupled to the Einstein equations for
data close to the Milne model results from the slow decay of the lapse. When the lapse
decay obtained from (1.8.14) is bootstrapped into the equation of motion (1.8.9b) for
the matter, the resulting loss of decay for the matter field is too strong to close the
argument. To address this issue we derive an independent estimate using the continuity
equation

Oip = XV[Glap + N(trk)p — N72V[§la(N?)%) + Nk T, (1.8.16)

which is a first order evolution equation for the energy density p. This follows a similar
idea used in [AF20] for the massive Einstein-Vlasov system. However unlike that work,
we must correct the energy density with a small indefinite term

p— %Tén“aué. (1.8.17)

This corrected energy density fulfils an evolution equation, given in (5.5.10), with only
time-integrable terms on the right-hand side. Consequently we obtain improved point-
wise bounds on the energy density and, in turn, for the Klein-Gordon field. This allows
us to close the bootstrap argument for the full system.

The second feature in the proof of theorem 1.51 is that we use the Laplacian, and
its higher powers, in the energy norms of the Klein-Gordon field (e.g. equation (5.3.1)).
These norms are equivalent to the standard Sobolev norms |[¢|| ;x(xy by use of elliptic
regularity results on the compact manifold K. In particular for £ € N we can use the
following equivalence

Ml rraiey = 1Al mr iy + 19l 2 () (1.8.18)
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since our Klein-Gordon energy controls the term [|me||z2 (k). Note this crucially relies
on our spatial slices being compact, which is in stark difference to the Klein-Gordon
methods on R™ discussed in Section 1.4. Using Laplacians in the energy norms, the
modified continuity equation, and the correct energy norms of [AM11] for the geomet-
ric perturbation makes our proof significantly shorter than another in the literature
[Wan19)].

1.9 String theory compactifications

In Chapter 6 we consider the stability of product spacetimes where the internal manifold
admits a parallel spinor. These spacetimes generalise the Kaluza-Klein spacetimes of
Chapter 2 and play an essential role in supergravity and string theory, see for example
[Pol07, FVP12, CHSWS85]. In particular unlike the toroidal-reduction seen in (1.6.4),
the goal in these more complicated product spacetimes is to produce, in the low-energy
limit, gravity coupled to a non-abelian Yang Mills gauge theory and chiral fermions.
Although the torus admits parallel spinors, to obtain more complicated chiral matter
fields typically one considers a non-trivial special holonomy manifold such as a Calabi-
Yau 3-fold [CHSW85]. We prove the following result in Chapter 6.

Theorem 1.53 (§6 Th. 6.1, see also [ABWY20]). Letn > 9 and let (KC,7) be a compact
Riemannian manifold which has a spin cover and admits a parallel spinor (e.g. T,
Calabi- Yau 3-fold, Go or Spin(7)). The product spacetime (R x IC, np14n + ) is a
stable solution to the vacuum FEinstein equations for sufficiently small initial data that
is exactly the product of Schwarzschild with (KC,~) outside of a compact set.

The internal manifolds considered in theorem 1.53 satisfy the assumptions of theo-
rem 1.34. We refer to the product spacetime R'*" x K with metric

g = MR1+n + (1.9.1)

as a spacetime with a supersymmetric compactification®. Note that (R x K, §) is
globally hyperbolic and a solution to the (1+mn+ d)-dimensional vacuum Einstein equa-
tions. The simplest spacetime with a supersymmetric compactification is the Kaluza-
Klein spacetime (R'*3 x T? n + §). It is fairly straightforward to believe that the
analogue of Theorem 1.38 holds when the Minkowski dimension is large, i.e. when
n > 9, and for toroidal-independent data that is exactly the product of Schwarzschild
with (T%,d) outside of a compact set. In this very specialised setting, the result of
Theorem 1.53 allows us to remove the restriction to toroidal-independent initial data.

1.9.1 On the instability of extra space dimensions

Penrose has sketched an argument intended to show that spacetimes with supersym-
metric compactifications are generically classically unstable, for every dimension n and
all internal manifolds, except possibly when the internal manifold is a flat d-dimensional
torus [Pen05, Pen03]. We briefly discuss some aspects of his argument and their rela-
tion to our theorem 1.53. In a similar way to the discussion of permissible Kaluza-Klein
topologies in section 1.6.1, the main issue seems to be about what kind of perturbations
are allowed and deemed reasonable.

3This a slight abuse of terminology since for supersymmetry to hold and not produce unobserved
high-spin particles there are somewhat stringent conditions on the maximal dimension 1+d+n [Nah78].

43



Penrose’s main claim is that initial data perturbations which depend only on K, and
thus do not ‘leak out’ into the external spatial geometry R3, must contain an appro-
priately trapped submanifold in IC which, by an appropriate extension of Penrose and
Hawking’s singularity theorem [HP70], would imply that the full spacetime is geodesi-
cally incomplete. There are theorems motivated by these considerations that generalize
the classical singularity theorems to trapped surfaces of arbitrary co-dimension [GS10]
and have been applied to certain product spacetimes [CS19], thus substantiating his
claim.

However the initial data considered by Penrose, and the later work [CS19], should
be thought of as ‘globally finite’ and not compatible with theorem 1.53 where only
‘globally decaying’ data is allowed. To explain these terms more precisely, in theorem
1.53 we require appropriate asymptotic decay of the initial perturbation in the sense
that the derivatives of the metric perturbation and second fundamental form must have
small L2(R" x K) norm, see (6.1.5). By contrast a ‘globally finite’ perturbation, say of
uniform size € on K and independent of R", will, roughly speaking, lead to an integral
of |e[vol(K) over R™, and thus have an infinite L*(R") norm.

The work [CS19] looks at spacetimes R3 x K with a warped metric g = ngi+n +
f?(t, %)y such that the warping function f(¢,2%) depends only on the Minkowski co-
ordinates. Such spacetimes can be interpreted as zero-mode scalar perturbations of
the background spacetime with f = 1. The authors derive conditions on the warping
function which lead to geodesic incompleteness. However these conditions are clearly
very strong, since they also find that for warping functions such that |f — 1| < 1/2
for all (¢,z) € R'*3, the spacetime is geodesically complete [CS19, Theorem 3.3]. A
spacetime evolving from ‘globally decaying’ initial data would certainly be covered by
this situation.

Penrose also claims that perturbations that also depend on the R? geometry will
result in spacetime singularities forming, due to the large Planck-scale curvatures in I
(which is postulated to be very small) ‘spilling over’ into R3. In this situation Theorem
1.53 does apply and shows that this isn’t the case, at least when n = 9. Penrose’s
argument is made for Minkowski spatial dimension n = 3 however it does not depend
on this fact. In particular, Penrose’s argument does not take into account properties
of dispersion, such as how waves decay faster with increasing n, seen in (1.2.2), or how
massive fields decay at faster rates to massless ones, seen in (1.4.6). We expect that
the assumptions that n > 9, and that the Cauchy data is Schwarzschild near infinity
can be relaxed. In fact we make the following loose conjecture.

Conjecture 1.54. Theorem 1.53 holds when n = 3 and for all small data that is
asymptotically flat in the external directions.

1.9.2 Global stability of spacetimes with supersymmetric compactifi-
cations

The proof of theorem 1.53 should be seen as a kind of unification of the ideas discussed
so far: the motivation for product spacetimes comes from Chapter 2, the hyperboloidal
method used to study Klein-Gordon equations in Chapter 3 and the importance of
spectral properties of the Lichnerowicz Laplacian from Chapter 5.

We use the é-wave gauge from definition 1.7 with é = §. The associated reduced
Einstein equations written in terms of the perturbation and inverse perturbation are
given in (1.5.18). The linearisation of (1.5.18) is

(Oyn + Ay + 2R[§]o)hy = 0. (1.9.2)
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From these equations we can see that the non-negativity of the spectrum of the Lich-
nerowicz Laplacian on symmetric 2-tensors, which holds for the internal spaces by
theorem 1.34, plays a crucial role. By using definition 1.30 note that

Lyhip = —(Ay 4+ 2R[g]o)hiyy = —Ayhyy,

Lyhap = —(Ay +2R[glo)hap = —(Ay + 2R[3]0)has. (1.9.3)

Since K is compact these self-adjoint operators each have a discrete spectrum of eigen-
values. We can consider decomposing solutions of the linearised equations (1.9.2) in
terms of eigenfunctions of the operators —A, and £, appearing in (1.9.3). On a com-
pact manifold it is standard to show that the eigenvalues of —A, are nonnegative.
Theorem 1.34 implies that the eigenvalues of £, are nonnegative. Thus equations

(1.9.2) lead to an infinite collection of fields hm) (sometimes called a Kaluza-Klein
tower of modes) each obeying Klein-Gordon equations
(On — M) =0, (1.9.4)
where the mass squared is given by the eigenvalues 0 < )\,, — oo of the appropriate op-
erator, i.e —A, or £,. A decomposition of this type for the operator A, has previously
been used in the analysis of wave guides, where K is replaced by a compact subset of
R? with Neumann boundary conditions, see e.g. [MSS05, MS08], and in the study of a
semilinear wave equation describing a 3-form field on a fixed product spacetime [Ett15].
To study conservation properties of solutions of the linearised equations (1.9.2) we
consider the divergence of a novel stress-energy tensor

AHC ~ ~ 1Aa ~ A~ N
T, = §"(Vglah, VIglh)E = 59 YV [alsh, VIglah) 8L + (R[3) 0 h, b)Y, (1.9.5)

with (-,-)g given in (6.1.4). This stress-energy tensor is specifically adapted to the
tensorial operator appearing in (1.9.2). Indeed using (1.9.5) it is fairly straightforward
to show that a spacetime with a supersymmetric compactification is a stable solution
to the linearised vacuum KEinstein equations for n > 3.

For the quasilinear reduced Einstein equations (1.5.18) however, we refrain from
performing a spectral decomposition and also require a perturbed version of (1.9.5).
Nonetheless one should think that effectively our system (1.5.18) contains terms with
zero eigenvalue, corresponding to a wave equation, as well as terms with the positive
eigenvalues, corresponding to effective Klein-Gordon equations.

Consequently our proof uses a relatively simple vector-field argument which lies at
the intersection of the wave and Klein-Gordon methods discussed in Sections 1.3 and
1.4. In particular, we obtain a decay rate of |h| < ¢t~ with §(n) = (n — 2)/4. This
is far worse than the rate t~(»~1/2 seen in (1.3.2) and (1.6.23) for quasilinear wave
equations, and ¢t~"/2 seen in (1.4.6) for Klein-Gordon equations.

In light of this, it seems likely that some novel refinement should allow for a signifi-
cantly better decay rate. Our proof already contains two types of refinement. First, the
decay rate is shown to be s720(") where s? = t2 — 22 inside light cones. The exponent
2§(n) = (n — 2)/2 is much closer to the decay rate for the wave and Klein-Gordon
equation. Second, the same decay rates are proved for I''h as for h, but, since the
I' contain ¢- and z-dependent weights, with respect to a translation invariant basis in
Minkowski space, derivatives decay faster than the field h itself.

Having obtained a linear estimate that improves with increasing n, we take n suffi-
ciently large so that the nonlinear terms decay sufficiently fast for the linear estimates
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to remain valid. This is obviously in stark contrast to the analysis of null and weak
null structures discussed in Section 1.6 and Chapter 2.

A solution of the (1 4 n)-dimensional vacuum Einstein equations for n < 11 can be
considered as a particular solution of the supergravity equations. These are roughly
speaking the Einstein equations coupled to specific matter, including p-form gauge
fields, spinors and massless scalars. See for example [FVP12]. Local-in-time existence
results are known for the supergravity equations [CB85]. The field equation studied in
[Ett15] describes a particular 3-form field arising from the supergravity equations with
the gravitational interaction turned off. In future work, and in the hope of resolving
conjecture 1.54, we intend to study the stability of spacetimes with supersymmetric
compactifications under the supergravity field equations.
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Chapter 2

The Zero-Mode Stability of
Kaluza-Klein Spacetimes

2.1 Introduction

In this chapter, we study the classical stability of the Kaluza-Klein spacetime R*3 x T¢
with metric

A~

G = nri+s + Opa, (2.1.1)
and prove the following result.

Theorem 2.1. The Minkowski vacuum of the Finstein-Mazwell-Scalar system arising
from the zero modes of (3 + d + 1)—dimensional pure Einstein theory compactified on
a flat T¢ is nonlinearly stable. Furthermore, the radii of the T% are nonlinearly stable
to perturbations of the zero modes.

The nonlinear stability we consider is subject to the symmetry assumption that the
perturbations only depend on the non-compact directions. This symmetry assumption,
also called the zero-mode truncation, is, in the physics literature, called consistent since
it yields solutions of the full equations of motion of the higher dimensional theory.
Indeed initial data obeying this symmetry will yield a solution similarly invariant in
the compact directions.

As frequently done from an effective theory point of view, one can further make a
heuristic physical argument that for sufficiently small initial compact radii, it is in fact
sufficient to only consider zero-mode perturbations [Pop]. Our result shows that the
radii are nonlinearly stable to zero-mode perturbations. Of course from the nonlinear
PDE point of view, the dynamics from the non-zero-modes are still relevant, see Chapter
6. Nonetheless, stability of the zero-modes is a necessary first step.

We study the perturbed spacetime Kaluza-Klein spacetime using the é-gauge con-
dition of definition 1.7 and choosing é = G. Clearly on Minkowski indices this reduces
to the standard wave gauge condition introduced in definition 1.9. We now introduce
the PDE, and defer the application to Kaluza-Klein and theorem 2.1 until section 2.9.

Remark 2.2. The indices in this chapter, except for subsection 2.9, are the four-
dimensional ones of definition 1.1.

Our proof very closely follows the seminal stability method of [LR05, LR10] which
showed the stability of Minkowski spacetime using wave gauge. We now briefly restate
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their set-up. The four-dimensional Einstein equations in wave coordinates coupled to
a scalar field, written in terms of the perturbation h,, = gu — (g1+3), away from
Minkowski, take the form

Bghuw = Fuu(h)(Oh, Oh) + 20,40, (2.1.20)
040 =0, o

where Oggu = 770,059 is the reduced wave operator written in terms of the wave
coordinates and the inhomogeneity takes the form

Fou (h)(0h,0h) = P(,h, 0,h) + Qu (Oh, 0h) + G (h) (9, ) ,

1 1 N (2.1.2b)
P(0,h,0,h) = Zau(trnh)&,(trnh) - 58“(17” 17 “haa)Ovhpo.

Note the term involving 1 in (2.1.2a) comes from adding a stress energy tensor

T, = 00,0 — 39 (977 0ptp0s)), (2.1.3)

to the Einstein equations. Here @), is a linear combination of the classic null forms
(1.6.13) and Gy (h)(Oh,0h) represents terms quadratic in Oh with coefficients that
smoothly depend on h and vanishing for h = 0: i.e. G(0)(dh,0h) = 0. Note for
simplicity we use here the notation F),, instead of F,, as in (1.1.5).

Definition 2.3 (Generalised PDE system). In this chapter we consider the unknowns

W ={huw}uve(o1,23 YUi¥K Y reqt,...m} > (2.1.4)

for some m € N. The index on ¥ is a label and not a covariant index. These unknowns
satisfy the following generalised PDE system in four spacetime dimensions:

ﬁghuy = F,ul/(W)(am aW) )

— 2.1.5a
Syt = Frc(W)(OW,0W) (2:4:52)

where we define the nonlinearities by
Fu(W)(OW,0W) = P(O,W,0,W) 4+ Q. (OW,0W) + G, (W) (OW, 0W), (2.1.5)

Fi(W)(@W,0W) = Qx (OW,0W) + G (W) (OW, W),

together with the four-dimensional wave-coordinate condition

9y (9 \/Tdetg]) = 0, (2.1.5¢)
where we have the relationship
Guv = Nuv + h,uy- (215(1)

The quadratic terms @, Qk are unspecified linear combinations of the null forms
(1.6.13) in terms of OW variables, contracting the arguments of the null forms with 7,
and/or arbitrary N¥ € R™ as appropriate. The remaining non-null O((0W)?) terms
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are defined by

P(GuIV,0,17) = J0u(t10)00 (trq) — S0, 0% hxa) Dol
+ NKTIPU (8/th0'al/¢K + 81/hp0'auwl() (2158)
+ NEE Quprcdb1er + O Ouner)

Here NX € R™ NEE' ¢ R™ are some arbitrary constant coefficients and G, Gk
are terms quadratic in W with coefficients smoothly dependent on W and vanishing

for G(0)(0W,0W) = 0. Note we use compact notation in (2.1.5), writing for example
Q(OW,0W) to represent arbitrary combinations of Q(0h,dh), Q(Oh, ), Q(I, V).

Although we have added additional nonlinearities to both the h,, and 1k terms,
we have specifically only added O((dW)?) terms which are null forms to Fy. This
choice is so that the variables 1 obey the same estimates as the ‘best’ components of
Py -

Definition 2.4. Define the standard spacetime coordinates {z*} = (t,z) with z =
(1,2, 23) and r = |z|. Define the collection of vector fields

I'={0,,Q, =x,0, —x,0,,5 =2"0,} .

Denote the above vector fields by I'* where ¢ = (0, .., 1, ..,0) is an 11-dimensional integer
index. Let I = (¢1,...,tx), where |¢;| = 1, be a multi-index of length |I| = k and let
' =T ...T% denote a product of k vector fields from the family I'. Asum I1+1o =1
denotes a sum over all possible order preserving partitions of the multi-index I into
two multi-indices I1 and I5. Let V denote spatial derivatives {01, 2,05}, so that for a
multi-index I of length |I| = k, V! denotes a product of k spatial derivatives.

Let U denote the full null frame (see section 2.2 for further details). For any two
families V and W of vector fields and an arbitary 2-tensor m, define the following
pointwise seminorms

|7r|VW = Z |7r,uVVMWV‘7 ‘aﬂ"VW = Z ‘(8p7TuV)UquWV|‘ 21.6
Vey,wew Ueld ( o )
Vey,wew
For a collection of scalar fields {Ux } kex where K = {1,...,m}, let
e =3 (gl (2.1.7)
K=1

Definition 2.5 (Initial data for the reduced system (2.1.5)). The initial data consists of
the set (20, Gab, Kap, 95, ¢¥) where (3¢, gap) is a three-dimensional Riemannian mani-
fold, ¥ is diffeomorphic to R3, K, a symmetric two-tensor on 3, ((]55( , (b{( ) are smooth
functions on Y.

Definition 2.6 (Initial data asymptotics). Let

M
Tab = Jab — <1 + X(T)> dab (2.1.8)

r

where M is the ADM mass parameter for g and x(s) € C* is 1 when s > 3/4 and 0
when s < 1/2. We assume that as r — oo for « > 0 the initial data is asymptotically
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flat in the sense that

géb = O(T_l_a) ) Koy = O(T_Z_a) )

2.1.9
G — o), o 219

—2—04).

o(r

Definition 2.7 (Initial energy). For some N € N, N > 6 and constant 0 < v < 1/2,
we define an initial weighted energy by

Bx(0) = 3 (10 +n) o9l 2, o+ 10+ ) 20 IV R
[I|<N

UL+ )OIV 2 ) L+ )OI 2, ).

(2.1.10)
The choice of v > 0 will, amongst other things, allow us to use the modified Hardy
estimate given in corollary 2.48.

Definition 2.8 (Full energy, weight function and hllw). Define a weight function w and
variable ¢ by

() 4 LA g0
w.—w(q)—{1+(1+|q|)2u’ g<0 177 t. (2.1.11)

Here p > 0 is a constant to be fixed later. Define the 2-tensor h}w by

M
hy = X ()X (/)= =0y + s (2.1.12)

where x(s) € C* is 1 when s > 3/4 and 0 when s < 1/2. This is also depicted in
Figure 2.1 on page 60. Denote the unknown dynamical variables by

W = {h,}uvefo1,23 U{VK ke, ..m}- (2.1.13)

Define the weighted energy

EnW(t) = sup Z 1w/ 2)|OT R (7, eaal72 + | (w2 [T (7, ) ||| 2.
OST<t|71<N,Ter
(2.1.14)

Our main result is now:

Theorem 2.9. Let (X0, Gab, Kap, 5, ¢X) be smooth initial data for the PDE system
(2.1.5) satisfying definitions 2.5 and 2.6. There exists a constant € > 0 such that for
all initial data satisfying

En(0)Y2+ M <e, (2.1.15)

for some v > 0, there exists a global in time solution (1, +h,(t) , VK (t)) to the system
(2.1.5). Moreover the solution satisfies

ENW(H)Y? < One(1 + )%, (2.1.16)

where Cn is a large constant depending only on N and ¢ > 0 is independent of .
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Furthermore the perturbation decays to zero as

TN g) Y, >t

1+t+ |q| (

THONE (L[ r <t
(
13

IJ<N-2 (2117
L+t +|q] i< ( )

Cne
Il < N
\8FW|_{CN€

“HONE(L 4 g))™Y, r>t, IS N -2,
—142CNe r<t, |I|<N-2.

1+t+ g

2.1.18
1+t+]q ( )

—~~ —~~
~— — ~— —

Cne
Il < N
|FW|—{CN5

where we have used the notation |W| = |htys + [V and |OW?] = |0k uws + |0V

Remark 2.10. We assume that the initial data considered in theorem 2.9 exists. Note
that since the data is evolved according to the reduced system of equations (2.1.5),
which includes the gauge condition (2.1.5¢), it does not necessarily need to satisfy the
constraint equations. Only when we wish to relate the solution to a spacetime satisfying
the Einstein equations will the constraint equations play an important role.

The bootstrap argument. The proof of theorem 2.9 relies on a continuous induction
argument, see in particular the discussion in section 1.3.2. By standard theory of
nonlinear wave equations, i.e. proposition 1.10, we can obtain a local-in-time smooth
solution (g, (t),%x(t)) of our PDE obeying the wave-gauge condition in a maximal
time of existence [0, T%). The maximal time of existence T} is defined by a continuation
criterion, namely blow-up of the energy: Ex[W!](t) — oo ast — T, .

Next, let 0 < 0 < 1/4 be a fixed number with § < . For Cy a very large constant
we define

T = sup{t > 0: Ex[W(t)/2 <20ne(1 + 1) VO<t <t} <T.. (2.1.19)

We have, given the smallness assumptions of the theorem, T' > 0. Note, in contrast to
(1.3.24), that we allow here for a small growth in ¢. From our assumption that

ENWY (Y2 <2Cne(1+1)°, 0<t<T, (2.1.20)
we will show that, if in fact ¢ is chosen sufficiently small, then inequality (2.1.20) implies
ENWH®)Y? < One(1+1)F, 0<t<T. (2.1.21)

Since Ex[W1(t) is continuous this will contradict the maximality of T and thus the
estimate

EnW ()2 < Cne(1 4t)= (2.1.22)

will hold for all T < T,. Consquently we have shown Ex[W1!](t) 4 oo ast — T, . Since
the energy is now finite at ¢ = T, we can extend the solution beyond this time thus
contradicting the maximality of T, and showing Ty, = oco. Thus the aim of the rest of
this chapter is to show (2.1.21).

Outline of this chapter. In section 2.2 we set up the null frame. In section 2.3
we discuss the generalised PDE system (2.1.5) and its form when written with respect
to this null frame. Section 2.4 is where we derive estimates coming from the wave
coordinates and then apply these to the inhomogeneity. In sections 2.5 and 2.6 we
derive the main decay estimates which are then used to derive an integrated energy
inequality in section 2.7 which concludes our proof of (2.1.21). In section 2.8 we state
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some useful identities from [LR10]. Finally we conclude in section 2.9 by relating the
main theorem to the Kaluza-Klein spacetime.

2.2 The null frame

We first introduce the following notation from [LR10].

Definition 2.11 (The null frame). Define the local pair of null vectors L, L

=1, L*=z%|z|, L°=1, L*=—z%|z|, (2.2.1)
where a = 1,2,3. Note that L is tangent to the outgoing Minkowski null cones {(¢, z) €
[0,00) x R3 : |x| — t = ¢} and L is tangent to the ingoing cones {(t,x) € [0,00) x R3 :
|z| +t = s}. Furthermore

L=08,+08, L= 0. (2.2.2)

Let S1, 52 be orthonormal smooth vector fields spanning the tangent space of the sphere
S2. The set U = (L, L, S1,592) forms a null frame, although it is not globally defined.
Define the outgoing and ingoing null derivatives by

1 1
0s = 5(& +0,),0, = 5(& — ). (2.2.3)
Relative to the null frame ¢/ the Minkowski metric 7, takes the form

NLL =NLL =Nip =NLp = 0, ML =ML = =2,  Npg = Opgs (2.2.4)

where p,q denote any of the vectors S; and So. Since S? does not admit a global
orthonormal frame, we consider the following projections of 57 and S2 onto the sphere

Doy = 00 — wqw’dy, w®=2z%/|z|, a=1,2,3. (2.2.5)

Note these are angular derivatives since wP, = 0. If we denote 9, = @, then the five-
dimensional set {L, L, d;,02,03} is globally defined, and at any point we can choose
four, thus giving a global frame. Furthermore if we define 8y = L#d,, then the set

0 = {0y, 01, 02,03} (2.2.6)

spans the tangent space of the light cones ¢t — r =constant.

Definition 2.12 (Collections of frame vector fields, seminorms). Let
U={L,L,5,S2}, T=A{L,S1,5}, L={L}, (2.2.7)

where 7 is the set of null frame vector fields tangent to the outgoing cones. For any
two families V and W of vector fields and an arbitary 2-tensor 7, define

Oy = Z | (Opmp ) TPVHWY]. (2.2.8)
TeT ,Vey,Wew

Recall ||y and |0m|yyy are given in definition 2.4.
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2.3 The (extended) Einstein Equations and Wave Coor-
dinates

In this section we look at the structure of the nonlinearity of the PDE (2.1.5) with
respect to the null frame.

Definition 2.13 (Quadratic non-null terms). The quadratic non-null nonlinearities
can be broken up as

P(0,W,0,W) = P (0h,0h) u, + P2(0h, 0 + P> (9, 0)
1 1
1 — 0 PO AT [ T =
PY(0h,0h),, = mP m <4a“hpaayhAT QauhpAayhUT> : 23.1)
P2(0h, 00) 0 = NEmP7 (9,hpe 00k + Ouhpe 0t
P30, 00) 1 = N5E (0,0 k00 k0 + 0,0 0t -

We now study the structure of the nonlinearity of the PDE (2.1.5) with respect to
the null frame. The following notation expresses the nonlinearity in terms of general
tensors and/or scalars. Note that for the null terms, it is irrelevant which components
of the unknowns are being considered, but it is crucial which derivatives appear.

Notation 2.14 (Quadratic forms). For symmetric 2-tensors p, k we define

1 1
P'(p,k) = n*"n™ <4ppak>\7— —~ 2ppka) : (2.3.2)

Note there are no free indices above. Similar definitions holds for P?, P3 with &, ¥
some arbitrary functions. All together, let

P(p k, 0, @) = P'(p, k) + P*(p, V) + P*(¥, D).
Similarly for some II, ©, which are either 2-tensors or scalars as required, define
|Q(I1L,00)| = |Quw (011, 00) et + [Qk (011, 0O) . (2.3.3)

Furthermore to keep track of the derivatives as well as the components, introduce the
following notation for arbitrary 2-tensors m, 6 and functions ¥, ®

P(0m,00,0¥,0®),, = P1(0r,00),, + P*(0m,0V),, + P*(0¥,09),,,

where for example
1 po AT 1 1
P (0, 00),, = mm Zﬁﬂﬂpg&,ﬁm — ia;mp,\&ﬁw ,

and similarly for P2 and P3.

The reason for using this notation is that eventually we will want to calculate I'' F, v
where I' € I'. This notation allows us to derive estimates which still hold even when
we have distributed the I'! derivatives across the terms in the nonlinearity. See for
example corollary 2.21.

Lemma 2.15 (Modified Lemma 4.2 from [LR10]). Let 7,6 be arbitrary 2-tensors,
®, U arbitrary functions and 11,0 2-tensors or scalars as required. For the O((OW)?)
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nonlinearities given in (2.3.1) we obtain

|P(p, k, ¥, @)| < [pl7ulklTe + [Pleclklu + Ipluulklce + |plrul e + ¥k @l
|Q(011,00)| < [011]|08] + [11][08).

Proof. Expanding with respect to the null frame we find

\P(p, k)| < Iplrulklr + pleclklua + pluulklce,
|P%(p, ¥)| < |pl7ul¥x,
P30, ®)| < |9]ic| @k

Note that P2(8h,8¢})w involves 7”?h,, = tryh. By considering possible indices, we
see another possible term we could have tried to include is of the form

NEmMP? (9,hu5 000K + 0phuouibrc) -

However this would lead to terms of the form |p|y/|¥|x which cannot be controlled.
The estimate for || comes from the estimate (1.6.15) for null forms. O

An important point to take away from lemma 2.15 is that, thanks to the null frame
decomposition, a ‘bad component’ |k|ys always appears with a ‘good component’ |p|.r
which obeys better estimates thanks to the wave-coordinate condition, see the next
section.

Remark 2.16. The above lemma is the key estimate that allows us to very closely
follow the proof of [LR10]. To be self-contained, this chapter repeats several results
directly from this paper. Where a result here is given as ‘modified’ from a result in
[LR10], it generally follows from their proofs with a very simple calculation difference.

2.4 Wave Gauge and Estimates of the Inhomogeneity

We will now use the wave-coordinate condition
9, (gp”\/| det g|) —0. (2.4.1)

to exchange a full derivative 0 on certain ‘good’ components of the metric, with a good
derivative 0 on all components of the metric, plus some higher order terms.

Lemma 2.17 (Exchanging good metric components for good derivatives, [LR10, Lemma
8.1]). Assume g satisfies the wave-coordinate condition (2.4.1) and that the inverse per-
turbation satisfies |H |y < %, then

0H |7 < |0H |y + | H ot |0 H Juas- (2.4.2)

One can also commute through vector fields I' € T' in (2.4.2) to estimate ‘good’
components |OT' H|77, in terms of good derivatives and error terms.

Proposition 2.18 (Preservation of lemma 2.17 under commutation, [LR10, Proposi-
tion 8.2]). Suppose that g satisfies the wave-coordinate condition (2.4.1) and that for
some |I| we have T7H| < C for all |J| <|I|/2 and for allT € T. Then

T H|er £ > 100 Hlwe+ > 100 He+ > [T Hlya|0T 7 Hlyas,
|71<1) 71111 BARFARSH
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0T Hlee S Y 00 Hpwe+ D 100 Hlue+ Y T Hlpad|OT 7 H g
Nl <1712 411l

Using lemma 2.17 and proposition 2.18 we now aim to estimate the quadratic non-
null nonlinearities in (2.1.5b) and analyse where the good metric components and good
derivatives appear.

Lemma 2.19 (Modified from [LR10, Lemma 9.6]). The quadratic form P, defined in
(2.3.1) satisfies the following estimates

|P(0m,00,09,0®) |11 < 07 |a| 00 uws + 107 |ied|00]eas + |07 | 724|109
+ 07| 7|0V |k + |09 |k |0k + 0P| |0Px,

[P (0, 00,09, 09) [y S 07|71l 00| 714 + 07| ££100)0its + 107|400 c.c
+ 07 |Tu|0¥ | + [0 |k [0P|Kc.

Proof. The first estimate follows by contracting (2.3.1) with THSY for T € T,S € U.
For the second estimate, replace p, ¥, k, ® from lemma 2.15 with U*9,,p, U*0, ¥, S* 0, k, S* 0,
respectively. For S, U € U one obtains

|SHUY P(0m, 00,0V, 09) | S |UH0um|7ul|S” 008|114
+ \U“@MW\MIS”Q,H]UM + ’Uuaﬂﬂ‘uu|syal,9|£g
+ U0y Tu|S" 0, ¥k + |UH0,¥|k|S” 0, P|k.

Lastly note that [9¢] = Y27 [9;¢| is equivalent to > rer [ TFO,¢|, similarly for |04
and >, U0, O

It turns out the wave-coordinate condition will imply a hierarchy of components,
with certain ‘good’ variables W having better decay rates than the full set W. The fol-
lowing notation is meant to simplify the notation and distinguish between components
with different decay rates. Note for comparison theorem 1.43.

Definition 2.20 (Good metric components and derivatives). Let

W = {UFV hy,tbic U,V €U, K € K},

2.4.3
W = {UPT hy, i 1 U €U, T € T, K € K}. (24.3)
In particular we define

(W = lhluu + ¥k, (Wle = |hlru + 4]k, (2.4.4)
[OW | = |0hluw + |09k, |OW| = [Ohluws + (0¥, (2.4.5)

and analogous definitions for |0W|g and |0W|g.
The norms without subscripts, |- | and (2.3.3), indicate a sum over all the possible
components of the UU and K terms. The subscript | - |¢ indicates only the ‘good’
components are being considered. This means |W¢g| = |W|q, however we generally use

the latter throughout.
Eventually the inhomogeneity to be studied will come from commuting I'! through

the PDE (2.1.5). Thus the next two results allow us to estimate the nonlinearities
F., Fi as well as T'F,, T F.
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Corollary 2.21 (Modified from [LR10, Corollary 9.7]). Assume g satisfies the wave-
coordinate condition (2.4.1) and W, W¢ are defined as in (2.4.3), then

7 2.4.6
| P(0h, Oh, 0%, 00) S [OW [, + [OW [[OW | + [W[[aW [, (249

Furthermore, assuming that |TYW| < C for all |J| < |I| and for all T € T, we have

T PR, OM)as S D |00 Wg|oT KW g + 0T W |[oT W]

||+ K<)
+ > bl | Y. o hler+ > for"hl+ Y |r2h|orT )
[T+ K] <] |77 <11-1 |77I<1J-2 BARIRARSE]

It also holds that
|QOW,0W)| < [oW [|[oW|.

Proof. The first identities (2.4.6) follow from lemma 2.19 and lemma 2.17. For the
estimate of I'! P we use lemma 2.19, proposition 2.18 and note that

L P(Oh, Oh, 0, 00) s < > |P(OT7 b, D172, OT734p, OT744p)|.
[J1 |4+ Ja|<|T]

Lastly lemma 2.15 implies the estimate for |Q)|. O

We can now put these results together in proposition 2.22 to estimate the inhomo-
geneous terms F),, and Fk.

Proposition 2.22 (Modified from [LR10, Proposition 9.8]). Assume g satisfies the
wave-coordinate condition (2.4.1), W and Wq are defined as in (2.4.3) and F,, and
Fr be as defined in (2.1.5b). Then

|Flic + [Flyu < [0W[[oW] + [W [low |,

. ) (2.4.7)
[Fluu < 10W g + [OW|[OW| + [W[OW]*.
Furthermore if |TYW| < C for all |J| < |I| and for allT € T', then
PFhes > [0 Wielor wg + a0 wior s w]]
I+ K<)
+ > 100 bl |OT Rl + > T W ||oT72 W ||oT W |,
||+ K< T -2 BARERARRP AR
(2.4.8)
MFeS Y jor/wjerfw| + > ITBw(|or 2w ||or W .
[J|+K|<]1] PATEW AR AR
(2.4.9)

Proof. The required estimates come from lemma 2.19, corollary 2.21 and noting that

r'Qw,ow)| S Y. QW arw)|
[J1]+|J=2| <[]
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and
r'cGw)@w,ow)| S Y. [Dwlarw|jar W .
|1 |4+ 5] <[]
O

It is important to note in proposition 2.22 that the terms |01/ hlyq|OT X hlyyy in
(2.4.8), which involve both bad derivatives and bad components, only occur at two
orders of derivatives lower, i.e. |I| — 2.

2.5 Decay Estimates — Part I

The estimates in this section fall into two types. The first type, discussed in sections
2.5.1 and 2.5.2, involve sharp decay estimates for solutions ¢ of Og¢ = F where F
will eventually be of the form in (2.1.5b). The second type, discussed in section 2.5.3,
involves ‘weak decay’ estimates coming from a weighted Klainerman-Sobolev inequality
and a bootstrap assumption on our energy.

2.5.1 Motivating example for weighted L*° pointwise estimate

One of the key ingredients in [LR10] was the use of an additional ‘independent’ esti-
mate designed to boost the weak decay estimates derived via the Klainerman-Sobolev
inequality. These sharp decay estimates do not rely on estimates of the fundamental
solution but rather use integration along characteristics, and are derived from the ear-
lier works [Lin90, Lin92]. We start with a simple scalar wave equation to explain this
independent estimate.

Definition 2.23 (Regions near and away from light cone). For § > 0 let
Sto = {(t,x) e R | < (1= 0)t} U {|z] > (1 + )t} (2.5.1)
Dis={(t,2) e RM™®: (1 —6)t < |z < (1 +9)t}. (2.5.2)
We mainly consider, for simplicity, = 1/2 and denote S, ; o = Sy and D, ;5 = D;.

We have the identity

L+t =r)]0g] + A +t+7)dg] <C D |TTg). (2.5.3)
l1]=1

In the region S; we can convert (1+ [t —r|)~t < (14¢)~! which allows us to to control
the transversal derivative 9,¢. This leads to the following lemma.

Lemma 2.24 (Decay away from the light cone). Let ¢ be a solution to Og¢p = g"*'8,0,¢ =
(n+ H)*9,0,¢ = F with C(R3) data. Suppose also that the coefficients H* satisfy

lgl +1

Hlyy <&, |H|pr<e—1T-
[l < Hler < L+t+ 2]

(2.5.4)

for some 0 < &' < % andt > 0. Then for all 6 > 0 there exists a constant C = C(4) > 0
such that for t > 0 we have

sup |96 < C(L+1)72 > [T o(t, )| 12 (). (2.5.5)

TE€Sts 1I]<2
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See [Lin08, Lemma 4.1] for a proof. Lemma (2.24) reinforces the idea that the
region of slowest pointwise decay occurs on the light cone. From (2.5.3) we see the main
estimate we are missing is control of the derivative perpendicular to the light cones,
|0q¢|, in the region D;. Indeed because of the t9 growth in the bootstrap assumption a
standard application of the Klainerman-Sobolev inequality would lead to small loss in
decay as 0,0 < (14¢)~1+°. The following estimate, when combined with weak-decay
estimates from the Klainerman-Sobolev inequality, allows us to avoid this loss (as done
in section 2.6).

Proposition 2.25 (Decay near the light cone). Under the same conditions as lemma
2.24, we have

(14t +7)0(t )] < C sup D [T §(7)| oo )

T€[0,] 171<1 ( )
2.5.6

t
+0 [ (A4 DIy + 3 (14 1) Ty )
1]<2

This proposition was first derived for H = 0 in [Lin90, Proposition 1.8.], with later
adaption to H # 0 and tensorial systems in [LR05, Lin08, LR10]. The very rough idea
of the proof is to write the equation as

O¢ + H",0,¢ = %asaq(m) + Aud+ H™9,0,6 = F, (2.5.7)

where A, is the spherical Laplacian. Expressing H*" with respect to the null frame
leads to the inequality

|H"8,0,¢| < |HLr0yo| + |Hlua09¢| + | H|72(096|. (2.5.8)

So by keeping the Hy, L8q2<;5 term on the left hand side in (2.5.7), one eventually arrives
at the estimate

(40 + H11.0q)04(r¢)| < 7l F| + r|Au¢l + |H|c]|0¢] + r|H|72|00¢] + r(1 + | Hluas)|00¢)|

S @+l + (1 + )| F). (2.5.9)
[1]<2

The estimate (2.5.6) is then obtained by integrating the above along the integral curves
of 405 + Hp,10, in the region D;. We refer to [Lin08] for the many omitted details.

2.5.2 Weighted L*>* pointwise estimate

To treat the quasilinear Einstein equations with non-compact initial data we in fact
require a weighted version of proposition 2.25.

Definition 2.26 (Decay weight function). We define the decay weight function as

_ _ ) A+l =0,
w=w(q) = { (1+[g) 2+, g<0. (2.5.10)

where v/ > —1 and ¢/ < 1/2 are some constants and ¢ = r — ¢.
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Corollary 2.27 ([LR10, Corollary 7.2]). Let ¢, be a solution of the system

ﬁgQZ),uz/ = F,uz/a

where Fy,, is some as yet unspecified nonlinearity. Assume that H* = gt — nt”

satisfies

dt

> 1 lg| +1
Mo << [ A allimoy 37 < 3 Wler <€

TS 9511
1+t+ |z ( )

in the region Dy for some &’ > 0. Then for any U,V € U, L or T and (x,t) € [0,T) xR3

(L+t+ [a)w(g)]0o(t, 2)|uv < sup > llwe(@T (7 ov | oo
<t1<1

t
+/0 {e’aH\w(q)&b(ﬂ WNovlre + @+ 1)l (@) F(r, )ovl o,
+ Z +7) 1‘”@( )PI¢(T,-)\UVHLOO(DT) }dT,

[]<2

where o = max(1 ++/,1/2 — ') > 0. Note here [Hlyw = 3 15y ey |UHV Moo HP?|.

The above estimate is obtained for ¢, and then we contract with any U,V € U since
0s and 0y, defined in section 2.2, commute with /. Similarly we could have considered a
system Og¢x = Fk and contracted the estimate with arbitrary coefficients NE ¢ R™,

2.5.3 Weak decay estimates

We next turn to a generalised version of the Klainerman-Sobolev inequality. Recall
from (2.1.11) the energy weight function w

1+ (1+]g)**7, ¢>0,
= 2.5.12
v {1+<1+\q|>2ﬂ, 7<0. (2512)

where p > 0 and v € (0,1/2) are constants and ¢ = r — ¢t. The weight w is used to
provide additional decay in the region g > 0, see corollary (2.31) below. Furthermore
the conditions on w imply w’(q) > 0, which allows for an additional spacetime integral
of O¢ to appear in the energy estimate, see theorem 2.43 and c.f. lemma 1.42.

We have the following weighted version of the Klainerman-Sobolev inequality.

Proposition 2.28 ([LR10, Proposition 14.1]). For any function ¢ € C°(R2), at an
arbitrary point (t,x) we have

|6, 2)|(1 +t + |g]) (1 + law(g)/* < C Z [w' 2T (¢, )| 2.
171<3

We now combine the bootstrap assumption with proposition 2.28 which gives the
weak decay estimates. First we recall one part of definition 2.8.

Definition 2.29 (Schwarzschildean variable). Define

M
h/gy: (r)x (r/t)75w,,

1 _ 0
by = by — hypys

(2.5.13)
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Figure 2.1: Regions where x(r)x(r/t) is vanishing (dark grey), between 0 and 1 (light grey) and identically
1 (white). In particular, h9 is identically 1 towards i° and along /"", and vanishes when r = 0.

where x(s) € C* is 1 when s > 3/4 and 0 when s < 1/2. See also Figure 2.1.

Since A is a known quantity, we introduce some notation to separate between the
decay for terms involving h°? and the decay for h'.

Definition 2.30 (WP variables). For p = 0,1 we define

WP = {UMVYRE,, ¢ - U,V €U, K € K},

(2.5.14)
Wg ={T"U"hk, vk U e, TeT,KcK}.
Similar to definition 2.20, for p = 0,1 we define
(WP = [P + Y]k, (WPl = |hP|7u + ¥k, (2.5.15)
|OWP| = [Ohlyu + |0V |k, |OWP| = |OhP s + |0 (2.5.16)

As discussed after theorem 2.9, we have the bootstrap assumption (2.1.20) and wave
gauge (2.1.5¢). Using the weighted Klainerman-Sobolev inequality and the bootstrap
assumption one can now derive the following.

Corollary 2.31 (Weak decay estimates, modified from [LR10, Corollary 9.4]). Assume
(2.1.20) holds and WP is defined as in (2.5.14), then for p = 0,1 and |[I| < N — 2 we
have

-9

Ce(L+t+lgh)"H(A+g)™", ¢>0

WP (t, )| < ’ ’ 2.5.1

‘ ( ,x)‘ > { C€(1+t+’q‘)71+5(1+‘q’)1/2, q <0, ( ) 7)
W Ce(l+t+[g) (1 +[g)~"%, ¢>0
Iyyp < ) )

|oT (t,z)] < { Ce(l+1t+ |q‘)71+6(1 + ‘q’)71/2’ g <0, (2.5.18)

where 8 =8 if p=0 and &' =~ > ¢ if p=1. Furthermore if |I| < N — 3 then

Ce(1+t+1g) 21+ g™, g>0,

Ce(1+t+|q))~ 201 +g))'/2, ¢ <o. (2.5.19)

|OTI WP (t, )| < {
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Proof. The proof of (2.5.18) follows from the weighted Klainerman-Sobolev estimate
of proposition 2.28 and the energy assumption (2.1.20). Note the additional decay in ¢
comes from the fact that we use a weighted Klainerman-Sobolev inequality. We obtain
(2.5.17) for r > t by integrating (2.5.18) from the hypersurface ¢ = 0 along lines with
t +r and w = x/|z| fixed. One also needs the initial condition from the assumptions
of our main theorem 2.9, namely (2.1.9) implies

1|ir‘ninf (IR (0,z)| + |4k (0,2)]) = 0. (2.5.20)
T|—00
The final estimates for |OI'' WP (t,z)| come from using (2.5.3). O

Note that by introducing h°, we can obtain better decay for k' in the region ¢ > 0,
i.e. near i°. These weak decay estimates give the following decay on the inhomo-

geneities.

Lemma 2.32 (Inhomogeneity decay estimates, modified from [LR10, Lemma 10.5]).
Assume (2.1.20) and (2.1.5¢) hold and let Fi be as given in (2.1.5b). Then

|F |7y + |Fle < et™24 0w,
Pl < et™32H010W | 4 [oW |2,

Proof. This follows from proposition 2.22 and the weak decay estimates of corollary
2.31. O

We end this section with a stand-alone lemma which involves estimating the second-
order derivatives landing on the Schwarzschild-like term h?w. Since the form of h?“, has
been chosen in (2.5.13), this result comes from commuting through copies of I' € T and
applying the results from corollary 2.31. Note that O(M/r) = 0 away from r = 0 so
the important contribution of OA° is in the support of the derivatives of x(r/t), which
is in the interior (i.e. ¢ < 0) region it <r < 3¢,

Lemma 2.33 (Schwarzschildean decay estimates, [LR10, Lemma 9.9]). Let FEV =
Oght), where h° is as defined in (2.5.13). Then for low orders |I| < N — 2

Ce2(1+t+g) (1 +q))™°, ¢>0,

I EO <
I F ot < { C=(1+t+1g]) %, 4<0,

and for high orders |I| = N —1,|I| = N

C(1+t+a) (1 +1a))~°, ¢>0 Ce
! Fo < ’ T b
T F e { Ce(1+t+]q)73, q<0, " (1T+t+]q))? 2 I0h ha

RASH

2.6 Decay Estimates — Part 11

In this section we prove upgraded decay estimates for 9T by combining together the
results from section 2.5 . These decay estimates are valid only for a smaller number of
I' vector fields than that given in the weak decay estimates, namely for |I| < N/2+ 2.
We first obtain estimates for [0W| and |0W|g given in proposition 2.36, followed by
estimates of AT for |I| < 1 in proposition 2.38.
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Lemma 2.34 (Modified from [LR10, Lemma 10.6]). Let (hu,¥K) be a local-in-time
solution of (2.1.5) such that (2.1.20) and (2.1.5¢) hold. Let F,, and Fg be as defined
in (2.1.5b). Then

t
(14 D OW(t, o= < Ce +Ce [ (14112 [0W (7, ),
0
t
(L+ D)W (t, )|~ < Ce + 0/ {0+ 7 20w (r, )l + (1 4+ T)OWa (7, )3~ far.
0

Proof. Apply corollary 2.27 with w(q) = 1, ie, a = 0, and estimate |F|yy, |F|x and
|Flo@q with lemma 2.32 and the weak decay estimates of corollary 2.31. Note § <
1/4. O

The following algebraic lemma is needed for proposition 2.36.

Lemma 2.35 ([LR10, Lemma 10.7]). If b(t) > 0 and c(t) > 0 satisfy
t
b(t) < Ce (/ (14 s)"%(s)ds + 1) ,
0

o(t) < Ce (/Ot(l + )1 (s)ds + 1) + C/Ot(l +8) 182 (s)ds,

for some positive constants such that a > C?c and a > 4Ce/(1 — 2C¢), then
b(t) <2Ce, and c(t) <2Ce(1+aln(l+1)).

Proposition 2.36 (Modified from [LR10, Proposition 10.1]). Let (hu., Vi) be a local-
in-time solution of (2.1.5) such that (2.1.20) and (2.1.5¢) hold. Then

OW e < Ce(1+t+|q)7",
OW| < Ce(1+ )" n(1 +¢).

Proof. Take a =1/2 =9, b(t) = (1 +t)||OWa(T,)||r and c(t) = (1 + t)||OW (7, )| o0
in lemma 2.35. O

In the works [LR05, LR10], it was shown that all but one component of dh,,, obeys
a (1+t+|q)~! decay rate. The ‘worst’ component dhyy has the slower t~!Int decay
rate. Our choice of additional nonlinearity has meant that the new variables ¥ pick
up the better of these two decay rates (c.f. theorem 1.43 also).

We now turn to estimates of even better components of dT'h for |I| < 1, given
in proposition 2.38. These ‘best’ components have much better decay rates than the
full set given in proposition 2.36. Note however that since the control is obtained from
the wave-coordinate condition condition, we only obtain estimates on h,, and not ¢k.
Thus lemma 2.37 and proposition 2.38 are completely unchanged from [LR10].

Lemma 2.37 ([LR10, Lemma 10.4]). Let (huu,¢k) be a local-in-time solution of
(2.1.5) such that (2.1.20) and (2.1.5¢) hold. Then

Yo Jor blec+ > 0T Bler S0 10T bl

1<k 1]<k—1 1] <k—2

e(l+t+1g) 221 +g))™®,  ¢>0,
e(l+t+g))" 221+ |q))~1/270, ¢<0,
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S hlee+ DY Whler S D) / T Rl
s,w=const

1<k 1]<k—1 | <k—2

e(l+t+ g, q>0,
e(1+t+ )1 +1g)/*H, ¢<o0,

where here the sums over k —2 (resp. k < 1) are absent if k <1 (resp. k=0).

The proof of the above lemma follows by combining proposition 2.18 with the weak
decay estimates of corollary 2.31.

Proposition 2.38 ([LR10, Proposition 10.1]). Let (hu., ¥k ) be a local-in-time solution
of (2.1.5) such that (2.1.20) and (2.1.5¢) hold. Then

(1 49)7°, g >0,
72+25<1 _'_q)1/27 g < 0’

e(l+t+|q|

(
T <
|Oh| e + 0T h|ce < { 1+ t+]q
(
(

- q>0,
71(1 +q>1/2+5’ q< 0.

e(1+t+|q
e(1+t+|q

~— ~— ~— ~—

\h|cT + |Thlze < {

We now continue to the crux of this section, and derive in proposition 2.41 ‘stronger’
estimates of all components of AT/ for the restricted range |I| < N/2+ 2. The proof
relies on using corollary 2.27 again, this time with a non-trivial weight w. Recall that
in corollary 2.27 there was a spacetime integral of |wF| where F' is the particular inho-
mogeneity being considered. The inhomogeneity we consider comes from commuting
'Y through the PDE (2.1.5). Note the recent work [LT20] used commutation properties
of the Lie derivative which simplifies the analysis. Nonetheless we follow the original
approach of [LR10].

Definition 2.39 (Commuted PDE system). Let I' = T’ + ¢r where cr is a constant
defined by 9,I', + 9, = crnu. In particular,A cr = 0 except when I' = S in which
case cg = 2. Let D! be defined by D! = 0,' — I'T,. Then,
8,I'n}, = D'n,, +T1F,, —T'F),, 26.)
0,0 b = DIy + T Fg. o

The estimates of Dlh}w and D9 can be found in proposition 2.50. On the right

hand side of (2.6.1) are the terms MF v and I'! Fc which are estimated in the following
lemma.

Lemma 2.40 (Modified from [LR10, Lemma 10.8]). Let (hu,¥K) be a local-in-time
solution of (2.1.5) such that (2.1.20) and (2.1.5¢c) hold. Let F,,, and Fk be as given in
(2.1.5b). Then for |I| < N — 2 we have

D Fl + M Fluy S e+ > o0/ W[+ > T W ||orkw |,
71<I1) [T+ K <[], K <1

where it is understood that the term with |K| < |I| vanishes if |I| = 0.

Proof. The result follows from proposition 2.22, corollary 2.31 and the first estimate in
proposition 2.36. O
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Proposition 2.41 (Modified from [LR10, Proposition 10.2]). Let (hu,¥K) be a so-
lution of the generalised PDE (2.1.5). Assume (2.1.20) holds, WP is defined as in
(2.5.14) and F,, and Fx are defined as in (2.1.5b). Let v <~ —0d and ¢/ > & > 0 be
fized. Then there exist constants My, Cy and € depending on ', i’ and § such that for
al |[I|=k < N/2+2

Cre(1 +t + |q) ~1HMes (1 + |g) 1= q>0
oriwe| < i ’ 2.6.2
| < { Cre(L+t+|g))"1HMee(1 + |g)~Y/27#, ¢ <0, ( )
Cre(1+t + |q)~1HMes (1 + |g]) = q>0
riwe| < ', ’ 2.6.3
| = { Cre(L+t+ g~ ML+ [q]) 27+, ¢ <0, (26.3)

where 8 =~ ifi =1 or & = Mye if i = 0.

Proof. The proof follows by induction. The base case k = 0 follows in a simpler but
similar way to the main case. One assumes the step for |I| < k and then considers the
case of |I| =k + 1. From (2.6.1) the following holds

18,0 s < DA s + T Flos + [T FO g,
8,07l < [D'lic + [T F k.

From here we use proposition 2.22 and lemma 2.40 to estimate |I'/ F|yqy and [T F|x.
Lemma 2.33 gives an estimate for [['/F°|;;,. Lastly proposition 2.50 gives an estimate
on |D'hY|yq and |D%4)|xc. One then collects together terms according to whether |K| =
|I| or |K| < |I|. When |K| = |I| we require strong estimates on the terms with a low
number of I’s acting on H, ie, of the form

> (M Hlee + [Hler) -
[J]<1

Since there are no ¥x terms appearing here, we may use proposition 2.38 which gives
the necessary decay. When |K| < |I| one must use the induction hypothesis.

Putting this altogether gives an estimate on |ﬁgFI W1|. Corollary 2.31 implies an
estimate on @ (q)|TYW (¢, z)|. Then inserting all this in corollary 2.27 yields an integral
inequality and the result then follows by Gronwall’s inequality from lemma 1.20. [

Note the important fact that in proposition 2.41 we have gained more |q| decay and
replaced the d-loss in (14)71%9 with a term we can control better, namely (1+¢)~ <,

2.7 Energy Estimates

In this final section we obtain an energy inequality with an additional spacetime integral
involving O derivatives. Using this energy estimate we can apply a Groénwall type
argument to deduce the improved inequality (2.1.21) for the energy.

Proposition 2.42 (Energy inequality, [LR10, Proposition 6.2]). Let ¢ be a solution to
ﬁgqﬁ = F such that for H* = g — n* we have

(1+|g) " MH|ze + |0H|ze + |0H |y < C'(1+1) 71,

2.7.1
(14 lgD) 1 Hloas + [0H s < C'(1+ )" 2(1+ |g)) /2 (1 + g-) 7 27
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where q— = |q| when ¢ < 0 and g— = 0 when ¢ > 0. Then for any 0 < v < 1 and
0 <e <v/C we have

|a¢\2wd3x+// 0¢|*w ’d3:1:d7<8/ 00| *wd3z
pI

2
+16/ / <1j’i|tw+ ]FHaqﬁ]w) d3zdr.

(2.7.2)

Note the additional positive space-time integral for 0 derivatives on the left-hand-
side of (2.7.2). The conditions on the weight w imply

w < w1+ |g)7t <1677 (14 )M, (2.7.3)
Using this identity, we can see the close comparison with the spacetime integral term

and lemma 1.42 of Chapter 1.
Applying Young’s inequality and proposition 2.42 on the PDE system (2.6.1) yields

t
/ (|or! B 7y, + [OT 9 [}) wdz + / / (|or! A 7y, + [T |3 ) w'dPzdr
P
<8/ (Jor!h' 7y, + [OT 0 [%) wd:v—|—16/ /

// ]FIF|2U+|F1F],C+|DIh1| +|D1¢|,2C) (1 + t)wddadr

(\arfhl tu + 10019 |%) wdPzdr

+ / / T FOlyq|0T! WY | d3zdr. (2.7.4)
0 Je,

The terms not ‘roughly’ in the form of the energy Ex[W!](t), defined in (2.1.14), are
(PP + PP + DRy, + D721+ tw + [T POl 0T W o, (2.7.5)

and so these are estimated in the following lemmas 2.44-2.46. First we state the main
theorem 2.43, as its assumptions will be the same for lemmas 2.44-2.46, but leave the
proof of the theorem until after the lemmas.

Theorem 2.43 (Main theorem, modified from [LR10, Theorem 11.1]). Let (huy, V)
be a local in time solution to (2.1.5) satisfying the wave gauge condition (2.4.1) on
some mazimal interval [0,T). Suppose for fixred ' € (0,1/2) and v € (0,1/2), and u
satisfying 0 < p < 1/2 — ', that for all 0 <t < T and all |I| < N/2+ 2 we have

0W |+ (1 + |g)) H|7z+(1+ |g)) T H|ze < Ce(1+8)7,  (2.7.6a)
T'W|  1+t+|q| Ce(1+t+|q)) 11+ |g) 17,

OrIwW| + + ar'w| < ,
T W1+ T+ e PE WIS 02t bt 4 gl)-+e (1 )2
(2.7.6b)

Ex[W1(0)+ M < e. (2.7.6¢)

Then there exist constants Cy and C, independent of T', such that for € > 0 sufficiently
small the following holds for all0 <t <T

En[WH(t) < Cne(1+1)°=. (2.7.7)
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We begin by estimating the first pair of terms of (2.7.5) in lemmas 2.44 and 2.45.

Lemma 2.44 (Modified from [LR10, Lemma 11.2]). Assuming the conditions of theo-
rem 2.48 then

glor/ Wl (14 g2 e |rwl
I Pl < ( n ar’wl| + )
o ;I e (R A e Ea e
" et e
or/wt 1 w=1/2 2 /Wt
|F1F‘ICS Z 8’ ’ 5( +‘q‘) — |8FJW1|—|— € ‘ ’)
2 U e Tt 4]l L+l
P
(L+t+ah)*

Proof. The proof follows from proposition 2.22 and by estimates coming from the as-
sumptions (2.7.6a), (2.7.6b) and from calculating OT'/h°, T hO. O

Lemma 2.45 (Modified from [LR10, Lemma 11.3]). Assuming the conditions of theo-
rem 2.43 then

t
5—1/ / (yrfF\E,u+\r1Fy,%) (l—l—T)wde?’ac
0

\5 r'w = /
w + [0 W 2w )de?’x
\J|<|I\ T
007 R P 3., .3
UKm 1// (= wdrd’r +€°.

Proof. Insert the estimate from lemma 2.44 and then apply the variant of Hardy’s
inequality given in corollary 2.48 on the |I'/W!| term. O

Next we estimate the second pair of terms from (2.7.5).

Lemma 2.46 (Modified Lemma 11.5 from [LR10]). Assuming the conditions of theorem
2.48 then

t
51/ / (|Dlh1‘z21u + ‘Dl¢|2;c) (1 + 7)wdadt
0 Jx,

Se Y. // 1—+t|ar=’W1|2+|aPJW1|2 ')d:cdt
J1<I1]

Z / / 1+t T o0 W 2drd3s + €3

|J|<\II 1

Proof. The proof follows as in [LR10], by using the very technical proposition 2.50
(given in the next section) together with the decay estimates for 0T hlyq, and [OT 9|k
given in (2.7.6b). The stronger estimates required on |V H|zc and |H|.7, are un-
changed and given in (2.7.6a). O
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For the last term in (2.7.5), recall that hgl,, and thus Flﬁghfw, is determined by
calculating directly from the definition in (2.5.13). Thus the next lemma follows iden-
tically from [LR10], with the proof using lemma 2.33 and corollary 2.48 on the |Th!|
term.

Lemma 2.47 ([LR10, Lemma 11.4]). Assuming the conditions of theorem 2.43 then

t
/ / I FOy 0|00 WY | gqwdrd®

|8FJh1‘uu 3 ! J11)2 3 12 dr
// T wdrdx—i—/o /T|8Fh|uuwda: (1+T)3/2).

We can now complete the proof of the main theorem.

\J|<|1|

Proof of Theorem 2.43. Precisely as in [LR10], lemmas 2.45, 2.47, 2.46 and the inte-
grated energy inequality (2.7.4) imply

t
/ (|oT7 At Zy, + [0T %) wd3x—l—/ / (Jor!rt 2y, + [OT %) w'dPzdr
>t 0

FJ 1|2
< 8/ (100 B! 3y + 10079 [%) wda + Ce / / VW e zdr
Yo - 1+T

1J1<I1]
J 112

+Ce Y / / or/ W Pw'd*zdr + Ce / / 1|8le/2|05 wd®zdr

1<) 1<) -1 LT
C a7 h2, wd? v dr Ce
+N€Z | wode | g OE

1<)

(2.7.8)

Define the following notation for the spacetime integral of the ‘good’ derivative

Su®)= Y / / (1807 R1 Ry + [T 2 o' (2.7.9)

[I|<m,TeTl

Then for m < N we obtain the inequality
Em(t) + Sm(t) < 8Em(0) + CeSp(t) + CE3

g( 1/2
+CN€/ 1+ 3/2d T+ Ce 1—|—7'1 Ca

(2.7.10)

Note that the smallness assumption of the main theorem, (2.1.15), implies
EN(O)2 4 M <e. (2.7.11)

We now use Gronwall’s inequality from lemma 1.20 and induction. First by choosing
Ce < 1/2 we can absorb the term Sy, () on the right-hand-side of (2.7.10) into the left-
hand-side at the expense of doubling the constants on the right-hand-side. Next, by
applying Young’s inequality as Cne€nm (7)/? < E,(1) + C%€2, and noting that &, (7)
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is increasing with 7, we have

16CN5/0t WdT < /Ot (gm(T)/4) + (160N5)2 dr < %gm(t) +CC]2V€2

1+7)3/2 (1+7)3/2  (1+7)3/2
(2.7.12)
Substituting this information into (2.7.10) we find
Em(t) + Sm(t) < 328,(0) 4+ Ce / + 0 1 Cs (2.7.13)
For k = 0 this gives
" &o(7)
Eot) < 32 + Ce / dr, (2.7.14)
o 1+71
and an application of Gronwall’s inequality from lemma 1.20 implies
Eo(t) < 32e%(1 +t)%=. (2.7.15)
By possibly increasing C, we have for sufficiently small €,
)2 < Cne(1+1)*. (2.7.16)
Assuming (2.7.7) for m — 1 we then have from (2.7.13)
t 063
m(t) < 32&, ———dr. 2.7.1
Em(t) < 328,(0) +/0(1+7_)1C€7' (2.7.17)
Again by Gronwall’s inequality this implies
Em(t) < (326,(0) + C2(1 + t)?CE) (1+ )2, (2.7.18)
Clearly for e sufficiently small we have for all 0 <¢ < T
En(t) < Cne?(1 +1)°5. (2.7.19)
O

Proof of Theorem 2.9. To conclude the proof of theorem 2.9 we remark that (2.1.20)
then allows us to use propositions 2.36 and 2.38 to derive (2.7.6a) and proposition 2.41
to derive (2.7.6b). O

2.8 Additional results

This section states without proof some necessary results from [LR10]. We first state a
Hardy-type estimate. Note in comparison to the Hardy estimate given in lemma 1.23
the weight depends on the distance |g| to the light cone, rather than the distance r to
the origin.

Corollary 2.48 ([LR10, Corollary 13.3]). Ifv > 0 and u > 0, then for any a € [—1,1]
and any ¢ € C§°(R3) we have

|2 wdz 9 wdz
/<1+|q>2 it lg)e < [ 1o it lg)e
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If additionally a < 2min(vy, p) then

9] (1+ g wdz . < w >
/(1+|Q|)2 (I+t+|g)t—* (14 q_)~ §/|8¢\ it w’(1+t+,q|)1fa dz,

where q— = |q| when ¢ < 0 and g— = 0 when q > 0.

We next briefly state some other key results from [LR10], the first two making
use of the null frame. The final proposition 2.50 gives control on the commutator
0,07 ¢ — I 5,0.

Lemma 2.49 ([LR10, Lemma 5.1]). If ¢ is a scalar and m a symmetric 2-tensor then

(L+t+1g)[0g] + (1 + lg))|og] < C Y [TMg), (2.8.1)
1I|=1
52 -13 c |Fl¢‘
07 ¢ +7r77|09] < - Z ma (2.8.2)

|11<2

|7 ot |7T|££> ;
"0,0,0| < C + oI ¢|. 2.8.3
0,001 < C (444 {5 S riel. (a3

Proposition 2.50 ([LR10, Proposition 5.3]). Recall definition 2.39. We have

I'Hlyy + |Hlyy  \THl|ze + |H| 21
i+ Has | [PHlec + Hler) 5~ opy

3,76 — 1,6l S

11<1

Furthermore for any I' € T’

~ AT~ 1
5,776 — T80 S R > > It Hpwlor®gl
[KI<II][J]+( K1)+ <|{]

+1+1‘q| > ( > T/ H|ce + > T H|cr

IKI<[[ [J+(K[-1)+ <[] [I+(IK=1)+<[I]-1

+ 3 7 Hloas ) 175 61,

|+ (K] =1)+ <[I]-2

where (|K|— 1) = |K|—-14|K|>1 and (|[K| —1)+ =0 if |[K| =0.

A key feature of proposition 2.50 is that the factors involving the poorly decaying
term (1+|g|)~! involves the very good components |I'H|z. and |H|z7 whose estimates
are improved using the wave gauge condition (e.g. by proposition 2.38).

2.9 Zero-mode perturbations of Kaluza Klein spacetimes

The motivation for considering the system (2.1.5) is to prove theorem 2.1, and we now
discuss how this is achieved.

Remark 2.51. The indices in the remainder of this Chapter are those of definition 1.37.

The Kaluza-Klein spacetime R!*3 x T with metric

Guydx”dx” = (UR1+3)ijdxidl'j + (5ABd.%'Ad.I‘B (2.9.1)
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is Ricci flat. Consider another spacetime G, defined on RM3 x T4 which is ‘close’ to
G and is Ricci flat. As shown earlier in (1.1.9) with respect to the five-dimensional
é-wave gauge, when é = G the field equations for G, becomes a system of nonlinear
wave equations

G 0,05G = Fu(G) (DG, 9G). (2.9.2)

For simplicity, we briefly restrict to the case of the one-dimensional torus S!'. Since
S! is compact, say of radius R, we can Fourier expand the metric as

Cu(at 2ty =3 exp (mw ) G (z9). (2.9.3)

neL

If we substitute the expansion (2.9.3) into the left-hand-side of (2.9.2) and look at just
the terms coming from the flat background G, we obtain

60,06 = 3 (assayi00; — () i

nel

(n)

Heuristically one can see that the modes G,/ with n # 0, will satisfy nonlinear Klein-
Gordon equations with mass |n|/R. At this point, the standard physical argument is
to ignore these n # 0 modes by taking R sufficiently small that the mass |n|/R is larger

than any probable energy [Pop].

Hence we consider only the n = 0 modes by setting wa) = 0 for all n # 0. This

implies the higher-dimensional metric G/, depends only on the internal coordinates
G (', 2) = G (). (2.9.4)

If the initial data satisfies (2.9.4), and the PDE is invariant in the internal directions,
then the solution will be also. The perturbation and its inverse are defined by

huu = G/j,y - G,u,y, (295)
HM = GM — Grv, (2.9.6)

where G,,G” = §},. Condition (2.9.4) can be rewritten as
8Ah;w = 0. (297)

Differentiating this identity and using (2.9.7) implies 04 H* = 0.

Proposition 2.52. The zero-mode perturbations of the Kaluza Klein spacetime on
R*3 x T¢ about the background spacetime (2.9.1) are covered by the generalised PDE
system (2.1.5).

Proof. Under (2.9.7) and the G-wave gauge condition
9, (G%/; det G\) ~0, (2.9.8)

the vacuum Einstein equations in R'*3 x T? reduce to the system

ﬁghij = P(@Zh, ajh) + Qw’(ah, oh) + Gw(h)(ah, Gh), (2.9.9&)
ﬁghiB = Q,-B(é?h, 8h) + G,B(h)(ah, 8h), (2.9.9b)
ﬁghAB = Qap(0h,0h) + Gap(h)(Oh,0h). (2.9.9¢)
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The O((0h)?) non-null nonlinearities are given by
P(Olh, a]h) = p! (&h, th) + P2(8¢h, @Jh) + P3(6ih, 6jh),
where we have
1 ki, pq 1 1
P (8lh,8]h) =nn Z@-hkl&,hpq - §8ihkpajhlq 5
1 1
P2(8;h,0;h) = 6Bk <4aihABajhkl + 4ajhABaihk,> :
1 1
P3(0;h,0;h) = =By (8;h ardihp) + 64B5¢ P <48ih,438jhcp — 26ihAcathD> ,
and the null forms are given by
Qij(0h,0h) = 0" Qo (hki, huj) + 6P Qo (hai, hpj)
+ nP (nlepl(hkia hgi) + 648 Qip(hys, hAj)) + (7 < j)
1 . .
+ 577kl (7P1Qui (hipg, hicj) + 6P Qui(hap, huy)) + (i ¢ ),
) 1
Qip(0h,0h) = 5°PQo(hci, hpg) + 0™ 9P (Qik(th7 hep) + ini(hCDa th)) 7

Qap(0h,0h) = 6°PQo(hca, hpp).

Here (i <> j) indicates the previous bracketed term are repeated with ¢ and j swapped.
If we consider the set {¢x} = {hap,hap} then we see the PDE (2.9.9) falls into the
system described in (2.1.5) O

Using theorem 2.9 we have the following.

Theorem 2.53. Let (Eo,gab,f_(ab) be smooth initial data for the equations of motion
(2.9.9) arising from the (3 + d + 1)—dimensional vacuum FEinstein equations under the
condition (2.9.7). Define, for i',j' € {1,2,3}, r = ((ngss)wpx’ 27 )% = 0o and the
2-tensor g;b by

Jab =

1+ M Ot it 0 _
( X(T) T ) I + géb 3
0 0AB

with x(r) defined in definition 2.6 and M € (0,00). Suppose also that ¥ is diffeo-
morphic to R? x T? and the initial data satisfies the constraint equations (1.1.1) and is
asymptotically Kaluza-Klein in the sense that

g =017, Kgp=o(r">"%), a>0. (2.9.10)

Furthermore for N € Z large enough and v € (0,1/2), let V = {01,02,0s} denote
spatial derivatives and define

EN(O) — Z / (1 +T)1+2’y+2u| (’vvlgl‘Q + |V1K‘2) d3+dl’.
N<N >0

Then there exists a constant €9 > 0 such that for all € < g9 and initial data with
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En(0) + M < e, the solution

Gl (t) = G + ((1 T/ t)é‘(r)% o 8) + Iy (1)

to (2.9.9) ewists for all times and obeys the estimate

En(t) < Cne?(1+1)°". (2.9.11)
Moreover,
Cne(L+t+]g)) V(L +]g) ™, r>t
Iz1 N 3 ; o
s { COne(l +t+ gy HOx=(1+ g2, r<r, SV —2 (2912)
Cne(l+t+[g) (1 +g)™, r>t [I[[<N -2
Iz1 < N 5 ’ 9.
Al < Cne(1+1t+ |qf)1H20Ne, r<t |[I|]<N-2. (2:9.13)

Hence G, (t) — C;’W as t — oo and so the perturbed T radii decay to the radii of the
background geometry.

Note the radii of the T¢ in the background geometry do not necessarily have to be
taken small, merely non-zero. In the earlier work [LR05, §16] it was shown that the
perturbed solution defines a future geodesically complete manifold. Since our variables
obey the same decay rates, it follows in a similar way that the perturbed solution G, (t)
yields a future causally geodesically complete solution asymptotically converging to
RI+3 x T4,

We assume the initial data required by theorem 2.53 exists. Note that the case
of M = 0 is excluded since, by the positive mass theorem, such initial data would
be identically Euclidean. The constraint equations have a perhaps more natural in-
terpretation from the perspective of the (3 4+ 1)—dimensional non-minimally coupled
Einstein-Maxwell-Scalar system. This was derived in [Wyal8, Appendix A] however
we refer to the clearer derivation in [BFK19, §3].

Comparison with other results. Although our method of proof follows [LR10],
the terms h4p and h,p cannot be treated directly as v variables in the original system
(2.1.2). For one, these variables have non-trivial inhomogeneities which is unlike those
presented in (2.1.2). In the Kaluza-Klein example there is also a physical interpretation.
Equation (2.9.9a) includes a term of the form

1 1

Up to redefining variables, as done in (1.6.3), this describes interactions between the
(3 + 1)—dimensional metric and the scalar fields gap. Similar terms exist in @, and
G . This non-trivial coupling cannot come from the stress-energy tensor of a massless
scalar field, and so the more general PDE system (2.1.5) is required.

In fact, we can return to the system (1.6.4) when a # 1/4/12. We recall that these
equations read

RiC[g]Z’j = %8“?(%@5 + %6_60@ (EkFJk - %Fleklgij) 5 (2914&)
Vigli(e % F) =0, (2.9.14b)
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gijV[g]iV[g]jgb = f%ae_ﬁ‘kalel , (2.9.14c¢)

where Fj; = 0;A; — 0;A;. Even when o # 1/\/ﬁ such a PDE system is still rele-
vant in various four-dimensional theories although it does not come from the higher-
dimensional Einstein equations compactified on a torus. With respect to the harmonic
and Lorenz gauges

0p (g”“\/ | detg|) =0, 0, (\/ | det g]Ap> =0, (2.9.15)

the system (2.9.14) for general o € R reduces to
Elghij :Ej(h)(ah, 8h) - 32¢8]¢ — 6_6a¢ (nkl(&Ak — OkAl)(OJAl - alAj)
— 1050 Ok Ay — 0, Ak) (Om An — 3nAm> + O(|h||0A]?), (2.9.16a)
O A" =0 ™oy (O Ak — O Ap) + 17 0™ 0ih 10 A
— 6an™ (9 A; — 9;A1) 06 + O(|h|OR||OA]) + aO(|Rl|0R|Og]) ,  (2.9.16D)
ﬁg¢ = — 306_6a¢niknjl(8kAl — 6[Ak)(81A] — (%Az) . (29160)

Analagous to (2.4.2) we obtain good control on one component of A” by expanding out
the Lorenz gauge condition (2.9.15) to find

04|z < ClOAu + Clhlua O Al (2.9.17)

Thus using the same idea as in section 2.3, we can use (2.4.2), (2.9.17) and the trivial

estimate |e 6*?| < C for |¢| < 75, to estimate the nonlinearities in (2.9.16) as

Bghisloas < 102, + [0hldlOhlus + 1961 + [9A + Ofcubic),
Bghis e < [9hladOhlas + 196]106] + [9AL|O Al + O(cubic)
1Al S [0AI]0] + 98]0l + [Ohledl @Al + 10hluad|P Al + O(cubic)

By6] S [DAWO Al + Ofcubic)
(2.9.18)
In the above the implicit constant in < depends on «, i.e. C = C(|af). Also we
write O(cubic) = O(|h|; |09, |Oh|, |0A];|06],|0h|,|0A]) to denote a cubic nonlinearity.
Similar to definition 2.20, if we make the identification

W ={U"V"h,,,U'A,, ¢ : UV €U},

2.9.19
Wa ={U"T"hy,,U"A,,¢: U eU, T €T}, ( )
then the estimates (2.9.18) become
OghijlTu + B9 Al + |Sg0| < [OW|[OW | + [W[|OW |,
Bhislru + Byl + 18,01  [OW110W] + 1] oW 2920

|Bghijl < 1OWE + [OW[[OW] + [W[[oW .

This establishes the first estimate in proposition 2.22, which is the key estimate that we
used to extend the result of [LR10] to prove theorem 2.9. Thus, up to precisely writing
down the full details, the proof presented for theorem 2.9 will clearly also extend to

(2.9.14) with v # 1/V/12.
One example of where this extension is useful occurs when o = 0. The system

73



(2.9.14) becomes

. 1
Riclglij = 50i09;¢ + %(}—ik}-jk - Zgij]:kl]:kl)a
V[g]iﬂj — 0’ (2.9.21)
Oy = 0.

In this situation it is consistent to set ¢ = 0 which gives the bosonic part of N' = 2
supergravity in four spacetime dimensions, or, more simply, Einstein-Maxwell theory.
Thus establishing estimates of the form (2.9.20), allows one to prove that Minkowski
is a stable solution to the Einstein-Maxwell equations. This is precisely the approach
taken in [Loi09].

The PDE system (2.1.5) is certainly not the most general possible and it is unclear
what generalisation of (2.1.5) would be the most fruitful at capturing physically inter-
esting scenarios. The recent expansive work [Keil8] has made progress in this direction,
by considering a system of quasilinear wave equations ordered into a hierarchy, so that
the worst term (i.e. 7 in theorem 1.43, hpr here), never sources itself quadratically as
OOy and when it does source better behaved terms (which are lower down in the
hierarchy) it does so as a null form.

However not all quasilinear wave equations derived from general relativity are in-
cluded in our class (2.1.5) nor indeed in [Keil8]. For example, nonlinearities of the
type A*0,¢ are not covered, yet these arise when considering the Einstein-Maxwell-
scalar field system where the scalar field is charged under the U(1). Such a system has
been studied on a fixed asymptotically-Minkowskian background in [Kaul8]. Another
example is the Einstein equations coupled to nonlinear electromagnetic fields, such as
the Born-Infeld system, considered in [Spel4].
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Chapter 3

The Ground State Stability of
U(1)-Higgs Model

3.1 Introduction

Main objective. In this chapter, we' study the equations of motion arising from
the Higgs mechanism applied to an abelian U(1) gauge theory on a fixed Minkowski
spacetime after spontaneous symmetry breaking. We view this model as a stepping-
stone towards the full non-abelian Glashow-Weinberg-Salam theory (GSW), also known
as the electroweak Standard Model. For background physics information on the models
treated in this chapter, see for example [AH12].

In short, we study in this chapter a class of semilinear hyperbolic equations which
involve the first-order Dirac equation coupled to second-order wave or Klein-Gordon
equations. We are interested in the initial value problem for such systems, when the
initial data have sufficiently small Sobolev-type norm. In particular we provide a new
application of the hyperboloidal foliation method which is well suited to study such
coupled systems involving massive fields.

The hyperboloidal foliation method takes its root in pioneering work by Klainerman
[Kla85a] and Hormander [H6r97] on the (uncoupled) Klein-Gordon equation. Recently
it has been extensively developed by LeFloch and Ma [LM14] to establish global-in-time
existence results for nonlinear systems of coupled wave and Klein-Gordon equations.
More generally there has been much recent study on nonlinear interaction terms be-
tween coupled wave and Klein-Gordon equations [Kat12, LM14, Smul6, IP19a] with
results even extending to the Einstein Klein-Gordon equations [HW15, LM16b, FJS17,
LM16a, LM17a, LM18, IP19b, Wan20).

The model of interest. In the abelian U(1) gauge model, the set of unknowns
consists of a Dirac field ¢ : R3*! — C* representing a fermion of mass m, with spin
1/2, a vector field A = (A") representing a massive boson of mass m, with spin 1, and
a complex scalar field ¢ representing the Higgs field. At the non-zero points ¢g = ve'
where 0 : R1™3 — R is arbitrary, the Higgs potential vanishes

V(¢5¢0) = 0. (3.1.1)

!The results in this chapter were obtained in collaboration with Philippe LeFloch and Shijie Dong
at Sorbonne University (Pierre and Marie Curie Campus). This research was also supported in part
by the Innovative Training Networks (ITN) grant 642768 ‘ModCompShock’.
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As in [Tsu03b], we consider only constant ground states satisfying d,,¢9 = 0. Thus we
consider perturbations of the form

X = ¢ — ¢o, (3.1.2)

where ¢ is constant in space and time and has magnitude |¢g| = v. Given such a
constant ground state ¢y and the three physical parameters mg, my, mg, the equations
of motion in a modified Lorenz gauge consist of three evolution equations

(O —mi)A” = Qav, (3.1.3a)
OX = %(% —X"¢o) —m} 2%2 (dox — X" b0) = Qx, (3.1.3b)
VO — mgth = Qy, (3.1.3¢)
and a constraint equation
m
div, A +i—L (dfy — v* —0.
iv,, ZU\/§(¢OX X" %0) (3.1.4)

The quadratic nonlinearities Q a», @y, Qy and Dirac matrices v* and 75 are defined in
(3.4.14) and section 3.2.1). The mass coefficients are

mg = 2¢%v% > 0, mi =42 > 0, mg = guv’. (3.1.5)

Without loss of generality we can restrict to my > 0. Our main result concerns the
system (3.1.3) and is a proof of the global-in-time existence of solutions for sufficiently
small perturbations away from the constant vacuum state, defined by the conditions

At =0, ¢=¢oand Jupo =0, ¢ =0. (3.1.6)
It is convenient to work with the perturbed Higgs field x = ¢— ¢ as our main unknown.
Definition 3.1 (Initial data for theorem 3.2). The initial data set consists of functions

Ab AV R3 — R%, x0,x1 : R? = C and v : R> — C* compactly supported in the ball
{]z| < R} of radius R > 0. We consider the initial value problem at ty = R + 1 with

(A”, x,¥) (to,-) = (Af, x0,%0), (0, A, 0¢x) (to, ) = (AY, x1), (3.1.7)

and Ag, x0,%0 € HNoH(R3) and Ay, x1 € HY(R3) for Ny a large integer. These data
are ‘Lorenz compatible’ in the sense of satisfying the following equations

0aA§ = =AY + 2qIm (5 x0), (3.1.8)
AAJ — mZAG = —0, A% + 2¢Im(¢fx1) — 2qIm(xgx1)
+2¢° AJ (2Re(dpx0) + X5X0) + a5 0. (3.1.8D)

The elliptic-type system (3.1.8) consists of two equations for 16 unknowns. Due to
our restriction to compactly supported data, we are not able to study all solutions to
(3.1.8). Nevertheless nontrivial data can be found. For example, we can freely pick
Al Al Re(xo), Re(x1), ¢o € C(R3), then solve for Im(xo) using (3.1.8a) and finally
solve for Im(x1) using (3.1.8b).

In the following statement, we have my > 0, and the coefficient m;l
as +oo when my = 0.

is interpreted
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Theorem 3.2 (Nonlinear stability of the ground state for the Higgs boson). Consider
the system (3.1.3) with parameters mg,my > 0, mgy € [0, min(mg, my)] and let Ny be
a sufficiently large integer. There exists g > 0, which is independent of mg, such that
for all e € (0,e9) and all initial data in the sense of definition 3.1 satisfying

140, X0, Yol zrvo+1. sy + 1AL X1 ll grvo msy < &, (3.1.9)

the initial value problem of (3.1.3) admits a global-in-time solution (A, x,v). Further-
more there exists a constant C1 such that the solution satisfies the following uniform
energy estimates at highest order

|(s/t)0" 2 (9, Au, Oux) HLz(H ) S Cie, I+ |J] = No, (3.1.10)
and logarithmic energy growth for the Dirac field
H(s/t)@IQJa#wHLZ(HS) < Cielogs, ||+ ]J| = No. (3.1.11)
together with the decay estimates
Al Set™?2, x| Set™2 |y Semin (171 my t3). (3.1.12)

The result in theorem 3.2 holds in a fairly straightforward way for the cases mg = 0
or mgy =~ min(mg, my). However much more is required to obtain a result uniform
in terms of the mass parameter mg, € [0, min(mg, my)|. Indeed the assumption my €
[0, min(mg, my)] in theorem 3.2 can be understood both mathematically and physically.
Consider the Klein-Gordon equation Ow — mgw = F. In order to obtain an estimate
of the energy on a constant-time slice ¢, we use the standard energy estimate (see also

section 1.4.1)

/RS [ow(®)|* + milu(t) dr < / [ (to)|” + milw(to)| du

//3 7)0pw(7)| dadr.
to JR

Any energy estimate for ¢ > o clearly requires control over the initial term m?||w(to)||7 (R3)"
Since this term depends on the mass parameter mgy, we clearly require m, to have an
upper bound in order for any energy argument to be made independent of m,. What
the upper bound on m, should be is motivated from physics. Fermion masses are ex-
tremely small compared to both mg, my, and so it is particularly relevant to study the
system in the entire range mg € [0, min(mgq, my)].

(3.1.13)

A simpler model: the Dirac-Proca equations. It is possible to also understand
a simpler set of PDEs, called the Dirac-Proca equations. In the Lorenz gauge the
equations of motion for this model read

0AY —m? —*y 0 v (Pry),

3.1.14
— iy O, ) + Mw = —7"Ay(PL¢), ( )

where Py, = %(14 —~°). This system describes a spinor field 1) : R3*1 — C* representing
a fermion of mass M with spin 1/2 and a vector field A = (A*) representing a massive
boson of mass m > 0 with spin 1. Using our methods we can study both the case
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M =0 (i.e. the standard Dirac-Proca equations) as well as in the case M > 0 (massive
field). Observe that the Dirac-Proca system (3.1.14) contains no Higgs field and so
the masses M, m are introduced “artificially” in the model, instead of arising from the
Higgs mechanism.

Strategy of proof. The small data global existence problem for (3.1.14) with M =0
and for (3.1.3) with ¢» = 0 was solved by Tsutsumi in [Tsu03a, Tsu03b] respectively
without a restriction to compactly supported initial data. Nonetheless it is still inter-
esting to revisit this system via the hyperboloidal foliation method which is well suited
to the study of massive fields. We thus introduce a hyperboloidal foliation which covers
the interior of a light cone in Minkowski spacetime, and we then construct the solutions
of interest in the future of an initial hyperboloid. For compactly-supported initial data
this is equivalent to solving the initial value problem for a standard t=constant initial
hypersurface. Festricting to compactly supported initial data is a strong assumption
which limits the set of initial data we can treat compared to the works [Tsu03a, Tsu03b].
In future work we hope to remove the restriction to compact data by using other work
which has achieved this for hyperboloidal foliations [LM16b, LM17b, KWY20].

A key new insight in this chapter arises from using L? norms defined on hyper-
boloids. In particular we are able to derive the following functional on hyperboloids

EM(s,¢) = /H (w*w - %w*y%i@ da. (3.1.15)

We can show that this energy is positive definite and controls the norm ||(s/t)1|| 2 (see
proposition 3.9) for spinors 1 supported in the region |z| < ¢ — 1. This functional also
satisfies an energy conservation property between hyperboloids (see proposition 3.12)
which we use in combination with Sobolev-type estimates in the case 0 < M < m.

There are several difficulties in dealing with the system of coupled wave—Klein—
Gordon equations (3.1.3). The first and most well-known one is that the standard
Klein-Gordon equation does not commute with the scaling Killing field S = z"0,
of Minkowski spacetime, which prevents us from applying the standard vector-field
method in a direct manner.

Second, the nonlinearities in the Klein-Gordon equation (or the Proca equation)
include a term describing 1—1 interactions, which can be regarded as a wave—wave
interaction term and does not have good decay. Tsutsumi [Tsu03a] was able to overcome
this difficulty by defining a new variable whose quadratic nonlinearity consists of linear
combinations of ‘strong null forms’ @,; (see Remark 1.41) which are compatible with
the scaling vector field. A similar, but complicated new variable, was also defined in
[Tsu03b] to overcome the same issue. Due to our use of the hyperboloidal foliation
method we do not need to find new variables leading solely to strong null forms, which
is an important simplification useful in our future work studying conjecture 1.49. Note
also that these ®— interactions essentially arise from the Yukawa coupling between
the spinor and the Higgs field. The stability of a massive Dirac equation with Yukawa
coupling to a massive Klein-Gordon equation (emulating a Higgs field) was studied in
[Bac88].

Next, our global-in-time existence result is established under a low regularity as-
sumption on the initial data. In the main statement in [Tsu03a, Tsu03b], a slow growth
of the energy of all high-order derivatives occurs. By contrast, with our method of proof
we do not have any growth factor in the L? norm (3.1.10) and the L> norms of the
Higgs scalar field and vector boson field. See section 3.6 for a further discussion of
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these improved estimates.

Furthermore, it is challenging to establish a global stability result uniformly for all
mg > 0, while it is relatively easy to complete the proof for either my = 0 or my a
large constant. In the case where the mass is small, say m, = €2, if we treat v as a
Klein-Gordon field then the field decays like

ip| < Cre 132, (3.1.16)

However with this decay we cannot arrive at the improved estimate (1/2)Cie if we
start from the a priori estimate Cie, where C] is some large constant introduced in
the bootstrap method. This is because the “improved” estimates we find are & 4+ C?
instead of € + (C1€)?. Hence 1 behaves more like a wave component when m, < 1,
but since the mass m, may be very small but non-zero, we cannot apply the standard
techniques for wave equations (i.e. commute with S). We find it possible to overcome
these difficulties by analysing the first—order Dirac equation, which admits the positive
energy functional (3.1.15), and this energy plays a key role in our analysis. Furthermore
although we obtain logarithmic growth for the L? norm of our Dirac field, we obtain
interesting L°° estimates interpolating between wave and Klein-Gordon decay.

Outline of this chapter. In section 3.2 we give some preliminaries, including basic
definitions for the Dirac equation in section 3.2.1 and for the hyperboloidal foliation
in section 3.2.2. In section 3.3 we study the Dirac field: in section 3.3.1 we define the
energy for the Dirac field on hyperboloids and give an energy estimate in proposition
3.12, in section 3.3.2 we convert the Dirac equation into a second order wave/Klein-
Gordon equation and define the appropriate energy functional, and in section 3.3.3
we state Sobolev estimate for the Dirac field. We then revise the abelian model in
section 3.4. In section 3.5 we discuss the system of equations (3.1.3) and introduce
transformations that allow us to control the nonlinearities. In section 3.6 we use a
bootstrap argument to prove the desired the stability result. Finally in section 3.7 we
provide complementing views on the Dirac energy E* given in section 3.3.1. The first
comes from using a Cholesky decomposition for the energy integrand in section 3.7.1,
and the second from using a Weyl decomposition for the Dirac spinor in section 3.7.2.

3.2 Preliminaries

3.2.1 Dirac spinors and matrices

This section is devoted to analyzing energy functionals for the Dirac equation with
respect to a hyperboloid foliation of Minkowski spacetime. The Dirac equation for the
unknown ¢ € C* is

— "o + My = F, (3.2.1)

with prescribed right-hand side F € C* and mass M € R. To make sense of this
equation we need to define various complex vectors and matrices.

Notation 3.3 (Complex objects). For a complex vector z = (2, 21, 22, 23)7 € C* let z
denote the conjugate, and z* = (2o, Z1, Z2, Z3) denotes the conjugate transpose. If also
w € C* then the conjugate inner product is defined by

4
(z,w) = z*w = Z ZaWeq, - (3.2.2)
a=1
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The Hermitian conjugate? of a matrix A is denoted by A*, meaning
(A%)ap = (4)pa- (3.2.3)

Definition 3.4 (Dirac matrices and their representations). The Dirac matrices y* for
w=0,1,2,3 are 4 x 4 matrices satisfying the identities

{7} =AY A = =20 1y,

(’7“)* = _nul/}/yy (3.2.4)

where n = diag(—1,1,1,1). In the Dirac representation the Dirac matrices take the

following form ‘
0 __ 12 O i 0 O'l

where 0*’s are the standard Pauli matrices:

ol = <(1) (1)> , o= <? _OZ> = (é _01> : (3.2.6)

We often use the following product of the Gamma matrices
. 0 I
75 =iyl = : (3.2.7)
ILr 0
The 5 matrix squares to I4 and so we also define the following projection operators

(14 +15), (3.2.8)

DO | —

1
PL:§(14_75)7 Pr =

to extract the ‘left-handed’ and ‘right-handed’ parts of a spinor, that is, to extract its
chiral parts.

We note the following useful identities
() =" (%) =", {7} =0. (3.2.9)

For further details on Dirac matrices and the representation considered, see [AH12].

3.2.2 Hyperboloidal foliation of Minkowski spacetime

In order to introduce the energy formula of the Dirac component 1) on hyperboloids,
we first need to use some notation concerning the hyperboloidal foliation method. This
is primarily taken from [LM14] however we make some modifications to keep notation
consistent with other chapters (eg section 1.4.1).

Definition 3.5 (Hyperboloidal foliation). Given a point (t,z) = (2% 2!, 2% 23) in

Cartesian coordinates we denote its spatial radius as r = |z| = \/(21)% + (22)2 + (23)2.

We write 0y = Oz (for a =0, 1,2, 3) for partial derivatives and

Qp = 29, +tdy,  a=1,2,3, (3.2.10)

for the Lorentz boosts. Note [0y, Q] = 0, and [0y, Q4] = 600.

2In mathematical physics literature, A* is often denoted by A’ and the notation ¢ = 1)f~° is often
used, however we keep here the notation of [DLW19].
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We introduce hyperboloidal hypersurfaces Hs = {(t, ) : t* =72 = 5%} in the interior
of the future light cone C = {(¢t,z) : <t — 1}. The truncated region

Clag.sr] = {(t,2) 155 <2 =1 <57} NC, (3.2.11)

is used to denote subsets of C and is naturally foliated by hyperboloids Hs. The semi-
hyperboloidal frame is defined by
Q a
Yo=08, Ya=-t= %at + 0. (3.2.12)
Observe that the vectors Y, generate the tangent space to the hyperboloids. We
also introduce the vector field Y+ = 9, + %c% which is orthogonal to the hyperboloids.
The dual frame of {Y,Y,} is given by §° = dt — £°dz?, §* = dz®. The (dual)
semi-hyperboloidal frame and the (dual) natural Cartesian frame are connected by the
relation

Yo =0Y0y, 00=0Yy, 6%=0%dz®, dz®=326", (3.2.13)

where the transition matrix (®3) and its inverse (U5) are given by

1 000 1 000
1 1
s |2/t 1 00 g [—2t/t 1 0 0
(®a) = 2/t 01 0] (Vo) = —2*/t 0 1 0 (32.14)
w3/t 0 0 1 -3/t 0 0 1

In this chapter we use roman font E to denote energies coming from a first-order
PDE (see below) and, calligraphic font £ to denote energies coming from a second-order
PDE.

Definition 3.6 (Hyperboloidal energies for wave or Klein-Gordon equations). We in-
troduce the following energy functional defined on a hyperboloid Hg for scalar-valued
or vector-valued maps ¢

Em(s,6) = /H (10062 + 3" 10u61 + (2 /£) (0167 0uts + 0100u6") + m?|6 ) da.

(3.2.15)
We write (s, ¢) = Eo(s, ¢) for simplicity. All of our integrals in L', L?, etc. are defined
from the standard (flat) metric in R3, so

lollgony = ( [, toteoras)” = ([ lo/eeropa)™ 620

Note the identity

En(s.0) = | (Is/0010F + 2 Ve + m?lof?) da
’ “ (3.2.17)
= /H (V612 + 3 (/D20 + 3 17" Qo + m?61?) da.

a<b

The following lemma is discussed in Chapter 1 in (1.4.12).
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Lemma 3.7 (Properties of the Klein-Gordon energy). Sufficiently reqular solutions ¢
to O¢ — m%¢ = F, satisfy

En(s )7 < En(s0, )+ [ 1Pl (3:2.18)
S50

3.3 Properties of Dirac spinors on hyperboloids

3.3.1 Hyperboloidal energy of the Dirac equation

We now derive a hyperboloidal energy for the Dirac equation (3.2.1). Premultiplying
the PDE (3.2.1) by ¢*4" gives

W01 + * 20t + iMyp* YO = i O F . (3.3.1)
The conjugate of (3.2.1) is
(Oup™) ()" — ip™ M = —iF™.

Multiplying this equation by 1 gives

(0™ ) + (Batp™ )W — iMY* = —iF*y ), (3.3.2)
Adding (3.3.1) and (3.3.2) together yields
Ao (W ) + Bu(*y° v ) = ip* A F — iF*y %, (3.3.3)

Note the mass term does not appear in (3.3.3). Moreover 2Re[z] = z+ z for some z € C
and so we see that (3.3.3) is the real part of (3.3.1). It would appear however if we
subtracted (3.3.1) from (3.3.2), that is the imaginary part of (3.3.1), then we find

V* 0t — o™ - P + Yy 90h — O™ - Y0 + 2iMyp* Y = i O F + iF*4 0.

However such an expression does not appear to be useful. We return to (3.3.3) and
integrate in spacetime to obtain energy inequalities. These give the following two
definitions of first-order energy functionals.

Definition 3.8 (Energies for the Dirac equation). On ¢ = const slices, define the
energy functional

B't0) = [ @rw)(t.a)da. (3.3.4)
R3
On hyperboloidal slices Hs define the energy functionals
B (s, 1) = /H (vru = ruryty) an (3.3.5)
E*(s,¢) = /H S (= Z29%ye) (v = 229%*0) da. (3.3.6)

We now show that the energy E™(s,1)) is indeed positive definite.
Proposition 3.9 (Properties of the hyperboloidal energy for the Dirac equation). For
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a sufficiently reqular Dirac spinor 1 we have the identity

1 1 2
E¥(s,0) =y B (s 0) + 5 [ Survda, (3.3.7)
2 2 Jy, t?
which in particular implies the positivity of the energy

E*(s,0) > 5

2

s
_ ¥ > (). 0.
Q/HSth wdxr >0 (3.3.8)

Proof. Expanding out the bracket in E*(s,1)) gives

B (o) = [ (57— 20t 0T ) da

.
J.

2 .2
- / Y1 = 2T gyt ) do

* a *$a$
271/) Yoy — ¢ 7177(”71’)%!)) dz
a,.b

(v
(916 — 22007109 + 4o b0 ) da
(

2
— 2EM(s,9) — / %w*zp dz, (3.3.9)
Hs
and re-arranging gives (3.3.7). O

Lemma 3.10 (Energy conservation on constant time slices for the Dirac equation).
Sufficiently regular solutions to (3.3.3) satisfy

E(t, ) = E'(to, 1 / / (i*y°F — iF*y%) dadt. (3.3.10)
to JR3

Such functionals on a constant-time foliation have been considered frequently in
the literature, see for instance [DFS07, Bou99]. The following lemma gives a new
perspective using a hyperboloidal foliation.

Lemma 3.11 (Energy conservation on hyperboloids for the Dirac equation). Suffi-
ciently regular solutions to (3.3.3) satisfy

EM(s,1p) = EM(sq, 1 // (7/t)(1p*y°F — iF*~%)) dzdr. (3.3.11)

Proof. Integrating (3.3.3) over Ciy, 4 gives

[ @) e — [ (w0t 0) - ndo
) 0 (3.3.12)
= / (ip*y°F — i F*~%))dtd.
Clsg,s)
Here n and do are the unit normal and induced Lebesgue measure on the hyperboloids

respectively A
n= (2472, —2"), do =t (% +r?)2da. (3.3.13)
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Using this explicit form of n and do gives the result. O

Using the positivity property of proposition 3.9 we can now establish the following
energy inequality.

Proposition 3.12 (Properties of the hyperboloidal energy for the Dirac equation).
For the massive Dirac spinor described by (3.2.1) the following estimate holds

S
E"(s,0)"/? < E™(s9,1)'/? +/ 1E | 2234, dT- (3.3.14)
80
Proof. Differentiating (3.3.11) with respect to s yields

d 1
EM(r, )" B ()2 < 5 /H (E/(F Y+ [0 F) de

(3.3.15)
< /DYl L2 1Fll 24 -
From proposition 3.9, we have |[(7/t)Y||12¢3,) < E™(r,4)"/2. Thus we have
d
T ) <Fll2u,), (3.3.16)
and the conclusion follows by integrating over [sg, s|. O

3.3.2 Hyperboloidal energy based on the second-order formulation of
the Dirac equation

In this section we convert the Dirac equation into a second-order PDE and define
associated energy functionals. Apply the first-order Dirac operator —iv”0, to the
Dirac equation (3.2.1) and use the identity (3.2.4) to obtain

" 0,0, + M(—iy"0,1)) = —iv" 0, F. (3.3.17)

Substituting the PDE into the bracketed term gives the following second-order PDE
which we call the squared Dirac equation.

Definition 3.13 (The squared Dirac equation).
Oy — M) = —MF —iv",F,
(,00)(0, ) = (vo(x), ¥1(x)) = (Yo(x), —(4°) "7 Dutbo(x)).

We denote the right hand side of (3.3.18) by G = Gy, = —MF —iv"0,F. Note that
11(x) is consistent with the regularity assumed in (3.1.9).

(3.3.18)

This provides us with another approach for deriving an energy estimate for the
Dirac equation. We now check the hyperboloidal energy coming from (3.3.18).

Lemma 3.14 (Properties of the hyperboloidal energy for the squared Dirac equation).
For a solution ¢ € C* of
Oy — M?y) = G, (3.3.19a)

we have

Enr(5, )2 < Exrlo, )72 + [ Gy (3.3.19)
80

where Epr(s, 1)) is given in (3.2.15).
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Proof. The conjugate of (3.3.19a) reads Ot* — M?¢y* = G*. Using —0;* and — 01 as
multipliers on (3.3.19a) and its conjugate respectively we obtain

O 07 — O™ Y Op + MPO™ - v = —0p*G,

2 % 2 % 2 * * (3320)
O Opp — Y 02 O + M0y - " = —G 0y,
Adding these two equations together gives
0: (0" Ot + 0"P* Dt + M) — > 0 (040" Ditp + Opp0)")
a (3.3.21)

= — (atQ,Z)*G + G*@ﬂb) = —2Re [G*a,ﬂ/}] .

Integrating this equation in the region Cp,, 4, we have
| (1000 + 3 000 + M0, (000 + 045°0i) )+ do
Hs o

— [ (10 + 3D 00+ MU 070+ 007 0)) -mde (3:322)

S0

= —2/ Re [G*@tw] dtdz.
C

[s0,s]

Using the explicit form of n and do given in (3.3.13) and noting that 2Re[0,* 0] =
O™ 0a) + 000" Opyp we find

Ent(5,0) — Engls0,10) = —2 / ) /H Re[G* 0] dtde. (3.3.23)

We next use the change of variable formula 0, = Y, — (z%/t)0; to rewrite the energy
term:

(et 32 10utl? 4 PP 5 00+ 000" 000) )

(3.3.24)
= | (/00 + 32 o + 0P

We can now estimate the nonlinearity on the RHS using the change of variables 7 =
(t2 — r2)1/2 and dtdz = (r/t)drdz. In particular we have

=2 [ Re[G" 0] (/1) do < 200000 au |l < 201 () G 120,

(3.3.25)
Thus by differentiating (3.3.23) and using the above we have
d
%5M(T7¢)1/2 <Gl p2(3¢,)- (3.3.26)
Integrating this expression over [sg, s] gives the desired result. O

Note that the mass did not appear in the hyperboloidal energy E™ defined in
(3.3.5). This implies that spinors with equal masses but opposite signs (M) still obey
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the same energy estimates of proposition 3.12. This is consistent with the second-order
equation (3.3.18) for the Dirac field where the mass M? appears. In this equation the
mass appears squared; so spinors with equal masses, but of opposite signs, obey the
same second order equation.

3.3.3 Sobolev-type estimates for a Dirac spinor

In this section we obtain novel decay estimates for the Dirac spinor. First we use
the following Sobolev estimate on hyperboloids for functions compactly supported in
|z| <t—1 [LM14, Proposition 5.1.1].

Proposition 3.15 (Sobolev-type inequality on hyperboloids). For all sufficiently smooth
functions @ supported in the region C, then for s > 2

sup ‘t3/2 t,x) < C Z HQJgaHL2 ¥ (3.3.27)
(t I)EHS ‘J|<2

where the summation is over Lorentz boosts ). The constant C' > 0 is uniform in s,

and we note that t = \/s* + |z|? on H.

This Sobolev-type inequality is easily adapted to include boosts which commute
with the Dirac operator iv"0,.

Definition 3.16 (Modified Lorentz boosts). Following [Bac88] (albeit in a different

sign convention) define modified boosts Q, that differ from €, by a constant matrix

~ 1
Qu =0 — 5707‘1 (3.3.28)

It then holds that [Q,i778,] =
The following result is a simple extension of proposition 3.15.

Corollary 3.17 (Sobolev-type inequality for spinors on hyperboloids). Suppose ¥ is a
sufficiently smooth spinor field supported in C, then it holds for s > 2

sup |2 (t,2)| S D 1979 1oy (3.3.29)
#s 1J]<2

where Q0 denotes a modified Lorentz boost.

We can combine this Sobolev estimate (3.3.29) with an appropriate energy bound
in a standard way to obtain the following ‘weak’ estimate for the Dirac field.

Corollary 3.18 (Weak decay estimate for the Dirac equation). Suppose 1 is a suffi-
ciently smooth Dirac field supported in C, then for s > 2

sup [st!/2p| < Y B (s, Q7y)Y2 (3.3.30)
Hs 1J]<2

Proof. By the Sobolev inequality (3.3.29) on a hyperboloid Hs and proposition 3.9 we
have

0726 = 2G5/ £ 3 107 (/) 12y £ D B, 072 (3330

<2 <2
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Since s <t < Cs? on HsNC, the decay rate (3.3.30) is not as good as that of standard
Klein-Gordon fields. However we know that the Dirac equation, when squared, leads
to a Klein-Gordon equation. This leads us to seek help from the other component of
the functional E™ (s, ). In proposition 3.9, we have shown the decomposition identity
(3.3.7) for the hyperboloidal energy functional E* (s, ):

B (s, ) = —E*(s ) + 2 /H S iw*wdx, (3.3.32)
Where we can rewrite E+ as
)= [ (=) 60 (4 - St do
= [ (60 T) (" - %vbw) da. (3.3.33)

Although there is no information about the mass M in the Dirac energy E™, by closely
studying each component of the functional E*(s,1)), we can in fact recover the Klein-
Gordon-like decay for M # 0.

Proposition 3.19 (Strong decay estimate for the Dirac equation). Consider a suffi-
ciently regular solution to the Dirac equation (3.2.1) supported in C, then for s > 2

sup\Mt3/2¢\<supyt3/2F\+ Yo B0+ Y [V 0|y, (3:3:34)
s [11+71<3 e

Proof. First note that by proposition 3.9, H(s/t)@lﬁ‘]@bHLz(Hs) < EM(s,0'Q7¢) for
|I| + |J]| < 3. We express the Dirac equation (3.2.1) in the semi-hyperboloidal frame

—i(y° - w%)aﬂb — iV Y ) + Mep = F, (3.3.35)
which can be rewritten as

My =F+i(y° - Wa%)aﬂb Y. (3.3.36)
For the third term, note that by corollary 3.17 we have

2l S 30 197Vt oy S D Va9 a0 (3.3.37)
|J|<2 |J]<2

Again by corollary 3.17 we have

(0° =" =1)aw] £ 3 I8 ((° = 2" @a/D) ) | 2, - (3.3.38)

|7]<2

We note that the decomposition 3.3.33 implies
1(3° =7 (@a/0) Q0| 25y S B (5,007 9)1/2, (3.3.39)
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which suggests we study the commutator [(AZJ A0 — b (xy/ t)] A computation gives
. x
[Q0,7° =+ (@e/D)] = =2 (7" = 7" (@ /1), (3.3.40)

which we can control since r < ¢ in the cone. An induction shows [ﬁ‘] A = AP (@ /t)]
with |J| < 2 also only contains good lower-order terms. Hence the proof is complete. [

3.4 Nonlinear stability of the ground state for the U(1)
model

The main result of this chapter, theorem 3.2 was stated for a system of PDEs (3.1.3).
We now derive these PDEs.
3.4.1 The abelian action and U(1) invariance

The Lagrangian we consider is

L= —iFwF W — (Dug) D' — V(6" ¢) — ib*y°* Db + g¢* oy 'y, (34.1)

where we use the following definitions for the Higgs potential, gauge curvature and
gauge covariant derivatives:

V(6"0) = 26" + M¢"0)%,  Dud = (9 — iqAu)o,

, (3.4.2)
Fuy = 0,4, — 0,A,, Dytp = (8, — igA, ).

Furthermore A > 0,¢,q, are real constants. A calculation shows that the Euler-
Lagrange equations for (3.4.1) are the following

Q" = iqd*(D"¢) — iq(D"$)* ¢ + qvv*y 7",

DDy = V'(¢*$)p — g™+, (3.4.3)
i Dyp = go* oy
where we denote V'(¢*¢) = %. These PDEs can also be expressed as

0AY — 0" (divA) — 2¢* A" ¢ ¢ = iq(¢* (9" ¢) — (8" ")) + qv™ "+, (3.4.4a)
O¢ — V'(¢*¢)¢ — iqpd, A* = 2iq A0 ¢ + > A Ay — g™y 0, (3.4.4b)
V'O — g Py = —qv" A (3.4.4¢)

Remark 3.20. If we were to consider perturbations of ground states ¢y which are not
constant in spacetime, then we would pick up, for example, a term of the form

iq (50" 90) — (9" 95)d0) ~ O(1) (3.4.5)

in (3.4.4a) which is certainly not small. This is why we impose the restriction that
Oupo = 0. However even with this choice, we could still pick up linear terms

iq(d50"x — (9"x)*¢0) ~ O(e) (3.4.6)

in (3.4.4a). We use the gauge freedom to remove such a term.
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Lemma 3.21 (Gauge symmetry). £ has a U(1)-gauge symmetry under the transfor-
mations ‘ ‘
A= A=A+ 0,0, ¢ ¢ =e%, Y Y = "%, (3.4.7)

where o = a(t, z) is some arbitrary function of space and time.

Proof. Using (3.4.7) and (3.4.2) we find

Dy¢ + D) ¢ = "D, ¢,

A A ) 3.4.8
Dy — D:ﬂ?, = 0u(e"%Y) —iq(A, + Opa)e' ) = "D 2. ( )

By the commutation of partial derivatives we immediately see that F),, is invariant
under U (1) gauge transformations. Inserting these transformations into the Lagrangian
one obtains

.k 1 v * * * *
L' = i’y D! — T F — (D) D = V()"0)) + 66/ gu ™y
. . ) . 1

= —ie MY 019, (1)) — i (', —igy* (Ay + Opa)e' 1)) — 7 F
o (DH¢)*€_iqa6ianu¢ _ V( *e—iqaeiqa¢) + g¢*¢e—iqa¢*70€iqo¢w
.k 1 v * * * *
= =i Y Dytp = T Eu P — (Do) D = V(676) + 90" 69"y
(3.4.9)
Thus £ is invariant under the transformation (3.4.7). O

3.4.2 Propagation of an inhomogeneous Lorenz gauge

Next, with a similar aim to that of section 1.7.1, albeit keeping in mind remark 3.20,
we turn (3.4.4) into a PDE of definite type by specifying a particular gauge for A*.

Lemma 3.22 (Propagation of an inhomogeneous Lorenz gauge). Let X be a suitably
reqular scalar field. Consider the modified system

0OAY — 2q2Al/¢*d) =X + zq(qb*(a”gi)) o (8V¢*)¢) + qw*,yo,yu¢’
06 — V'(¢*p)¢ — iqpX = 2iqA,0"¢ + ¢* AF A, p — gdp*™y 4, (3.4.10)
VO — g P = —gy" A

Suppose the initial data for (3.4.10) satisfy

(divA — X) (to,-) =0,
8y (divA — X) (tg, ) = 0. (3.4.11)

Then as long as a sufficiently reqular solution to (3.4.10) exists, it satisfies divA = X.

Proof. To propagate the gauge choice divA = X imposed on the initial data we take
the divergence of the first equation in (3.4.10) and use the second evolution equation
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(3.4.10):

O(divA — X) = iq(¢* D¢ — O¢* ) + 2¢°0, (A ¢*¢) + 40y, (V™7 ")
— ige* (2@'un8“¢ +ighd, A" + PA APG + VG — gw*y%)
—iq( — 2igA4,0"0" — g8 A" + PA NG + (V') — go" " )
+ 2620, (A ¢* ) + qp* y°yOutb + g0
=iq(¢*V'¢ — (V'¢)*¢) = 0.

In the last line we used the fact that V' = (V')* which is a consequence of V' being
chosen real since it appears in the (real-valued) action. O

3.4.3 Gauge choice for the abelian model

As discussed in (3.1.2) and remark 3.20 we consider perturbations x = ¢ — ¢ where
¢o is constant in space and time and has magnitude |¢o| = v. The following result is a
consequence of lemma 3.22 by choosing X = —ig(¢ix — x*¢o)-

Corollary 3.23 (Propagation of an inhomogeneous Lorenz gauge). Suppose the initial
data satisfy the following gauge condition

(divA + ig(¢5x — X" o)) (to, )

0¢ (divA +ig(d5x — x*b0)) (to. ) =

0,
(3.4.12)

Then the Euler-Lagrange equations for (3.4.1) are equivalent to those written in (3.4.13).

3.4.4 The U(1) model as a PDE system

We have now derived the equations originally given in (3.1.3). Thus in the Lorenz
gauge of corollary 3.23 the field equations take the form

(D - mg)AV = QA”7
0 (i + X d0) = Qx (3.4.13)
Z"Yuauw - mgl/} = Qwa

with quadratic or higher order terms given by

ox — m; % (9ox — X*P0) —m

Qav =1iq(x*(8"X) — (0"X*)x) + 2¢° A" (X*do + dox + X*X) + g™ "7,  (3.4.14a)
Qx = 2iqA,0"x + X (dox — X*d0) + ¢* A" Au(¢o + X)

+ 20 X0 + 22X (Box + x o + xX) — 9(d0 + x) ", (3.4.14b)

Qy = g(dox + X b0 + X X)¥ — (v At (3.4.14c)

The mass coefficients
mfl = 2¢%0°, m%\ =4 2, mg = gv?, (3.4.15)

depend themselves on given coupling constants denoted by g, g, A, as well as the vacuum
expectation value v of the Higgs field.
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The initial data set are denoted by

(AV>Xa ¢)(t07) = (A67X07¢0)7 (atAVaatX)(t07') = (ATaXI)v (3416)
and are said to be Lorenz compatible if they satisfy

9aAf = —AY —iq(dhx0 — X5%0),
AAY —miAY = =0, AT —ig(d5x1 — Xido) +ig(xox1 — XiXo) (3.4.17)
+2¢* A (B5x0 + XG50 + XoX0) + q¥io.

The derivation of (3.4.17) follows from results of the following section 3.4.1, in particular
the gauge choice condition given in corollary 3.23.

3.5 Structure and nonlinearity of the models

3.5.1 Aim of this section

In this section we transform the variables in (3.4.13) in order to treat some difficult
terms in the nonlinearities (3.4.14) of the following two types

Y, —gpop . (3.5.1)

These appear in (3.4.14a) and (3.4.14b) respectively. If the mass of the Dirac spinor is
small or zero, that is 0 < my < min(mg, my), then the nonlinearities in (3.5.1) have
insufficiently fast decay for the bootstrap argument to close. This is because in the case
0 < mgy < min(mg, my), the Dirac field behaves more like a nonlinear wave equation
and we do not have good bounds for either the L? or L> norm of .

To address these issues, we employ a transformation used in [Tsu03a, (3.1)] for the
Dirac-Proca equations. The transformation (see (3.5.2)) will introduce an additional
factor of m?] in front of the - interactions (3.5.1) which we can then control using
Proposition 3.19. However the transformation will also produce new -1 interactions
in the form of null forms Q(w,7°y”,%). This was problematic in [Tsu03a] since a
constant t-foliation is used. Thus an essential part of their proof relies on showing
that these new null forms are only strong null forms, see remark 1.41, compatible with
Klein-Gordon equations [Tsu03a, Lemma 2.3]. This is also a significant part of the
analysis in [Tsu03b, §2]. Thus an added benefit of using the hyperboloidal foliation is
that that we do not need to reduce our nonlinearities to strong null forms.

In the case my ~ min(mg, my), better Klein-Gordon bounds are available and
we do not require the above transformation anymore. Finally although the equation
satisfied by x is not obviously a semilinear Klein-Gordon equation, we find that y can
be decomposed into two components, with each component satisfying a Klein-Gordon
equation.

3.5.2 Hidden null structure from Tsutsumi

We follow a transformation given in Tsutsumi [Tsu03a, (3.1)]. Define a new variable

Av v q v
AV =AY + =o'y, (3.5.2)
mq
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which satisfies the non-linear Klein-Gordon equation
(0-m2)A" = Q1. (3.5.3)
in which the nonlinearities are
2q 0 qd ~x 0 qd % 0 29 9 .40
= — v —G v — G — v 3.5.4
Q7 mng(w,v ot %Z))+mg elte' ¢+m3w vy ¢+m3mgw YY"y, (3.5.4)
and G, is computed using (3.3.18) and (3.4.14)
Gw = *mgQw — m”@l,Qw
= —myg(g9(Pox + X b0 + X X) — ¢V Au) —igy” 8, (dox + X do + X X)V
+igy"' VO Aptp — g(Pox + X Po + X"X) (Mgt + Qy)
~ 2ig A" D) — g A (g + Q). (3.5.5)

Note the nonlinearity 1*y%y*% in (3.5.4) now appears with a good factor of mg. We
can control this term using Proposition 3.19. Note that the null forms appearing in
(3.5.4) extend in the obvious way from definition 1.40 to complex-valued functions
®(t,z), U(t,z) : R3T — C", for example Qo(®, ¥) = —n*(9,P,0,V).

3.5.3 Decomposition of y

In order to study the behaviour of y, it is more convenient to consider equations for
the following two variables

X+ = doX £ X do. (3.5.6)
Since the following identity holds
X+ + Ix= 7 = 20%|x?, (3.5.7)

it is equivalent to estimate either x or xy+. These new variables satisfy the Klein-Gordon
equations

Ox+ — mMix+ = Q. (3.5.8)
Ox- —mex— = Qx_,

with a computation showing the nonlinearities are

Qy, = 2ig A0 x— + q2x2_ + qQA’Ul#(Qv2 + X+)

+ 4AAP XX + 207 + 224X X — 9(20 + x4 ) vy, (3.5.10)
Qx_ = 2iqAu0" x4 + XX+ + CAA X
+ 20X X+ + 2A XX — gx - . (3.5.11)

Following Tsutsumi again [Tsu03a|, we define the new variable

- 2mg
X+ =X+ — —2¥*, (3.5.12)
my

which satisfies the following Klein-Gordon equation
OX+ — m3X+ = Qs (3.5.13)
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with the nonlinearity

3
m m m m
S =41 A 29 G5 A + 2—Lp* 7 0G,, — 4—Lyp*A0
Qx+ m§Q0(¢V¢)+ mg\ ¥ Y+ mg\?/)’Y » m§\¢V1/J
+ Qy, +2myh*y %y
3
m Mg ~x Mg My &
= —4mng0(¢a w%) =+ 2mng¢’YO¢ + 2m7§¢ ’YOGw - 4m7§’¢ 704
A A A A
+ 2iq A 0" X - + X2+ PAPAL (207 + x4) F A+ 2002
+ 2200 XX — g™ (3.5.14)

The term 2mg¢*’yow has cancelled with the problematic term in @, and all other

nonlinearities of the form 1*y%y) now appear with a good factor of mg in front.

3.6 Bootstrap argument

This section is devoted to using a bootstrap argument to prove theorem 3.2. To briefly
summarise from section 3.5, we now deal with the unknowns

AV =AY + %w*’yofy”w, (3.6.1a)
myg
- 2mg |,
X+ = X+ — —2 ", (3.6.1b)
mx
X- = ¢ox — X o, (3.6.1c)
v, (3.6.1d)
which satisfy the equations
OAY — mgg” = Q7 (3.6.2a)
OX+ — m3X+ = Qx,» (3.6.2b)
ox— — mgx_ =Q_, (3.6.2c)
VMO — mgth = Q. (3.6.2d)

The mass parameters are defined in (3.1.5) and the nonlinearities are defined in (3.5.4),
(3.5.14), (3.5.11) and (3.4.14c) respectively.

The proof of theorem 3.2 is based on a bootstrap argument. In section 3.6.1 we state
standard estimates for null terms, various commutators and Sobolev-type estimates on
hyperboloids. The bootstrap assumptions are made in (3.6.15). These bootstraps,
combined with some standard commutator estimates and Sobolev-type inequalities,
lead to certain weak estimates in (3.6.18) and (3.6.19). In section 3.6.3 we use our
first-order hyperboloidal energy to upgrade our estimates for the Dirac component
in proposition 3.27 and corollary 3.28. In section 3.6.4 we obtain estimates for the
transformed variables A” and X+ defined above. Putting all of this together we finally
are able to close our bootstrap assumptions.
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3.6.1 Standard Estimates: null forms, commutators and Sobolev es-
timates

We first illustrate estimates for the quadratic null terms, referring to [LM14, Prop.
4.1.2] for the proof.

Lemma 3.24 (Estimate of null forms). Let Q(¢, ) be one of the null forms given in
definition 1.40 and let ¢, v be some sufficiently regular functions defined in the region
C. Then for any |I| +|J| € N

0'Q7Q(,0)| S (s/1) > |9"QN0,¢]|0"0" 0.
[T1|+[ 12| <[]
[J1|+]J2]<]J|
Y > (J0ne Y [0 0 Y| + |07 0 Yael 00" Yap| ).

[I1|+|12|<|1]| a,B
[J1]+| 2] <]

(3.6.3)

The definition of the semi-hyperboloidal frame {Yp, Y, } is given in (3.2.12). The key
outcome from lemma 3.24 is the factor of (s/t) in front of the component 971Q7/19,¢ -
0120720, since this allows such a term to be absorbed by the energy using (3.2.17).
This is important since the derivatives Yy, like 0 in Chapter 1, enjoy better L> and
L? properties. The derivatives d; require the factor of (s/t) in order to also have good
L> and L? estimates.

We next state an estimate for commutators, referring to [LM14, Lemmas 3.3.1-
3.3.3] for the proof. Roughly speaking, the lemma allows us to commute 6/Q7 with
derivatives in the set {0y, Y, 0203, (s/t)0s} at the expense of generating lower-order
terms.

Lemma 3.25 (Estimates of commutators). Let ¢ be a sufficiently regular function
defined in the region C. Then for any |I|+|J| € N there ezists a constant C = C(|1],]J|)
such that

(077, dulp| + |[07Q7 Yalp| < C D ) |9s0"071 (3.6.4)
lAl<lJ| B
[CHERE gp‘<C( S Y w4t Y Z|8ﬂah§2‘]1g0|) (3.6.5)
|<|T| b \n|<|1] B
[J1|<]J] [J1]<]J]
(0727, 0a03]0| <C > > [0a050" QM ¢, (3.6.6)
|L<|I| o8
|J1|<]J]
10707 ((s/8)0ap)| < [(5/1)0a0"Q7 0| +C > > " |(s/t)950" Q7 ). (3.6.7)
‘|§1I<|\§I‘ B
1<

Note the conventions here: 9'Q7 =0 if |[I|+|J| <0, b € {1,2,3} and o, 8 € {0,1,2,3}.

We frequently make use of the following identity which follows under the assump-
tions of proposition 3.15 and by using lemma 3.25:

sup ’5t1/2 t,x) Z |(s/t) QJuHLz . (3.6.8)
s 1<2
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3.6.2 Bootstrap assumptions and basic estimates

Recall the assumption on initial data in theorem 3.2. This initial data is supported
in {|z| < R} and is posed on the hypersurface of constant time ¢ = ¢y. The following
proposition allows us to consider the Cauchy problem posed on the hyperboloid sg =
R+1 and to construct a local solution from this data. The proof follows using standard
arguments given in [LM14, §11].

Proposition 3.26 (Existence of data and local existence in hyperboloidal time).

1. Let Z > Ny > 5. For a sufficiently large constant A > 0 there exists €f, > 0
depending only on R and A such that under the smallness assumption

||A07X07¢0HHN0+1(R3) + ||A17X1||HN0(]R3) <¢, (3.6.9)

for e < e the local in t-time solution to (3.1.3) defines compactly supported data
on the hyperboloid Hs,, so = R+ 1, satisfying

Z (HaIAOHL?(Hs) + 10" xo0ll 23,y + ||3I?/)0HL2(HS)>
[1|<No+1

+ 3 (107 Ao,y + 10"l 2y ) < Ae,
[1]<No

(3.6.10)

for all e < &f.
2. Let Z > No > 5. Consider the Cauchy problem for (3.1.3) with initial data

(A”,X, w)(so, )= (AG,X0,¢0), (8tA”,8tx)(so, )= (Alf,xl), (3.6.11)

posed on the hyperboloid Hs,. There exists a sufficiently small g > 0 such that
for all data satisfying

S (10" Aolaaeyy + 19Xl ae) + 10" oll o)
[7|[<No+1

+ 30 (10 Az + 107120 < e
[1]<No

(3.6.12)

where € < g, there exists a unique local in s-time solution on [sg, s1] with s1 > sg
which satisfies

> (HafAVHLQ(HS) + 10" xN 220y + ||8Iw||L2<HS>) < Be, (3.6.13)
|[T|<No+1

for some constant B > 0 and all s € [sg,s1]. Furthermore if T, denotes the
supremum of all such times (for a fized €) then either T, = 400 or

tim Y (1074 ey + 10 Xz + 10"l z ) = 00 (3:6.14)
s—T,
[I|<No+1

We proceed with a bootstrap argument, referring to section 1.3.2 for a more detailed
discussion of this approach. For some large constant C; we assume that, in a time
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interval [sg, s1] where s1 > sq, the local solution satisfies for all s € [sg, s1] the bounds

Em, (5,077 4,) 7 4 £, (5,077 x) "% < Che, 1]+ |J] < No,
Emy(5,0'QT )2 < Cre, I+ ]J| < Ny—1, (36.15)
Emy (5,0'Q7))2 < Cielogs, |I|+|J| =

We suppose
Sx = sup{sy : (3.6.15) holds for all s € [sg, s1]} < 0. (3.6.16)

Our aim is to prove the refined estimates

1
Emy (5,077 A) 2 4 £, (5,077 ) ? < 501, 1| + | J] < No,
1
Emy (5,017 h)1/? < e, 11| +1]J] < No—1, (3.6.17)
1
Em, (5,0" Q2792 < SCiclogs, 1] +1J] = No,

for all s € [sq, s1].

Combining the bootstrap assumptions (3.6.15) with the estimates for commutators
in lemma 3.25, the following set of estimates is obtained, for |I| + |J| < No,

1(/6)0' Q27 8u(Av, )| 23,y + 1(5/8)00" Q7 (Au, )| 23,

HaIQJ vs X HL2('H ) < ClE, (3618&)
|mg|HaIQJ¢HL2(HS) + H s/t) a“a[QJ@bHLQ(HS) < Cielog s,

< Che,

and, for |I| + |J| < Ny —1,
mgl|0° Q7% o gy + [[(5/)0u0" 2% | 2y < Cre. (3.6.18b)

Combining (3.6.18) with proposition 3.15 and corollary 3.3.28 the following hold, for
I +|J| < No—2

sup  (tY/25]0,07Q7 (A,, X)| + 1250727 80 (As, X)|) S Che,

(t,x)EHs
sup #3/2 o107 A4,,9'07y]) < Cie,
o G )< (3.6.192)
sup (t3/2|mganJ¢\ +t1/23\aaanJ¢,anJaaw\) < Cielog s,
(t,x)eHs
and, for |I| + |J] < No—3
sup (t?’/?\mgafmw\ +t1/2s|8a8[QJ¢,8IQJ8a¢D < Cre. (3.6.19b)

(t,x)EHs

Note that we could in principle prove the two estimates for |m,0 Q74| using proposition
3.19 however that would involve making a bootstrap assumption E? (s, d'Q7v) which
we avoid doing. The main thing to be aware of is that the estimate for |m,0!Q7v|
breaks down as my — 0.
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3.6.3 First-order energy estimate for the Dirac field

To obtain decay estimates for the Dirac component v, a standard method is to analyse
the second-order form of the Dirac equation (3.3.18). This is then a semilinear Klein-
Gordon equation with mass mg and so there are standard techniques to estimate the
nonlinearity, for example [Ali06] and [LM16a].

However, the right-hand side term appearing in our wave equation (3.3.18) does not
decay sufficiently fast for this argument to close, which is due to the possibly vanishing
mass mf] > 0. Thus at this point we use proposition 3.9 and the lower bound (3.3.8) for
the energy E™. This motivates us to analyse the first-order form of the Dirac equation
in the following theorem to obtain certain improved L? and L> estimates for ¢ that
are uniform in my.

Proposition 3.27. Under the bootstrap assumption (3.6.15) the Dirac field ¢ satisfies

(/27| 2y, S €+ (C1e)?, 1] < No, (3.6.20)
sup [t1/2sQ7y| S e+ (Cre)?, I < No— 2, (3.6.21)
H

s

as well as the following sup-norm estimate for 1)

sup [td'Q7p| S e+ (Cie)%, |1 +]J] < No— 2. (3.6.22)
Hs

Corollary 3.28. Under the bootstrap assumption (3.6.15) the Dirac field ¢ satisfies
sup |t1/2507Q7 | S e+ (Cre)?, [I| 4 ]J] < No — 2. (3.6.23)

Note that, in contrast to the estimate in (3.6.19a), corollary 3.28 controls || instead
of merely |0v|.

Proof of proposition 3.27. We write the Dirac equation (3.4.13) as
iv' O — mgyp = Hap, (3.6.24)

where H = g(¢fx + X o + X*x) — 97" A,,. Since ip*y°H — iH*y%) = 0 from lemma
3.11 we have the following conserved energy

E"(s,9) = E"(s0,%). (3.6.25)
Thus using inequality (3.3.8) from proposition 3.9, we have

1(s/D% 230y S E™ (50,%) S e (3.6.26)

This will be our first induction step.
Next we assume that for |J| = k — 1, where 0 < |J| <k —1 < Ny — 3, the following
holds R
H(s/t)QquJHLQ(HS) < e+ (Cie). (3.6.27)

Consider now the case |J| = k where 1 < k < Ny — 2. Applying Q7 to the Dirac
equation above we find

V8, (1)) + img Q7 = —iH(Q ) — iR 4p, (3.6.28)
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with R’ = [QJ ,H] and H as before. Observe that R’1 contains only terms, up to
some constant matrices, of type

ONH-Q”2¢, I+ R < |J|, |J] <|J| -1 (3.6.29)

Using the induction assumption (3.6.27) and sup-norm estimate from (3.6.19a), we have

IRl S D W) H iy Do 1/0Q78]| aay.

1< A L] [J2]<|J|-1

S > H(t/s)ﬁleHLOO(HT) > H(S/t)QJQwHLZ(HT)
1<|J1[<No—2 |J2|<k—1

<2732, (3.6.30)

Thus using proposition 3.12 and the initial data condition (3.6.15) we have, for |J| =
k< Np—2,

EM (s, 07 0)1/2 < B (59, )12 4 / IRl 2yl
S0

Se+ (Cre)? /s 732 4r, (3.6.31)
<e+ (Cre)’ 0
From proposition 3.9, we have, for |J| =k < Ny — 2,
H(s/t)@‘]wHLQ(%) < EM(5,Q79) S e+ (Ce) (3.6.32)

We have thus shown the induction for |J| < Ny — 2. By corollary 3.17 this implies for
|J| < No—4

L B S [ P (GO (3.6.33)
e IS 42

We now consider the case |J| = Ny — 1, choosing Ny large enough that % +1<

No—4 (No > 8 suffices). We distribute derivatives according to (3.6.29) and apply the
estimates from (3.6.18a), (3.6.19a), (3.6.32) and (3.6.33) to find

IR Gl S D 19 Hl gy D 1978 gy

1<]J1I<No—1 |J2|<No—4

+ > @9 H ey Do 6/0Q%9 12y,
1<]J1|<Ng—4 |J2|<No—2

<2732, (3.6.34)

As before, using proposition 3.12, the initial data condition (3.6.15) and proposition 3.9,
we have, for |J| = Ny — 1,

|](s/t)§J¢HL2(HS) < E"(s,Q7¢) < e+ (Cre)2. (3.6.35)

We can now state the sup-estimate (3.6.33) for |J| < Ny — 3.

The same analysis applies for |J| = Nyg — 1, and also for the case |J| = Ny. This
then allows us to state the sup-estimate (3.6.33) for |J| < Ny — 2. To conclude the
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proof, we can now use ¢t < s in C to prove (3.6.22). O

3.6.4 Refined estimates for A and y

In this final subsection we close our bootstrap argument. For this to work we move to
the transformed vector field A” defined in (3.5.2) and the transformed scalar field x4
defined in (3.5.12), which are heuristically of the form

A=A+ O(WP), x4 =X+ +O(vP). (3.6.36)

Conclusion of proof of Theorem 3.2. Recall that our goal is to prove (3.6.17). Using
the estimates for A and x4 coming from (3.6.18) and (3.6.19), together with the
previous energy and sup-norm estimates for ¢ from proposition 3.27, the following
estimates for || 4 |J| < Ny hold

1(s/0)0" Q70 (Au, X )| 12 a0,y + 1(5/D0u0" QY (Au, X ) 2z, S Cres (3:6.37a)
10" (A, X6)| poayy S Cres (3.6.37b)

while for |I| + |J| < Ny — 2 we have
sup (tl/%maaIQJ(ZV, )| + /250707 0, (A, y+)\> < Che, (3.6.37¢)
Ha

sup (t?’/?\aIQJ(Ky, >z+)\) < Cye. (3.6.37d)
Hs

We next look at the energy for ¢ in the case |I| + |J| = Ny. From lemma 3.14 and
(3.6.24) we have

En, (5002 <o+ C [ (0900 | s+ D 10 (@)
S0 IJ’

+ 21077 (HO )| 125 AT (3.6.38)
"

where H is defined after (3.6.24). By distributing derivatives we see the worst term to
estimate is the following.

1077 (D))l 231,

< 2 Yl ouH| g, (/00" agy,
Li+1=I1,J1+Jo=J n
[T1]+|J1|<No—2

+ > Y s/ QN0 H | 0 1/ 8)02 Q70| e gy
Li+x=1,J1+J2=J p
|11 +J1|>No—1
< (015)27-_3/210g7 + (Cre)?rt
S (Cre)’r (3.6.39)

Note this term leads to the log s growth in the third bootstrap assumption in (3.6.15).
Inserting this information into (3.6.38) we obtain

Emy (8, 'Y < e+ C(Cre)log s. (3.6.40)
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A similar argument, however this time only for |I| 4 |J| < Ny — 1, allows us to find

Em. (5,01Q7 )2 < e + C(Cre)?. (3.6.41)

g9

To obtain estimates for A, we first bound the energy for AY using lemma 3.7. For
all |I] + |J| < Ny we have

Em(s, 0107 AV)1/2 < e+/ 1Q il 23, d7
S0

<e +/ (HOIQJQO(?/J’WOWV@Z’)“LQ(HT) +m2[|07 7 (7 )| o

S0
+ (0707 (204 + A0 + V00| oy ) A
< e+ CO(Che)? (3.6.42)
Note we used the definition of @ 3, given in (3.5.4) and the null form estimate of lemma

3.24. Now using (3.6.42) and Young’s inequality we can bound the energy for A”. For
all |I| + |J] < Ny we have

Emy (5,077 AN < €, (5,0"QT A2 1 £, (5,0"Q7 ())1/?
<@2+C > /90" g %
Ii+-Io=1,J1+J2=J
I1+J1<No—2
To . 1> J:
(/08,0070 g, + (5/D0™ 2|3,

Note in this we used that m, is some finite, non-zero number.

A similar procedure as just argued for A" also gives the refined estimates for x4
Emy (5,070 )2 < (3/2)e + C(Che)?, (3.6.44)
for all |I| + |J| < Np. The refined estimates for x_,
Emy (5,197 V2 < e+ C(Cre)?, (3.6.45)

can be obtained directly using the bootstraps and lemma 3.7 since the nonlinearity
() _ contains no problematic quadratic terms. A combination of (3.6.44), (3.6.45) and
(3.5.7) gives the refined estimates for x

Emn (5,077 )V2 < e 4 (Che)?. (3.6.46)

By choosing C sufficiently large and e sufficiently small, we collect together (3.6.40),
(3.6.41), (3.6.43) and (3.6.46) to arrive at the refined bounds (3.6.17). This establishes
the refined bootstrap estimates. Repeating the discussion of the bootstrap argument
in section 1.3.2 we have shown global existence and thus completed the proof the main
theorem. Furthermore using the relation ¢ < s? within the cone C, then (3.6.19) and
(3.6.23) verify (3.1.12). O
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3.7 Additional properties of Dirac spinors on hyperboloids

We end this chapter with a short alternative presentation of the Dirac energy on hy-
perboloids E*. Although we don’t use this in proving the theorem, it’s quite fun to
derive. The flagging reader may prefer to jump ahead to Chapter 4.

3.7.1 Hyperboloidal energy based on a Cholesky decomposition

Our first task is to obtain a hyperboloidal energy for the Dirac field 1) expressed in terms
of a product of complex vectors z(1))*z(¢)). Such an expression is then easily seen to
be positive semi-definite which, clearly, is in contrast to the form given in (3.3.5) and
proposition 3.9.

Recall the standard Cholesky decomposition: any Hermitian, positive-definite ma-
trix A can be decomposed uniquely as

A= P*P, (3.7.1)

where P is a lower triangular matrix with real and positive diagonal entries. In par-
ticular if A is positive semi-definite then the decomposition exists however one loses
uniqueness and the diagonal entries of P may be zero.

We now prove the following result.

Proposition 3.29 (Properties of the hyperboloidal energy for the Dirac equation).
There exists a lower triangular matriz P with real and positive diagonal entries such
that

B¥(s.0) = [ (Po)(Pv)da. (3.72)
and specifically
s/t 0 0 0
B 0 s/t 00
P 23/t o/t —ix?/t 1 0] (3.7.3)
o/t +ix?/t —a3 /t 0 1

which can also be expressed as

p_ (5/72—}— 1I4 N (5/22— 170

l,a
+ 5ab770fyb. (3.7.4)

The above expression is quite natural and resembles what is known for the wave
equation: the factor %/t comes from Stokes’ theorem applied to hyperboloids and we
cannot expect to fully control the standard L? norm, namely ng Yv*) de.

Proof. Step 1. FExistence of the decomposition. Before we proceed with the derivation
of the identity, we present an argument showing that such a decomposition exists by
proving positive semi-definiteness. For simplicity of notation, let N, = x®/t. The
integrand of E™(s,1)) can be written as ¢* A1) where A = Iy + Noy°y®. Here the
spatial indices are contracted with d,p, so that N,v* = 6, N%. Note A is hermitian
since A* = I4 + N, (7%y%)* = A. Also

(Nayv ) (Niy*yP) = =NaNpy®%9%9° = —=NaNyy“y?) = NoN°14. (3.7.5)
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Then for all z € C* we have
0 < (Az)"(Az) = (1 + NoN*)2* 142 + 22" Noy 092
<2(2" gz + z*Na'yO’yaz) (3.7.6)
2

We used that N,N® = (r/t)?> < 1 which holds in the light-cone C. Thus A is positive
semi-definite.

Step 2. Computing the matriz P. With respect to the Dirac representation (3.2.5)

we have
_ I, 09 0y o°
A=t (2 %) (5 7))
(I 0 0y o°
~(or ) +m (e 5

Here Iy and 0y represent the 2 x 2 identity and zero matrices respectively. Calculate
the second term above using the Pauli matrices:

0 o? . 01 0 —z 1 0 o N3 Nl—iNQ
Na(w 0>_N1<1 O>+N2(i 0>+N3<0 —1>_<N1+iN2 N >

(3.7.7)

(3.7.8)
Define w = N7 + iNy and note V; € R. Thus we have
Bow
_ —1V3
A= Ny @ ; (3.7.9)
w —N3 2
Consider now 2 x 2 complex matrices B, C, D such that
N3 w
B 0\ (B 0 L2 w —N.
= _ : . (3.7.10)
w —N3 2
This implies the following identities
D*D =1,
XY YR N3 w
cC*D=D C_<w —N3>’ (3.7.11)
B*B+ C*C = I».
N3 w
If welet D=1 and C = then we must solve
w —N3
e (N3 @ \"(Ns @ \_ (10
poon (M 2) (M A)( ). e

where A =1 — (N2 + ww) =1 — (N? + N3 + N2). Indeed A =1 — (r/t)? = (s/t)> > 0
so we can take B = VAl = (s/t)Is. O
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3.7.2 Hyperboloidal energy based on the Weyl spinor representation
of the Dirac equation

Yet one more approach in deriving energy estimates is obtained by expressing the Dirac
spinors in terms of Weyl spinors and then studying the energy of Weyl spinors (3.7.15)
instead. This provides another convenient way to study Dirac equations. Decompose
the spinor ¢ and source term F' as

. U+ v . F++F,
w_(u_v>, F_<F+_F_>, (3.7.13)

where u,v : R1T3 — C? are Weyl spinors and Fy € C?. Defining 0+ = dg + 0'0; the
PDE (3.2.1) can be shown to be equivalent to

8_’0 + lM’LL = iF+,

. . (3.7.14)
Oyu+ iMv =iF_.

A Dirac-Klein-Gordon system with respect to such a Weyl spinor decomposition has
been studied in the low-regularity setting in [Bou99]. Following a similar approach to
section 3.3.1 we find an analogous hyperboloidal Weyl spinor energy:

x
E{(s,u) = / (u*u + ?au*aau) dz. (3.7.15)
Similar to propositions 3.9 and 3.12 we can prove positivity and an energy estimate for
ET.

Proposition 3.30 (Properties of the hyperboloidal energy for the Weyl equation). For
a C?—valued function w the following holds:

1 2
E{(s,w) > 2/ %w*w dz > 0. (3.7.16)

Furthermore for solutions u,v to (3.7.14) we have

o o 1/2 o o 1/2 s
(B (s,u)+E’ (s,v)) 2 < (BT (s0,u)+E (s0,v)) / +/ I E 220,y HIE= 2220,y dT
’ (3.7.17)

Proof. Step 1. Using the Dirac representation (3.2.5) and the decomposition (3.7.13),
the PDE (3.2.1) becomes

Ir, O u+v 0 o° U+ v . ut+v\ . (F+Fo
(0 )G (o 9)a ) (G =75,
(3.7.18)
Defining 01+ = 0y + 0'0; this becomes

O4+u + 0_v , ut+v\ . (Fy+F
(M ! m) i (u ! ) — <F+ : F_) . (3.7.19)

Adding and subtracting the two rows above gives the following

O_v+iMu=1Fy,

, , (3.7.20)
Otu~+iMv =iF_.
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Following a similar approach to deriving (3.3.3), we multiply the first and second equa-
tion by v* and u* respectively.

uwOu + u*o*Ou + iMutv = i F_,

* ¥ ok s (3.7.21)
v* 0o — v 0 ?Opv + iMutv = —iv* Fy.
One then adds these equations to their conjugate to obtain the following:
Oo(u*u) + 9y (u*ou) +iM (u* v — v*u) = iw* F_ — iF*u,
b(10) + D" 0™u) + 1M ) o)

0o (V') — O (v o) +iM (v*'u — u*v) = " Fy —iFjv.
Note the mass terms appear above. However if add these equations together we obtain
do(u*u + v*v) 4 0, (u 0%y — v¥o™) = W' F_ — iF u+ w*Fy —iFjv,  (3.7.23)

which does not contain a term involving M. This equation is the analogous Weyl spinor
version of (3.3.3). Clearly integrating (3.7.23) over Cj, 4 gives the energy functional
E{ (s,u) defined in (3.7.15).

Step 2. Next we establish that for a C?-valued function w the following holds:

2

1
E{(s,w) > / s—zw*w dz > 0. (3.7.24)
2 Jy, t

The idea is in the spirit of proposition 3.9. Observe that the sigma matrices are Her-
mitian and satisfy the following anti-commutator relation: {¢®, o®} = 26%°I5. Then we
have

/ (w + %J%U) (w + %abw> der = / (w*w + Q%w*aaw + %w*o(aab)w> dz

s s

:/ (wrw( + (r/0?) £ 222070 ) do

s

52

=2F{(s,w) — / t—zw*w dz. (3.7.25)
Hs
Thus we have

- 1 Ta 4 \* Ta 4 1 s?
E{(s,w) == <w +—0 w) (w + —o w) dz + = Swwdz >0. (3.7.26)
2 Ju, t t 2 o t

Step 8. Next, let us show that the following hyperboloidal energy inequality holds
for the Weyl spinor equation (3.7.14)

(ES(s,u) + E? (5,0)) "> < (ES(s0,u) + E% (s0,0))"/* + / 1 2y + 1F= | L2 aeydr
S0

(3.7.27)
Namely, integrating (3.7.23) over C[y, 5 We obtain

E(s,u)+ E%(s,v)
S
— B (s0,u) + E (s0,0) + / dr / () (i - — iF*u + iv* Fy — iF1v) da.
S0 T

(3.7.28)

104



Differentiating in s and noting that [|(s/t)u, (s/t)v||L2(2,) < [, v p2(p,) < (BEL(s,u) +
E7(s,v))Y/? gives

d/ . - 1/2
—(BZ(sw + E7(s,0) < B2y + 1F- 2201, (3.7.29)

O
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Chapter 4

Stability of a coupled
wave—Klein-Gordon system with
quadratic nonlinearities

4.1 Introduction

In this chapter we' study a semilinear coupled wave-Klein-Gordon system using the
hyperboloidal foliation method of LeFloch and Ma [LM14]. Consider in R'*3 the PDEs

Ou = F, = —uv — udv, (4.1.1a)
Ov—v=F,=—uw, (4.1.1b)

with initial data prescribed on the time slice ¢t = 2

u(2,x) =e¥o(x), Ow(2,z)==ecVi(z),

(4.1.1¢)
v(2,z) = epo(x), Ow(2,z)=cp1(x).

We remind the reader that the motivation for studying this system is to resolve con-
jecture 1.49 where coupled wave—Klein-Gordon nonlinearities, closely related to those
in (4.1.1), are not yet fully understood.

Our aim is to prove that initial data, sufficiently small in some norm, yield global-
in-time solutions to (4.1.1) that decay back to the trivial solution (u,v) = (0,0). The
main difficulty is that there are no derivatives on the wave component u on the right-
hand-side terms F, and F, of equation (4.1.1), and thus the nonlinearities appear to
decay insufficiently fast. To be more precise, the best we can expect is that

1Full 2 = luw + udplle St (B2 = lluv]e St (4.1.2)

both of which are not integrable.
We now state the main theorem for this chapter.

Theorem 4.1 (Nonlinear stability of a wave-Klein-Gordon model). Consider the sys-
tem (4.1.1) and let Nog > 8 be an integer. Then there exists £g > 0 such that for all

!The results in this chapter were obtained in collaboration with Shijie Dong at Sorbonne University
(Pierre and Marie Curie Campus). This research was supported in part by the Innovative Training
Networks (ITN) grant 642768 ‘ModCompShock’.
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e € (0,e0) and all compactly supported initial data (po, 1, Vo, V1) satisfying for all
s > 2 the smallness condition

[0, ‘I’OHHNOH(W) + |1, ‘IJIHHNo(Rﬁ) <&, (4.1.3)

the initial value problem (4.1.1) admits a global-in-time solution (u,v) satisfying
(/000" Byl 201,y + 15/ Ouvl200s) + 1070l 2y < Ces® |1] = No, (4:1.4)
where C > 0 is a large constant and § < 1, and which satisfies the pointwise estimates

lu(t,z)] Set™h,  |u(t,z)] S et~/ (4.1.5)

Remark 4.2 (Spatially compactly supported functions in C). In the proof of theorem
4.1, we assume the initial data are prescribed on the slice tg = 2, and that the initial
data are supported in the ball {x : |x| < R} for R < 1. The evolution of such data will
lead to functions that are spatially compactly supported in C = {r < t — 1}, i.e. the
functions are supported in the region {|z| < 1} and vanish identically in a neighborhood
of the light cone {t = r + 1}. We remind the reader that on a hyperboloid Hs N C we
have the estimate s < t < Cs.

For the proof of the main theorem, we use the hyperboloidal foliation of the strat-
egy introduced by LeFloch and Ma [LM14]. In particular, we consider (4.1.1b) as a
Klein-Gordon equation with a varying mass m = /1 —u and adapt energy estimates
given in [LM14] and robust pointwise decay estimates for Klein-Gordon equations given
in [LM16a]. Our approach relies on improved L2-type norms for the wave component
u which we obtain from a conformal-type energy estimate, first introduced on hyper-
boloids by Huang and Ma [MH17], and on improved pointwise decay estimates for the
the wave component u given in [LM16a]. We also perform two transformations, given
in 4.20 and 4.21, on the wave component u, inspired by work in [Kat12, Tsu03a]. This
produces two transformed variables, Up, p € {1,2}, whose nonlinearities are easier to
study.

Our main theorem allows us to treat the Klein-Gordon-Zakharov equations. These
equations have been studied before using constant time slices or Fourier methods in
[OTT95, Kat12, Tsu96]. In Chapter 1 we introduced the Klein-Gordon-Zakharov equa-

tions
Ou = — Z Alvgl?,
K

Ovg — Vg = —uvg,

(4.1.6)

where the unknown w is real valued and vy are complex valued for K = 1,2,3. The
initial data are denoted by

(u,@tu) (t=2,)= (u(o),u(l)), (UK,(?th)(t =2)= (vg),vg)). (4.1.7)

In order to apply the strategy of theorem 4.1, we rewrite the equations (4.1.6) in terms
of the variables zx = Re(vgk) and yx = Im(vk) to obtain

Ou = —Zizlaﬁa (w%{ + y%(),
Orkx — Tk = —UTK, (4.1.8)

OYx — YK = —UYK.
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We note that due to the second order derivative appearing in the nonlinearity for u in
(4.1.8) the regularity of u is one order less than that of vg. This is reflected in the
initial data

e A SR [ 2 iy

with Ny some large integer. Note that the wave nonlinearity in (4.1.8) is of divergence
form, and thus easier to handle than that considered in theorem 4.1. Thus our method
of proof applies to this system in a very similar way and for this reason we omit the
details.

In principle one can now use our methods to extend theorem 4.1 to the following
more general system

Ou = Q(u, v, dv; v, dv),

4.1.9
Ov —v = Q(u;u,v) + Q(Au, v, dv; v, ), ( )

where we use the short-hand notation Q(---;---) to denote quadratic nonlinearities
involving interactions between one term from each side of the semicolon. Note further
that, compared to the work of [OTT95] and [Katl2], we can treat a wider class of
nonlinearities. In [Katl2, (2.14)] any nonlinearity for the wave equation involving
at most one derivative, needed to be of divergence form. This is not needed in our
setting. We remind one that the w—u interaction terms were treated by Tsutsumi in
[Tsu03a]. Finally, it was speculated in [LM14] that nonlinear interaction terms of the
form Q(u;v,0v) may lead to finite time blow-up. Thus this chapter partially answers
their question by showing that certain terms of this form do not lead to finite time
blow-up.

Outline. The rest of this chapter is organised as follows. In section 4.2 and 4.3 we
establish hyperboloidal L? and L estimates respectively for both wave and Klein-
Gordon components. In section 4.4, we state the bootstrap assumptions and derive
some basic estimates. In section 4.5 and section 4.6 we derive refined estimates for
Klein-Gordon and wave components respectively. In section 4.7 we give the proof of
the main theorem.

4.2 Energy estimates

First, we state energy estimates for the hyperboloidal energy functionals £ and &£ given
in definition 3.6.

Proposition 4.3 (Energy estimate for wave equation). Let u be a sufficiently reqular
solution to (4.1.1a) supported in the region C then

E(s,u)/? < 5(2,u)1/2+/2 | Full 22, A (4.2.1)

For the proof we refer to [LM14, Lemma 6.3.1].

Proposition 4.4 (Energy estimate for Klein-Gordon equation with varying mass). Let
u be a sufficiently reqular function supported in the region C and satisfying
uf < - (4.2.2)
— 10
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Let v be a sufficiently regular function supported in the region C and governed by the
following Klein-Gordon equation with squared mass 1 — w:

Ov—(1—wv=f (4.2.3)

Then the energy functional for v on the hyperboloid Hs can be controlled by both

5.0 <620+ [ (luvllaou + 1oy Jdr (424)
and

E1(s,0)/? < 261(2,0)/2 + 2/2 <||(T/t)v8tu|]Lz(HT) + HfuLQ(HT))dT. (4.2.5)

The energy estimate (4.2.5) is better than (4.2.4) in the cases where 0,u decays
faster than u, which is the case when w is a solution to a wave equation.

Proof. The energy estimate (4.2.4) is the standard application of lemma 3.7 to the
system written in the form (4.1.1b). In order to prove the energy estimate (4.2.5), we
first multiply the equation (4.2.3) by the multiplier d;v and write the resulting equation
in the following favourable form

1 1
5&(((‘%1})2 + Za:(aav)Q (1 —up®) + Z D — Ow0yv) = —Qvgatu + owf. (4.2.6)

We then integrate the identity (4.2.6) over the region C2,¢) and integrate by parts to
arrive at

& (o) P sl )2 = [ (o0 g0+ dog) do
Hs

4.2.7
< (s/D0uuo 2o 10200, 427
+ 1 fll 22 1(8/8)Oev | L2¢34,) -
Next by using the assumption that |u| < 1/10, we have
9 1/2 1/2 /2
1—051(8,7)) 1?2 < & (s, v) 12 < 1—51(5 v)Y/
which together with (4.2.7) leads to
1/2 12 107
Ea=al(s,v) " <& =(2,0) /7 + 9/, (HUatU”LQ(HT) + ||f||L2(7{T))dT,
and finally (4.2.5). O

4.2.1 Conformal-type energy estimates on hyperboloids

We now introduce a conformal-type energy, see the discussion near (1.3.38), which
was adapted to the hyperboloidal foliation setting in [MH17]. This energy is key to
obtaining a robust estimate of the L?-type norm for the wave component w.

First we recall the following Hardy-type inequality.
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Lemma 4.5 (Hardy inequality on the hyperboloid). Let u be a sufficiently regular
function supported in the region C then for all s > 2

I ull 2y S D IYaull2a,)- (4.2.8)

The proof follows by adapting lemma 1.23 to the hyperboloidal foliation, see for
example [LM14, §5.3].

Definition 4.6 (Conformal-type energy). Define the following conformal energy

Econ(u, s) = / (Z (sYau)2 + (Ku + 2u)2) dz, (4.2.9)

a

where we define Ku = (s(s/t)0 + 22°Y,)u.
We have the bound

/H (!s(s/t)@tu|2 + Z |(s/t)Qqul? + \(s/t)u|2) dz < Econ(u, s). (4.2.10)

By using definitions 3.5 and 1.40, we see that K = t~'K,, where K, was discussed
in remark 1.3.3. Indeed up to hyperboloidal factors of (s/t) one can see the close
connections between the structure of the left hand side of (4.2.10) with the conformal
energy on constant t-slices given in remark 1.3.3 in equation (1.3.38).

Lemma 4.7 (Conformal energy estimate). Let u be a sufficiently reqular spatially
compactly supported solution to (4.1.1a) in C, then

Econ(, )% < Eponlu, 50)Y? + 2 / 7| Full 2, dr, (4.2.11)
S0

with moreover
H(S/T’)UHLQ(HS) < 28 eon(u, )2 (4.2.12)

The estimate (4.2.11) follows by using s(K + 2) as a multiplier on Ou, see [MH17,
Proposition 2.1]. The estimate (4.2.12) can be shown by combining (4.2.11) with lemma
4.5, see also [MH17, Proposition 2.2].

4.3 Pointwise estimates

4.3.1 Sup-norm estimates for wave components

We state the following lemma which is essential in proving the sup-norm bound for
wave components. A proof may be found in [LM16a, Proposition 3.1] or [Ali06].

Lemma 4.8 (Pointwise estimates for wave components). Suppose u, f are sufficiently
reqular spatially compactly supported functions in C. Suppose u is a solution to the
wave equation

Ou = f,
u=f (4.3.1)
u(to, x) = Opu(ty,x) =0,
where the source f satisfies
1< Cp 2 (=), (4.3.2)
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for some constants Cy > 0,0 < u<1/2 and 0 < v < 1/2. Then we have
C
lu(t,z)| < =Lt —r)pre (4.3.3)
v

Note that this estimate plays an essential role in controlling the quasi-linear term
hY,Yy¢ in the Einstein Klein-Gordon equations studied in [LM16a].

4.3.2 Sup-norm estimates for Klein-Gordon components

First we state a slight adaption of Gronwall’s inequality given in lemma 1.20.

Lemma 4.9. Assume u(t) : [0,T] — [0,00) is continuous and satisfies

ut) < O+ /0 (a(s)u(s)—l—b(s)) ds, tel0,T], (4.3.4)

where a(t),b(t) : [0,T] — [0,00) are integrable functions and C is a nonnegative con-
stant. Then u satisfies

t

u(t) < (C—i— /Ot b(s) ds) exp (/0 a(s) ds), t €1[0,7). (4.3.5)

The following pointwise estimate for the Klein-Gordon equation dates back to work
of Klainerman [Kla85a]. We state the result for the hyperboloidal foliation setting as
given in [LM16a, Proposition 3.3] and adapt it to the PDE (4.2.3) where the mass of
the Klein-Gordon field varies.

Proposition 4.10 (Pointwise estimates for Klein-Gordon components with varying
mass). Suppose v, f are sufficiently regular spatially compactly supported functions in
C. Suppose v satisfies the Klein-Gordon equation

Ov— (1 —u)v=Ff,

(4.3.6)
U|'H2 = \Ij07 atv"Hg = \Illa
with the assumption |u| < 1/10. Then we have
s32u(t, x)| + (s/t) 'Y Pu(t, )| S V(t, ), (4.3.7)
where we have defined
2, 0<r/t<3/5,
— 4.3.8
%0 thr 3/5<r/t<l, (4.38)
Vit = I (00l + Wl + F(), 0 <7/t <305
el LU A/ A p o) 3/5<r/t<l1,
as well as
3/2 a 3 327a
Rv] =s ZYYU—{— 1/2YY1,U+41/2 + Y- (4.3.9)
F(s) = / R[v)(At/s, Ax/s) + N2 f(At/s, Az /s)| d. (4.3.10)
80
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The proof of proposition 4.10 is based on a decomposition result in lemma 4.11 and
an ODE estimate in lemma 4.12. We refer to [LM16a] for the detailed proofs, but give
a simpler proof of lemma 4.12 below, which provides a neater expression of the estimate
for the ODE.

Lemma 4.11 (A decomposition identity, [LM16a, Lemma 3.4]). Assume v is a suffi-
ciently regular solution to the Klein-Gordon equation (4.3.6), and let

wz(N) = AN 2u(\t/s, \e/s), (t,x) €C,
then the following second-order ODE with respect to A > 0 holds
d2
d\?

Lemma 4.12 (Technical ODE estimate, modified from [LM16a, Lemma 3.5]). Let G
be a function defined on an interval [sg, s1] and satisfying sup |G(N\)| < 1/10 and let k
be an integrable function defined on [sg, s1]. Then the solution z to the following ODE

—Swea(A) + (1 = u(Mt/s, Az/s))w o(N) = (R[v] + 83/2f) (At/s,Ax/s).  (4.3.11)

"N+ (1= GN)2(N) = k()

#(s0) = 20, z'(so) — . (4.3.12)
satisfies the uniform bound
(2 1-G() 20 5 (R0 +260) 4 [k ax) esp ([ 167001 ).
(4.3.13)

Proof. We set Y(X) = ((z/)*(\) + (1 — G()\))ZZ(/\))I/2, and then by multiplying 2'(\)
n (4.3.12), we get

iYQ(A) = 2Nk — G'(N)22 ()

dX (4.3.14)
<YW (kW] + Y V)IE)).

In order to proceed, we divide Y'(\) in the above inequality and, integrate to get
Y(s) < Y(s0) + C/ (K] +Y(V)|C)) dA. (4.3.15)
50
Finally, we apply lemma 1.20 to end the proof. 0

4.4 Bootstrap method

In a similar manner to the argument given in proposition 3.26, for initial data sufficiently
small in the sense of (4.1.3) there exists a local-in-hyperboloidal time solution to (4.1.1).
We then assuming the following bootstrap assumptions hold in the interval [2, s)

E(s,0107u)Y? < Che, 11|+ |J| < No —1, (4.4.1a)
E(s,0Mu)/? < Cres?, 11| = Ny, (4.4.1b)
E(s,0'Q7u)Y? < Cesl’l, 11| +1]J] < No, |[J|>1  (4.4.1¢)
E1(s,0'Q70)1/% < Cresl’l, 11| + |J| < N, (4.4.1d)
(5/6)0" Q7 ul| 230, < Cres™/2H1719, 11| +]J] < No, (4.4.1¢)
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|77 u| < Cret™ 119, 11| +|J] < No — 4, (4.4.1f)
10707 v| < (Cre)' /27321710, 11| + |J| < Ny — 4. (4.4.1g)

In the above (] is some large constant which is fixed and chosen to satisfy Cie < 1,
0 is some fixed small constant, such that 0 < § < 1/Ny. We will let s, = sup{s :
(4.4.1) hold} and note that C; and § are independent of s.. In order to prove the
stability result stated in theorem 4.1, it suffices (for more details see the proof in
section 1.3.2) to replace Cy in (4.4.1) with 1Cy since this will indicate that s, cannot
be of finite value, which thus completes the proof of a global-in-time solution stated in
the main theorem 4.1.
Direct consequences of (4.4.1a) and (4.4.1d) are the following:

0707 ou| + |00'Q7 u| < Cret™/2s71, 1] +]J] < No —3,

4.4.2
10707 0| < Cret 32071420 1) 0] < Ny — 2. (4.42)

These follow from the Sobolev—type inequality of lemma 3.15 and estimates for com-
mutators in lemma 3.25.

Note the bootstrap assumption (4.4.1g) allows us to avoid the s% loss appearing
in the second estimate of (4.4.2) for [9Q7v|. This is however at the expense of using
(C1e)'/? instead of (Cye). In proposition 4.18 we will improve (4.4.1g) using estimates
on the fundamental solution taken from proposition 4.10. In this process we obtain
first-order factors of CCje, not C(Cie)?, which is why we can only assume (Cie)*/? to
begin with in (4.4.1g).

Assumptions (4.4.1a)—(4.4.1c) also imply the following L? estimates

1(s/6)0"Q7 0ull 1234,y + [|(5/1)00" Q|| 234,y S Che, 1|+ [J| < No—1,

1(s/1)0" Dull 230, + 1I(s/6)00 | 230,y S Cres’, 1] = No,

1(s/1)0" Y dull 234, + [|(5/6)00" Q| 123,y S Cres”, 1]+ 1] = No, |J| > 1.
(4.4.3)

4.5 Refined estimates for the Klein-Gordon component

4.5.1 Refined energy estimates for v

We show here the refined estimates for the Klein-Gordon equation (4.1.1b), and we see
that the most difficult part is to get a refined estimate for |07u|. The difficulty comes
because the integral of
S
/ rhdr
2

is not uniformly bounded in s. We can circumvent it by moving the nonlinear term
wv in the Klein-Gordon equation in (4.1.1) to the left hand side, however this requires
improved L? and L™ bounds on the wave component u.

Lemma 4.13 (Commutator estimates with 1 —wu mass). Under the assumptions (4.4.1)
we have

1L =, 0"2710|| a5y S (Cre)* 2570 1] 4 10] < N, (4.5.1)
1L =, 00| oy, S (Cre)*2s75/2, 1] < No. (4.5.2)
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Proof. We first prove (4.5.1) and note the expansion of the commutator

[1—u,d'Q'w = Z ol Qa0 ’2y, (4.5.3)
Ii+Io=1,J1+J2=J
Ha|+[J1[>1
For the case of |J| > 1, we have the following

I = 0" 0] oy,

S > 1(s/6)0" Q7 ul| 234, | (/)0 Q720 Lo 34,
Lt To=I, 1+ Jo=J
IS EARIAEN (4.5.4)

+ Z 101 Q7 | oo (20) 1072220 1224,
Li+Ix=1,J1+J2=J
L[ Iy 411 | <[ L2 |+ T2

and the L2-type estimates for u in (4.4.1) verify

) 5 Z 01651/2+|J1|5(Cl€)1/2t—1/28—1+‘Jg|5
J1+Jo=J (4.5.5)
+ Clafls"h“sClas'J?"s,

11—, 8IQJ]UHL2(HS

which leads to (4.5.1). For the proof of (4.5.2) with |I| > 1, we proceed in the same
way

[1—u,dv= Z O ud™v. (4.5.6)
I1+1=1
[1]=1

We note that there exists at least one derivative hitting the wave component u, and
use the fact that

65/00" ull 23, S Cr b= Il N (w57)
H(s/t)@fluHLw(Hs) SCet™?, 1< L < Ng—4 -

Then we have

11—, 3I]U||L2(HS) S Y s/ ull 2 18/ 8)0™ 0] poeau)
I1+1s=1I
[111>1,| 1| > | 2|

+ Z 107 | oo 20 10" || L2314
LtI=I

1<|L[<| 2|

(018)3/28711571/2

S
< (Che)3/2573/2, (4.5.8)

Finally, since [1 — u,d'Q7] = [1 — u,id] = 0 when |I| = |J| = 0, the proof is
complete. 0

Proposition 4.14 (Refined energy estimates for v). Under the bootstrap assumptions
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(4.4.1) we have
E1(s, 010702 < e (€)1 |11+ |J| < No. (4.5.9)
Proof. We first act 9'Q” on the Klein-Gordon equation in (4.1.1b) to get

00’7 v — (1 —w)d' Qv = — > ol w02y, (4.5.10)
h+I=1,J1+J2=J
[I1]+]J1][>1

We then apply the energy estimate (4.2.5) for Klein-Gordon equations with varying
masses and use lemma 4.13 to show

&1 (s, 0107 v)1/?

< 28(2, 619‘]1})1/2 + 2/ H(T/t)atuOIQJUHLz(HT) + [T — w, aIQJ]UHLQ(HT)dT
2

§e+/ (HatUHLOO(’Hr)||aIQJU||L2(H7—) + > |!3119J1U@]29‘]2“HL2<H7)) dr.
2 LA Ta=1,01+Ja=J
[1]+]J1]>1
(4.5.11)

Successively, in the case of |J| > 1, it is true that
E1(s, 0107 0)12 < e+ (Cre)?/? /2 T8 g <e+ (Cre)/2sH10, (4.5.12)
while in the case of |J| = 0, better estimates on &'tu with |I;| > 1 enable us to obtain
E1(s, 010702 < e 4 (Cre)3/? /2 T/ g <e+ (Cre)*/?, (4.5.13)
which finishes the proof. O

4.5.2 Refined pointwise estimates for v

We now prove refined sup-norm bounds for the Klein-Gordon field v which, due to
proposition 4.10, requires some preliminary lemmas.

Lemma 4.15. Under the bootstrap assumptions (4.4.1) the solution u to our wave
equation satisfies
s |1d
el laxudt/sAn/aldX < (4.5.14)

Proof. We observe that
%u()\t/s, \z/s) = (t/s)Y Tu(Mt/s, Az /s), (4.5.15)
where we recall Y+ = 9, + %861 from definition 3.5. Note also the identity
Yiu(t,z) = i@tu(t,m) + %Qau(t,:n). (4.5.16)

Hence by using the pointwise bootstrap (4.4.1f) of u that

|Qqu(t, z)| < Cret™ s, (4.5.17)
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we find

|(t/s) Y u(t,z)| S Cres™3/2, (4.5.18)
This implies that

d —3/2

ﬁu()\t/s, )\$/8)‘ < Cred /7, (4.5.19)
and the result now follows easily. O

Lemma 4.16 ([LM16a, Lemma 7.3]). Under the bootstrap assumptions (4.4.1) we have
the following estimate for R[O'Q7v] in the region Cl2,s1)

|R[OTQ7v](At/s, A\x/s)| < Cre(s/t)¥2NT3/2TN00 1) 4 1J| < No— 4. (4.5.20)

One last ingredient is the commutator estimate stated below.

Lemma 4.17 (Pointwise commutator estimate with 1 — u mass). Under the bootstrap
assumptions (4.4.1) the following estimates hold

[([1 = u, 0" Q7Jw) (\t/s, Az /5)| < (Cre)® 2 (s/t)PPA3/2H0 1|+ |J] < Ny — 4.

(4.5.21)
Moreover, in the case of |J| =0, we have
|([1 —u, 81]11) ()\t/s,)\q:/s)| < (Cre)®2(s/t)2A73, |1 < Ng — 4. (4.5.22)
Proof. In order to show (4.5.21), first use the expansion of the commutator
[1—u,d'Q'w = Z ol Qa0 2y, (4.5.23)
Ii+Ix=1,J1+J2=J
1 |+[J1[=1
Next we use the pointwise estimates in (4.4.1) to find
(L =u,d' Q) (t2)| S Y Cret s 0(Cre) /27321 7210
Ji+Jo=J
< (Cre)3/23/24 18 (4.5.24)
— (015)3/2(S/t)5/2875/2+|J|67
which finishes the proof of (4.5.21).
For the proof of (4.5.22), we have
[1—u,d'Q'w = Z ONudty, (4.5.25)
I1+1s=1I
[1]>1

and note that there is at least one partial derivative hitting the wave component u,
which is good. We proceed in the same way as before but use instead the estimate
(4.4.2) to find

|01 < Cret™'2571, 1< |I| < Np — 4. (4.5.26)

This allows us to conclude that

[([1 = u, ) (t, 2)| S (C1)3/?t 727 = (C1e)3/2(s/t)s 7. (4.5.27)
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We are now in a position to give the proof of the refined sup-norm bounds for the
Klein-Gordon field.

Proposition 4.18 (Refined pointwise estimates for v). Under the bootstrap assump-
tions (4.4.1) the following estimates hold

1017 v| + | (t/s)Y o' Q7| < Cret™3/2sP 1] 4 [J| < No — 4. (4.5.28)
Proof. We act 9'Q7 on the Klein-Gordon equation in (4.1.1) to get
0ol Qv — (1 — w)d'Q7v = —[1 — u, 8'Q7 . (4.5.29)
In order to bound the quantity

10"Q7v| + |(t/s)Y o' Q7w

: (4.5.30)

we now apply the pointwise estimates from proposition 4.10. We need to bound the
term V (¢, z) in (4.3.7). According to the definition of V (¢, z), we have to bound

F(s) < / ) (\R[aIQJU]w/s, Az /s)| + N2|[1 = u, ' Qo] (Mt /s, Ax/s)) d\, (4.5.31)

S0

in which F(s) was defined in (4.3.10) in proposition 4.10, and we have estimated
efsso |%u()\t/s,>\a7/s)|d)\ g 17 (4532)

using lemma 4.15. Then by using the estimate (4.5.20) and the commutator estimates
(4.5.22) from lemma 4.16 and lemma 4.17, we have

|F(s)] < Cre(s/t)3/2s1710. (4.5.33)
Using proposition 4.10 we are led to the desired result
07 v| + |(t/5)Y 0!I Q70| < s732V (t,2) < s732|F| < Cret™2sP. (4.5.34)

O

Corollary 4.19 (Pointwise estimate on dv). Under the bootstrap assumptions (4.4.1)
the following estimates hold

100707 v| < Cret™ 25 01 4 |J] < Ny — 4, (4.5.35)

Proof. The proof follows by using proposition 4.18 together with the following identities

a

12 o
Yo+ Y. (4.5.36)

_32

x

O

t a
(V' -G /Ya),  da=-Yh 4+
O
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4.6 Refined estimates for the wave component

4.6.1 Transformation of u

If we deal directly with the nonlinearity uv for the wave equation in (4.1.1a), it is not
possible to close our bootstrap assumptions. Due to this difficulty, we perform two
transformations of our variable u. In our first transformation we ‘split’ the equation
(4.1.1a) into two wave equations (4.6.1). This is inspired by a method introduced
by Katayama [Katl2]. In our second transformation we seek a new unknown which
satisfies a wave equation with good nonlinearities and which is ‘close’ to the original
wave component u up higher order terms. This is inspired by a method used to study
wave—wave interactions introduced by Tsutsumi [Tsu03a], and is used also in Chapter
3.

Definition 4.20 (Transformation I). Let (u,v) be a solution to the model problem
(4.1.1) then we can split u into the following form

uw = Uy + 0Us, (4.6.1)
in which U; and U, are solutions to the two wave equations below:

aU, = —uv + vou,

(U1> atU1)(2, )= (¢>0, b1+ ¢0‘I’0), (4.6.2)

and
OUs = —uw,

(Us, 0i1) (2,-) = (0,0). (4.6.3)

Next, we do a transformation to make the nonlinearities in the U; and Us equations
easier to deal with.

Definition 4.21 (Transformation II). Consider the wave equations of U; and U in
definition 4.20, and set

[71:U1+'LL'U, ﬁQZUQ“FU/U.

Then the new unknowns Uy and Us satisfy wave equations with nonlinearities F’ oy F Oy
which are easy to handle.

OU; = Fy = O%UDqv + vOu — uPv — w? — wwdyv, (4.6.4a)
ijg = Fl~]2 = 0UDyv — vV — uv? — wvdw. (4.6.4b)

The derivation of (4.6.4) follows by simple calculations. We only do it for Us
U, = O(Us + wv) = OUs + 0%udav + (Ou)v + w(0v + v) + uv, (4.6.5)

then by utilising the equations in (4.6.3), we finally arrive at (4.6.4b). N
The following lemma allows us to measure L2-norms for U, using energies for U,.

Proposition 4.22 (Energy equivalence). Let the bootstrap assumptions in (4.4.1) hold.
Then for p=1,2 and |I| + |J| < No, we have, for e sufficiently small,

E(s,01Q7U0,)Y2 ~ £(s5,0'07U,) 2, (4.6.6a)
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and

1 -
5f;m(s,anJUp)l/Q — (C18)*/%5Y2 < Epn(s, 010 U,)/2

< 2Econ(s, TQTUL) Y2 4 2(C1e)3/%s1/2. (4.6.6b)
For |I| +|J| < No — 4, we have
0197 (U, — U,)| < (C1e)3/t73/2, (4.6.7)

Proof. The proof follows by the fact that the difference between U, and ﬁp is a quadratic
term uw, which has good decay properties. Using Young’s inequality we obtain

E(s,0'Q7Th) = [[(s/1)20" Q7T |2y, + D Va0 Q7T |2y,
< 2)[(s/020" Y U123, + 2D Va0 U125,
+ 2| (s/)20" 2 () | T2 gy, + 2D |Yad' Q7 ()| a0
< 28(s,0'Q7Uy) + 2(Che)?. i (4.6.8)
Similarly
Eeon(5,01QTUNY? < 2800n(5,07Q7UL)Y? + Eeon(s, 01O (uv)) /2. (4.6.9)

One of the most problematic term in Eon(s, ' Q7 (uv))'/? is estimated, using |z¢| <
r <t,as

Z |07 Q7 ]| oo (34,

OIQQJ%‘IYCLUHB(HS) S Z Et_ls(S'Jl'tH812QJ2YavHL?(%)

Li+Ji=I+J Li+-Ji=I+J
[2]+]J2|>1 |I2|+] J2|>1
< 22200,

4.6.2 Estimates of U;

We now derive various estimates for U; based on the analysis of the unknown [71 and
its nonlinearities Fﬁl'

Lemma 4.23 (Estimate for vO,u nonlinearity). Under the bootstrap assumptions (4.4.1)

1077 (WD) || o3y S (Cre)* 2573210 1) 4 || < o, (4.6.10)

) S
‘8IQJ(vﬁtu)‘ < (C

)3/ 2270 T 4 |J| < Ny — 4 (4.6.11)
Proof. We directly do the estimates

10" o)l 2,y < D2 0" QOO0 |y

IL+1x=1
Ji1+Jo=J

11 J
§ E H@ Q) latUHLoo('Hs)
I+ Ix=I,J1+J2=
\11|+|J1\<\12|+|J2\

8I2QJ2UHL2(HS)
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+ > s/ Q" Opu| 23, || (8/5) 02720 | e 3.
I+I=I,J1+Jo=J
[I1]+]J1]|>[12|+] 2|

and use (4.4.2) and (4.4.3). For the sup-norm bound, we note that

0707 (o) < Y |9 o™, (4.6.12)
I1+1>=1
J1+Jo=J

and then use the bootstrap assumptions (4.4.1) as well as the pointwise estimates (4.4.2)
for 911 Q71 9. ]

Lemma 4.24 (L? estimate for U, nonlinearity). Under the bootstrap assumptions
(4.4.1) we have, for |I| + |J| < Ny,

HangFﬁl HL2(H5) < (Cre)¥/2s 73211, (4.6.13)
as well as, for |I|+ |J| < No — 4,
077 Fp; | < (Cre)?P257 1410, (4.6.14)

Proof. From (4.6.4a) we see that the terms to be estimated are either null forms, terms
of the form 97Q7(9,uv) or cubic terms. The term Q7 (Q,uv) is treated in lemma 4.23.
Cubic terms behave very nicely, see Theorem 1.24, and we use lemma 3.24 and corollary
4.19 to treat the null forms. O

Proposition 4.25 (Energy estimates for Uy). Consider the wave equation in (4.6.2)
and assume the bounds in (4.4.1) hold, then we have the following energy estimates for
Uy

E(s,0'Q7UN)Y2 < e+ (C1e)2, |1+ |J| < No. (4.6.15)

Proof. Firstly, by (4.6.6), we know
£(2,0'070)Y? < 2.

Then the estimate follows by combining the energy estimates (4.2.1) for wave equations
with (4.6.13). By using the equivalence relation (4.6.6) between Uy and U; we complete
the proof. ]

The ideas of the proofs for the two propositions below are very similar to the one
above, i.e. we can get good estimates for the auxiliary unknown ) easily, and then
an application of the equivalence relation (4.6.6) in turn gives us good estimates of the
unknown Uy. Given this close similarity, we omit the proofs.

Lemma 4.26 (Conformal-type energy estimates for Uy). Under the bootstrap as-
sumptions (4.4.1) the conformal-type energy introduced in Subsection 4.2.1 satisfies
for [I| 4+ |J| < No

Eeon(s,0"VTUNY? < e+ (Cre)3/2s1/2HI10, (4.6.16)
Thus for |I| + |J| < Ny we have

|(s/m)o'Q’th S e+ (Cre)3/2s1 /2118, (4.6.17)

lry =
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Lemma 4.27 (Pointwise estimates for Uy). Under the bootstrap assumptions (4.4.1)
we have
077U | < (e + (Cre) )t 1710 (1) + | J] < No — 4. (4.6.18)

The proof of this lemma clearly follows from lemma 4.8 and the sup-estimate ob-
tained in (4.6.14).

4.6.3 Estimates of U,

We state the following propositions about estimates of Us, but we do not provide proofs
as they are either the same as or easier than those of Uj.

Lemma 4.28 (Energy estimates for Us). Under the bootstrap assumptions (4.4.1) we
have
E(s,01Q7U)V2 < e+ (C1e)%2, |I]+|J| < No. (4.6.19)

As a consequence, this lemma gives for |I| + |J| < Ny,

H(s/t)ataIQJUQHLQ(HS) +||(s/t)9" Q7 0,U, e+ (Cre)®/2. (4.6.20)

(PIURES
Lemma 4.29 (Pointwise estimates for Us). Under the bootstrap assumptions (4.4.1)
we have

10,077 Us| 4 107Q7 9, 0| < (e + (Cre)¥ )t~V 271, I+ |J| < No— 4. (4.6.21)

The proof of this lemma clearly follows from lemma 4.8 and the Sobolev embedding
of lemma 3.15.

4.6.4 Refined estimates for u

We are ready to derive the refined estimates for u, which are based on the analysis of
the unknowns U,. To clarify the role played by the U, and U, (p = 1,2) unknowns,
we revisit the difficulties in estimating directly the original wave component u. The
nonlinearities in the u equation are F, = uv + udyv, and the energy does not decay
sufficiently fast, i.e.

[Full 22y S min {[[(s/t)ull 22, 18/ 5)v, (8/5)0e0]| oo (34,) [0l oo () |10, Oevl L2 3, }
< sl
This tells us that closing the bootstrap assumptions on the natural wave energy £(s, u)l/ 2
is critical, and even worse, closing the bootstrap assumptions on ||(s/t)ul|z2(3,) using
the energy estimate (4.2.11) is far from possible.

s

So how do the nonlinear transformations help? It is easier to explain if we look the
procedure backward. First, we find the wave equations for U, have good nonlinearities
((4.6.4a) and (4.6.4b)) which are possible to control. Next, the difference between the
unknowns U, and U, is a simple quadratic term uwv, which indicates that all of the

estimates valid for ﬁp are also true for U, (more precisely Up/2), and we can bound
U, using U,. Finally, we can control the original wave component u by the relation

u = U1 + 875U2.

Proposition 4.30 (Refined energy estimates for u). Consider the wave equation in
(4.1.1) and assume the bounds in (4.4.1) hold, then we have the following refined ones
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E(s,0'07u)V? < e + (Cre)%/?, 11|+ |J| < No — 1,
E(s,0"u)'? S e+ (Cre)*?s, [I| = No, (4.6.22)
E(5,0'Q7u)'? S e+ (Cre)*2sP |1+ ] < No, || > 1.

Proof. For |I| 4 |J| < Ng — 1, we have
E(s, 0107 )2 < E(s5,0'0 U2 + E(s,0'Q7 8,U5) /2, (4.6.23)

then the energy estimates of U; and Us and the commutators give the desired result.
Next, for the case of |I| + |J| = Ny with |J| > 1, we use the original equation in
(4.1.1) and have

00 Q=Y (ahQJl ud2 Q2 + 8119J1u812§2‘728tv). (4.6.24)

I +1x=I
Ji1+Jo=J

Then by the energy estimates for wave components (4.2.1), it is true that

E(s, 0107 u)!/? (4.6.25)
<€2,0' )24 [ Y [[01Quo"0% + 0" o QR0 b g, ) dr.
L+I=1
Ji+Jo=J
(4.6.26)
Successively, we arrive at
E(s,0107u)Y? < e+ (Cre)?/%sH10, (4.6.27)

which is based on the estimates we already have obtained. The case of |I| = Ny can be
treated in a similar way, and hence the proof is done. O

Proposition 4.31 (Refined L2-type energy estimates for u). Under the bootstrap as-
sumptions (4.4.1) we have the following

(/00" ] 155y, S €+ (Cre)>2s /20 (1] 4 J] < Ny (4.6.28)
Proof. We obtain

|(s/1)0" Q7 ul| 231,y S H(S/T’)BIQJUlHLQ(HS) +||(s/t)o" 2’ 0,U5 (4.6.29)

Iz,

and finish the proof by using the estimates (4.6.17) and (4.6.20). O

Proposition 4.32 (Refined pointwise estimates for u). Under the bootstrap assump-
tions (4.4.1) we have the following pointwise estimates

10707 u| < (e + (Cre)?/?) Ll |1 4+ 7] < Ny — 4. (4.6.30)

Proof. 1t is true that
010 ) < 017U, | + 10107 9,U5), (4.6.31)
and the proof is done by the use of (4.6.18) and (4.6.21). O
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4.7 Proof of the stability result and further remarks

Proof of theorem 4.1. By collecting together the refined estimates for wave and Klein-
Gordon components, namely equations (4.5.9), (4.5.28), (4.6.22), (4.6.28) and (4.6.30),
we choose large C1 > 1 and sufficiently small ¢ < 1 such that Cie < 1. From this we
have closed the bootstrap assumptions (4.4.1). O
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Chapter 5

Attractors of the
Einstein—Klein-(GGordon system

5.1 Introduction

In this chapter, we! are interested in the stability of cosmological spacetimes. If the

cosmological constant is non-vanishing a large class of de Sitter type universes, including
the Kerr de-Sitter black hole, are known to be stable [Fri86, Rin08, HV18] and also
towards the singularity in certain cases [RS18].

In the case of vanishing cosmological constant and restricting to stability results
towards the complete direction of spacetime, we are interested in the generalised Milne
spacetime given in definition 1.52. The spacetime takes the form ((0,00) x K, g) with
metric

2
g=—dt*+ gvabdx“dxb, (5.1.1)
Here K is a closed Riemannian three-manifold admitting an Einstein metric v with
Einstein constant k = —%, see section 1.5.1. Note that even though K is compact
we use indices a,b € {1,2,3} (instead of say A, B € {1,2,3}) since this follow the
convention established in [AM11]. Note also that in this chapter we use g to denote
the physical metric which we will rescale shortly.

The Milne model is known to be a stable solution solution to the Einstein vacuum
equations [AM11], the Einstein massive-Vlasov equations [AF20], the coupled Einstein-
Maxwell-scalar field system arising from a Kaluza-Klein reduction [BFK19], and the
Einstein Klein-Gordon equations [Wan19, FW19]. This chapter is devoted to presenting
the work [FW19].

It is an open question whether the Milne spacetime is a stable solution to the
Einstein-relativistic Euler equations. The author has shown the following result which
proves the stability of a specific fluid on a fixed Milne-like cosmological spacetime.
It is the first fluid stabilization result known when the spacetime expansion rate is
non-accelerated.

Theorem 5.1 ([FOW20]). The trivial solution of the irrotational relativistic Euler
equations with equation of state P = c2p, where 0 < ¢2 < 1/3, for small initial data in
the expanding direction of FLRW spacetimes of the form (R x T3, —dt? + t26,,dadx®)
1s stable.

!The results in this chapter were obtained in collaboration with David Fajman at the University of
Vienna. This research was supported in part by the Austrian Science Fund (FWF) project P29900-N27
‘Geometric Transport equations and the non-vacuum Einstein-flow’.
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Theorem 5.1 is known to fail in the end-point radiation case ¢? = 1/3 [Spel3]
and on the Minkowski background [Chr07]. The method used to proved this result
is somewhat complementary to what we have presented so far, hence the omission of
the proof. Nevertheless one can view results in the present chapter on the EKGS as
potentially useful for future study extending theorem 5.1 to the full Einstein-relativistic
Euler equations about a Milne background.

A crucial difficulty that arises for massive matter models coupled to the Einstein
equations for data close to the Milne model results from the slow decay of the lapse
gradient. This is due to the matter quantity appearing in the elliptic equation for
the lapse function (77 in (5.2.15a)). Roughly speaking this implies that the decay of
the gradient of the lapse, after rescaling, takes the form VN ~ e~ where ¢ denotes
the size of the initial perturbation. Then in the evolution of the L? energy of the
Klein-Gordon field, the critical term at lowest order (see (5.6.10) for higher orders)
reads

m2VNV¢, (5.1.2)

when written in rescaled variables. Given the coupling to the lapse gradient, this leads
to a small growth of €7 in the L? energy of the Klein-Gordon field. When the matter
field couples back into the lapse equation (via 77) it reduces the decay of the gradient of
the lapse to ee(-1+9)T and consequently one cannot close the straight-forward bootstrap
argument.

The above issue was first observed for the Einstein-Vlasov system in [AF20] where
the problem was overcome by using the continuity equation (see (5.5.2)), which gives
a first order evolution equation for the energy density. Given the similarity between
massive matter models we pursue this idea in the present chapter. In particular, we
consider the rescaled energy density p, defined in (5.2.10), and correct it with a small
indefinite term to obtain the corrected energy density

A__12§—1_/
p=p 27¢<2N ¢ ¢>, (5.1.3)

where 7, ¢ and ¢’ are the mean-curvature, Klein-Gordon field and its time derivative
(defined in Section 5.2.2). The corrected energy density fulfils an evolution equation,
given in (5.5.10), with only time-integrable terms on the right-hand side. This equation
then yields uniform pointwise bounds on the energy density and, in turn, on the Klein-
Gordon field. This approach is sufficiently strong to close a bootstrap argument for the
full system.

We remark that the main theorem of this chapter is also shown by work of Wang
[Wan19], who uses the CMC-vanishing-shift gauge and Bel-Robinson-type energies
(cf. [AMO3]) to control the geometric perturbations. The issue of the slow decay of
the lapse gradient is resolved therein by a hierarchy which is initiated at lowest order
of regularity using an estimate for the Klein-Gordon field that has been proven in the
work on Minkowski stability by LeFloch and Ma [LM18] but surprisingly applies in the
cosmological setting as well.

By contrast to [Wan19] we work in CMC and spatially harmonic gauge. Conse-
quently we have access to the energy-method of [AM11, AF20] based on the modi-
fied Einstein operator, see section 5.4.2, to control the perturbation of the geometry,
which is significantly more concise than the one based on Bel-Robinson energies used
in [AMO03, Wan19]. We have access to this approach since we do not require the shift
vector to vanish as our auxiliary estimate for the energy density, based on the conti-
nuity equation, is sufficiently robust to handle a non-vanishing shift vector field. In
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consequence, we obtain a significantly shorter proof of the nonlinear stability problem
which avoids many of the technical details used in [Wan19].

Finally we remark that issue between the lapse and matter field decay does not
occur for massless matter models. For example the spacetime (0,00) x S! x ¥ with
metric gy = —dt? + df? + t2gx where (X, gx) is an closed hyperbolic two-manifold
is known to be future stable to U(1)-symmetric perturbations [CBMO01, CB04]. The
U(1) symmetry leads, after a Kaluza-Klein reduction, to three-dimensional gravity
with (massless) wave maps matter. Similarly the issue does not occur for the massless
coupled Einstein-Maxwell-scalar field system arising from a Kaluza-Klein reduction
studied about a Milne background in [BFK19].

Overview on the chapter. This chapter is organized as follows. Section 5.2 in-
troduces notations and the fundamental equations which allow us to state the main
theorem 5.12. Section 5.3 discusses the L%-energies for the Klein-Gordon field. Section
5.4 states the bootstrap assumptions and introduces the L?-energies for the perturba-
tion of the geometry. Section 5.5 discusses the continuity equation and its modification
for the Klein-Gordon field. This is the crucial part of our argument. In Section 5.6
the energy estimates for the Klein-Gordon field are derived. Section 5.7 introduces the
elliptic estimates for lapse and shift. Section 5.8 discusses the hierarchy of decay for
the lapse function and the Klein-Gordon field. Finally, Section 5.9 closes estimates for
the shift and the perturbation of the geometry and ends the proof of Theorem 5.12.

5.2 Preliminaries

5.2.1 The Einstein—Klein-Gordon system

We consider a four-dimensional spacetime ((0,00) x K, g) governed by the Einstein—
Klein-Gordon system (EKGS)

1 -
Ric[g]ul/ - iR[g]g,uu = 2T,u1/[¢]a (5.2.1&)
7VuVid =m’p. (5.2.1b)

where we have set ¢ = 1,47G = 1 and the stress-energy tensor is given by

T() = V890 — 35 (979,006 + m?6?) (5.2.2)
Note in this chapter we denote V to be the Levi-Civita connection V[g] with respect
to g. The constant m > 0 is the Klein-Gordon mass parameter.

5.2.2 Negative Einstein metrics, gauge choice and rescaled variables

The following setup is similar to earlier papers on the vacuum case or different matter
models [AM11, AF20]. We state it briefly for the sake of completeness. Throughout the
chapter let v denote a fixed negative Einstein metric. We choose the constant k = —2/9
for convenience, but any negative Einstein metric can be treated in the same way. To
model the dynamical spacetime § we use the ADM decomposition

G = —N2dt? + ap(dz® + Xdt)(dab 4+ XPdt), (5.2.3)

as given in definition 1.2. Note that ga, = Gus but in general go # §o°.
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Definition 5.2 (7, X). We let 7 be the trace of the second fundamental form k with
respect to ¢ and define ¥ to be the trace-free part of k. That is:

T = trgk, (5.2.4)
k=Y+1rg. (5.2.5)

We impose the CMCSH gauge, see also (1.8.12),
t=71,  V'=g"T[g4 - TH%) =0 (5.2.6)

We rescale the variables (Q,E,N ,X' ,<Z~>) with respect to mean curvature time ¢t = T,
calling the rescaled variables (g, %, N, X, ¢). This coincides with earlier works, except
for the Klein-Gordon field, which is rescaled here as follows. The rescaling is found
using dimensional arguments, see for example [AM11, §1.2].

Definition 5.3 (Rescaled variables and new time coordinate). Define the rescaled
variables -
Jab = T2gab7 N = T2N7

gab — (TQ)*lgab’ ~ Zab = szija (527)
o= —(-1)7%%, X®= rX°

Define also the logarithmic time
T = —In(7/(em)), (5.2.8)

which satisfies 9y = —70,. Define also N= % — 1.

Note in vacuum the new time variable removes all explicit dependence on 7 from
the equations of motion, see [AM11, §4.4]. We have the following ranges 79 < 7 0
and 1 <T oo where 7 /0 corresponds to the direction of cosmological expansion.

Definition 5.4 (Matter variables and rescaling). The energy density and energy cur-
rent are defined by o o
p=N?T" 3, =NTY, (5.2.9)

respectively (note this is consistent with (1.0.5)). Furthermore j* is defined by raising
the index using §. Following [AF20, (2.22)] we define the rescaled matter quantities:

[S]

3 =7 (=", Sab = (Tap — 3GabT)(—7) 7", (5.2.10)
7o = Feb(—7) T,

Remark 5.5. Note here and throughout this chapter we let V = V]g| denote the Levi-
Civita connection for the rescaled 3-metric g, y14 the volume form with respect to g, and
A = ¢®V,V, the Laplacian with respect to this metric. Furthermore spatial indices
for rescaled quantities are raised and lowered using the rescaled metric g. Thus j, is
defined using the rescaled metric g5, and moreover j, scales as j(—7) 3.

For the Klein-Gordon field the matter quantities (5.2.10) are evaluated as

p= im0 + T (3N"1o— o) + 1r2g V.6V, (5.2.11a)
Ja _ _T(%N*I(ﬁ _ qb/)gabqub, (5211b)
n=—1m2¢? +2r2(3N"1p — &)’ (5.2.11c¢)
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Sab = MG gap + 7° VeV, (5.2.11d)
T = —§r 2+ J(AN - )~ 4VeVis, (52110

where we have used the following notation (adapted from [CBMO01])
do=0r+Lx, ¢ =N "o (5.2.12)
Note that the unit normal vector acting on qg becomes, in the rescaled variables,
N~Y0; — X0,)¢ = 2N~ 7719 ((—7)32¢) = (—7)"2(N 1o — ¢/).  (5.2.13)
This is partly why we so often see the combination (%N Ly — ¢ ) in our calculations.

Definition 5.6 (Rescaled EKGS in CMCSH gauge). In the CMCSH gauge the con-
straint equations take the following form

R(g) — |Z[; + 2 = 47p, (5.2.14a)
Ve = 2720, (5.2.14b)

while the reduced and rescaled Einstein equations become

(A= 3N =N(Z[—-m) -1, (5.2.15a)

AX® + Ric[g]% X’ = 2V,NE" — VN + 2N72)° (5.2.15b)
- (2N2" = V"X ) (Tglf. — T[V)5)s

O7ab = 2N S + 2N gap — L Gab, (5.2.15¢)

OrTap = —2%ap — N(Ric[glap + 39ab) + Va VN + 2N 5§ (5.2.15d)
- %]/\}gab - Nzab — LxYab + NTSap.

Finally, the rescaled Klein-Gordon equation takes the form
9o’ = VU (NVad) + (4 — N)¢' + 3¢ — LEN"1p — EN"2699N — 7 2m2N¢. (5.2.15¢)

To derive (5.2.15¢) it was convenient to move to a Cauchy adapted frame, see for
example [CB09, VI§3]. To derive the other equations see [AF20]. The propagation
of the gauge constraints (5.2.6) under (5.2.14)-(5.2.15) is known from [AMO03]. This
ends the setup of the EKGS in the CMCSH gauge with appropriate rescaling. In the
following we work solely with these equations.

Remark 5.7 (Background solution). With respect to these rescaled variables the back-
ground Milne solution to (5.2.15) becomes

(Gabs Labs N, Xa, ¢) = (7,0,0,0,0). (5.2.16)

5.2.3 Local well-posedness and main theorem

Local existence theory is a prerequisite for addressing the global existence and stability
problem for any Einstein-matter system. The local existence problem for the vacuum
Einstein equations in CMCSH gauge was proven in [AMO03]. We provide the correspond-
ing result for the EKGS below. As it differs from the vacuum system only by coupling
an additional nonlinear hyperbolic equation to the elliptic-hyperbolic system there is
essentially no difference in the proof. One issue is however important to remark, which
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concerns the elliptic system. To preserve the crucial feature that the elliptic operators
are isomorphisms we need to impose a smallness condition on the matter variables.
This has been observed already in [Faj16] for collisionless matter and, for simplicity,
turned into a smallness assumption for the full perturbation. Following the strategy of
proof in [AMO03] and making an additional smallness assumption analogously to that
in [Faj16, Theorem 6.2] yields the following local-existence theorem for the EKGS.

Definition 5.8 (CMC initial data). A CMC initial data set for the system (5.2.15)
consists of the set (K, (g0)ab, (ko)ab, P0, ¢1) such that the following hold. (K, (go)ap) is a
three-dimensional Riemannian manifold and (kg)q is a symmetric two-tensor field on
K such that 79 = try ko is constant. Furthermore ¢g, ¢1 are functions on K and, with
the identification Or¢ = ¢1, the constraint equations (5.2.14) hold.

Lemma 5.9 (Local-existence theorem and continuation criterion in CMC time). There
exists a 6 > 0 such that for any CMC initial data set (IC, (g0)ab, (k0)abs D0, ¢1) satisfying
the smallness conditions

190 = Ylls + X0l s + V7ol ([doll s + |61l a) <6, (5.2.17)

there ezists a local-in-CMC-time solution on [Ty, T), where T > Ty, to the reduced
equations (5.2.15) which agrees with the initial data at CMC time T =19 (Io = 1).

Furthermore, let T, be the supremum of all T > Ty such that the corresponding
solution exists up until T. Then either T, = +o00 or

limsup llg =l + 2]z + Vol (I@ollro + lé1llzre) = oo (5.2.18)
— L

Remark 5.10. The mean-curvature factor in front of the Klein-Gordon field terms
results from the lapse equation (5.2.15a), where this condition assures smallness of the
corresponding matter term —77. As n is quadratic in the rescaled Klein-Gordon field,
each terms obtains a factor of /|7|.

Definition 5.11 (Function spaces). For functions and symmetric tensor fields on K
we denote the standard Sobolev norm with respect to the fixed metric v of order k£ > 0
by | - |z#. The corresponding function spaces are denoted by H* = H*(K). We let
,%g’k’l’m('y, %% 0,0) denote the ball of radius ¢ in the space H7 x H* x H' x H™ centered

at (7,%7,0,0).
We can now formulate the main theorem.

Theorem 5.12. Let (K,v) be a negative, closed 3-dimensional Einstein manifold with
Einstein constant p = —2/9. Let ¢ > 0 and (go, ko, ¢o, P1) be rescaled initial data at
To = 1 satisfying (5.2.14) and such that

1
(90, ko, G0, 1) € B4 (y, 37,0, o) : (5.2.19)

Then, for e sufficiently small the corresponding future development under the Einstein—
Klein-Gordon system is future complete and the variables converge as

(9,k.¢) = <% ;%0> as T/ oo, (5.2.20)

with decay rates as given in (5.8.4) and (5.9.5). In particular, any four-dimensional
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Milne model is future asymptotically stable for the Finstein—Klein-Gordon equations in
the class of initial data given above.

To prove theorem 5.12 one can show, using work developed in [FK], that the lo-
cal development of non-CMC data sufficiently near a Milne background contains a
CMC hypersurface. This in turn means that we can apply Lemma 5.9. Using cer-
tain bootstrap assumptions, given in (5.4.1), we can then establish global existence of
the perturbed solution by proving decay estimates that assure, in particular, that the
continuation criterion (5.2.18) is satisfied.

5.3 Energy functionals for the Klein-Gordon field

In this section we define the L?-energy of the Klein-Gordon field in two steps. First, we
define the natural L?-norm of a massive scalar field. In the second step we modify this
energy with two non-definite terms to obtain the corrected energy, which turns out to
fulfil the desired energy estimate, which is derived later.

5.3.1 Natural energy

The following energy is the natural L?-energy expressed in the rescaled variables.
Definition 5.13.
Bu(0) = [ (D (684~ 68 10) duy + [ mP(-1)* o0 od,
K K

¢ (5.3.1)
E($) = Ew(9).
k=0

Note that when k = 20+ 1 for ¢ € Z, i.e. when k is odd, we can integrate by parts
to obtain

Eari1(9) = /

72(—1) <AZ¢1A€+1¢/7¢AM—1¢> dug+/ mz(—l)Aed)AéHgbdMg,
K K

= [ 7 (" VIglaA" - Vigha' + Ao - A1) du,
K

+ / m2g™V [glaAle - Vgl Al dpg.
K
(5.3.2)

The case when k is even is similar, and since ¢ is Riemannian we have Ej(¢) > 0.
We need the following lemma further below.

Lemma 5.14. The following equivalence (denoted ~) holds

10l grive = [[Al e + (@]l 2, (5.3.3)

for a sufficiently regular function ¢. This implies
18]l gx == AP g]| 2 + VA2 12 + (1| 2, (5.3.4)
where k = [k/2] — |k/2]. Thus
Ex(®)"? = |7 n + 70 s + [|m] (5.3.5)
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Proof. The proof follows from [Bes87, App. H, Thm. 27], while the last part explicitly
for k = 2¢ even and k = 2¢ 4+ 1 odd:

161l 2 = A" 2 + 1]l 2,

(5.3.6)
Il 2ier = A" ]| g1 + [l 22 = 1A' 2 + VAl L2 + (1]l 2

O]

It is important to note the appearance of || weights in (5.3.5).

5.3.2 Modified energy

We now introduce the modified energy, which contains two indefinite terms. This
modified energy is equivalent, up to an overall scaling of 72, with the modified energy
considered in [Wanl9, (3.27)]. Since the modified energy arises by using the unit
normal vector field (instead of merely 0;) as a multiplier vector field it yields a better
energy estimate, see Proposition 5.21 and (5.6.7), than the standard energy. Note
furthermore that this procedure of adding additional off-diagonal terms to produce
a modified energy with improved estimates is very similar in spirit to the corrected
geometric energies given in Definition 5.18, see in particular (5.4.10). Its equivalence
to the standard energy is then shown.

Definition 5.15.
Bu(0) = [ r(-1)F 06k - 084194 36 (V10
K

3NN (3= NN TIG) Japg + [ A1)t ontodn,  (53)
l

Eu(d) =) Ex(9). (5.3.8)
k=0

We have Ej(¢) > 0 since under the integral

¢ ARG — BANNTI9)¢ + INTIOANNTI9) = (¢ — SN TIg) AT (¢ — SN TI0).
(5.3.9)

Lemma 5.16. Let N > Ny > 4. Assume that there exists a constant C' > 0 such that

~ 1
INlzoe 4+ IN"Hze + lg = Yl gvo < C and |N| gnoer < Ce 27, Then there exists a
To such that for all T > 1y the following equivalence holds.

&) = &(d), L=< No. (5.3.10)

Proof. We first write the difference between the two energies (note without summing
in k).

PL(0) = Bu(@) = [ (<1)7%(30'A (N 10) = §NT0ANN 1) dy
(5.3.11)
+/IC(_l)k7-2<§N_l¢Ak¢_¢/Ak¢) d/f‘g

Examine the first term on the right hand side of (5.3.11). The claim for ¢ = 0 is easily
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seen from:

Ny , Crd
/K’f2 (—3(N"'9)e) dpsg SC(S/’CT2(¢ )2dug+MT°2/Km2¢2dug, (5.3.12)

where we used ||[N 71|z~ < C and § is a constant we are free to choose. For sufficiently
small 6 and 75 = trl%o one can ensure all coefficients are strictly less than 1. Note that
0 > 7 > 79 implies |7| < |79|. Thus this term can be absorbed by the clearly positive
terms of Eo(¢).
A similar argument holds for ¢ > 1. In particular for some smooth functions v, w
we have
Al(vw) = (A)w + Z cr VoV, (5.3.13)
[I|+]J]+1=2i

for some coefficients ¢;; depending on g. So for a fixed value of k > 1, integration by
parts (where there are 2|k/2] + k = k derivatives distributed) gives

A (AR o)) g
/’C 2 (VR Al (N1g)) (ve)ral2ly) dﬂg’

< C/7_2N—1}viﬁALk‘/QJ¢VIG€A|_k/2J¢/|dlug

=3

+C > /72|VI¢VJ+1N—1V’3AW2Jydﬂg
|11 +1=k

< CN7Y oo [|rVEAK2 || o |7V A2 o
+C Y VIl VN[V AR2 2,

[I|+|J|+1=Fk
<Clrdllpnllrd s +C Y- M1V 6l D> IVIN g 76| e
[I1<k—1 1<]J|<k—1
(5.3.14)
< Cllrdll gillmd | ge + Cllmoll g - N s |76 | g
12 CTg 2
< Co||re HHk + W!lmqﬁ\\m (5.3.15)

To get to the line (5.3.14) we used the following estimate

> AIVINT e <IN o IN [l + CUN ) Y IV Nz [N g
1<|J|<k [7|<[%/2]
< CN|gr + CIIN | grea [Nl g < Cl|IN | -

(5.3.16)
In this estimate we used |k/2] +2 < k41 for k > 1 in order to take the terms
with low derivatives on IV out in L*° and embed using Sobolev, recalling also that N
is controlled at one order of regularity higher than ¢. Note we also used the three-
dimensional Sobolev embedding H' — L.

In a similar way we can show
| /}C PN AR G) dy | + /’C 72 (/A% — 3N 162k duy|

133



< / [PVFAR (N ) P dpy + C / w2 |EA (N 1) VR AL | dg,
K K

. Cr2 .
+C§/ Tva’fAl’f/QJ(z;’FdﬂngéTg/ m?|VEAR2 g2 ap,
K m=JK

Cr¢ ~ Cré
< — 3 Imell + INIExllr e + Collre' i + 55 Imellz
C1¢ C1¢
< 5 5Ek(0) + [T0|Ek(9) + COEL(P) + 55 Ek()- (5.3.17)

Thus the claim holds by summing in & from 0 to ¢ and reducing 6 and |7p| to be
sufficiently small so that all coefficients can be made to be strictly smaller than 1. [

5.4 Emnergy norms and smallness assumptions

In this section we state the global bootstrap assumptions to provide for a simpler
notation in all the estimates to follow. Also, we introduce the definition of the corrected
L?-energy to control the perturbation of the geometry. This was given in the earlier
works [AM11, AF20].

5.4.1 Bootstrap assumptions

Fix the regularity N > Ny > 4 and some constant 0 < k < 1. We employ a bootstrap
argument, referring to section 1.3.2 for a more detailed discussion of this approach. Let
C1 > 0 be a large constant. We assume that for all Ty < T" < T the following estimates
hold

lg =Yl vt + 12 v < Cree 17, (5.4.1a)
IN || go+r < Creel =T (5.4.1b)
X || yvio+s < Cree AT (5.4.1c)
Eng(0)'/? < Cree™”, (5.4.1d)

where T' < T, is fixed. A simple check shows the assumptions of lemma 5.16 are
consistent with (5.4.1).
5.4.2 Energy for the perturbation of the geometry

Following [AM11, AF20], we now define an energy for the geometric perturbation of
the first and second fundamental forms.

Definition 5.17 (Lichnerowicz Laplacian in Milne). Following the notation of [AM11]
we introduce the following operators on symmetric two-tensors u.q

Ag,’yucd = M;lvh]a(gabﬂgvh]bucd), (5.4.2)
ﬁg,vucd = _Ag,’yucd - Q(R[’Y] o u)cda
where p1, = y/det g is the volume element on K.

We note that the operator (5.4.2) can be rewritten as

~

AgyUeq = g“bV['y]aV[fy]bucd — VeV Y] alled- (5.4.4)
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Thus in the spatially harmonic gauge of (5.2.6) the operator (5.4.3) agrees with the
Lichnerowicz operator given in (1.5.7). However, we follow [AM11, AF20] and use the
notation £, - in this chapter. As alluded to in (1.8.15), in the spatially harmonic gauge
we have

2 1

Ric[g]qp + §9ab = iﬁg,'y(g —Y)ab + Jab, (5.4.5)

where J; are higher-order terms satisfying for k£ > 1
[T gx—1 < Cllg = N pre- (5.4.6)

We now construct higher-order energies out of L, following for example [AF20, §8.2]

Definition 5.18 (Geometric energy). Recall that A\ is the lowest eigenvalue of the
operator L4, with lower bounds given in proposition 1.32. We define the correction
parameter o = a(\g, o) by

1 Ao > 1/9
o= 0>1/ (5.4.7)
1—00 Xo=1/9,

where 04 = /1 —9(A\o — &’) with 1 > ¢’ > 0 remains a variable to be determined in the
course of the argument to follow. By fixing &’ once and for all, §,, can be made suitably
small when necessary. The corresponding correction constant, relevant for defining the
corrected energies, is defined by

e o> 1/9
e {9(/\0 —&) N =1/9. (548)

We are now ready to define the energy for the geometric perturbation. For Z 5 m > 1
let

1 — 9 -
Em) = 5 /}C<6E,£g77 6%) g + 3 /’C<(g =), Ly (9 = ))hg, (5.4.9)
Lmy = /’C<6Z,£Z,‘J1(g —Y))Hg- (5.4.10)

The energy measuring the geometric perturbation is then defined by

1<m<k

The following lemma states that the corrected geometric energy Ej(g,X) is in fact
coercive over the standard Sobolev norms of the geometric variables g, and Ygp.

Lemma 5.19. Under bootstrap assumptions (5.4.1) there exists a constant C > 0 such
that

lg = Fwor + IEl7 w0 < CE (g, %) (5.4.12)

For a proof see [AF20, Lemma 19] or [AM11, Lemma 7.2].
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5.5 Modified continuity equation

In this section we cast the rescaled Klein-Gordon equation in the particular form (5.5.1)
and derive a modified continuity equation (5.5.10). This is essential to prove an im-
proved bound for the pointwise norm of the energy-density, which in turn allow for an
initialization of the hierarchy that improves bounds on the Klein-Gordon field and the
lapse function.

The rescaled Klein-Gordon equation (5.2.15e) when written in terms of the small
quantity N reads

Jod' = VUNVap) —3N¢' +¢' + INTION + 3N"1p+ 360N~ — 772m?N¢. (5.5.1)

The rescaled continuity equation, see for example [AF20, (10.16)], is
Orp=(3—N)p—XVap+ TN 'V (N?j*) = 725 gy T® — 72NS, T (5.5.2)

— _3Np— X"V,p— 72NV, (Nva¢(§¢ - éoqs)) + 1Nm2g?
_ L \2

+ T2 RVVa0 - 2 (36 - o)+ T T4V 6V, (5.5.3)
The problematic terms in this expression are Nm?¢? and N(7¢')?. This is because
naively estimating such terms using the standard Sobolev embedding L>® < H? leads

to a problematic e*” growth for p. Nonetheless, motivated by the notion of a ‘modified’
energy, we consider a modified energy density. Consider the quantity

P ¢<3N—1¢ - ¢’). (5.5.4)

Up to a factor of 72, this is similar to one of the terms subtracted from FEy(¢) to obtain
Eo(¢) in (5.3.7). Using the Klein-Gordon equation (5.2.15e) its evolution equation is
the following.

OrP = —LxP + 0P
= —LxP +3¢¢ + 36°0N"" = N(¢')” — ¢do(¢)
= —LxP +3¢¢ + 36°0N"" — N(¢')
- qb(V“(NVa(b) ~ N¢ + 3¢ +4¢' — 3N"290oN — LLN~1¢ — 7‘_2m2Nu)
= —LxP+3¢¢ — 9V (NVap) + N¢'6 — 56° — 4¢'6 + 2N "1¢°
— N(¢)? +772m2N¢>. (5.5.5)

For some constant A\ define
p=p+ 2P (5.5.6)

Proposition 5.20. Assume the bootstrap assumptions (5.4.1) hold. If A = —1/2 then
there exists sufficiently small o such that for all T > 1y the following holds

p<p<2p, (5.5.7)

D=

and also the estimates

10751 S (INlls + 11X |2 + 2] 2 + [7])Ea(9)- (5.5.8)
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Consequently we have

T
plr < plry + 053/T eT1H2R)sqs < Ce?. (5.5.9)
0

Proof. We combine (5.5.3) and (5.5.5).

Orp = Orp + A\r20pP — 2AT2P
= —3Np — XVap+ Nm®¢*(5 +A) = T N(¢)*(5 + V)
— PN TIVNY?0(§0 - B6) — 280 (30 — o) — T2V 6V (30 — o)
+ 78 VoV — TPINT' G + 72300 + TP S VIOV
+ AT (= ¢ — 9V (NVag) + Nog' — 3¢° + R2N"1¢? = 3N1¢? + 20¢').
Choosing A = —1/2 we can remove the problematic terms. Indeed the evolution equa-
tion is now
drp=—3Np—XV,p+72L(1+3/N)pV. NV — 72L(3 + N)pA¢
+ NG DG+ 7°3(=1+ N/9)VapV¢ + T° NV ¢Vad + 27°¢' V¢V, N
+723(1 = 2/N)¢* + 723(1 = N/2)¢¢' + 258, VeV P0. (5.5.10)

To show the equivalence, note

7_2 2
0 242 2(3n—1 /

< — 2 —

5m2m o° + ot (2N 10} gi)) . (5.5.11)

p—pl = T;\gb(%N—lqb -4

Thus for sufficiently small 6 and 7 > 7y equivalency holds. Finally, using (5.3.5) and
the standard Sobolev embedding H? — L, we have
1075] S N[ ([lmo| 7o + TN llFoe + 176 |[Foc) + 1X | Lo ISV | oo
X Lo (TN ) oo + (|76 || o) ITV(NT10) [ Low + |7V || 1)
+ VN1 l|72 6V $ll o + [7l|7¢/ | 1 [ Al oe + 72V ]| e
+ 7Vl oo |7V | oo + 76 L [TVl L [V N || oo + 72|61 7
+rll¢ el @l oo + 1l |7V 70
SN[l gsE3(0) + X || 12E3(8) + [71E4(8) + 1Sl m2Ea(9) (5.5.12)

We can also estimate the initial value of p
plg S (ImolBee + 17N 3 + 1176/ 3) 7, S E2(9)]g, S 2T, (5.5.13)

O

5.6 Energy inequalities

In this section we derive decay inequalities for the time derivative dr of the modified
L?-energy norm of the Klein-Gordon field defined in Section 5.3.2. The main results in
this section, propositions 5.21 and 5.22, are then combined with estimates for the lapse
in lemma 5.30 in order to close the bootstrap argument.
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5.6.1 Lowest-order Klein-Gordon energy

We restate the definition
£o(9) = / (02 + 9 Vag Vit + BN 69/ N + §N 267 (3 - )| g + / m*¢” dpg.
K K

Proposition 5.21. Assume the bootstrap assumptions (5.4.1) hold. Then the lowest
order energy Ey(p) obeys

0r€0(8) S (I5a2 + IN | g2 + 71) €0(0), (5.6.1)
and thus .
Q0] S &l e (€ [ el7s) (5:6:2)

Proof. The modified energy takes the form

Eo(6) = /K (2 fo(6) + m26?) dpy. (5.6.3)

where fy(¢) is the expression between the square brackets above. An identity taken
from [AF20, (6.5)], valid for some function u on ¥, is the following

Or /’C Uflg = 3/’Cﬁuug + /Icéo(u)ug. (5.6.4)

Thus we find
0réa() = = [ B=NIEN(0) +m2) dpy + [ (P00(fo) =207 o+ mPul6?)) diy
< Il Eo(6) +| [ 20000) =272+ mP00(6?) (565

Another identity taken from [AF20, (6.4)] and relevant for this and later calculations
is R
dog™ = —2N2® — 2N g . (5.6.6)

Using these and the Klein-Gordon equation in the form (5.5.1) we find

7200(fo) — 27 fo + m*0o(¢?)

= r200¢' (2¢' + BN 1N + 272V Ve — 372(¢/)°N + 372N 1o/ (3 — N)
+72( =304 + 9¢2NT! — 362) N ! + 72(—2NEY — 2N gV, 6V,
— 272 fo + 2m2pdy¢

= 272V (HppVa) + 372V (N V) + 72V N (BNN L9V 0o + 26Vt — ¢va¢)
+ 72N (= 3(¢)2 = 5(Ve)* + 6N To¢/ —IN(N"19)¢f + J(N — H)(N19)?)
— 72 (3N—2¢2(g —N)+ 2(v¢)2) + 3 N"1p¢'(2 — N)
+ 200N (306 + INTIGAN — 300 + §6°N " - ¢?)
— 2NT22%Y 6V, b — 3mEN ¢ (5.6.7)
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Note the terms involving 9y N cancel. Combining this with (5.6.5) we find

Or€o(@) < (ISllz + |V as)E0(@) + 72 / & duy + / e[ V2007[3/2| dg
< (1202 + | ¥ s + 17 Eo(@): (5.6.8)

Applying Gronwall’s inequality from lemma 1.20 yields the result. O

5.6.2 Higher order modified Klein-Gordon energies

Now we calculate the time derivatives of higher-order energy norms for the Klein-
Gordon field. Recall definition (5.3.7) for the modified L?-energy. The main energy
estimate for the modified higher order energies is given in the following proposition.

Proposition 5.22. Assume the bootstrap assumptions (5.4.1) hold, then the higher
order energies for 1 < < Ny satisfy

0r€a(6) S (1N N> + 1=l + 1Sl e + |1V s +171) Eut)

~ - . ¢ (5.6.9)
+ (I¥les + 121 ) &) + 7l + 30| [ B
k=1
where By denote the border-line terms, which for k > 1 are defined by
By, = m%¢/[N, A¥]o. (5.6.10)

Proof. In a similar way to proposition 5.21, we have

)

OrBu(0) < |¥=Bu(0) +| [ (C0H(700(0) =27+ mP00(6540))

(5.6.11)

where fj is the integrand inside the square brackets of E'k(gb) above. Hence we calculate
the final term above and use the Klein-Gordon equation (5.5.1) to simplify. For some
function u we have, by repeated applications of (5.6.6),

Ao(AFu) = do (g2 - - g126-1920V , Vo -+ Vg, Vi, )
= (D0g™ )V, Vay A - - - Au+ ... (0og®1*)A - - - AV, Vay, U
+ g1 g 1020y (Y, Vag -+ Vg, Vag, )
= AF(Bou) — 2N|k|AFu + g¥192 - .. g®2+1928 [y V0 Vi, -+ - Vg, Vag,

k
—_ 9N Z PR RN LS L gazkazk—lvalva2 ViV 1 Va2k71Va2ku.
i=1
We introduce the following compact notation for the second and last terms.

k
I Ak aia a2i—1a2; a2k a2k —
by Alu: E girez .. 02i-102i L 02k02k 1Va1Va2-~Va2iVa2i,1"'Va%,lva%u,
i=1

[éo’ Ak]u = gM92. .. gi2k-102k [ém Vo, Vi, - VG%AVCL%]U‘
(5.6.12)
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Thus

| [ C0H ) = 20 i+ mtdu086) dig| Zukr +1CH+ |G

+‘/Bkdug,
K

(5.6.13)

where we define the lower-order integrals by
Iy = /;c TN ([k| fe — pAF ) dpug + /’C TPNY'S A dpg + /;c TPNGS AfH g dpy
+ /’C PNG'SIAYNTYON) dpy + /’C 2R AR (3 — N)N 1) dpg
/ Nm2¢pAF¢ dp, + / m2¢pSI AL p dpy, (5.6.14a)
I? = /;c T2 NAGAF (N 'ON) dpy + /;c T2VINV,0AF ¢ dp,
+ /;c T2VOINV AR (NN dpy, (5.6.14D)
= [ (=3NS + (15 - 3N AKFN0) + (N — HNTOAMNON))
—i—/’CTZ(Q—N)N_lqﬁAkqb’dug—l—/KTQ(g—N)¢Ak(N_1qﬁ) dpug, (5.6.14c)

and the integrals involving commutators by

Ci = [ mPold. Aoy + [ (#1600, A0 = 600, AT116 -+ 30/ . AN (N1 6)
+3(NTI9)d0, AF)((3 — NN '6) ) dug, (5.6.15)

2 = /KT?( — 2A¢[AF N|¢/ — SN~1g|AF, N]¢’) dyig. (5.6.15b)

Finally the terms without decaying factors (for example, without factors of |7| or
IN||z>), and which require additional care to control, are the following.

By, = m?¢/[N, A¥]g.

Note the terms involving (%N have cancelled with each other. The terms I; are con-
trolled using lemmas 5.24 and 5.25. The commutator terms C) are controlled using
lemmas 5.26 and 5.28 below. Summing these estimates for k = 0 to k = £, noting that
k = 0 is covered using proposition 5.21, yields the claim. O

5.6.3 Auxiliary lemmas

As mentioned in the foregoing proof we require a series of lemmas that are used in
the proof of the main energy estimate above. We list and prove those in the following.
The main strategy throughout this section is to integrate by parts on each term and
distribute & > 1 derivatives while also making use of the Sobolev embeddings H? «— L
and H' — L.
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Lemma 5.23. For k > 1 and general functions v,u, and w we have
‘/}CvuAkwdﬂg’ S lollzee lull g llwll e =+ lul e [0l g lwl g+ N0l el e llwl] e

The sums involving |I|,|J| < k—1 do not appear if k = 1. Also assuming the bootstrap
assumptions (5.4.1) hold, then for k < Ny

I N6l agn S (] 4+ [ g ) E(9) 72, (5.6.16)
(3 = NNl e < I7lx(6)"/* + Irle?, (5.6.17)
(o= NN 6llze S (17l + [N s )Ex(6) 2 + Rl ()2, (5.6.18)

where o # 3 .

Proof. Using the Sobolev embeddings H? < L* and H' < L* and integration by
parts on general functions v, u, and w gives, for k > 1,

’/ vuAkwdug‘ </’ AU“/2J Uu)(V)’%ALk/QJ(w)‘dug

S lJollzee lull g llwll e + lwllzoe [0l el wl]] g

+ > IVl Y IVl llwl

1<[1]<k—1 1<|J|<k—1

< ol oo el el g+ oo el g+ 10l g el g ol
In general sums involving |I|,|J| < k — 1 do not appear if £k = 1. We also have
IrNT' SN S 7l + 7N @l e
< L:Lgk(qﬁ)l/z + |7V 100 k() + 7l poc | N | 1

+ TN g (9) 2
S TlEr(9)!? + I7]e?, (5.6.19)

and also

_ _ 1/2
N = [N ol (30 [ AN 0 dy )

\I|+|J|+1<k
SIrén@' 2+ D0 IIVIN Y Yo 17Vl
1<|I1Lk |J]<k—1
< (Il + [N g ) Er(9) /2. (5.6.20)

Finally although N is small, there are several terms involving N — o where « # 3.
In this case we take care to extract N — a in L when no derivatives hit it, but when
derivatives do hit this term we note that V(N — a) = VN and this is small.
I7(a = N)N'll e S llaw = Nllpoe [N ] g + [|TN T @l| oo [ N| g
+ TN Bl g |V |
SN Gl + N 2o 7 2 [N v
S (I Nl s ) Ex(9)? + |N || g ()12, (5.6.21)
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The first set of lower-order integrals I ,1 are controlled in the following lemma.

Lemma 5.24. Assume the bootstrap assumptions (5.4.1) hold, then for k < Ny the
following estimate holds.

S (N2 + 112152) Ex(8) + (1N 1z + 1Sl 0) E2(6) + (1N + |E||Hk)(‘§k(¢)'>
5.6.22

Proof. The results of lemma 5.23 allow us to easily obtain

| /,CN ARG diy| + | /,JQN (Ikl e = 621 6) dpy|

SN 52E6(0) + N 11E2(0) + N || 111€r(8).

(5.6.23)

The remaining terms involving contractions with % can similarly be estimated. For
example

R T B (e e P e e P e P P [ e
S ISl 284(6) + IS Ea(8) + 5101 E(9) (5.6.24)

O

Lemma 5.25. Assume the bootstrap assumptions (5.4.1) hold, then for k < Ny the
following estimate holds.

1R+ 1R S (IN W gesr + [N 3) (@) + 1N a1 E3 () + ™. (5.6.25)

Proof. We make frequent use of the identities from lemma 5.23 and also the identity
(5.3.16) for derivatives of N~!. For the first term in L7, we integrate by parts only
k — 1 times so that we avoid terms such as ||7¢||gr+2 since this is only controlled by

Eri1(0).

S ITNAG|| o [|T(NTIN) b s

/ (—1)*P2NAGAR(N~1¢N) dpg
K

S (INzelirglgess + IrAdl= > IV Nl (5.6.26)
1<|1]<k—1
Y VNI > IV Ad )
1<|11<k—2 1<|J|<k—2
X (INT Nl vl + I7llgl > IV Nz
1<|1|<k+1
+ > VN D 19l
1<[1|<k 1<[J|<k
S (Wrglzen + 17l | Nl zees ) (111012 | W s + 1N g 7l g )
S N1 E3(0) + 1N i1 Ex(9)- (5.6.27)

Sums involving |I| <k —1 or |I| < k — 2 do not exist for £ = 1 and k = 2 respectively.
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The key point above is the estimate
IrNT NGl S 76l s [N pss + 1% S Ee(@) N || gy + |7|€%. (5.6.28)

Note the first term & (¢)Y/2||N| zr+1 above is worse than the term &(¢)Y/2|7| from
(5.6.17). This is because have more derivatives to distribute and so we must allow for
a term with both high derivatives in IV and ¢.

For the remaining terms of L,lC we integrate by parts k£ times to obtain

‘ / PPVINY, ARG
K
S (19N 1790l g + 1796l o< IV N g+ IV N gl 76 1 )

X (Il s + ITN " $N]| )
S (INllgs + [N grs)Ex(9) + TN | grs1E3(0) + XTI N - (5.6.29)

n ‘ /’C Tzvana¢Ak(N_l¢]/\7)‘

Thus
12| S (1N || gwr + |N |23 ) Ex(@) + [|N| o1 Es () + | 7], (5.6.30)

Turning to [ g’, we see that the last two terms contain no factors of N. We estimate
these using (5.6.18) to obtain

| [ 7= MINTIOAM | S (2 = NN ol el

S (7] + N e ) ER(8) + [ N] rEa(9).

(5.6.31)

The other terms of I3 are estimated in a similar manner, using instead (5.6.17).
‘ /KT?( — 3NGARY + (15 — BN)F AF(NN¢) + (N — %)N‘lgbAk(N_ng)N)) dug(
S (Nl + 17+ [N 122) E(8) + 1N | s (@) + Il
Thus
1S (IN e + 7+ [N 12) Ex () + [N ]| 11 Ea(¢) + [ (5.6.32)

O

WeAnow estimate the commutator terms C},, divided into those commutators of the
form [0y, A¥], see lemma 5.26, or those of the form [A*) N], see lemma 5.28. We start
with the following identity, adapted from [AF20, (6.6)] and [CBCO02].

Lemma 5.26 (Commutator identity). For some appropriately smooth functions v, w
and k > 1 we have

| [ oton, A
K

S (lvllzllwll e + lwl gellvllge—) (Bl s + 1N ms + 18] e + 1N gx).-

(5.6.33)
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Proof. From [AF20] we have

[éOa Ak]w = gM2... giekmlghzk [307 Va,Va, 'v02k71Va2k]w

= ™92 ... g92k—1 ga2k.
[ Z Z Vg, -+ vai—l (vai+1 e Vaj—lvcvaj+1 U vd2k (w) ) ngai)] )

i<2k—1i+1<j<2k

where

K{ = Vp(NE2) + Ve (NE]) — V(kep). (5.6.34)
Thus after integration by parts, we find
’ / v[do, AF|w d,ug’
K
— Z Z / RS BLETS vAPURE v
2<i<2k—1i+1<j<2k
(vai+1 e vaj_1 chaj.H U v(le (w) ' ngai) dug (5'6'35>
- / 10V (9 (w) ) dy|
K

[I|4]J|=2k—1
[J]>1

S( oo+ Y )cfj/lcuvf(vJ(w)K)dug

||+ J|=2k—=1  |I|+|J]|=2k—1
<

1<|J|<k 1<k
Y / Vv (VVw - K [dpg+ > / IV wv?" (Vv K) | dug
174 T =k—1 7% |+ =k—17K
|| =k |J|=k
[J|=1 [J7]>1

S ollgs (MKl 2o lwll o= + [Jw[| e [ K] pre—1)
+ lwll e K oo [Joll a2 + 0]l o= [ 1)
S (ol llwll gr—s + llwll e lloll ge—) (HS ] zoe + [ K | i) - (5.6.36)

Finally k = ¥ + g/3 so that K = V(Nk) = V(NX) + 4VN. Thus

1K | zoe 4+ 1K | zre-1 S (N (| 2oe [[VE[| oo + [Zll e [[VN|[ oo + VN[ Lo + [N VE| e
+ |EVN| gr-1 + [|[ VN gr—
SN e + 1IN s + 120 e + ([N |- (5.6.37)

O]
Lemma 5.27. Assume the bootstrap assumptions (5.4.1) hold, then for k < Ny
(Cil S (Ex(0) + I71e") (1K 2w + 1K i) (5.6.38)
Proof. Using lemma 5.26 the ‘symmetric’ terms are controlled by
| (#2000, A+ o160, A410) |
SN E0(0) 2 E5-1(0)2 + E1(9)*E-1(8) | K| s
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S (1K |zoe + 1K 1) Ex(9). (5.6.39)
The remaining terms are
‘/T%[éo,A’f“](z;dug’Jr(/ 72480, A" (N 1N dug)
K K
+| [ POl8, AT - NINI6) dug
K

S (1l el e Nl zre + 176/ e lT N~ 6N Iz + 7N 26 e (1 = 3/28)] v )
% (1K oo + 1K i)

< (I71Ex(6) + 171" + ¥ gess€5(0)) (1K oo + 1K e (5.6.40)
In the final line we used lemma 5.23.
O
The final result in this section controls commutators involving N.
Lemma 5.28. Assume the bootstrap assumptions (5.4.1) hold, then for k < Ny
CRL S IN (@) + [N |11 E5(6) + [N [ 11 € (0). (5.6.41)
Proof. First note the expansion
[AF Nlw= > ey VFTNVw, (5.6.42)

|T]+]J|=2k—1

where the constants cy; are functions of g and so are bounded below by some large
overall constant. For general functions w,v and k£ > 1 we have the following

/ v[AF, NJw dp,
K

< DY IVVIENY wllp + > IV eV eV N

[I|+]J|=k—1 |I'|+|J|=k—1
[J" =k |1 |=k+1
5(HvIILoollNHHk+HVNHLO<>IIUIIHH+ > AIveuls D) ||NHL4>”TW||Hk
|| <k—2 |B]<k—1

o (leolzoe ol s + Nollze el ges + > 190l D2 lwllgs) V] g
|a|<k—2 |Bl<k—2

S (Wolze + 0l gris ) 1R s el g

+ <||me||N||H3 + llwlleHNHHw) NN gz ]l - (5.6.43)

The claim follows, using for example the estimate (5.6.16).

5.7 Lapse and shift estimates

We first state the following elliptic estimates from [AF20, Proposition 17] for the lapse
and shift.
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Proposition 5.29. Under appropriate smallness conditions we have the pointwise es-
timate N € (0,3] and the following estimates for £ < No + 1

INl e < C(IENFe-2 + [Tl re-2),

, (5.7.1)
1X 0 e < CUISNFe-2 + lg = AW Tre—s + [Tl o5 + 72| NG| o).

Applied to the present case this yields the following estimate for the lapse function.

Lemma 5.30 (Lapse estimate). Assume the bootstrap assumptions (5.4.1) hold, then
for 2 < £ < Ny + 1 we have

INIgze S WMo + I7lllplloo + [71Ee—2(0), (5.7.2)

and furthermore R )
INIlgze S €I7] + |71Ee—2(9).- (5.7.3)

Proof. For k > 0 and some function w we have
lw? 130 S llwllzee / Viwldpg + Y / (V7 wl* + V7 wlt) dpg
1<k 7k 1+ +2<k 7 *

Sllwliellwlze+ Y 1V wl|ia
[T]+1<k—1

S llwlfee llwlFp + llwl ze- (5.7.4)

Using the definition of n = —3(mu)? + 2 (7 (3N "1¢ — (;3’))2 from (5.2.11c) and the
estimate from proposition 5.29 we see

IN e S NS 3e—2 + [7l|n pre—2
SUEN e + |7 (Ml oe + TN p|| oo + |76 | 100 ) Er—a ()2 + |7|Ek—2(0)
SIS ems + [T1€—2(0) + |7l o]l Lo (5.7.5)

O]

Remark 5.31. It is crucial in the final line of the previous proof (specifically for ¢ = 2)
to use the pointwise estimate from proposition 5.20 instead of the standard Sobolev
estimate invoking 5'2(q§), since the latter would have created a eI growth preventing
the envisioned bootstrap argument.

Lemma 5.32 (Shift estimate). Assume the bootstrap assumptions (5.4.1) hold, then
for3 <l < Ny+1

Xl ge S ISz + lg = HWrems + [Tl pllzoe + [71Ee-2(6), (5.7.6)

and furthermore )
1X N S 27l + [7|E-2(9). (5.7.7)

Proof. We use the estimate from proposition 5.29. We may use the estimate for ||| g«
derived in lemma 5.30, and also need an estimate for the rescaled matter current

I =-T(3N"— ¢) V. (5.7.8)
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For k > 0 using the standard Sobolev embeddings, we have

TNl e S N7V L€k () 2 + (ITN " |l o + |76 || oo ) Ex (D) + Ex(0)
< llpllze + E(4). (5.7.9)

So for 3 < ¢ < N +1 we have
X1 ge S NS We-2 + lg = Ape—r + 1710l re=s + 72 N gre—2
SISz + lg = A3pems + 171E=3(8) + 7l pll o

+|T|(HNHL°<>IITJIIHH+ > ||VIN||L°°‘|Tj‘|L2+||N||H5*2||Tj||HZ*2)
1j<e—2

SIS ez + g = lFres + 171E-3(0) + 7| (ol + Ee-a(@) + IN | reEa(0)).
O

5.8 Hierarchy between lapse and Klein-Gordon field

In the following lemma we estimate the borderline terms for the Klein-Gordon energy.

Lemma 5.33 (Borderline terms). Assume the bootstrap assumptions (5.4.1) hold, then
for 1 < £ < Ny we have

l
S| [ Brdig] 770 AT e + 1717 | ¥
k=1

(5.8.1)
+ |71 ()21 (&) V2 N | gyesr.-
Proof.
] o [ (- )
K K
< / S NIl S V) dyg
K n1471=k \I'|<k
" / S VNV S (2] da
Kns1+1a1=k "<k
S (lme | e |71 77 | gx IN | v + 7172170 | g Z VN g [m V7 @ g
I|+1+]J|=k
+ 7|17 || oo M | e | N (| v + | 7] Im|| g Z VN g |7V || e
411 1|=k

_ 1/2 <
< I el () 2N
+ 17171802 IV N i 16l + 1l g | W i)
+ 17 eEr(6) 2| W |
117 8 (IO N o 17 g+ N g 76 i
S 1717 B0 (@) 2N i+ 1 E @I o + 71~ E(9) €1 (6) Y2 W g,

Summing from k£ = 1 to £ gives the required result. O
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Remark 5.34. We now outline the key ideas behind closing the lapse and Klein-Gordon
bootstrap assumptions, as proved below in proposition 5.35. The estimates for g'o(qﬁ)
and |[N| s are readily improved. Then, starting from ¢ = 1, the most problematic
terms needed for the gg(d)) estimate are contained in lemma 5.33. Nonetheless, lemma
5.33 tells us that we need information about ||]/\7HH2, N ge+1 and E_1(¢), all of which
have been upgraded from the previous steps. The upgraded estimate for gg(qﬁ) is then
used, via lemma 5.30, to close the bootstrap estimate for |N||ge+2. One then moves
onto improving the estimate for £g+1(¢) and continues until £ = Ny — 1.

Proposition 5.35 (Upgraded lapse and Klein-Gordon estimates). Assume the boot-
strap assumptions (5.4.1) hold, then

IN| g2 S 2T,

&o(9) S €% (5.8.3)
and for higher orders 1 < ¢ < Ny
N[ press S e2el O, (5.8.4a)
Eo(p) < 2eCeT. (5.8.4b)
Proof. From proposition 5.21
Eo(d)| 7 S Eo(9)] - (5.8.5)

The lapse estimate lemma 5.30 with £ = 2 then implies
N[z S %" + e Tén(g) See ™. (5.8.6)

The Klein-Gordon estimate of proposition 5.22 combined with the borderline estimate
of lemma 5.33 for £ =2 — 1 = 1 together imply
Or€1(9) S el ITE(@) + [rE(g) + eI el r| 4 |7 T e€i() 2N 12
+ |7 EUD)IN |2 + 717 E1(0)2E0(6) V2 [N 72
S 3TIHRIT g 4 (ceCHRIT 7] 4 2) 61 (¢). (5.8.7)

Thus using Gronwall’s inequality from lemma 1.20 implies

T

E1(9)|, < (<‘:’1 (¢)|TO + C/TT (3el1Hms 64)d8> exp (C/ (e7% +eelT1HM)s ¢ aZ)ds)

To
< (gl(qS)‘To + 53606T) exp(CeT). (5.8.8)

Note we used the identity: z < 1+ z < € for x > 0. Returning to the lapse estimate
from lemma 5.30 with £ = 3 now implies

[Nl s S 2T + e TE(g) S e2el1H20T, (5.8.9)

Now we use this result to improve the ¢ = 2 estimate for the Klein-Gordon field. From
lemma 5.33, proposition 5.22 and the upgraded estimates obtained so far, we have

0r2(9) S eet T ITEN@) + [TIEx(9) + 2T el 7| 4 |7| T eba(0) N 12
+ T[T E(S)IN 2 + 7] E2(9)/2E0(9) 2N 115
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S eelmHITE () + |7|Ex(9) + 3 THIT 1 385 (9) 2 + £265(9)
+e eCeTg (¢)1/2
S eBeTIHRIT | 420 (ee(_H”)T + | 7] + %) Ex(9). (5.8.10)

Thus by Gronwall’s inequality from lemma 1.20:

~ T T
Es (b)‘T < <52(¢)‘T0 + /TO (5 e(—1+r)s + e eCssds)> exp <C /TO (e —l—E)dS)
< (~ }T + 63606T)GC€T.
<%t (5.8.11)

Continuing in this way we stop at £ = N 4 1 for the lapse estimate.
INgni S e2e T +e Ty _1(g) S e2elT1HCT, (5.8.12)

Using this to estimate the final £ = N energy (note N > 4) for the Klein-Gordon field
gives
Orén(9) S el HOTEN () + [TEN (9) + 2O 4 |riet 4 |7 e (¢)/ 7| N || g
+ 17| EN ()N g2 + |77 € (9)'2En—1 () 2N | prvs
S PTIHOIT 1 r|En(¢) + % TEN(9)' 2 + 2En(9)
S BeTITONT | A2CET 4 (e(ZIHCAT 4 17| 4 ) En(9h). (5.8.13)

Thus by lemma 1.20 we have

T

qb)}T S (éN(¢)’TO +/ (e e(T1+Ce)s +54ecss)ds) exp (C/ (5+e_s)ds)
To
(5 |T _|_€3€CeT) C(—.‘T.
< g2l (5.8.14)
O

5.9 Energy estimate - Geometry

In this final section we obtain improved estimates for the shift vector field and the
second fundamental form and metric perturbation.

Corollary 5.36 (Improved shift estimate). Assume the bootstrap assumptions (5.4.1)
hold, then for 3 < £ < Ng+1

X )| e S €2l 1HOT (5.9.1)

Proof. This follows clearly from lemma 5.32 and proposition 5.35. O

Using the energy estimate given in [AF20, Lemma 20], itself adapted from [AM11]
we have the following estimate for the second fundamental form and metric perturba-
tion.
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Corollary 5.37 (Improved geometry estimate). Assume the bootstrap assumptions
(5.4.1) hold, then for 1 < ¢ < Np+1

OrE%y < —2aE9y+6E9|r||NS| gre-s + CESY? + OB (|r||nll gre-s + 72N || re—2).

(5.9.2)
Furthermore
OrEYy < —2aE% + CE9)/* 20T L o podl?, (5.9.3)
Finally
EYy|, < Celem?¢T, (5.9.4)
and hence
lg = H3esr + M7 < CePemT, (5.9.5)

where for sufficiently small € we may choose ¢ arbitrarily close to 1, in particular
(<1- ¢,

Proof. The estimate (5.9.2) comes from [AF20, Lemma 20]. S;; was given in (5.2.11d).
So for 2 < ¢ < Ny + 1 we find

INSllgre- S N (I@llzee Nl s + 18120 s + TVl TVl e + 7V )
1 W= (1913 + 1813 [0l -1 + 16 13pe—s + [TV 8]3
17Vl TVl o + 7Tl )
< Nl +E1(8) + [N e (Il + E-1(9)), (5.9.6)

where we took note of the product identity (5.7.4). Also following the method of lemmas
5.30 and 5.32 we have

[l e + 72 INGl ez S 171E-1(9) + I7lllpll L
+HIrl(llpll e + Ee—2(9)) (INlze + [Nl ge).  (5.9.7)

Putting these together gives
OrEYy < —2aE%; + 6E9,)*7|NS| jye—1 + CESY? + CE9) (7|0l gre=s + 72N J | re—2)
< —2aE% + 6B 7| (|l + E-1(8)) + CE

+ CE7Y (1r181(6) + Irllollos + ol W e + [r1Ee-2(@) |l e ).
(5.9.8)

Thus
or(E9)?) < —aE9)” + 02T + CEY,. (5.9.9)
Now a € [1 — d4, 1] where §, can be made suitably small. Given «, pick ¢ such that

% <(¢<1land —(af — %) < 0 (ie, aC > %) Indeed we can guarantee al > % holds by
choosing ¢ sufficiently small such that 1 — d4(g) > f—c. Then we have

3 3 7 ;
or(eiTB9}?) < —(a¢ — 3)etT B9} + 02D — 1T pe)/? (O‘(l —0- CEg;/g)
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3 3 3
< —(a¢ — 31T} 4 02 DT _ i TRy (a(l ) - 05)
3 3
< —(a — %)eZTEgim + O DT, (5.9.10)

where we dropped the final term by picking e small enough so that a(1 — () — Ce > 0.
Then by Gronwall’s inequality, from lemma 1.20, we have

3 r 3
e(sTEgé/2|T < (eZTOEg;/QlT +C’52/ e(_HZ)Sds)) exp (—/
0 TO TO

T
(ag—g)ds). (5.9.11)

This implies

3 3 3
EQ;/Q‘T < (eZTOEg;m‘TO + CEQ)e*ZT@*(O‘C’Z)(T*TO)7 (5.9.12)

and thus 5
E9y|, < (B9|p, + Ce*)e 2T < Ce?e 27, (5.9.13)
O

Proof of theorem 5.12. We now bring together the previous results and prove the main
theorem. Consider initial data at time Tj which is close to the induced data of the Milne
model in the sense of the smallness assumption (5.2.19). This data is not necessarily
CMC. The maximal globally hyperbolic development of this data under the EKGS
is, locally in time, sufficiently close to the background geometry. The existence of a
CMC surface in this local solution then can be shown by following the corresponding
argument in the vacuum case presented for instance in [FK].

We can then consider the initial data induced on this CMC surface. By choosing
(5.2.19) sufficiently small, the new initial data satisfies

Eiot(To) < Cog, (5.9.14)

where Cy > 0 is a constant and we have defined

3 - _
Buot(T) = (llg = Hlazvos + 150 050) €37+ (1Rl grnosn + 1X v ) =T

+ Eny (9)1/ 27T
(5.9.15)
Recall also that T = 1.

We next evolve this CMC inital data by the rescaled EKGS system (5.2.15). By
lemma 5.9 there exists a solution to (5.2.15) defined up to a maximal CMC time of
existence denoted T, such that either T, = +o00 or

héns%lp lg = Yms + |1 Elge + V7ol gs + [|o1]|g4) = oo. (5.9.16)
—dx

For C1 > 0 a sufficiently large constant, we then define
Ty = sup{T > Tp : Eit(T") < Cre hold for all T € [Ty, T)}. (5.9.17)

By lemma 5.9, together with the smallness assumptions (5.2.19), T exists. The results
of proposition 5.9, corollary 5.36 and corollary 5.9 then imply that for sufficiently small
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€, we have
E(T') < 3Cie (5.9.18)

for all Ty < T’ < T. Note that in the proofs of these propositions and corollaries, all
the estimates were independent of the smallness of the initial data once ¢ is chosen
sufficiently small, and so we can decrease ¢ in the course of the argument. The same
holds for decreasing || = [trg,ko|.

By the continuous dependence of E;y on T', (5.9.18) then contradicts the maximality
of T and implies that E;(7) < Cre must hold for all T < T,. Thus by the continuity
criterion (5.9.16) we can extend the solution to the interval [Tp, T + €’) for a small
e’ > 0, where E1(T) < Cte, or equivalently (5.4.1), hold on this extended interval. A
standard continuity argument, see for example section 1.3.2, implies that T, = +oc.

Finally, one can use the rate of decay of the perturbation of the geometric variables
to show that the solution we have constructed is future complete. Since we have
the same decay rate as the work [AF20] on the Einstein-Vlasov equations, this follows
exactly as in [AF20, §10.6]. Note that the proof in this work is based on a completeness
criterion given by Choquet-Bruhat and Cotsakis in [CBC02]. O
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Chapter 6

Stability of spacetimes with
supersymmetric
compactifications

In this chapter, we! study the stability, with respect to the evolution determined by the
vacuum Einstein equations, of the Cartesian product of high-dimensional Minkowski
space with a compact, Ricci-flat Riemannian manifold that admits a spin structure
and a nonzero parallel spinor. Such a product includes the example of Calabi-Yau and
other special holonomy compactifications, which play a central role in supergravity and
string theory [CHSW85].

6.1 Introduction

Let (R ngitn) be the (1 + n)-dimensional Minkowski spacetime, and let (K,7) be
a compact, d-dimensional Ricci-flat Riemannian manifold that has a cover that admits
a spin structure and a nonzero parallel spinor. The spacetime M = R™" x K with
metric

g = Nri+n + 7 (6.1.1)

is globally hyperbolic and Ricci flat, i.e, it is a solution to the (1 4+ n + d)-dimensional
vacuum Einstein equations. In this chapter we refer to (M, g) as a spacetime with a
supersymmetric compactification and (K, ) as the internal manifold.

We first fix some notation. The indices are the following, see also definition 1.37:

spacetime indices p, v € {0,...,1+n+d},
spatial indices a,b € {1,...,1+n+d},
external indices i,j € {0,...,n},
internal indices A, Be€ {1+n+1,...,14+n+d}.

We will sometimes use 7, j to denote only external spatial indices, that is4, j € {1,...,n}.

!The results in this chapter were obtained in collaboration with Lars Andersson (Albert Einstein
Institute Potsdam), Pieter Blue (University of Edinburgh) and Shing-Tung Yau (Harvard University).
This research was supported in part by the Swedish Research Council under grant no. 2016-06596
as part of the program ‘General Relativity, Geometry and Analysis: beyond the first 100 years after
Einstein’.

153



This will be made clear in context.
Given the supersymmetric spacetime (R'*" x K, §) consider the Euclidean metric

(gE)uV = g,w/ + 2(dt),u(dt)u7 (612)

where dt is with respect to the standard Cartesian coordinates on R'*". On K and
R*7 x I respectively, define the following inner products on (0, 2) tensors

(u,v)y = ¥ YPPuyspvep, (

_ o po
<u7U>E =9 9 YppVvo-

Define |u|, = ({(u,u),)"/?, and similarly for |u|z.
The following is our main result. The details of some of the concepts appearing in
the statement of the theorem appear in definitions 1.5, 1.7, 6.12 and theorem 6.13.

Theorem 6.1. Let n,d € Z* be such thatn > 9 , and let Ny € Z be sufficiently large.
Let (R x K, § = ngi+n + ) be a spacetime with a supersymmetric compactification.
Let gg denote the Schwarzschild metric in the nri+n-wave gauge with mass parameter
Cs > 0.

There is an ¢ > 0 such that if (R™ x K, Gap, Kap) is an initial data set satisfying
G =gs+v and K =0 where |x| > 1 and satisfying

VA G = dl=o)liz@nury + D, IV Kl @i +Cs<e,  (6.15)
[7|<No [I|<No—1

then there is a solution g of the vacuum FEinstein equations on RY™™ x IC with initial

data (R™ X K, gap, Kap) and satisfying the g-wave gauge. There is the bound

sup  t2M|g(t, 2", w) — g(t, 2", w)|E S, (6.1.6)
(t,ztw)EHs XK

where the decay rate is given by

(m) =" 2 (6.1.7)

Finally (R x K, g) is globally hyperbolic and causally geodesically complete.

Remark 6.2. A positive energy theorem holds for spacetimes with a supersymmet-
ric spacetime [Dai04], in the sense that a Riemannian manifold with the same initial
topology R™ x KC as (6.1.1) and which asymptotically approaches in the non-compact
directions the metric g~ + v must have non-negative mass and this mass is zero if and
only if the space is precisely dgn + . The restriction in initial data, which is then
‘compactly supported’ as much as this positive mass theorem allows, mirrors the proof
of the stability of Minkowski in four-dimensions as a solution to the vacuum Einstein
equations given in [LRO05]. That said, the existence of nontrivial initial data for the
above theorem is not yet known, and may require significant modifications of gluing
theorems used to construct nontrivial data for Minkowski spacetime [Cor00, CD02].

Remark 6.3. In section 1.5 we remarked that (IC,) is Riemannian linear stable but
not necessarily isolated in the moduli space of Einstein structures. The above theorem
shows that we do not evolve to another nearby Einstein metric in the moduli space.
This is not a priori obvious and relies on the external space having infinite volume.
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Theorem 6.1 can be compared with the result of [BFK19]. In this work, the authors
prove the stability to zero-mode perturbations of cosmological Kaluza-Klein spacetimes
constructed by replacing the Minkowski geometry with the 4-dimensional Milne model
considered in Chapter 5. In particular, they show that the spacetime radii only converge
to values close to the background radii values. In some sense, the compact spatial slices
of the Milne can only absorb so much energy, while the rest is transferred into the moduli
space of the torii.

The proof of theorem 6.1 uses a relatively simple vector-field argument, while, for
example, the proof of global stability for the coupled Einstein—Klein-Gordon system in
(1 4 3)-dimensions [LM16a] required combining vector-field arguments with estimates
arising from control on the fundamental solution for the wave and Klein-Gordon equa-
tion. Such detailed analysis is beyond the scope of this chapter, but we intend to
explore this in future work. Note that the method in the present chapter can be easily
used to show linear stability as far as n = 3.

The decay rate of |h| < t79(") given in lemma 6.15, arises essentially as a linear
estimate. The linearisation of the Einstein equation is

(O, + Ay + 2R[§]0)hy, = 0. (6.1.8)

To study conservation properties of the linear equations we introduce a new stress-
energy tensor

T[r*y = g"*(V[glah, V[gluh)E — %§“5<V[§]ﬁha Vlglah)géy + (R[g] o h, h) 56},
(6.1.9)

The conditions on (K,v) imply that the energy integral derived from (6.1.9) is non-
negative. Indeed the conditions on (IC,v) imply that the operator —(A, + 2Ro) has
a nonnegative discrete spectrum, and so a spectral decomposition can be applied to
solutions h of the linearised Einstein equation (6.1.8). The spectral component cor-
responding to the zero eigenvalue satisfies an effective wave equation, Dn(ho)w, = 0;
the components corresponding to positive eigenvalues A satisfy effective Klein-Gordon
equations (O, — A)(h*), = 0.

For the quasilinear Einstein equation, we refrain from performing a spectral de-
composition into wave and Klein-Gordon components. Thus, we use the intersection
of wave and Klein-Gordon methods together with an energy integral derived from a
perturbed version of (6.1.9), see definition 6.16. This follows especially the treatment
of quasilinear Klein-Gordon equations in [H6r97]. This approach leaves us with a de-
cay rate, as given in (6.1.7), that is far from the sharp decay rates of the wave and
Klein-Gordon equations.

Having obtained a linear estimate that improves with increasing n, we take n suffi-
ciently large so that we can ignore all nonlinear structure in the Einstein equation. Note
that the dimension of the compact manifold only appears in the required regularity of
the initial data, which is given explicitly in theorem 6.23.

Outline of chapter. In section 6.2 we introduce: the Lichnerowicz Laplacian, the
foliation by hyperboloids, the gauge condition and the higher dimensional Schwarzschild
-product spacetime. In section 6.3 we prove a Sobolev estimate on hyperboloids with
respect to wave-like energies. In section 6.4 we define an energy functional adapted to
the internal manifold and to hyperboloids. Finally in section 6.5 we prove the main
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theorem.

6.2 Preliminaries

6.2.1 Parallel Spinors and the Lichnerowicz Laplacian

In this subsection we briefly detail how the condition on the internal manifold in the
main theorem relates to a linear stability condition involving the eigenvalues of an oper-
ator closely related to the Lichnerowicz Laplacian. We refer to the expansive discussion
in section 1.5.1, in particular definitions 1.30 and 1.31. However for convenience we
restate theorem 6.4 here.

Theorem 6.4 ([DWWO05]). If a compact Riemannian manifold (KC,~) has a cover which
s spin and admits a nonzero parallel spinor then it is Riemannian linearly stable. That
18, for all symmetric 2-tensors uap we have

/ (Lyu,u)ydpy >0, (6.2.1)
K

where (Lyu)ap = —Ayuap — 2(R[y] ou)aB.

The operator £, is self-adjoint and elliptic, and consequently by the compactness
of K and spectral theory, it has a discrete set of eigenvalues of finite multiplicity.
Consequently theorem 6.4 implies a condition A, = 0 on the lowest eigenvalue Apin
of L.

Our main theorem 6.1 in fact applies more generally to internal manifolds which
are Riemannian linearly stable. However all known examples of compact Ricci-flat
manifolds admit a spin cover with nonzero parallel spinors. In particular, all known
examples of compact Ricci-flat manifolds are Riemannian linearly stable manifolds.

6.2.2 Cartesian, hyperbolic, and hyperbolic polar coordinates

We restate some concepts given in definitions 1.17 1.26 and 3.5, as well as notation
from (1.4.7).

Definition 6.5 (Minkowski space). Let n > 1 be an integer. Define Cartesian coordi-

nates to be (20, 2!,... 2") = (t,2!,...,2") = (¢, %) parameterising R'*" and define
n .
Mpaen = —dt> + > (da')?. (6.2.2)
i=1

Define, fori € {1,...,n}, the translation vector fields 7" and X, so that, in the Cartesian
coordinates, they are given by

X; =0,
(6.2.3)
T = Xy = 0.

Define the vector fields {€2;}icq1,.. ny and {€2;}1<i<j<n so that, in the Cartesian coor-
dinates, they are given by

Q;, = tazi + 2,0, 1<i<n, (624)
QO = (nRHn)jk:L‘kai — (URHn)ikxkaj, 1<i<y<n.
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Define the collection of Lorentz generators by
Z = {0, Q;, T, X;}. (6.2.6)

Define |22 = Y7, (z%)? and define, in the region ¢ > |z|, the hyperboloidal coordinates
to be
s = (" = |z[)"?,
Y=
Define, for i € {1,...,n}, the vector fields ¥; so that, in the hyperboloidal coordinates,
they are given by

(6.2.7)

Yi = 0y (6.2.8)
For sg > 0, define the spacelike hyperboloidal hypersurface
S ={(t,x) € R™™ 1t > 0,5 = s0}. (6.2.9)

In terms of the previous notation from definition (1.4.7), the set Z is the same as
the set Z. Furthermore the collection Z is closed under commutation and forms a basis
for the Poincaré Lie algebra iso(n,1).

Definition 6.6 (Spacetimes with a supersymmetric compactification). On R!*" x C,
define, for i,j € {0,...,n}, X;, Y;, and Q;,; to be as in R, Define the following
collection of differential operators

I =ZU{A}. (6.2.10)

Note [Z,A,] = 0. Define N = {0,1,2...}. Define {Z; } (D272 45 be a reindexing
of {Xitieq1,.ny U{Qi}iequ,...ny U {Q4j}o<icj<n, define a multl index to be an ordered
list of arbitrary length of elements from {1,...,(n+1)(n+2)/2}, and for a multi-index
I = (i1,...,i)) define the length |I| = k and the differential operator Z! = Z; o...0Z;,.
For I € N and uy,, a tensor defined on R x K, define the following generalised multi-
index notation

Mz = ) 2" AdulE,
I:| I |+2¢=|1|

where the sum is taken over all multi-indices I of length |I;| = k and integers ¢ such
that k + 20 = |I|.

Definition 6.7 (Sobolev norms). Let u,, be a tensor defined on R1*" x K and ¢ € N.
Define

IV ulf =y B APl gl (VI a, - - VI A, ) (VR , - - VIV g, e )-
(6.2.11)

Define the norms
1/2
sl = | [ 30 VP, | (6212)

0<]<€
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1/2
||U(ta$,w)||L2(st/<)=</ IU(t,x,W)IZEdﬂfduw) , (6.2.13)
Hs X

where dz = da! ... dz" is defined to be the flat Euclidean volume form.

Lemma 6.8.

Y= X + %T (6.2.14)
Q; = 1Y}, (6.2.15)
Proof. Since t = \/s2 + y? on Hs, by the chain rule, for j € {1,...,n}, 8iyj = gg 821-
= % + a%tj% = % + %%, which gives the first result. The second follows from
multiplying both sides of the first by ¢. The third follows from €;; = ;X; — x;X;
= x,-(Xj + .%'jtflT> — .Z'j(XZ‘ + .’L'Z'tflT>. ]

The following two lemmas relate the ¢ coordinate to the s coordinate.

Lemma 6.9. Let s > 1. Suppose (to,x0) € Hs and (t,z) € Hs with |z — xo| < to/2.
In this case, to/2 <t < 2ty.

Proof. For the graph t = /s? 4 |x|?, the gradient |%| = | | <1, so the change

X
/52+‘x|2

from ¢ to g is less than the change in |z| to |zg|. O

Lemma 6.10. For all s > 1, in the portion of Hs where || <t —1, one has 2t — 1 <
2 42
s° < t-.

Proof. First, observe that t? = s? + |z|> > s2. Second, since |x|*> < t? — 2t + 1, one has
s2 =12 — |z > 2t — 1. O

The following are standard elliptic estimates, see for example [Bes87, §Appx. H].

Lemma 6.11 (Elliptic estimates on (KC,v)). For £ € N and u,, o sufficiently reqular
tensor defined on R'T™ x K there exist constants c1,ca,c3 > 0 such that

[[ull e iy < ClH(Av)KUHB(K) + collull 2y < esllull gaegey- (6.2.17)

6.2.3 The higher-dimensional Schwarzschild spacetime

In this subsection, the higher-dimensional Schwarzschild solution is considered and its
relationship to the initial data for the Einstein equations and the reduced Einstein
equations (1.1.5) is discussed. The form of the metric is presented in the following
definition.

Definition 6.12. Let n € Z be such that n > 5 and Cg € [0,00). The Schwarzschild

metric (in Schwarzschild coordinates) is defined for (¢,7,w) € R x (C’é/(n_Q), o0) x §n—1
to be

—1
g9 = — (1 _GCs > 4 + (1 - 052> Ar2 + Pogn-1. (6.2.18)

fan n

Note ogn-1 is the metric on the unit round sphere.
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The above metric can also be written in the wave gauge. For n = 3, it is sufficient
to replace (¢,7,w) € R x (C’é/(nﬂ), o) x S"" 1 by (t,x) = (t,7w) with r = ¥ — M; the
resulting explicit metric can be found in [LR05, LM16a]. Although the case n = 4 leads
to complicated terms involving logarithms, for n > 5, there is the following theorem.

Theorem 6.13 ([CBCLO06, Section 5.2]). Letn € Z be such thatn > 5 and Cg € [0, 0).
There are coordinates (t,x) related to those in definition 6.12 by (x')™ = (¢,7(F)w)
with

such that (z')"_, satisfy the harmonic gauge, that is, the ngi+n-wave gauge. Further-
more, there exist functions hoo(R), h(R), and h(R), defined on an interval around
R =0, that are analytic and bounded by a multiple of Cs near R =0, and such that

g5 = — (1 ho%) Z < 1)> i 4 M) ”j] dz'da’.

Tn—2 7"2
i,j=1

(6.2.19)

In particular, the difference between the components of gs with respect to the harmonic
coordinates and the corresponding components of the Minkowski metric are such that
any &1 derivative decays at least as fast as Cgr—(=2~HI,

6.3 Sobolev estimates on hyperboloids

We begin in lemma 6.14 by recalling Hérmander’s proof of a Sobolev estimate on
hyperboloids. This allows us to introduce some of the key ideas that appear in our
proof of the main result of this section, lemma 6.15.

Lemma 6.14 (Sobolev estimate for compactly supported functions on hyperboloids in
Minkowski space [H6r97, Lemma 7.6.1]). Let v be the smallest integer greater than n/2
and v € C¥(RY™) have support in |z| <t — 1. There is a constant C such that

supt”]v(t r)?<C Z / | Zv|?dz. (6.3.1)

[I|<v

Proof. Consider a point (tg, 7o) € Hs with |zo|?> <2 — 1. Set 19 = t¢/2 and yo = 0.
Set ¥ to be the portion of Hs on which |z — x| < rg. Let (t,z) € ¥. This implies
|t — to| < ro, which implies t/2 <ty < 2¢t. Thus,

Z/ 1210 ( t:c\dx>02/ 1ty o (t, ) 2dy.

[I|<v [I|<v

The right can be rewritten, by introducing rescaled coordinates y = 2t 1(y yo) and
0(g) = v(t,y). Let x(7) be a smooth cut-off such that x is 1 on a neighbourhood of 0
and is 0 for |g| > 1/2. A Sobolev estimate can be applied on y - o to give a lower bound
on v. The error terms arising from derivatives hitting the y factor can be absorbed
into the L? norm on #. We obtain

Z/\t'”yftx|dy—z/ 025 (5)*tadg

[I|<v |I|<v 151<1
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e Y [ | (@) ag

[I|<v lg]1<1
> Ctg|o(0)
= Ctg|v(to, z0)|?,

which completes the proof. O

In the following lemma we obtain a Sobolev estimate for functions supported on
product spacetimes with specified properties outside a compact set. In particular we
obtain a pointwise estimate (6.3.3) in terms of the hyperboloidal time s, as well as a
t-weighted pointwise estimate on a fixed hyperboloid (6.3.4).

Lemma 6.15 (Sobolev estimate for eventually prescribed functions on hyperboloids
foliating product spacetimes). Let n >4, let d be the smallest even integer larger than
d/2 and let U be the smallest integer greater than n/2 + d. Let U frw be tensors on
R x |C with f depending only the Minkowski coordinates x°. Let u € C” (R x K)
satisfy u = f for |x| >t —1. Let f € C®(R™™ x K) be smooth and such that for all
I €N, there is a C1 such that?

VG fle < O]~/ (6.3.2)

Let §(n) = "2. There is a constant C such that,

n
~sup sV (L, 2, w)|% < C Z Z/ |V Z"u|%dzd.,
(t,rtw)eHsxK I1<p i=1 s XK
|1|<o le|<t—1 (6.3.3)

+C > Cf

[1]<5-1

Furthermore there is a constant C such that,

n
wp Ot <03 [ iz ufded,
(t,xt,w)EH XK II<p i=1 XK
[1|< i || <t—1 (6_3_4)

+C ) Ch

I|<i—1
Proof. Lemma 6.11 and the standard Sobolev estimate imply

sup [u(-, )|z < ull gage) < (A7 2ull 20y + ull 2oy, (6.3.5)

wek

for d the smallest even integer greater than d/2. This choice of d being even is simply
to make the elliptic estimate cleaner. Note the trivial estimate

> (Mzi @) Pl + izt ) < > iz (Al
[I|<o—d [1+25 <o

2The exponent on f is set to match that corresponding to the exponent arising from the pointwise
estimate (6.3.3) on u in the region |t — r| < C. The limiting factor on the exponent in (6.3.3) arises
from estimates on the hyperboloid, not from the decay of the prescribed function f. If a faster decay
rate ¢t~ could be proved (using similar methods) on hyperboloids for compact data, then a similar t=P

decay could be proved for prescribed functions satisfying f < 7.
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It is thus sufficient to prove in Minkowski space that

sups" Yu(t,z)|% < C Z Z/ Vi Z u|%dz 4 C Z Cc?, (6.3.6)

[I|<p—d =1 [I|<o-1
since this would then imply
sup 8" 2Ju(t, ', w)[E S ZHSHD(YZI iz +C Y Cf
Hsx K 1)< <5 gi=1 \I]<i—1
S Y Y ma Vullde, +C > CF
|I|+2j§1/1 1 [I|<p—1

For || >t —1 and (¢,x) € Hs, one has t ~ |z|, and so
" lut, o) < P lult, o) [f < Clal"lu(t )| < Cla" 7| f(t,2)|E < CCF.

Thus, it remains to prove (6.3.6) for |z| <t —1.

Consider the region |z| <t — 1. Set tpmax = (82 + 1)/2, which is the value of ¢ at
which H; intersects |x| = t — 1 and which satisfies t < tyax < (#2 +1)/2 on the portion
of Hs where |z| <t —1 by lemma 6.10. Let x : R — [0, 1] be a smooth cut-off function
such that x(a) = 1 for @ < 1 and x(«) = 0 for @ > 2, and define the (0,2) tensor
U (t, ) = x (|| /tmax)uuw (t, ). Observe that u,, = vy, in the region |z| <t — 1.

Hormander’s proof of lemma 6.14 relies on a carefully chosen rescaling of a portion
of the hyperboloid, and the rest of this lemma follows the same idea, although the
scaling is chosen differently. Recall both the Cartesian (¢,2) and hyperboloidal (s,y)
in Minkowski space which are related via (s,y) = (1/t2 — |z|?, ). Given a choice of s,
define §j = s~y and ¥() to be the value of v at hyperboloidal coordinates (s, s7). With
this d"y = s™"dy, 05 = 50, = sY;. Recall Z; = tY;. Thus, by a Sobolev estimate that
exploits the fact that 1< n/2 <n/2+1,

sillp\v(t,fc)l% = sup |0(7)%
s > [k
1S5 +1
From rescaling and the facts that s <t and that ; = tY;, it follows that

swplot ) S5 3 [ )by

1S5 +1

N g2 Z Z/ 2|J|‘YJYU|2 dny

0<[J|<2 i=1

N g2 Z Z/ t2|J|‘YJY’U|2 dn

0<|J|< D i=1

N —n+2 Z Z/ |YZJU|Edn

0<|J|< 2 i=1
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The integral on the right can now be decomposed into the parts where |z| <t — 1 and
|z| > t — 1. Where |z| < t — 1, the integral can be bounded by the integral term on
the right-hand-side of (6.3.6) since # — d > n/2. Now consider the region |z| >t — 1.
Because of the support of x;, it is sufficient to consider the region tyax —1 < |z] < 2tpax.
In this region, v = xf. When a derivative is applied to v, it is applied to either x or to
f, in which case one obtains an additional factor of ¢l or |z|™!, from the properties

of x and f respectively. Since |z|/tmax € [1,2] in the support of Jy, effectively, one

obtains an extra factor of |z|~! in all cases, so |Y;Z7v|g < CC|JH_1|:L‘|_(TL_1)/2_1, and
J, 12 2 Plmax 1)/2—1y2 1 1
/ iz ufpdo < OCH, [ [ R
|x‘2tmax*1 Sn tmax—1

< CCPyiyy-

Observing that s > Ct'/2 in the region |z| <t — 1 allows us to obtain

sup POluE < swp PO swp 2O

Hs XK HsxKN{|z|<t—1} Hex KN{|z|>t—1}

< oswp o sl sup o POf
HsxKN{|z|<t—1} HsxKN{|z|>t—1}

<N Z/ . Yz u|pdzdp, + Y CF

[1|<p i=1 7 TEX [1|<p—-1

+ Cy sup rz o2 .
HoxKN{|z|>t—1}

In the final line we applied estimate (6.3.3) to the first term and assumption (6.3.2) to
the second term. O

6.4 Energy integrals and inequalities

6.4.1 Basic properties of the energy

The energy introduced in the following definition is related to the standard energy used
to study quasilinear hyperbolic PDEs, albeit with additional terms included in order
to be compatible with the linearised equations (6.1.8).

Definition 6.16 (Lichnerowicz-type energy on hyperboloids). Let n € ZT and let
VM 4, be tensors defined on R x K. For u,v € CHR™ x K) and s > 2 define

sl = [ ((s/triomi + > Wiull + (V13 Vldl e~ 2Rl o)
— 20°%(V[§] g, Opu) png + 0P (V[§lan, V[g] 5u>E)dmdM, (6.4.1)

where ng = 1,n; = —x;/t for i € {1,...,n} and ng = 0, and dz is the flat Euclidean
volume form.

Note that, following [H6r97, LM16a], we have endowed Hs with the flat Euclidean
volume form dz, instead of the induced Riemannian volume form (s/t)dz.

The following lemma provides us with an energy functional which allows us to mea-

sure the perturbation of the spacetime. Note that in (6.4.2) we require some weighted
t—decay on hyperboloids which we recover from (6.3.4) in lemma 6.15.
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Lemma 6.17 (Basic properties of the energy). Take the conditions of definition 6.16.

1. There is an €, > 0, such that if

sup tlv|g < Cey, (6.4.2)
Hs XK
then for s > 2,
1
ig[v;u; s] < &[0 u; s] < 2E8[v; u; s]. (6.4.3)
2. If uyy is a solution of
(9 +0)*V[3la V9 sty + 2(R[g] 0 Wpw = Fpu, (6.4.4)
then
82
Elv;u; s1] = Ev; u; 82 —i—/ / (F, 8tu>E§dydu7ds (6.4.5)
sXK

+ /sz /H X’C(_Q(V[g]ava5)<v[g]ﬂU,atu>E+(&evaﬁ)(V[g]au,V[g]/ju)E)%dydM,yd&

Proof. We first derive the energy £[v;u; s| by considering the following nonlinear version
of the stress energy tensor (6.1.9)

Tlosulty = (5 + 0 (Viglav, VIahude — (6 + ) (Viglou, Vilaw ol
+ (R[] o u,u) 5. (6.4.6)
We calculate
V(31T lv; ul,
— (5 +v)**V[3aV[§]5u, VIalow) & + (§ + )" (V[§lar, V]3], V[d]su)p
— (§+v)*(V[3,V[dlgu, VIdlau) e + V]Gl (RI3) o u,u) g (6.4.7)
(V310" (Y [Glats, V§lou) B — = (V (310" ) (V Glat, VIlsu) -

2

Let X* be a vector field on R x K tangent to R!*". We have
v[g]av[g]ﬁuwﬁ = v[g]ﬂv[g]auyé + Riem[g]aﬁfypupé + Riem[g]aﬁépupv-

However since Riem[ng1+»] = 0 we have

Riem[g]a,6X° = 0. (6.4.8)
Consequently
(VIglaViglsu, V[gliu) e X = (V[3lV[dlau, Vgl u)pX*. =, (6.4.9)
and also
V[glu(R[g] o u,u)p X" = 2(R[g] o u, X" V[g],u) b (6.4.10)
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This allows us to calculate

VGl (T [v; u]", X7)
=T+, [W]V[§], X" + (F, X"Vl u)g

+ (V[g]pv" ) (V[Glau, X*V[glou) E — %(X "V19,v?) (V]§lau, V[jlsu)p.  (6.4.11)

Consider the hyperboloidal energy
Elvyu; s] = / —2T[v; ul#, (0¢)"nydedp.,
HsxIC

= / <|3tU’E + Z |0l + Z 2— 6tu diu) g + 7P (V9 au, V3] pu)
— 2R[g] 0 u,u) g — 20" (V[§] yu, Dyu) gy + VPV [§] 1, V[g]mE)dde,

where ng = 1,n; = —n;ja? /t for i € {1,...,n} and n4 = 0. Note that

E[0; u; s] :/H K(\atu|E+Z|8u|E—l—2 <8tu oiu) g 6.12)
sX =1 4.
+ (VIgu, Vglaw)s — 2(RIg] o u,u) ) dedyey,

which alternatively can be written in hyperboloidal coordinates as

E|0;u;s] = s/t)° | Ol + Yiu|g + u, V
o) = [ (/7 o Z| BT
~ 2(R[g]ou, u>E)dxdu»y-

Since the contraction of R[g] with any direction tangent to R vanishes, and since
lw|g > |w|, for any tensor field w, it follows from the definition of £, that

J (V13 Vlalaw)s = 2(Rs] 0w i)y
> [ (V1a . Vlalau, ~ 2(R03] 0w )i, = [ (L. (0:41)

Thus, from theorem 6.4 and the condition of Riemannian linear stability (6.2.1), it
follows that

/K(w[gr‘u,w Lau) s — 2(Rl3] o) )djy > 0. (6.4.15)

This implies £]0, u, s] > 0. Using our previously calculated expression for the divergence
of T'[v;u]*, X" we obtain via Stoke’s theorem

52
Ev;u; s1] = Elv; u; 82 +/ / (—2F, 8tu)E§dydu7ds (6.4.16)
sxXK

+ /82 / N ( — 2(V[§]avaﬂ)<v[§]6u, Oyu) g + (8tq)a'8)<V[g]au, V[g]gwE) zdyduyds.
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This proves equality (6.4.5).
Condition (6.4.2) combined with s > Ct'/? implies supy, xx [v|E(t/s)? < Ce,. For
simplicity denote v (V[g]au, V[§]pu) g by |0au|%, then

82

oz (Oulf D +owlf + VI ulh) < (10l + Y 10l + [V]ulp) (1 - [2]/t)

< Ol + ool + 2% (B, 05 + VIl
Using this and Young’s inequality we find
E]v; u; 8] — E[0; u; 8]
(20" Vlaleae ) g — o (Wl Vgl ) dads

< Cen&[0;u; 8],

and thus the energies are equivalent for sufficiently small €,. This proves estimate
(6.4.3), completing the proof of the lemma. O

Having defined the energy which involves first-order derivatives, we now introduce
higher-order energies.

Definition 6.18 (Symmetry boosted energy). Let (R x K, §) be a spacetime with
a supersymmetric compactification and Ny € N. For k < Ny, define the energy of a
symmetric tensor field g to be

Erra(s) =D Elg' =g 0 g;s). (6.4.17)
1<k

We end this section with the following Hardy estimate on hyperboloids. The proof
is standard, see for example [LM16a, Lemma 2.4].

Lemma 6.19 (Hardy estimate on hyperboloids). Let u,, be a tensor defined on R+,
then one has

el 2y S 1Yiullzag,)- (6.4.18)
=1

6.4.2 Preliminary L? and L*-estimates

In our nonlinear estimates we will need to estimate terms of the form

ZN(AL) (uv) = Z ZhV ] - 22V ] 2. (6.4.19)
1|+ 12| =|1]
[ J1|+]J2|=2¢

In the following lemma we estimate terms which appear as factors in the right hand side
of (6.4.19) in L? by using the elliptic estimates of lemma 6.11 and the Hardy estimate of
lemma 6.19. Note the use of elliptic estimates allows us to avoid commuting derivatives,
such as [V[v], A,], which makes the argument shorter.
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Lemma 6.20 (L? estimate for distributed derivatives). Let u,, be a tensor defined on
R*™ x K. Suppose Ny is even, £ € N and £ < Ny + 1, then

Z HFIZIV[V]JUHH(HSWC) < Enpra(s)?. (6.4.20)
[|+]J]<e

Proof. We prove the estimate by considering separately the cases of |I| = 0 and || # 0.
Firstly take |I| > 1, suppose |J| = 2m where m € N and consider |I|+|J| = ¢ < No+1.
Using the elliptic estimates of lemma 6.11 we find

[t ZI [l 2y S METH 20 g eyl 20,
SN 2N A M ull 2 i) + 18 Z | 230, <0
D V2N A M ull 2w + D NYiZ  ull g2, )
=1 =1
< E[0; 2771 (D) My 8] + €[0; 27 ]2
< E(s)V2 (6.4.21)

Next take |I| > 1 and suppose |J| = 2m + 1 where m € N. For |I| + |J| =¢ < Ny + 1,
again using lemma 6.11, we have

1t 2" 0 ull 2 gy S WIE 27l rzme oy 2 o0,

n n
S Z 1Y Z | 2 3g, <) + Z 1Y Z 1 (A) ™ ull p2 (30, xx0)
=1 =1

+IVBIZT (A )| 2034, xx0) (6.4.22)
S E0: 2" s s] V2 4 [0 27 (A) M ]2
+ £[0; ZH(AL) ™ u; s]/?
< &)V (6.4.23)
We now turn to the case |I| = 0. Again we split into the cases of |J| being even
and odd. Start with |J| = 2m for m € N. Note that Ny is chosen even so that we have

the strict inequality 2m < Ny + 1. Applying the Hardy estimate from lemma 6.19, and
recalling that ¢ > r on the hyperboloid, yields

[tV [y ull g2 (g i) S ||||7“_1U|!H2m(zc)HL2(HS)

SN A ™ ull g2 iy + I ull 2, )

n n
S D YA ™ ull 2y + D 1Yl 2 a4k
i=1 i=1

< &[0, (A)™u; 5]Y2 4 €0, u; 5]/

~

< Engr1(s)Y2. (6.4.24)

Finally we consider the case |I| = 0 and |J| =2m+1 < Ng+1 for m € N. Again using
lemma 6.19 we obtain

1Y 1l 2ty S el o] oo

SV IAD ™ ull 2 i) + 17 ull 2. x)
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S IV ull 2, xk) + Y IYiull 230, ¢k
i=1

S €0, (Ay)™us s]'/? + E[0,u; 8]/
< Eg(s)2 (6.4.25)

Adding together the above estimates over all appropriate multi-indices gives the re-
quired result. O

Corollary 6.21 (L? estimate for eventually prescribed functions on hyperboloids fo-
liating product spacetimes). Let n > 4. Let uuy, fu be tensors defined on RF" x K
with f depending only on the Minkowski coordinates. Suppose uw = f for |x| >t — 1.
Let f € C®(RY™ x K) be smooth and such that for all I € N, there is a C such that®

Vg fle < Cppyla|~ (D271 (6.4.26)

Suppose Ny s even, £ € N and £ < Ng+ 1, then

> M2V I ull gy S s€vpsi(9)2+ D Crpgs (6.4.27)
|I]+]J|<e [1]+]J]<¢€

Proof. We will consider separately the regions |z| <t—1 and |z| > t — 1. The estimate
in the region |z| <t — 1 follows by applying Lemma 6.20 with an additional factor of
s. Next consider the region |z| >t — 1 >ty — 1 where we let tq = (s? + 1)/2 be the
value of ¢ at which H intersects |z| =t — 1. Using assumption (6.4.26) we find

1(s/) 2" IVl 2 94, kgl -13)

<

/ 1219 ) ufbdadn,
Hex KN{|z|>to—1}

<C 121V ) fda
HsN{|z[>to—1}

SCCﬁu/ / (Jr [~ D/2)2 )"~ drdwgn-
T st Jrngjel>to—1}

S CC|2]‘ |J‘ / / 7”72dean—1
st JH 0 |z >to—1}

< CCHy a1 (6.4.28)

Adding together the above estimate over all appropriate multi-indices yields (6.4.27).
O

We next use lemma 6.15 to obtain L*> estimates for terms which appear as factors
in the right hand side of (6.4.19).

Corollary 6.22 (Higher-order Sobolev estimates). Let n > 7. Let d, Uy U, fr be as
defined in lemma 6.15. Then for |I| + |J| = ¢ € N there is a constant C such that

sup_ (5201 27V ) ul}, + 510072 (t/5) 27 V] ul, )
Hs XK
<C Y E0ZNAYus| +C Y Oy

|T|+2j <o+E+1 [I|<p+0—1

(6.4.29)

3Note that decay assumption on f is stronger here than the assumption (6.3.2) in lemma 6.15.
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Proof. We consider the left most term in (6.4.29) first. Let j be the smallest even
integer such that 7 > |J|. In particular this means |I| + |J| < |I| + 7 < £+ 1. Recall
that d is the smallest even integer larger than d/2 and v is the smallest integer greater
than n/2 + d. Applying lemma 6.11 yields

Sup VI ule < ull gassgey < 1Dl 200) + lull 2 c)-

Thus, using in particular (6.3.6), we have

wp O ZIT Rl o W)
(tyz,w)EHs XK

S > ZHSl}ép(Y;ZhZ[Vh]Ju)H%?(HS)+ > Ci

|11|<p—d =1 [11]<p-1

< Z Z(HYiZHh“”%Q(HSxK)"’||YiZI+II(Av)(d+j)/2u||%2(ysxzc))>

I <i—d =1
+C Y
|I|<p—1
S Y g0z (A usl+C Y O (6.4.30)
[T)4+25 <4441 |I|<p—1

To complete the proof for the second term of (6.4.29) we observe that s > Ct/? in
the region |z| < ¢ — 1 while we only have s < ¢ < r in the region |z| > ¢t — 1. Since
n > 7 we have 6(n) > 1 and thus

sup s*72|(t/5) 2 V] ulf; S sup  (#/s1)sP0 2TV [ ul
Hs XK Hex KN{|z|<t—1}
+ osup SOOIV G

HoxKn{|z|>t—1}
S Y oz Ay ws| + Y CF
[I|+2j<i+0+1 [1|<p4£-1
+ C? sup p(n=2)=2p=(n=1),

Hex KN{|z|>t—1}

Note in the final line we applied (6.3.2) and the first estimate of (6.4.29). O

6.5 Proof of stability

6.5.1 Stability for the reduced Einstein equations

We now restate our main theorem 6.1 in terms of the reduced Einstein equations. For
convenience we translate the initial data of theorem 6.1 to {t = 4}.

Theorem 6.23 (Stability for the reduced Einstein equations). Let n,d € Z* be such
that n > 9 and let Ny € N be an even integer strictly larger than (n + d + 8)/2. Let
(RY7™ x KC, § = np1+n + ) be a spacetime with a supersymmetric compactification.

Let ({t = 4} x R™ x K, go,91) be Cauchy data for the reduced Einstein equations
(1.1.5). Assume that, for |x| > 1 with respect to Minkowski coordinates on R'*"
(90,91) = (95 +7,0) where gg is the Schwarzschild metric in the ngi+n-wave gauge with
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parameter Cg € [0,00).

There is an € > 0 such that, if the initial data satisfies

> VIl (90 = dle=a) | Z2mnsicy = D IVIg0) g1l F2nsn) + CE <& (6.5.1)
I11<No |1]<No—1

then there is a future global solution g, of the reduced Einstein equations (1.1.5) with
initial data (h, O¢h)|i=4 = (g0, g1). Furthermore, there is the bound

sup  s¥M|g(t, 2t w) — §(t, 2", w)[% Se, (6.5.2)
(t,x,w)EHs XK

where §(n) was defined in (6.1.7).

Proof. We start by expressing the reduced Einstein equations 1.5.18 in terms of the
perturbation and inverse perturbation:

h;uz = Guv — g/wy (653)
HIV = g — i

Since g is a solution of the reduced Einstein equation (1.1.5), it follows that

(97 + H*)V[3laV[g)shu + 2(R[3] © h)w

(6.5.5)
= Fuwlgl(V[g)h, V[gh) + Fu(H, R),

where F,,, and F},, are defined by

J-"W[g](V[g]g,V[g]g) = g’yégaﬁ <V[Q]Vh55V[ la by + Vig ] hvav[g] hys %v[g]uhéﬁv[.@]uhwa

+ VIihhua ¥ 3lpha = V3l e V1) 5hos ) (6.5.6)
Fu(H,B) = H (o Riem([g]° s + o Riem(g]°,)
+ HoP (hm; Riem[§]° as + hus Riem[g W) (6.5.7)
By commuting the symmetries Z/(A,)¢ through the system (6.5.5) we obtain
(9°7 + H)V[3)aV[3]5(Z" (A) hyw) — 2(R[3] 0 Z(A ZFZW”7 (6.5.8)
where

Fyt = 218 Fulgl(Vglh, VIgh),
F2 1= Z1(A) F, (H b, (6.5.9)
Fi”” [Z(A)", HON [9]aV [§] 81y

The symmetry boosted energy is given by

Enr(s) = > E[H;Z2"(A,) g;s]. (6.5.10)
|1]+20<k
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From lemma 6.17 and the Cauchy-Schwarz inequality we obtain

Enpr1()'? < Engra(4)1/?

> [ 3 2 (651)
+ A (/H . (Z (PR, ’Gl’z‘%)dydua 0
s X

|T|+2¢<No i=1

where the GT* terms arise from applying Z/(A,)’ to the terms involving V[§]v or dyv
on the right side of the energy equality (6.4.5). In particular, these can be bounded by

IGL3, < C|V[g|H|E|1ZT(A) V[G]h]% (6.5.12)

The reduced field equations (6.5.5) are a system of quasilinear, quasidiagonal wave
equations for the spacetime metric h,,. The existence of unique local solutions ema-
nating from Cauchy data is standard [CB09, Theorem 4.6 Appendix III].

The proof then follows a boot-strap argument (or continuous induction). The goal
is to prove that there exists a constant C' > 0 and £ > 0 such that: if En,41(4)+CF < ¢
and Vs : Eny11(s) < Ce, then Vs : Enyy1(s) < e+ Ce? and hence En,11(s) < Ce/2.
Note that there is clearly no loss of generality in placing our initial data at t = 4.

We consider the integral term on the right-hand-side in (6.5.11) as the sum of
integrals over Hs N {|z] <t — 1} and over Hs N {|x| > t — 1}. Our approach is that,
for sufficiently small Cg, in the latter exterior region the solution is identically the
product of Schwarzschild with the internal manifold. Thus in the region || > ¢ — 1
the perturbation h,,, is only nonzero on its Minkowski indices and on these indices it is
identically Schwarzschild. We note that sufficiently small compactly supported initial
data on {t = 4} N{|z| < 1} can be extended to compactly supported initial data on X4
[LM14, Chapter 39].

Recall from section 6.2.3 that the difference between components of the Minkowski
metric and the Schwarzschild metric in wave coordinates decay as Csr~" 2 and the
Christoffel symbols decay as Cgr~""1. Along a geodesic parametrised by ), one has
d22t/d\2 = Fék(dxj/d/\)(dxk/d)\). Since Csr~""! is integrable in 7, there are geodesics
along which ¢ and r grow linearly and the (dz?/d)\) approach constant values, not all
of which are vanishing. In particular, dr/dt asymptotically approaches a constant, and
this constant is 1 for null geodesics. The next-to-leading order term in the geodesic
equation arises from the metric, so it is of the form Cr~"*2, which is again integrable.
Furthermore, the smaller the mass Cg the sooner this asymptotic behaviour comes to
dominate. In particular, if Cg is sufficiently small, then any causal curve launched from
within ¥4 N {|z| < ¢ — 2} can never reach the region where |z| > ¢ — 1. Furthermore,
by uniqueness of solutions to quasilinear wave equations, since the initial data on 34
is identically Schwarzschild for |z| > ¢ — 2, the solution is identically Schwarzschild for
|z| > ¢t — 1. In particular, when estimating the components of the solution to (6.5.8),
we can use the Sobolev lemma 6.15 and corollary 6.21 on hyperboloids with eventually
prescribed functions. (The conclusion of this paragraph is essentially proposition 2.3
of [LM16a].)

The estimate (6.4.2) required by lemma 6.17 is established by combining (6.3.4) with
the bootstrap assumptions and noting that since n > 9 we certainly have §(n) > 1.
Similarly since n > 9 the decay assumptions (6.4.26) in corollary 6.21 and (6.3.2) in
lemma 6.15 are satisfied.

We are now in a position to apply the results from section 6.4.2 to the nonlinearities
in (6.5.11). In general we will distribute (s/t)(t/s) = 1 across the terms and estimate
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high-derivative terms with a factor of (s/t) using corollary 6.21 and low-derivative terms
with a factor of (t/s) using corollary 6.22. We begin by estimating the term G'+. Using
(6.5.12) we find

> I e xi)

[T]+2¢<No

1/2
S S ([ lavaHEen 2 T Vi, )

T|+]J]<No sxk

1/2
< swp (/%) ([ 162! S0 Sialnlpavn,

HsxIC

1
S 251 <5ﬁ+3(8)1/2 + C’s> (s€N0+1(8)1/2 + C’S>. (6.5.13)

The term F, l},j involves the standard quadratic derivative nonlinearities of the Ein-
stein equations. Their weak-null structure is of course not relevant here since the

Minkowski dimension is taken so high. We first look at what type of terms are con-
tained in Fﬁl,:

Z ”Fl,l,f

|7]+26<No

< > (/
I|+]J|<Ng N HsxK

2 1/2
> </st,¢}ZIIV[V]thblZIQVWQ(V[ |h V(3] \Edydm> .

[ Z;]+1J:] <No
[I1]+]J1|>1

L2(Hs%xK)

) e 1/2
G+ H) 2|2V (Vg ] }Edyduv) o511

We treat the first term on the right hand side of (6.5.14) since the second term is
higher-order and thus easier to estimate. Once again we estimate high-derivative terms
with a factor of (s/t) using corollary 6.21 and low-derivative terms with a factor of
(t/s) using corollary 6.22. This yields

1/2
N —112 I
|1|+|ZJ|:<N (/HSX]C|(9+H) 2|21V 1] (V[§]hV (4] \Edydm>

1/2

S0 </ C|ZM V" Vglh|| 22V Y]V [g] ‘Edyd;@) , (6.5.15)
| Z;|+] J:| <No HaxK

|Io|+|J2| < T +1

where by symmetry we can assume |I5| + |Jo| < 22 + 1. After using (s/t)(t/s) = 1 we
find

1/2
> </H B C|(s/) 2"V V[gh||(t/5) 22V 7]V [g]h ’Edyd,u7>
[7:]+1J: | <No s

|To|+]J2|< 50 +1

Ssw (3 |t/9)2" V" Vighle)

Hs XK
|Ia|+|J2| < T +1
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The term Fi involves the new nonlinearities which are only nonzero when both
pu,v € {A,...,B}. This means we can control F; by the following

S 1B g S sup (D0 [V Riemly)|)

|1]+2¢<No HaxK 2 pl<n
Jo2 T2 1/2
x> </ | Z1 VR | 212V ) Qh\EdydM> :
||+ T <Ng N He XK

(6.5.17)

The Riemann curvature components of v are bounded (since K is compact) which allows
us to control the first factor in (6.5.17). To estimate the second factor in (6.5.17) we
follow the same procedure as in F! uw» Dy controlling high-derivatives with a factor of
(s/t) using corollary 6.21 and low-derivatives with a compensating factor of (¢/s) using

corollary 6.22. The result of this procedure leads to a term controlled by (6.5.16).

The final term F 5’1, is a commutator involving the quasilinear perturbation of the
principal part of the differential operator. Note first the identity

> Ge<C Y 1Z'VRITH|EIZ"VRVEIVIGhle. (6.5.18)
[7]4+2¢<No [1i|+]Ji|[<No
2|+ J2|<No—1

Once again we distribute the product (s/t)(t/s) = 1 across the two terms appearing
here depending on where the derivatives land. The term with high-derivatives gains a
factor of (s/t) and is controlled using corollary 6.21 while the term with low-derivatives
absorbs a compensating factor of (¢/s) and is estimated using corollary 6.22. Note that
when the term Z2V[y]”2(V[§]V[g]h) is estimated in L*° the Sobolev inequality will
lead to a symmetry boosted energy at order v + o 4 5. We eventually obtain

1
Z IES N 2, x) S WQ& N0+5( /2 4 Cs) (5N0+1(8)1/2 T Cs).

[7]+2¢<No

Putting these all together, inserting the bootstrap assumptions and using also C’g <
¢ we find

= [, (S

[1|+20< Ny

/
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)dyd/LW) dSNE/4 st.

(6.5.19)
For integrability we require 26(n) — 2 > 1, which is equivalent to each of the following

(6.5.20)



n>8. (6.5.21)
This implies n > 9. For the Sobolev estimates we require
7+ No/2+4 < N,. (6.5.22)

Recalling the definition of 7 given in lemma 6.15 this certainly holds provided Ny >
(n+d+8)/2 and Nj is even.

Consequently for sufficiently small £ and by Gronwall’s inequality applied to the
energy estimate (6.5.11) we find €,41(s) < £Cie. We have thus obtained a future
global solution h,, = g, — G to the reduced Einstein equations and which clearly
satisfies the decay bounds given in theorem 6.23. O

Remark 6.24. The system (6.5.5) contains quadratic nonlinearities F4p, F;4 that are
new compared to the weak-null terms identified in the proof of Minkowski stability in
[LRO3, LR10] and the proof of zero-mode Kaluza-Klein stability in [Wyal8]. These
terms did however appear in the proof of Milne stability in [AM11].

6.5.2 Proof of Theorem 6.1

We are now in a position to use the results from theorem 6.23 in order to prove our
main result. Take an initial data set (R™ x K, g, K) as specified in theorem 6.1 with
smallness conditions (6.1.5). We now transform this data into the form required by
theorem 6.23, which is a standard procedure, see for example [LR05]. We first set
((90)ab (91)ab) = (Jap, Kap). Diffeomorphism invariance allow us the freedom to choose
the lapse and shift. We set the shift to be zero X, = 0. We choose the lapse to be a
smooth function satisfying

N(r)y=1, r<1/2,
IN-1]<Cs, 1/2<r<1,

N(r) = <1_h00(r—1)>1/27 rz1

rnf2

(6.5.23)

We relate the lapse and shift with the Cauchy data for the reduced equations
in theorem 6.23 by setting (go)oo = —N? and (go)oa = Xa. The initial data for
(04N, 0:X4a) = ((91)00, (91)0a) is chosen by satisfying V7 = 0, see (1.1.19). We have
now brought the initial data of theorem 6.1 into the form of theorem 6.23. It remains
to check that our assumptions on the lapse and shift are compatible with smallness
conditions (6.5.1). To do this, recall the final sentence of theorem 6.13. This implies
the following

/ IV [g0)" (—N? = ngo)|*dz < / CZ(r~ =272 =14 dn g,
{r>1}NR" {r>1}NR"

<cq [ g
{r>1}NR"
< CC%.

By inverting the expressions (1.1.19) for (0;NV,0:;X,) it is clear that the smallness
conditions (6.5.1) are satisfied. Furthermore as discussed in Chapter 1, the future
global solution constructed in theorem 6.23 is in fact also a solution to the full Einstein
equations.
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Finally, note that the solution found in theorem 6.23 is only defined to the future
t > 4. Nonetheless, by time translation, we can treat the initial data as being on
{t = 0} instead of {t = 4}, so that theorem 5.1 ensures the existence of a solution
for t > 0. By time reversibility for the Einstein equation (and the reduced Einstein
equation), we similarly obtain a solution for ¢ < 0. Thus, we can construct the global
solution required in theorem 6.1.

It now remains to prove the causal geodesic completeness of (R!*" x K, g).

Globally, the metrics g and g are very close, in the sense that, with respect to a basis
constructed from the X; and an orthonormal basis on X, their components vanish to
order € globally. Denote from now onwards 7' = dt¢. This is a globally timelike one-form
such that |g(T,T) + 1| < e. Thus, g + 27T defines a Riemannian metric. (Note that
in the introduction, we used the slightly different Euclidean metric g + 27'7.) Within
this proof, we define, for a vector u, the Euclidean length to be

[ul?* = uuP (gas + 2TaTp). (6.5.24)
Note that the fact that g and g are very close implies the equivalence |u|g ~ |ul.

Consider a causal geodesic vy that is affinely parameterised by A. For the remainder
of this paragraph, let ¢ = t(\) denote the value of the Cartesian coordinate ¢ at the
point y(A). By rescaling, we may assume that d¢/d\ = 1 at ¢ = 0. Let v be the
(artificial, Euclidean) speed defined by v > 0 and

2 _ |y
dA

(

(6.5.25)

Since g and g are very close, the rate of change in the ¢ direction is not much greater
than the Euclidean speed, i.e. ]é“ = d/\ | < v. On the other hand, since v is causal,
the component of % in the T direction cannot vanish faster than the the length of the
component in the orthogonal spatial directions, and the square of Euclidean velocity is
the sum of the squares of the lengths of the T' components and the orthogonal spatial
component (up to order & multiplicative errors); thus \gﬁ\ ] \ 2> v. In particular,
there is the equivalence | L~ .

The rate of change of the velocity is, since V[g]g = 0 and Vg ]d'y dz =0,

d 5 dy dy
d)\v _4<d)\ T) <d)\ Vig ]d’yTﬁ) (6.5.26)

Since the absolute value of %Ta = g—f\ and the Euclidean length of g—z are dominated

by v
v < ‘V[g]dJT)u. (6.5.27)
dA

The V[g|T can be expanded in terms of g and V[g]g. Both of these have norms that
decay as t=9) due to (6.5.20). Thus,

dv
< gt—8(n),, 2 5.2
NS et (6.5.28)
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and using the equivalence |§—f\| ~ v,

o S et =My, (6.5.29)
Thus, for e sufficiently small, a simple bootstrap argument shows that v ~ 1 along all
of . Thus, 3—; ~ 1. In particular, ¢ is monotone along .

Let tgyp be the supremum of the ¢ values that are achieved along . For contra-
diction, suppose tg,p < oco. Since the length of the spatial component of j—} is also
uniformly equivalent to v, and hence to %\7 it follows that, as ¢t 7 tsup, the curve v
has a limit in R'™” x K. Because of the global bounds on ¢ and its derivatives, by
the standard Picard-Lindel6f theorem for ODEs, the curve v must smoothly extend
through this limiting point, contradicting the definition of ts,,. Thus, ts,, = 00. The
only other way in which v can be future incomplete is if ¢ diverges to oo in a finite
A interval, but this is also impossible, since 3—; ~ 1. By time symmetry, the same
argument holds in the past. Thus, any causal geodesic is complete.

The previous construction shows that every causal geodesic goes through each level
set of . Thus, the level sets of ¢ are Cauchy surfaces, and (R!*" x K, g) is globally
hyperbolic.
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