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THE GLOBAL STABILITY OF THE MINKOWSKI SPACETIME SOLUTION
TO THE EINSTEIN-NONLINEAR SYSTEM
IN WAVE COORDINATES

JARED SPECK

We study the coupling of the Einstein field equations of general relativity to a family of nonlinear
electromagnetic field equations. The family comprises all covariant electromagnetic models that satisfy
the following criteria: (i) they are derivable from a sufficiently regular Lagrangian; (ii) they reduce to
the standard Maxwell model in the weak-field limit; (iii) their corresponding energy-momentum tensors
satisfy the dominant energy condition. Our main result is a proof of the global nonlinear stability of the
(1 + 3)-dimensional Minkowski spacetime solution to the coupled system for any member of the family,
which includes the standard Maxwell model. This stability result is a consequence of a small-data global
existence result for a reduced system of equations that is equivalent to the original system in our wave-
coordinate gauge. Our analysis of the spacetime metric components is based on a framework recently
developed by Lindblad and Rodnianski, which allows us to derive suitable estimates for tensorial systems
of quasilinear wave equations with nonlinearities that satisfy the weak null condition. Our analysis of the
electromagnetic fields, which satisfy quasilinear first-order equations that have a special null structure, is
based on an extension of a geometric energy-method framework developed by Christodoulou together
with a collection of pointwise decay estimates for the Faraday tensor developed in the article. We work
directly with the electromagnetic fields and thus avoid the use of electromagnetic potentials.

1. Introduction

The Einstein field equations are the fundamental equations of general relativity. They connect the
Einstein tensor R, — % g R, which contains information about the curvature of spacetimel M, g,0),
to the energy-momentum-stress-density tensor (energy-momentum tensor for short) 7,,, which contains
information about the matter present in 91. Here, g, is the spacetime metric, R ,, is the Ricci curvature
tensor of g,.,, and R = (g~")“* R, is the scalar curvature of g, . In this article, we show the stability of
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the (1 + 3)-dimensional Minkowski spacetime solution of the Einstein-nonlinear electromagnetic system,
which takes the following form relative to an arbitrary coordinate system:

RMV_%g/LVRzTMU (/’L’v:O’ 1727 3)5 (IOIa)
(doj))nﬂvzo ()‘" ,bL,l)=0, ]’2’ 3)’ (101b)
(dM)s =0 (A, u,v=0,1,2,3). (1.0.1¢)

Above, T, (see (3.5.4a)) is one of the energy-momentum tensors corresponding to a family of nonlinear
models of electromagnetism, d denotes the exterior derivative operator, the two-form %/, denotes the
Faraday tensor, the two-form .l ,, denotes the Maxwell tensor, and Jl,, is connected t0 (g, Fuv)
through a constitutive relation (see (3.2.4)). We make the following three assumptions concerning the
electromagnetic matter model:

(1) Tts Lagrangian *¥ is a scalar-valued function of the two electromagnetic invariants?
def 1, — - def |, — -
5 = 2@ FGaFw and bo) = LT T T T,
where  denotes the Hodge duality operator corresponding to g, .

(2) The energy-momentum tensor 7}, corresponding to *¥ satisfies the dominant energy condition
(sufficient conditions on *& are given in (3.3.4a)—(3.3.4b) below).

(3) *%is a sufficiently differentiable function of (%(1), %(2)), and its Taylor expansion around (0, 0) agrees
with that of the linear’ Maxwell-Maxwell* equations to first order; i.e., *£(%(1), 42)) = —%6(1) +
0 2(1(51)» 42))|), where £ > 10 is an integer; see Section 2.13 regarding the notation O‘*2(-).

The fundamental results in [Foures-Bruhat 1952; Choquet-Bruhat and Geroch 1969] together imply
that the system (1.0.1a)—(1.0.1c) has an initial-value problem formulation in which suitably regular initial
data launch a unique maximal globally hyperbolic development. Roughly speaking, the maximal globally
hyperbolic development, which is uniquely determined up to isomorphism, is the largest possible solution
to the equations that is uniquely determined by the data. However, the results cited are abstract in the
sense that they do not provide any detailed quantitative information about the global structure of the
maximal globally hyperbolic development. In particular, the results do not address the question of whether
the resulting spacetime (90, g,,,) is geodesically complete. The main goal of this article is to provide a
detailed qualitative and quantitative description of the global structure of maximal globally hyperbolic
developments launched by data near that of the most fundamental solution to (1.0.1a)—(1.0.1c): the
vacuum Minkowski spacetime. We briefly summarize our main results here. They are rigorously stated
and proved in Section 16.

2Throughout the article, we use Einstein’s summation convention in that repeated indices are summed over.

3By “linear”, we mean that the familiar electromagnetic equations of Maxwell are linear on any fixed spacetime background
(M, guv); the coupled Einstein-Maxwell system is highly nonlinear.

4Throughout the article, we use the terminology “Maxwell-Maxwell” equations in place of the more common terminology
“Maxwell” equations. The justification is that Maxwell’s theory is based on the electromagnetic equations (1.0.1b)—(1.0.1c) and
the constitutive relation Al = *%; in a general covariant nonlinear electromagnetic theory, such as the ones considered in this
article, the equations (1.0.1b)—(1.0.1c) survive while the constitutive relation differs from that of Maxwell.
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Main results. The vacuum Minkowski spacetime solution g,,, def diag(—1,1,1, 1) and @uv défO (n,v=
0,1, 2,3) to the system (1.0.1a)—(1.0.1c) is globally stable. In particular, small perturbations of the
trivial initial data corresponding to (g, @W) have maximal globally hyperbolic developments that
are geodesically complete. Furthermore, the perturbed solution converges to the Minkowski spacetime
solution as the evolution progresses. These conclusions are consequences of a small-data global existence
result plus decay estimates for solutions to the reduced system (3.7.1a)—(3.7.1¢) under the wave-coordinate
gauge condition (g_l)“FK”A =0(u=0,1,2,3), where (g_l)“[‘,{“A is a contracted Christoffel symbol
of g,,. Furthermore, relative to the wave-coordinate system that we construct (i.e., a coordinate system
{x"}u=0.1,2,3 such that (g~)**T" *, =0 (1 =0, 1, 2, 3)), the system (1.0.1a)~(1.0.1c) is equivalent to
the reduced system.

We recall the following standard facts (see, e.g., [Christodoulou 2008; Wald 1984]) concerning the
initial data for the system (1.0.1a)—(1.0.1c), which we refer to as “abstract” initial data. The abstract initial
data consist of a three-dimensional manifold 3¢ together with the following fields on ¥y: a Riemannian
metric g jx, a symmetric type—(g) tensor field K jk» and a pair of electromagnetic one-forms D ;j and B j
(j, k=1,2,3). Furthermore, viable data must satisfy the Gauss, Codazzi, and electromagnetic constraint
equations, which are respectively given by

R—Kap K™ + ()" Kap)* = 2T (N, N)|,. (1.0.22)
o—1\abcd C_re—1\absy . _ Ai P

&) B Kpj &) @,Kab—T<N, W) . (j=1,2,3), (1.0.2b)

& H*a,9, =0, (1.0.3a)

& "%, Bp =0. (1.0.3b)

In the above expressions, the indices are lowered and raised with g j;x and (§_1)j k 1_3 denotes the scalar
curvature of g jx, Q_D denotes the Levi-Civita connection correspondin_g to g jk» and N is the future-directed
unit 8- -normal to Yo (viewed as an embedded Riemannian submanifold of (O, guv)). The one-forms @
and % together form a geometric decomposition of %/, |x,, and the right-hand sides of (1.0.2a)—(1.0.2b)
can be computed (in principle) in terms of g jx, of j» and ‘B alone; see Section 9.2 for more details
concerning the relationship of D j and B j to_%wm). The dommant energy condition manifests itself
along Ty as the inequalities 7'(N, N) > 0 and T(N, N)? — (§~)*T (N, 3/3x")T (N, 3/8x") = 0.

In this article, we consider the case Xo = R>. We will construct spacetimes of the form 90t = I x R,
where I is a time interval and X is a spacelike Cauchy hypersurface in (90, g,.,). The constraints
(1.0.2a)—(1.0.2b) are necessary to ensure that (1.0.1a) can be satisfied along ¥y while the constraints
(1.0.32)—(1.0.3b) are necessary to ensure that the electromagnetic equations (1.0.1b)—(1.0.1c) can be
satisfied along Xg. Our stability criteria for the abstract initial data include both decay assumptions at
spatial infinity and smallness assumptions. We provide here a description of our decay assumptions at
spatial infinity, which are based on the assumptions of [Lindblad and Rodnianski 2010]. Our smallness
assumptions will be discussed in detail in Section 10.
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Assumptions on the abstract initial data. We assume that there exists a global coordinate chart x =

(x', x2,x%) on Ty = R?, a real number k > 0, and an integer £ > 10 such that (with r & | x| &

VD2 + )2+ (x3)? and j k=1,2,3)
ik =08 +h% +h5), (1.0.42)
h) = x(r)ZTMB ks (1.0.4b)
b =o' as r — 00, (1.0.4¢)
Kjx=0"'(r"" as r — oo, (1.0.4d)
D=0 as r — 00, (1.0.4¢)
B, =ol(r 2% as r — oo, (1.0.4)

where the meaning of of( -) is described in Section 2.13. The cut-off function x (- ) in (1.0.4b) is defined
in (4.2.1).

The parameter M in (1.0.4a), which is known as the ADM mass, is constrained by the following
requirements: according to the positive mass theorem of Schoen and Yau [1979; 1981] and Witten
[1981], under the assumption that 7, satisfies the dominant energy condition, the only solutions £ jx
and K jk to the constraint equations (1.0.2a)—(1.0.2b) that have an expansion of the form (1.0.4a) with the
asymptotic behavior (1.0.4b)—(1.0.4d) either have (i) M > 0 or (ii)) M = 0, in which case the Riemannian
manifold (X, ¢ jx) embeds isometrically into Minkowski spacetime with second fundamental form K k-
The groundbre_aking work of Christodoulou and Klainerman [1993] (which is discussed further in
Section 1.1.1) demonstrated the stability of the Minkowski spacetime solution to the Einstein-vacuum
equations in the case that the initial data are strongly asymptotically flat, which corresponds to the
parameter range K > % in the above expansions. Our work here, which relies on the alternate framework
developed by Lindblad and Rodnianski [2010] (see Section 1.1.1), allows for the parameter range k > 0.

In this article, we do not consider the issue of solving the constraint equations. The standard method
for solving the constraint equations is called the conformal method. For a detailed discussion of this
method, see, e.g., [Choquet-Bruhat and York 1980]. Roughly speaking, in this approach, part of the data
can be specified freely, and the constraint equations imply nonlinear elliptic PDEs for the remaining part.
To the best of our knowledge, under the restrictions on *¥ described at the beginning of Section 1, there
are presently no rigorous results concerning the construction of initial data on the manifold R? that satisfy
the constraints. However, we remark that, for the Einstein-vacuum equations 7}, = 0, initial data that
satisfy the constraints and that coincide with the standard Schwarzschild data (written here relative to
isotropic coordinates)

o M
b= (143

Kjx=0 (Jyk=1,2,3) (1.0.5b)

4
)i Gik=1.2.3), (1.0.5)
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outside of the unit ball centered at the origin were shown to exist in [Chrusciel and Delay 2002a; 2002b;
Corvino 2000]. We remark that the stability of the Minkowski spacetime solution to the Einstein-
vacuum equations for such data follows from the methods of the aforementioned works [Christodoulou
and Klainerman 1993], [Lindblad and Rodnianski 2010] (and its precursor [2005]), and also from the
conformal method approach of Friedrich [1986] (this is not the same conformal method that was mentioned
above in connection with the constraint equations).

Remark 1.1. The only role of the dominant energy condition in this article is to ensure the physical
condition M > 0; we assume this physical condition throughout the article. However, only the smallness
of |M| is needed to prove our global stability result; the sign of M does not enter into our stability
analysis for solutions to the evolution equations. In particular, if there existed small initial data with small
negative ADM mass M, we would still be able to prove that the corresponding solution to the evolution
equations exists globally. Similarly, if we made the replacement 7, — —T7,,, in the reduced equations
(3.7.1a)-(3.7.1c), we could still prove a small-data global existence result.

1.1. Comparison with previous work.

1.1.1. Mathematical comparisons. Our result is an extension of a large and growing hierarchy of global
stability results for the (1 + 3)-dimensional Minkowski spacetime solution to the Einstein equations.
The hierarchy began with the celebrated work of Christodoulou and Klainerman [1993], who proved
stability in the case of the Einstein-vacuum equations (i.e., 7, = 0). Klainerman and Nicolo [2003]
gave a second proof of this result using alternate (but related) techniques. Both of these proofs used
a manifestly covariant framework for the formulation of the equations and the derivation of estimates.
However, mathematically speaking, the closest relatives to the present article are the seminal works [2005;
2010], in which Lindblad and Rodnianski developed a technically simpler framework for showing the
stability of the Minkowski spacetime solution of the Einstein-scalar field system using a wave-coordinate
gauge. As we previously mentioned, a wave-coordinate gauge is a coordinate system in which the
contracted Christoffel symbols (g =)~ AFK“ , completely vanish. Relative to such a coordinate system, the
Einstein-vacuum equations are equivalent to a reduced system comprising quasilinear wave equations for
the components g,,; in the present article, the analogous equation is (3.7.1a). In her celebrated result
[1952], Choquet-Bruhat used wave coordinates to prove local well-posedness for the Einstein equations.
However, because of the logarithmic divergences discussed below in Section 1.2.4 and because of the
delicate nonlinearities in the Einstein equations, it was unexpected (see, e.g., [Choquet-Bruhat 1973]) that
the wave-coordinate approach of [Lindblad and Rodnianski 2005; 2010] for proving the global stability
of Minkowski spacetime is in fact viable. We remark that although the decay estimates of [Lindblad and
Rodnianski 2005; 2010] are not as precise as those of [Christodoulou and Klainerman 1993; Klainerman
and Nicolo 2003], these works are much shorter than their predecessors yet are robust enough to allow
for modifications, including the presence of the nonlinear electromagnetic fields examined in this article.
We also remark that many of the technical results we need are contained in [Lindblad and Rodnianski
2005; 2010], and we will often direct the reader to these works for their proofs.
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Other stability results in this vein include [2000], in which Zipser extended the framework of
[Christodoulou and Klainerman 1993] to show the stability of the Minkowski spacetime solution to
the Einstein—-Maxwell system, and [2007], in which Bieri weakened the assumptions of [Christodoulou
and Klainerman 1993] on the decay of the initial data at spatial infinity. We also mention the work [2008]
(see also [2006; 2009]), in which Loizelet used the framework of [Lindblad and Rodnianski 2005; 2010] to
demonstrate the stability of the Minkowski spacetime solution of the Einstein-scalar field-Maxwell system
in 1 +n (n > 3) dimensions. Moreover, in spacetimes of dimension 1 + n, with n > 5 odd, it has been
shown [Choquet-Bruhat et al. 2006] that a conformal method (distinct from the one used by Friedrich)
can be used to show the stability of the Minkowski spacetime solution to the Einstein—Maxwell system for
initial data that coincide with the standard Schwarzschild data outside of a compact set. Roughly speaking,
a conformal method is a way of mapping a global existence problem into a local existence problem by
working with rescaled solution variables. When a conformal method is viable, it tends to give very precise
information concerning the asymptotics of the global solutions. In particular, the results of [Choquet-Bruhat
et al. 2006] provide a more detailed description of the asymptotics than the results of [Loizelet 2008].

We now compare the amount of regularity and decay that we require on the data to the amount required
in the alternate frameworks. The Christodoulou and Klainerman [1993], Zipser [2000], and Klainerman
and Nicolo [2003] proofs required two derivatives on the curvature (i.e., four derivatives on the metric).
Furthermore, the initial metric was required to be strongly asymptotically flat in the sense described above.
Zipser’s proof required (in addition) three derivatives on the Faraday tensor. Bieri’s [2007] proof required
only one derivative on the curvature (i.e., three derivatives on the metric), and it allowed for very slow decay
of the data at spatial infinity: 5 k=0jk +0*(r~Y%) and K k= 0*(r—3/%). The present article is less efficient:
we require 11 derivatives on the metric and 10 derivatives on the Faraday tensor. We also require asymptotic
flatness in the sense of (1.0.4a)—(1.0.4f), which is in between the decay required by Christodoulou and
Klainerman and Bieri. Our assumptions are similar to the ones made by Lindblad and Rodnianski [2010]
and Loizelet [2008]. For example, in n > 3 spatial dimensions, Loizelet’s proof required 7+ 2| (n +2) /2]
derivatives of the metric. The main focus of the Lindblad—Rodnianski wave-coordinate approach is on
providing a technically simpler approach to the proof of stability as opposed to a proof that closes at a low
regularity level. There are at least two ways in which the wave-coordinate approach is suboptimal from the
point of view of the number of derivatives. The first is that all product nonlinearities are estimated in L on
constant-time hypersurfaces from only L? — L™ estimates with no use of intermediate L” norms, norms on
other hypersurfaces,’ or Calderén—Zygmund theory. That is, all nonlinear products are estimated in spatial
L? by bounding the factor with the most derivatives on it in L> and all other factors in L. For quadratic
terms, this means that we must be able to bound approximately half of the total number of derivatives in L*°.
This approach stands in contrast to the approaches of [Christodoulou and Klainerman 1993; Zipser 2000;
Klainerman and Nicolo 2003; Bieri 2007], where, e.g., intermediate L” norms and other hypersurface
integrals played an important role in the analysis. The second source of suboptimality comes from the
version of the weighted Klainerman—Sobolev inequality that we use (see Section 1.2.7 and (1.2.10)). This

SAsis explained in Section 1.2.6, our proof of global stability also makes use of the positivity of certain time integrals of the
L? integrals (i.e., positive spacetime integrals) that arise in our energy identities.
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inequality allows one to estimate a weighted L> norm of a function by weighted L? norms of up-to-
order-three weighted derivatives. The reason that three derivatives are used (instead of the familiar two
derivatives of standard Sobolev embedding H 2(R3) < L®(R3)) is that this allows one to avoid putting
more than one derivative on the weight function (the at-most-two other derivatives are rotations, which pass
through the weight function); see the proof given in [Lindblad and Rodnianski 2010, Proposition 14.1].

We also emphasize the following point: the techniques used in this article to analyze the electromagnetic
fields differ in a fundamental way from those used by Loizelet [2008]. Our methods are closer in spirit
to (though distinct from) the methods used by Zipser [2000]. More specifically, Loizelet [2008] analyzed
the standard Maxwell-Maxwell equations through the use of a four-potential® A . satisfying the Lorenz
gauge condition (g~1)**@, A; = 0, where & is the Levi-Civita connection corresponding to g,,. In
Loizelet’s analysis of the Maxwell-Maxwell equations, the Lorenz gauge leads to a diagonal system of
semilinear-in-A,, wave equations for the components A,. Furthermore, these equations can be analyzed
by using the same techniques that are used in the study of the components of the metric (see (3.7.1a)) and
the scalar field. In particular, in Loizelet’s analysis, Lemma 12.2 can be used to deduce suitable weighted
energy estimates for the components V, A,. In contrast, as discussed in [Speck 2012], it is not clear that
the Lorenz gauge can be used to analyze the kinds of quasilinear-in-% electromagnetic field equations
(1.0.1c¢) studied in this article. More specifically, it is not clear that the Lorenz gauge in general leads to a
hyperbolic formulation of the electromagnetic equations that is suitable for deriving the kinds of L? energy
estimates needed for our analysis. For this reason, throughout this article, we work directly with the
Faraday tensor. In particular, as described in detail in Section 8, we use Christodoulou’s [2000] geometric
framework to construct energy currents that can be used to derive the kinds of L? estimates needed in our
analysis. Using these methods, we prove Lemma 12.1, which compensates for the fact that Lemma 12.2
is not generally available for controlling the electromagnetic quantities. We remark that there is another
advantage to working directly with the Faraday tensor: our smallness condition for stability depends only
on the physical field variables and not on auxiliary mathematical quantities such as the components V, A,,.

Now roughly speaking, the reason that we are able to prove our main stability result is because, in
our wave-coordinate gauge, the nonlinear terms have a special algebraic structure, which Lindblad and
Rodnianski [2003] have labeled the weak null condition; see Section 1.2.5 for additional details. We remark
that, in order for small-data global existence to hold, it is essential that the quadratic nonlinearities have
special structure: John’s [1981] blow-up result shows that quadratic perturbations’ of the homogeneous
linear wave equation in (1 + 3)-dimensional Minkowski spacetime (of which our equations (1.2.4a)
below are an example) can sometimes lead to finite-time blow-up even for arbitrarily small data. Now by
definition, a system of PDEs satisfies the weak null condition if the corresponding asymptotic system has
small-data global solutions. Roughly, the asymptotic system is obtained by keeping only the quadratic
terms with both factors involving derivatives that are transversal to the outgoing Minkowskian null cones
and the related linear term that drives their evolution along those cones (see the discussion in Section 1.2.4);
the discarded terms are expected to decay faster than the remaining terms. The general philosophy is that,

6Recall that a four-potential is a one-form A, such that &, = (dA) 4.
7In [John 1981], it was shown that both semilinear and quasilinear quadratic perturbations can lead to small-data blow-up.
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if the asymptotic system has small-data global existence, then one should be hopeful that the original
system does too. Lindblad and Rodnianski [2010] showed that the asymptotic system corresponding to the
Einstein-scalar field system in wave coordinates has global solutions for small (i.e., near-Minkowskian)
data. Although we do not carry out such an analysis in this article, we remark that it can be checked that the
asymptotic system® corresponding to the Einstein-nonlinear electromagnetic system in wave coordinates
also has global solutions for small data. This was our original motivation for pursuing the present work.

The aforementioned weak null condition is a generalization of the classic null condition of Klainerman
[1986] (see also [Christodoulou 1986]), in which the quadratic nonlinearities are standard null forms
(which are defined below in the statement of Lemma 3.8). We remark that standard null forms have a very
favorable structure and are completely discarded when one forms the asymptotic system. By now, there is
a very large body of global existence and almost-global existence results that are based on the analysis of
nonlinearities that satisfy generalizations of Klainerman’s null condition. This includes the global stability
results for the Einstein equations mentioned above but also many other results; there are far too many
to list exhaustively, but we mention the following as examples: [Katayama 2005; Klainerman and Sideris
1996; Lindblad 2004; 2008; Metcalfe and Sogge 2007; Metcalfe et al. 2005; Sideris 1996; Speck 2012].

1.1.2. Connections to the “divergence” problem. One of the most important unresolved issues in physics
is that of the so-called “divergence problem”. In the setting of classical electrodynamics on the Minkowski
spacetime background, this problem manifests itself as the unhappy fact that the standard Maxwell—
Maxwell equations with point-charge sources (i.e., delta-function source terms modeling the point
charges) together with the Lorentz force law® (which is supposed to drive the motion of the point charges)
do not form a well-defined system of equations. This is because the theory dictates that the Lorentz force
at the location of a point charge is “infinite in all directions” so that the charge’s motion is ill-defined.
A further symptom of the divergence problem in this theory is that the energy of a static point charge
is infinite. Moreover, our present-day flagship model of quantum electrodynamics (QED), which is
based on a quantization of the classical Maxwell-Dirac field equations, has not yet fixed the crux of the
problem; similar manifestations of the divergence problem arise in QED; see [Kiessling 2004a; 2004b]
for a detailed discussion of these issues.

Now in [2004a; 2004b], Kiessling has taken a preliminary step in the direction of resolving the diver-
gence problem by reconsidering classical electrodynamics in Minkowski spacetime. One of Kiessling’s
primary strategies is to follow the lead of Max Born [1933] by replacing the standard Maxwell-Maxwell
equations with a suitable nonlinear system, the hope being that it will be possible to make rigorous
mathematical sense of the motion of point charges in the nonlinear theory. Kiessling’s leading candidate
is the Maxwell-Born-Infeld (MBI) model of classical electromagnetism, which was proposed by Born
and Infeld [1934] based on Born’s [1933] earlier ideas. The electromagnetic Lagrangian for this model is

*$ MBI o i4 - L4(1 + By — 68‘4(22))1/2 = % — L‘l(detg(g + B2F)'/2, (1.1.1)
B Bt B
8To obtain this asymptotic system, one also discards the quadratic terms containing the fast-decaying null components o[ F],
p[F], and o [#F] of the Faraday tensor; see Section 1.2.4.
9Recall that the Lorentz force is F orentz = qLE + v x B], where ¢ is the charge associated to the point charge, E is the
electric field, v is the instantaneous point charge velocity, and B is the magnetic induction.
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where 3 > 0 denotes Born’s “aether” constant. We point out that, as verified in, e.g., [Speck 2012], this
Lagrangian satisfies the assumptions (3.3.3a) and (3.3.4a)—(3.3.4b) so that the main results of this article
apply to the MBI model. Now it turns out that it was not enough for Kiessling to simply replace the
standard Maxwell-Maxwell equations with the Maxwell-Born—Infeld equations, for such a modification
fails to fix the problem of the Lorentz force being ill-defined at the location of the point charge. On the
other hand, in MBI theory on the Minkowski spacetime background, there exist Lipschitz-continuous
electromagnetic potentials corresponding to solutions to the field equations with a single static point-charge
source. Kiessling observed that this level of regularity is (just barely) sufficient for a relativistic version
of Hamilton—Jacobi theory to be well-defined. He thus proposed a new relativistic Hamilton—Jacobi
“guiding law” of motion for the point charges (see [Kiessling 2004a] for the details).

Kiessling’s interest in the Maxwell-Born—Infeld system was further motivated by results contained in
[Boillat 1970; Plebanski 1970], which show that it is the unique'® theory of classical electromagnetism
that is derivable from a Lagrangian and that satisfies the following five postulates (see also the discussions
in [Biatynicki-Birula 1983; Kiessling 2004a]):

(i) The field equations transform covariantly under the Poincaré group.
(ii) The field equations are covariant under a Weyl (gauge) group.
(iii) The electromagnetic energy surrounding a stationary point charge is finite.
(iv) The field equations reduce to the standard Maxwell-Maxwell equations in the weak field limit.
(v) The solutions to the field equations are not birefringent.

We remark that the standard Maxwell-Maxwell system satisfies all of the above postulates except for
(iii) and that the MBI system was shown to satisfy (iii) by Born [1933]. Physically, postulate (v) is
equivalent to the statement that the “speed of light propagation” is independent of the polarization of the

11 associated to the

wave fields. Mathematically, this is the postulate that there is only a single null cone
electromagnetic equations; in a typical theory of classical electromagnetism, the causal structure of the
electromagnetic equations is more complicated than the structure corresponding to a single null cone (see
[Speck 2012] for a detailed discussion of this issue in the context of the Maxwell-Born—Infeld equations
on the Minkowski spacetime background).

We can now clarify the connection of the present article to Kiessling’s work. First, as noted in [2004a],
Kiessling expects that his theory can be generalized to the case of a curved spacetime through a coupling
to the Einstein equations. Next, we mention that although the Maxwell-Born—Infeld system is Kiessling’s
leading candidate for an electromagnetic model, he is also considering other models. In particular, by
relaxing postulate (v) above, a relaxation that in principle could be supported by experimental evidence,
one is led to consider a larger family of electromagnetic models. Now one basic criterion for any viable
electromagnetic model is that small, nearly linear-Maxwellian electromagnetic fields in near-Minkowski
spacetimes should not lead to a severe breakdown in the structure of spacetime or other degenerate

10More precisely, there is a one-parameter family of such theories indexed by > 0.

Hn general, this “light cone” does not have to coincide with the gravitational null cone although it does in the case of the
standard Maxwell-Maxwell equations.
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behavior. The present work confirms this criterion for a large family of electromagnetic models coupled
to the Einstein equations, including the Maxwell-Born—Infeld system and many other models that fall
under the scope of Kiessling’s program.

1.2. Discussion of the analysis.

1.2.1. The splitting of the spacetime metric and setting up the equations. As in [Lindblad and Rodnianski
2005; 2010], in order to analyze the spacetime metric, we split it into the following three pieces (where
we view hf}g as the “new unknown metric variable”):

guv =My +hy, (u,v=0,1,2,3), (1.2.1a)
huy =h$) +h) (1, v=0,1,2,3), (1.2.1b)
B0 E (D)2 5, (1, v=0,1,2,3), (1.2.1¢)

2M
(hl(tog =0 X(r)T(S/W’ 8’hl(?3 =0~ O)’

where m,, = diag(—1, 1, 1, 1) is the Minkowski metric and the function x plays several roles that will
be discussed in Section 1.2.9. Above and throughout, x (z) is a fixed cut-off function that satisfies

x € C*®, x=1forz>32, and y=0forz<i. (1.2.2)

We remark that, here and throughout the rest of the article, unless we explicitly indicate otherwise, all

indices on all tensors are lowered and raised with the Minkowski metric m,, = diag(—1, 1,1, 1) and

its inverse (m~ )" = diag(—1, 1, 1, 1) (as is explained in Section 2.2, we use the symbol # whenever

we raise indices with g~'). Furthermore, as in [Lindblad and Rodnianski 2005; 2010], we work in

a wave-coordinate system, which is a coordinate system in which the contracted Christoffel symbols
P 2 (g~ 1yrT 2 (see (3.0.2d)) of g, satisfy

M’"=0 (un=0,1,2,3). (1.2.3)

We remark that several equivalent definitions of the wave-coordinate gauge (1.2.3) are discussed in
Section 3.1 and that the viability of the wave-coordinate gauge for proving local well-posedness for the
system (1.0.1a)—(1.0.1c) (which is a rather standard result based on the fundamental ideas of [Foures-
Bruhat 1952]) is discussed in Section 4.3.

As is discussed in detail in Section 3.7, in a wave-coordinate system (¢, x), the equations (1.0.1a)—
(1.0.1c) are equivalent to the reduced equations

A =90 —8:h0 (kv=0,1,2,3), (1.2.42)
Vx%ﬂrvﬂmvum =0 (A, pn,v=0,1,2,3), (1.2.4b)
NI Fp = F" (v=0,1,2,3), (1.2.4¢)

where 0, = (g7 ")**V,V, is the reduced wave operator corresponding to guv, V is the Levi-Civita
connection corresponding to the Minkowski metric m .,
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N#/LVK)» dé %((m—l)u./((m—l)v)» (m—l),u)»(m—l)VK _ hpLK(m—l)v)»

+ R = mT YR 4 (T RRE) 4 N

#uvih
NA

tromagnetism, and ), and §¥ are inhomogeneous terms that depend in part on the chosen model of

=0, F)P) isa quadratic error term that depends on the chosen model of nonlinear elec-

nonlinear electromagnetism.

The question of the stability of the Minkowski spacetime solution to (1.0.1a)—(1.0.1c) has thus been
reduced to two subquestions: (i) show that the reduced system (1.2.4a)—(1.2.4c), where the unknowns
are viewed to be (h,(}v), F,v), has small-data global existence (if the ADM mass M is sufficiently small)
and (ii) show that the resulting spacetime (R!*3, guv =my, + h(o) hﬂv) ) is geodesically complete. The
second question is very much related to the first, for as in [Lindblad and Rodnianski 2005, Section 16] and
[Loizelet 2008, Section 9], the question of geodesic completeness can be answered if one has sufficiently
detailed information about the asymptotic behavior of A ,w ; our stability theorem (see Section 16) provides

sufficient information. Therefore, the main focus of this article is ().

1.2.2. The smallness condition. Our smallness condition on the abstract initial data is stated in terms
of the ADM mass M and a weighted Sobolev norm of the field data Yifzﬁl,c), K jk> o) j» and ‘%k. More
specifically, in order to deduce global existence, we will require that

Eg;y(O)-i-M < &y, (1.2.5)

where ¢, > 0 is a sufficiently small positive number, E.y(0) > 0 is defined by
ELy @ EUVAV I, +IKI,  +IDI, ||%||i,f2 : (1.2.6)

the weighted Sobolev norm || - || H . is defined in Definition 10.1 below, 0 <y < 5 is a constant, and
£ > 10 is an integer. The condition ¢ > 10 is needed for various weighted Sobolev embeddlng results,
including the weighted Klainerman—Sobolev inequality (1.2.10), and the results stated in Appendix A.
In the above expressions, V is the Levi-Civita connection corresponding to the Euclidean metric'?
mjk def diag(1, 1, 1). Note that the assumed fall-off conditions (1.0.4c)—(1.0.4f) guarantee the existence
of a constant 0 <y < % such that Ey.,(0) < oo.

Although the norm (1.2.6) is useful for expressing the small-data global existence condition in terms
of quantities inherent to the data, from the perspective of analysis, a more useful quantity is the energy
€p;y;u(t) = 0, which is defined by

%Zyu(t) el sup Z/ [IVV4R D2 + | LLF 1 Y w(q) d°x, (1.2.7)

0<r<t|1|<€ .

12Throughout the article, We use the symbol m to denote both the Euclidean metric m ; k = dlag(l 1,1) on R3 and the
first fundamental form m,, = dlag(O 1, 1, 1) of the constant time hypersurfaces X; viewed as embedded hypersurfaces of
Minkowski spacetime; this double-use of notation should not cause any confusion.
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where V denotes the Levi-Civita connection corresponding to the full Minkowski spacetime metric,
f . . . . .
q e |x| — t is a null coordinate, the weight function w(q) is defined by

1+ +gh'™ ifg >0,
1+ (1+|gh™* ifg <0,

v is from (1.2.6), and 0 < p < % is a fixed constant. In the above expression, # def {04, X0y — X0y,

w=w(g) = { (12.8)

x“0Jo<u<v<3 is a subset of the conformal Killing fields of Minkowski spacetime, I is a vector field
multi-index, Vg_{z represents iterated Minkowski covariant differentiation with respect to vector fields in %,
and SNPglf represents iterated Lie differentiation with respect to vector fields in %. The significance of the set
% is that it is needed for the weighted Klainerman—Sobolev inequality (1.2.10), which is discussed below.

Remark 1.2. The presence of the parameter 1> 0 in (1.2.8) might seem unnecessary as 1+(14|g|)~2*~ 1.
However, as is explained in Section 1.2.6, the presence of 1 > 0 ensures that w'(g) > 0, an inequality
that plays a key role in our energy estimates.

1.2.3. Overall strategy of the proof. The overall strategy is to deduce a hierarchy of Gronwall-amenable
inequalities for the energies €y, () (0 < k < £); this is accomplished in (16.2.5) below. The net effect
is that, under the assumptions that E;., (0) + M < ¢ and ¢ is sufficiently small, we are able to deduce the
following a priori estimate for the solution, which is valid during its classical lifetime:

oy (1) < coe(1+ )%, (1.2.9)

In the above inequality, ¢, and ¢, are positive constants. Now it is a standard result in the theory of
hyperbolic PDE:s that, if ¢ is sufficiently small, then an a priori estimate of the form (1.2.9) implies that
the solution exists for (¢, x) € (—o0, 00) x R3; see Proposition 14.1 for more details. Furthermore, as
shown in [Lindblad and Rodnianski 2005; Loizelet 2008], if ¢ is sufficiently small, then it also follows
that the spacetime (R!*3, guv =My, + hf?S + h&lg) is geodesically complete. The main goal of this article
is therefore to derive (1.2.9).

1.2.4. Geometry and null decompositions. Let us now describe the tools used to derive (1.2.9). First and
foremost, as mentioned above in Section 1.1.1, the reason we are able to prove our stability result is that
the reduced equations (1.2.4a)—(1.2.4c) have a special algebraic structure and satisfy (in the language
of Lindblad and Rodnianski) the weak null condition. Now in order to see the special structure of the
terms in the reduced equations, we use the strategy of Lindblad and Rodnianski and decompose them
into their Minkowskian null components; we refer to this as a Minkowskian null decomposition. We
emphasize the following point: the Minkowskian geometry is not the “correct” geometry to use for
analyzing the equations, for the actual characteristics of the system correspond to the null cones of the
spacetime metric g,,, and the characteristics of the nonlinear electromagnetic equations (which in general
do not have to coincide with the gravitational null cones). However, the errors that we make in using the
Minkowskian geometry (Which has the advantage of being simple) are controllable.

We stress that the strategy of using the Minkowskian geometry to prove a global stability result for
the Minkowski spacetime solution (in wave coordinates) was a novel (and unexpectedly viable) feature of
[Lindblad and Rodnianski 2005; 2010]. The previous works [Christodoulou and Klainerman 1993; Zipser
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2000; Klainerman and Nicolo 2003; Bieri 2007] used foliations of spacetime built out of outgoing null
cones of the actual spacetime metric g,,,, which logarithmically diverge from the corresponding outgoing
cones of Minkowski spacetime as t — co. The use of the actual geometry allowed these authors to derive
sharp estimates for the asymptotic behavior of the perturbed solution. However, this approach required an
enormous effort. In addition to (i) constructing geometric foliations, the authors also had to (ii) carefully
decompose every term relative to a g-null frame, (iii) construct vector fields (with controllable deformation
tensors) for commuting the equations, and (iv) use an elaborate collection of elliptic estimates to control
the foliations. At the expense of reduced precision, the Lindblad—Rodnianski approach eliminates many
of these difficulties: the Minkowskian geometry is very easy to “construct”, one only has to carefully
decompose “the important terms” relative to the Minkowskian null frame, the vector field differential
operators are prespecified, and no elliptic estimates are needed since the foliations are prespecified.

Let us briefly recall the meaning of a Minkowskian null decomposition; a more detailed description is
offered in Section 5. The notion of a Minkowskian null decomposition is intimately connected to the
following spacetime subsets: the outgoing Minkowskian null cones ¢, + & {(‘L’ y) | | y|—t =gq}, the ingoing
Minkowskian null cones C_ = {(‘E ¥) | |y|+ 1 = s}, the constant tlme slices E, = {('c y) | T =t}, and the
Euclidean spheres S, ; def {(z,y) |t =1, |y| =r}. Observe that the null coordinate q def |x| —t associated
to the spacetime point with coordinates (¢, x) is constant on the outgoing cones and the null coordinate
s & |x| + ¢ is constant on the ingoing cones. These coordinates will be used throughout the article to
describe the rates of decay of various quantities. With a/ &l /r (j =1, 2,3), we also define the ingoing
Minkowskian null geodesic vector field L* def (1, —w', —w?*, —»®), which satisﬁes My AL" L* =0 and is
tangent to the C,~, and the outgoing Minkowskian null geodesic vector field L& (1 o', w?, ), which
satisfies m, AL"LA 0 and m,; L“L* = —2 and is tangent to the C;. Furthermore, in a neighborhood
of each nonzero spacetime point p, there exists a locally defined pair of m-orthonormal vector fields e
and e, that are tangent to the family of Euclidean spheres and m-orthogonal to L and L. The set
N {L, L, ey, e2}, which spans the tangent space at each point, is known as a Minkowskian null frame.
In the discussion that follows, we will also make use of the set J = {L e1, e}, which is the subset
consisting of only those frame vectors tangent to the C; +, and the set g & {L}

Given any two-form ¥, we can decompose it into its Minkowskian null components «[%], «[F],
pl#], and o [F], where « and « are two-forms m- tangent13 to the spheres S, and p and o are scalars.
More specifically, we deﬁne op =FaL, 0p =FaL, p = —JPLL, and 0 = %y,, where A € {1, 2} and
we have abbreviated F 4 L = e AL Fya., etc. Similarly, we can decompose the tensor £, into its null
components Az, hpr, hpr, etc., where T stands for any of the vectors in J. We are now ready to
discuss one of the major themes running throughout this article: the rates of decay of the various null
components of & and h are distinguished by the kinds of contractions taken against the null frame vectors.
In particular, contractions against L, e, and e, are associated with favorable decay, with L being the most
favorable, while contractions against L are associated with unfavorable decay. Similarly, differentiation in
the directions L, e, and e, are associated with creating additional favorable decay in the null coordinate s
while differentiation in the direction L is associated with creating less favorable additional decay in ¢

13By m-tangent, we mean that their vector duals relative to the Minkowski metric are tangent to the Sj. ;.
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(see Lemma 6.16 for a precise version of this claim). Equivalently, the operator V creates favorable decay
in s while V only creates decay in g. Here and throughout, V is the null frame projection (of the derivative
component only when V is applied to a tensor field) of the Minkowski connection V onto the outgoing
Minkowski null cones (i.e., V projects away the L component of V). From this point of view, the most
dangerous terms in the equations are « and s and the 9, ~ V| derivatives (see Section 2.7) of these
quantities. We recommend that at this point the reader should examine the conclusions of Propositions 15.6
and 15.7 to get a feel for the kind of decay properties possessed by the various null components.

The main idea behind the Minkowskian null decomposition is that it can be used to show the following
fact: the worst possible combinations of terms, from the point of view of decay rates, are not present in
the reduced equations (1.2.4a)—(1.2.4c). This special algebraic structure, which is of central importance
in our small-data global existence proof, is examined in detail in Propositions 11.1-11.4. As revealed
in [Lindblad and Rodnianski 2003; 2005; 2010], this special algebraic structure is highly tensorial in
nature. A related fact is that various null components of the lower-order derivatives of the solution exhibit
a partially decoupled behavior. Moreover, this partial decoupling allows us to derive a hierarchy of
“upgraded pointwise decay” estimates for the lower-order derivatives. These estimates, which play an
essential role in the proof of our main theorem, provide bounds that are stronger than the bounds implied
by the size of €.y, (t). This critical issue is discussed in more detail in Section 1.2.11.

1.2.5. The special structure of the nonlinearities involving the Faraday tensor. We now briefly summarize
the special structures that allow us to extend the results of [Lindblad and Rodnianski 2010] to include
small electromagnetic fields. We emphasize the following point: because of our assumptions on the
electromagnetic Lagrangian, all of the important nonlinearities (from the point of view of small-data
global existence) are the quadratic ones that are present in the case of the standard Maxwell-Maxwell
Lagrangian *¥ vaxwell) = —%6( 1y; all of the other electromagnetic theories that are covered by our main
theorem introduce cubic and higher-order nonlinearities into the PDEs that are relatively easy to control.
We first discuss how the electromagnetic fields couple into the equations for the components of the metric
term A, = g, —m . The presence of the electromagnetic fields introduces only one important nonlinear
term into these equations: the main %-containing quadratic term Sl,(fv;h)(@, %) on the right-hand side
of (3.7.2a). A null decomposition reveals that this term has only one dangerous component involving the
product o) SZ(LZih), which will be shown to decay like |20 L S e2(141)72 (see inequalities (11.2.7e)
and (15.3.3)). All other null components of 9% have a negligible effect on the dynamics because at
least one of their factors is a “good” null component of & (see inequalities (11.2.7d) and (15.3.4c¢)); these
quadratic terms therefore decay rapidly. Furthermore, a null decomposition of the wave equations (3.7.1a)
reveals that the dangerous component only directly influences the behavior of the metric perturbation
component |VA|y . The main point is that Lindblad and Rodnianski [2010] were able to close their proof
even though they allowed |VA|. 1 to decay at a slower rate than the other null components of Vi. The
decay rate [2%M|,; < e%(1+1)72, though relatively slow, still allows us to prove the same estimates
for |Vh|pr and |h|p as in [ibid.] (see Proposition 15.6 and note the presence of the growing In(1 +¢)

factor in (15.3.2b) compared to the other estimates).
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We now discuss the nonlinearities present in the electromagnetic field equations for the components
of &. There are three important nonlinear terms: the main quadratic terms 9)( %) (h, V%) and 9(1 %) (h, V%)
from (3.7.3a) and the main quadratic term 9(2 J,)(Vh %) from (3.7.2b). The terms Q 1:9) (h, V&) and

(2 g (Vh, F) have a very favorable null structure (all quadratic factors involve either a good tangential
derivative V or a good component of %) and therefore have a negligible effect on the dynamics (see
inequalities (11.2.7h)—(11.2.7i)). Furthermore, this special structure survives upon commuting the
equations with SEI In contrast, the term 9)’2’ ) (h, V&) has a less favorable null structure and must be
handled with care. For example, if X is any one-form, then in order to bound | X, 97’ )(h V)|, one must
in particular bound | X||h|¢¢|VF| (see inequality (11.2.7f)). The product |A| ggg|VJ*| is only expected
to decay like £2(1 4+ £)~2 thanks to the presence of the worst null components of V% (the worst null
component combination in the product |||V F| is the magnitude of the product }Lh 1. Vro,, which is
discussed below in the third paragraph of Section 1.2.11). The main reason that we are able to handle
the difficult term &},

(%)
estimates for |#|¢ that are just good enough to close the proof of stability; this is discussed in more

(h, V%) is that the wave-coordinate condition allows one to derive independent

detail in Section 1.2.10. Another difficulty is that some of this structure is destroyed after one commutes

( %) (h, V&) with EE’ In particular, the commuted term |$1 h|¢¢ must be carefully analyzed, for Lie
differentiation results in the presence of some potentially dangerous lower-order terms. These terms are
discussed in more detail at the end of Section 1.2.12.

1.2.6. Energy inequalities and the canonical stress. The first major analytical step in deriving the all-
important Gronwall-amenable estimate (16.2.5) (which is the main ingredient in the derivation of the a
priori estimate (1.2.9)) is to deduce the energy inequalities of Lemmas 12.1 and 12.2, which respectively
provide L? estimates for solutions to the electromagnetic equations of variation and L? estimates for
solutions to quasilinear wave equations whose principal operator agrees with that of (1.2.4a) (i.e., whose
principal operator is (). The equations of variation are linear (in the principal term) PDEs that are
satisfied by the derivatives of solutions % to (1.2.4b)—(1.2.4c). Specifically, the equations of variation
are the PDEs (8.1.1a)—(8.1.1b). As is explained below, these equations come into play because we
require L? estimates for higher-order derivatives of 2"’ and % in order to close our global existence
argument. We will comment mainly on the estimates for the electromagnetic equations of variation since
the estimates of Lemma 12.2 are perhaps more familiar to the reader and in any case are explained in
detail in [Lindblad and Rodnianski 2010, Lemma 6.1 and Proposition 6.2]. Our proof of Lemma 12.1 is
based on the construction of a suitable energy current JH & _ Q“ » XV, where Q” v 18 the canonical stress.
0", = O",[F, F]is a tensor field that depends quadratically on the variations %, d:efi%@, xv &t w(q)3y
(v =0,1,2,3)is a “multiplier vector field”, and w(g) is the weight function defined in (1.2.8). The end
result is provided by inequality (12.2.1) below. Although at first glance inequality (12.2.1) may appear
to be a standard energy inequality, one of the most important features of this particular energy current
is that it provides the additional positive spacetime integral fttz s, (|a)? + p*>+6Hw'(q)d*x d T on the
left-hand side of (12.2.1); here, &, p, and ¢ are the “favorable” null components of the two- form . This
additional positive quantity, which is analogous to the quantity f[] /; s, IVo|>w'(q) d*x dt on the left-hand
side of (12.2.4) that was exploited by Lindblad and Rodnianski, is one of the key advantages afforded
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by our use of a weight function of the form (1.2.8). Its availability is directly related to the fact that we
have better integrated control over the quadratic terms |¢&|> + 52 + &2 than we do over the term |¢&|. The
spacetime integral plays a key role in our derivation of the energy inequality (16.2.5).

Let us now make a few comments concerning the canonical stress and the construction of the energy
current J* introduced above. A very detailed description is located in [Christodoulou 2000; Speck 2012],
so we confine ourselves here to its two most salient features. The canonical stress (see (8.2.2)) plays
the role of an energy-momentum-type tensor for the electromagnetic equations of variation. Because
these (linear-in-%) equations depend on the “background” %/, in addition to the linearized variables F s
it is not the case that EDM(Q'“U[Q?, 9.?]) = 0; this is in contrast to the property (g_l)“QDK Ty, = 0 (see
(3.5.3)) enjoyed by the energy-momentum tensor. However, we now point out the first key property of
the canonical stress: VM(Q“ v[@, @]) is lower-order in the sense that it does not depend on ng;w; by
using the equations of variation for substitution, the V,, %w terms can be replaced with inhomogeneous
terms (see (8.2.4)). It is already important to appreciate the availability of this nontrivial quadratic-in-%
quantity whose divergence can be expressed in terms of only %, V%, %, and inhomogeneous terms.
The availability of such a quantity is not a feature inherent to all systems of equations,'* but is instead
related to the symmetry properties of the indices of the principal terms (i.e., the terms on the left-hand
side) in equations (8.1.1a)—(8.1.1b), which themselves are related to the fact that the original nonlinear
electromagnetic equations are derivable from a Lagrangian.

The second key property enjoyed by the canonical stress is that of integrated positivity upon contraction
against certain pairs (£, X) consisting of a one-form & and a vector field X. More precisely, for certain
hypersurfaces X, there exist choices of (&, X) such that £ is normal to X (in the sense of covector-vector
annihilation) and such that the quantity |, 5 0" & uX U[%, #]d’T is bounded from below by the square of
an L’-type norm of F along X. This is a general fact that holds for all electromagnetic equations of
variation that are regularly hyperbolic in the sense of [Christodoulou 2000]. However, in the present
article, a stronger condition than integrated positivity holds: for certain pairs (¢, X), Q" vEL X[+, - ]isin
fact a positive-definite quadratic form in %. We remark that this stronger property concerns the structure of
the quadratic form Q" vE,X"[ -, -] and therefore has nothing to do with whether F satisfies the equations
of variation.

The two key properties are analogous to (but distinct from) the positivity properties of an energy-
momentum tensor satisfying the dominant energy condition and the positivity properties of the Bel—
Robinson tensor (which played a central role in [Christodoulou and Klainerman 1993; Zipser 2000;
Klainerman and Nicolo 2003; Bieri 2007]). As is explained in [Christodoulou 2000; Speck 2012], the
set of pairs (&, X) leading to integrated positivity is intimately connected to the hyperbolicity of and the
geometry of the electromagnetic equations and to the speeds and directions of propagation in the system.
In this article, the only hypersurfaces that we integrate over are the constant-time hypersurfaces 3; and the
only pair (§, X) that we use is §,, = —82, and X" = w(q)J;. The special positivity properties stemming
from this choice of (&, X), and in particular the availability of the additional positive spacetime integral
ft? f s, (|&|? + p? + 6>)w'(q) d*x dt mentioned above, are derived in Lemma 12.1. We emphasize that

14However, such quantities do in fact exist for all scalar wave equations.
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our derivation of this additional spacetime integral is not just a consequence of the second key property;
rather, our derivation requires % to be a solution to the equations of variation.

1.2.7. Weighted Klainerman—Sobolev inequalities. Based on the energy inequalities of Proposition 12.3,
which are relatively straightforward consequences of Lemmas 12.1 and 12.2, it is clear that most of the
hard work in deriving the estimate (16.2.5) goes into estimating the integrals involving the inhomogeneous
terms J and § on the right-hand sides of (12.2.6) and (12.2.8). In particular, we attempt to summarize
here the origin of the factors (1 + )" and (1 + )~ !1*C¢ that appear in (16.2.5) and that are of central
importance in our derivation of the fundamental a priori energy estimate (1.2.9). Roughly speaking, these
factors arise from a collection of pointwise decay estimates that we will soon explain. The first tools
of interest to us along these lines are the weighted Klainerman—Sobolev inequalities, which allow us to
deduce pointwise decay estimates for functions ¢ € C3° (R3) in terms of weighted L? estimates for ¢ and
its Minkowskian covariant derivatives with respect to vector fields Z € #. More specifically (see also
Appendix B), the weighted Klainerman—Sobolev inequalities state that (with g o x| —1)

(414 1xDIA + lghw@]Plg ¢, )1 < C Y w' (@) Ve, )l 2. (1.2.10)
[1]1<3

We refer to these estimates as “weak pointwise decay estimates” since they have nothing to do with the
special structure of the Einstein-nonlinear electromagnetic equations; a major theme permeating this
article is that, in order to close our global existence bootstrap argument, the estimate (1.2.10) needs to be
upgraded using the special structure of the equations. Inequality (1.2.10) can therefore be viewed as a
preliminary estimate that will play a role in the proof of the upgraded estimates.

The form of the inequalities (1.2.10) raises several important issues. First, in order to apply the weighted
Klainerman—Sobolev inequalities to 21, we have to achieve L? control over the quantities w'/ 2(q)Véh(l).
To this end, we have to study the equations satisfied by the quantities V44D In order to derive these
equations, we have to commute the operator Vg{g through the reduced wave operator term {3 gh(l). Lindblad
and Rodnianski accomplished this commutation through the use of modified covariant derivatives V2.
which are equal to ordinary covariant derivatives plus a scalar multiple (depending on Z € ¥) of the
identity; see Definition 6.5. The main advantage of these operators is that V2O — 0, Vz =0, where
Onm &ef (m~1H**V,V, denotes the wave operator of the Minkowski metric; see Lemma 6.13. Therefore,
V4hW is a solution to the equation £, VLA = $éﬁgh(l)+HKAVKV,\V£§h(1)—$é(HKAVKVAh(1)), where
0 gh(l) is equal to the inhomogeneous term on the right-hand side of (1.2.4a) above and H*” &ef (g~ Hmv —
(m~H" = —h* 4+ O(|h|*). We remark that the analysis of the commutator term H“V,(Vkvglzh(l) —
%é(H “*v,.V,h(D), which was performed in [Lindblad and Rodnianski 2010] (see also Proposition 7.1
and Lemma 16.11), is among the most challenging work encountered. Rather than repeat this analysis and
the discussion behind it, which is thoroughly explained and carried out in [Lindblad and Rodnianski 2010],
we will instead focus on the analogous difficulties that arise in our analysis of %. We do, however, point
out the role that the Hardy inequalities of Proposition C.1 play in the analysis of 4(1): they are used to

estimate a weighted L* norm of V41! by a weighted L? norm of VV4hD. The main point is that VA
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is not directly controlled in L? by the energy while VVgéh(l) is. The cost of applying the Hardy inequalities
is powers of 1 + |¢g|, which are always sufficiently available thanks to our use of the weight w(g).

1.2.8. The role of Lie derivatives. The next important issue concerning the weighted Klainerman—Sobolev
inequality (1.2.10) is that it is more convenient to work with Lie derivatives of & rather than covariant
derivatives of %; note that our definition (1.2.7) of our energy €;..,.(¢) involves Lie derivatives of &
According to inequality (6.5.22) below, inequality (1.2.10) remains valid if we replace the operators Vé
with £L. However, as in the case of the V2A"), we have to study the equations satisfied by the £1F.
Now on the one hand, Lemma 6.8 shows that the operator £ can be commuted through the Minkowski
connection V in (1.2.4b). On the other hand, to commute Lie derivatives through (1.2.4c¢), it is convenient
to work with modified Lie derivatives (77 z, which are equal to ordinary Lie derivatives plus a scalar
multiple!® (depending on Z € %) of the identity; see Definition 6.5. Unlike covariant derivatives, these
operators have favorable commutation properties with the linear Maxwell-Maxwell term V,%*", which
is the leading term in (1.2.4c). More specifically, gz[((m_l)“" I (m_l)/“(m_l)”")vu%d] =
[((m= DY (m= )" — (m =Y (m =11V, L7 F 15 see Lemma 6.14. As is captured by Proposition 8.1,
these operators are also useful for differentiating the nonlinear equation (1.2.4c); the error terms generated
have a favorable null structure that is captured in Proposition 11.4.

1.2.9. The tensor field hf?,z Let us now discuss the ideas behind the Lindblad—Rodnianski splitting of the
metric defined in (1.2.1a)—(1.2.1c). We first note that because of the 2M /r ADM mass term present in no ,w,

f
substituting the tensor field &, & h(O) h(l)

in place of hiw in the definition of the energy would lead
t0 €¢.y..(0) = 00. Thus, as a practical matter, the introduction of h,(w allows us to work with a quantity
of finite energy. Now according to the discussion in [Lindblad and Rodnianski 2010], the precise form

h,(fv) =xr/t)x(r)(2M/r)s,, was determined by making an “educated” guess concerning the contribution

of the ADM mass term x (r)(2M/r)d i, which is present in the data, to the solution. The term h(o)
manifests itself in the reduced equations as the {J, h 1nh0m0geneous term on the right-hand side of the
reduced equation (1.2.4a). Because of the identity O,,(1/r) = 0 for r > 0, where 0O,, = (m~)*V, V, is
the Minkowski wave operator it follows that the main contribution of the term O gh,(w comes from the
“interior” region {(t x) | y<rft<jg } this is because the derivatives of x (z) are supported in the interval
B 4] Now in the interior region, the quantities 1+ |¢| and 1 4 s are uniformly comparable. Thus, the
weighted Klainerman—Sobolev inequality (1.2.10) predicts strong decay for the solution in this reglon,
and consequently, one can derive suitable weighted Sobolev bounds for the inhomogeneity T, h ,w, see

Lemma 16.10 for a precise statement of this estimate.

1.2.10. The wave-coordinate condition. Before expanding our discussion of the pointwise decay estimates,
we will discuss the analytic role of the wave-coordinate condition V,[/[det g[(g~)*']=0 (=0, 1, 2, 3),
which plays multiple roles in this article. First, it hyperbolizes the Einstein equations. Second, it allows us
to replace certain unfavorable nonlinear terms from the equations (1.0.1a)—(1.0.1c) with more favorable
ones; the culmination of this procedure is exactly the reduced system (1.2.4a)—(1.2.4c). Finally, the
wave-coordinate condition also allows us to deduce several independent and improved estimates, both

15The multiple is 2c¢z, where ¢z is the multiple corresponding to the modified covariant derivative ﬁz.
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at both the pointwise level and the L? level, for the components iy and hpp. As we will see, these
improved estimates are central to the structure of the proof of Theorem 16.1, and our stability argument
would not close without them. More specifically, as shown in [Lindblad and Rodnianski 2010], a null
decomposition of the wave-coordinate condition leads to the algebraic inequalities

|Vhlgg < |Vh|+ k|| VA, (1.2.11a)
IVVzhley SIVVZRI+ > IV hl[VVEh] (Z €%), (1.2.11b)
[ [+] 2] <1

where V is the null frame projection of V (the derivative component only) onto the outgoing Minkowski
cones. Note that the right-hand side of (1.2.11a) involves only favorable derivatives of 4 and quadratic
error terms while the left-hand side involves all derivatives of A, including the dangerous V derivative.
Generalizations of (1.2.11a) for Vg{h are stated in Proposition 11.1. We remark that it is important to note in
these generalizations that the estimates for |V Vzh|¢¢ are stronger than what can be proved for |[VVzh|¢g.

1.2.11. Upgraded pointwise decay estimates. We now discuss the full collection of upgraded pointwise
decay estimates (see Propositions 15.5-15.7 below), which are of central importance in closing the global
existence bootstrap argument. For as mentioned above, the weighted Klainerman—Sobolev estimates
(1.2.10) are not sufficient to close the argument. We remark that the reasons that we truly need the
upgraded pointwise decay estimates are discussed in more detail at beginning of Section 15. Aside
from the components /4y and iy, which are controlled by the wave-coordinate condition, there is a
relatively strong coupling between the evolution of the remaining components of 4 and the evolution of the
dangerous a[%] component of the Faraday tensor. Therefore, our proofs of the upgraded estimates (and
Proposition 15.7 in particular) have a hierarchical structure; i.e., the order in which they are proved is very
important. Although we don’t provide a complete description of all of the subtleties of this hierarchy in this
introduction, we do provide a preliminary description of some of its salient features. We first emphasize the
following important feature: most null components of /4, the o null component of &, and the components
Vzhp (for Z € %) have better t-decay properties than their higher-order-derivative counterparts; this is the
content of Proposition 15.6. Roughly speaking, the reason for this discrepancy is that the nondifferentiated
reduced equations have a more favorable algebraic structure than the differentiated reduced equations. This
feature will be particularly important during our global existence argument, for the principal terms (from
the point of view of differentiability) in the Leibniz expansion of the operator Vgg.; acting on a quadratic term
are of the form uVév and similarly for the operator 58&. Consequently, the strong pointwise decay property
of the nondifferentiated quantity, which is represented by u, is a crucially important ingredient of the
derivation of the Ce fot(l + r)_l%i;y;u(r) dt term on the right-hand side of (16.2.5). We emphasize that
our stability proof would not go through if this term were replaced with Ce fot 1+ r)‘”cs%%; v;u(T) dr.

The derivation of the upgraded pointwise decay estimates for the Faraday tensor begins with Propo-
sition 9.3, which provides a null decomposition of the electromagnetic equations of variation, and
Proposition 11.4, which provides a null decomposition of the inhomogeneous terms that result after differ-
entiating the reduced electromagnetic equations with modified Lie derivatives. The net effect is that the
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null components of the lower-order Lie derivatives of % satisfy ordinary differential inequalities'® (which
we loosely refer to as ODEs) along ingoing and outgoing cones (see Proposition 11.5), and furthermore, the
inhomogeneous terms appearing on the right-hand side of the ODEs can be inductively controlled (see the
proofs of Propositions 15.5-15.7). We remark that this analysis of the lower-order derivatives of & involves
aloss of several derivatives because the right-hand sides of the ODEs depend on the higher-order derivatives
of &, which are pointwise bounded via the weighted Klainerman—Sobolev estimates (1.2.10). We stress that
this loss of differentiability is not a concern because we only need to analyze the lower-order derivatives
of & in this fashion. Similar remarks apply for our analysis of the upgraded pointwise decay estimates
for h, which are briefly described below. It is important to distinguish between two classes of ODEs that
play a role in this analysis. The first class consists of ODEs for rescaled versions of the null components
(&, p,0) def (x [§£é£ F1, p [LPé{@], o [SEQI{OJ@]) and involves differentiation in the direction of the null generators
of the ingoing Minkowskian cones; i.e., the principal part of the ODEs is V. We remark that this point of
view represents a rather crude treatment of (9.1.8b)—(9.1.8d), but because of the favorable decay properties
of the inhomogeneities, this approach is sufficient to conclude the desired estimates: by integrating back
towards the Cauchy hypersurface ¥ in the direction —L, we are able to deduce #-decay for oz[ié@],
p[?ﬁé@], and 0[3321{,%] from ¢-decay of the inhomogeneous terms at the expense of a loss of decay in g.
We remark that the proof of the upgraded estimates for these components happens in two stages. We refer
to the first-stage estimates, which are proved in Proposition 15.5, as the “initial upgraded” pointwise decay
estimates. These first-stage estimates follow from using the weighted Klainerman—Sobolev estimates to
bound the inhomogeneous terms in the ODEs. The second-stage upgraded estimates, which we refer to as
“fully upgraded” pointwise decay estimates, are proved at the end of Proposition 15.7 after all of the other
upgraded pointwise decay estimates for the remaining components of the lower-order derivatives of 7 and &
have been proved. For at this point in the upgraded hierarchy, we will have better pointwise control over
the inhomogeneous terms in the ODEs than that afforded by the weighted Klainerman—Sobolev estimates.

The next class consists of ODEs for rescaled versions of the null component ¢ dgg[iféaf]. Notice that
(see (9.1.8a)), unlike the other null components, ¢ does not satisfy an ODE that to 0-th order involves
differentiation in the direction of L. Instead, at first sight, it might appear that one should reason in
analogy with the first class and view (9.1.8a) as an ODE in the direction of L with inhomogeneous terms.
However, the desired decay estimates do nor close at this level. Instead, one must also consider the effect
of the quadratic term — s *h*<V,, Fer. A null decomposition of this term reveals that it contains the
dangerous term %h L Vira,, which decays too slowly to be treated as an inhomogeneous term in the
ODE satisfied by «. To remedy this difficulty, we introduce the vector field A = L + %h L, which
can be viewed as a first-order correction to the Minkowski outgoing null direction arising from the
presence of a nonzero tensor field £ in the expansion g,, = m, + h,,. Note that, for these upgraded
pointwise decay estimates for the lower-order Lie derivatives, we do not bother to correct for the fact
that the electromagnetic model is not necessarily the Maxwell-Maxwell model; the deviation from the
Maxwell-Maxwell model comprises cubic terms, which we can treat as small inhomogeneities. We may
thus view (9.1.8a) as an ODE in the direction of A with inhomogeneous terms; this is exactly the point of

16More precisely, the null components satisfy transport equations with small sources.
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view emphasized in Proposition 11.5. Because we have a sufficiently strong independent decay estimates
for hy; and for the inhomogeneities, this approach is sufficient to achieve the desired estimates.

Our analysis of the upgraded pointwise decay estimates for the metric-related quantities 4 and A"
closely mirrors the analysis in [Lindblad and Rodnianski 2010]. Hence, we will not discuss them in full
detail here but instead refer the reader to the discussion in [ibid.]. The estimates can be divided into
three classes, the first one being the estimates (15.3.1a) and (15.3.1b) for |Vh|¢g, |VVzh|ee, |hleT,
and |Vzh|¢e. As was suggested above, the first-class estimates are consequences of the additional special
algebraic structure that follows from the wave-coordinate condition together with the weighted Klainerman—
Sobolev inequality. The second class consists of the estimates (15.3.2a) and (15.3.2b) for |Vh|gy and |V A|.
These estimates heavily rely on the decay estimates of Lemma 13.2 and Corollary 13.3 below, which
were proved in [Lindblad and Rodnianski 2010] and which are of independent interest. The lemma
and its corollary can be viewed as a second-order counterpart to the ODE estimates for the Faraday
tensor discussed in the previous paragraphs. It is important to note that the hypotheses of the lemma
and its corollary are satisfied as a consequence of the independent upgraded pointwise decay estimates
provided by the wave-coordinate condition. The third class consists of the estimates (15.3.4a), (15.3.4b),
and (15.3.4¢) for |VV§2h(1) [, |Vglzh(1>|, and |§Véh(1)| (related estimates for the tensor field 4 also hold).
Their derivation is similar in spirit to the derivation of the second-class estimates, but the inductive proof
we give is highly coupled to the simultaneous derivation of analogous upgraded pointwise decay estimates
for |§£21¥i %|, which were discussed two paragraphs ago.

1.2.12. Lie differentiation, Minkowski-covariant differentiation, and null structure. We make some final
comments concerning the relationship between Lie derivatives and Minkowski-covariant derivatives. On
the one hand, because we commute the equations satisfied by 2! with the operators V’/, our analysis of #(D
naturally requires us to estimate the quantities |Vg§:h|, |V§h| PP, |V£§h| g, etc. Furthermore, as discussed
above, the quantities |V31£h| ¢ and |V?§h| g have a distinguished role in view of their connection to the
wave-coordinate condition. On the other hand, because we commute the electromagnetic equations with
Lie derivatives, we will have to confront the terms |£4h, |5 h|se, |5 h|¢g, etc. In order to bridge the
gap between Lie derivative estimates and covariant derivative estimates, we provide Proposition 6.19, the
proof of which relies on the special algebraic-geometric structure of the vector fields in %. Proposition 6.19
is an especially important ingredient in the null decomposition estimate (11.1.11b). As an example of the
role played by this proposition, we cite the estimate (6.5.23c), which reads

| Lhhlgy S \Vahles+ > IVahlgg+ Y V4 hl.
[J1=<I]-1 [J|<I1]-2

absentif |[1| =0 absentif || <1

This shows that, in the translation from Lie derivatives to covariant derivatives, the error terms that
arise in the analysis of the | - |¢¢ seminorm are either 1 degree lower in order and controllable by the
wave-coordinate condition (i.e., the terms with |J| <|I|—1) or are 2 degrees lower in order (i.e., the terms
with |J’| < |I| —2). This fact, and others similar to it, play an essential role in allowing our hierarchy of
estimates to unfold in a viable order.
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1.3. Outline of the article. The remainder of the article is organized as follows.

« In Section 2, we provide for convenience a summary of the notation that is used throughout the article.

« In Section 3, we discuss the Einstein-nonlinear electromagnetic equations in detail. We also introduce
our wave-coordinate condition and our assumptions on the electromagnetic Lagrangian. Next, we derive a
reduced system of equations, which is equivalent to the system of interest in our wave-coordinate gauge. In
Section 3.7, we summarize the version of the reduced equations that we work with for most of the article.

« In Section 4, we construct initial data for the reduced system from the abstract initial data in a manner
compatible with the wave-coordinate condition. We also sketch a proof of the fact that the wave-coordinate
condition is preserved by the flow of the reduced equations.

« In Section 5, we introduce the notion of a Minkowskian null frame and discuss the corresponding null
decomposition of various tensor fields.

« In Section 6, we introduce the differential operators that will be used throughout the remainder of the
article, including modified Lie derivatives and modified covariant derivatives with respect to a special
subset % of Minkowskian conformal Killing fields. We also provide a collection of lemmas that relate
the various operators.

« In Section 7, we provide a preliminary algebraic expression for the equations satisfied by V4a(1), where
h" is a solution to the reduced equations.

« In Section 8, we introduce the electromagnetic equations of variation, which are a linearized version of
the electromagnetic equations. We also provide a preliminary algebraic expression for the inhomogeneous
terms in the equations of variation satisfied by SEQI{?}, where F is a solution to the reduced equations. We
then introduce the canonical stress tensor and use it to construct an energy current that will be used to
control weighted Sobolev norms of .5/3&9?.

e In Section 9, we perform two decompositions of the electromagnetic equations, including a null
decomposition of the electromagnetic equations of variation and a decomposition of the electromagnetic
equations into constraint equations and evolution equations for the Minkowskian one-forms E, D, B,
and H. In order to connect these one-forms to the abstract initial data, we also introduce the geometric
electromagnetic one-forms &, O, B, and .

e In Section 10, we introduce our smallness condition on the abstract initial data. We then prove that
this smallness condition guarantees that the energy é..,,(¢) of the corresponding solution to the reduced
equations is small at ¢ = 0; it is this smallness of €,.y.,,(0) that will lead to a global solution of the
reduced equations.

 In Section 11, we provide algebraic estimates for the inhomogeneities in the reduced equations under
the assumption that the wave-coordinate condition holds. We also derive ordinary differential inequalities
for the null components of 58&9'* and provide algebraic estimates for the corresponding inhomogeneities.

 In Section 12, we prove weighted energy estimates for solutions to the electromagnetic equations of
variation. We also recall some results of [Lindblad and Rodnianski 2010] that provide analogous weighted
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energy estimates for both scalar wave equations and tensorial systems of wave equations with principal
part (gil)ldvk v)u

e In Section 13, we recall some results of [Lindblad and Rodnianski 2010] that provide pointwise
decay estimates for both scalar wave equations and tensorial systems of wave equations with principal
part (g_l )K)LVK VA-

« In Section 14, we state a basic local well-posedness result and continuation principle for the reduced
equations. The continuation principle will be used in Section 16 in order to deduce small-data global
existence for the reduced equations from a suitable bound on the energy €., ().

 In Section 15, we introduce our bootstrap assumption on the energy €;.y.,.(#). We then use this
assumption to deduce a collection of pointwise decay estimates for solutions to the reduced equations
under the assumption that the wave-coordinate condition holds.

« In Section 16, we prove our main results. The results are separated into two theorems. In Theorem 16.1,
we use the decay estimates proved in Section 15 to derive a “strong” a priori estimate for the energy
€.y:u(1); the proof of this theorem is the centerpiece of the article. Theorem 16.3, which is our main
theorem demonstrating the stability of Minkowski spacetime, is then an easy consequence of Theorem 16.1
and the continuation principle of Section 14. Both of these theorems rely upon the assumption that the
wave-coordinate condition holds.

2. Notation

For convenience, in this section, we collect some of the important notation that is introduced throughout
the article.

2.1. Constants. We use the symbols ¢, ¢, C, and C to denote generic positive constants that are free to
vary from line to line. In general, they can depend on many quantities, but in the small-solution regime
that we consider in this article, they can be chosen uniformly. Sometimes it is illuminating to explicitly
indicate one of the quantities £ that a constant depends on; we do by writing, e.g., Cq. If A and B are
two quantities, then we often write

A<B

to mean that “there exists a uniform constant C > 0 such that A < CB”. Furthermore, if A < B and
B < A, then we often write
A~ B.

2.2. Indices.

o Lowercase Latin indices a, b, j, k, etc., take on the values 1, 2, or 3.
o Greek indices k, A, u, v, etc., take on the values O, 1, 2, or 3.
o Primed indices k', A’, etc., are used in the same way as unprimed indices.

o Uppercase Latin indices A, B, etc., take on the values 1 or 2 and are used to enumerate the two
Minkowski-orthonormal null frame vectors tangent to the spheres S, ;.
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i3

 As a convention, the tensor fields %, My, Ruv, Ty, €vicr, and Ny are assumed to “naturally
have all of their indices downstairs, and unless indicated otherwise, all indices on all tensors are lowered
and raised with the Minkowski metric m,,, and its inverse (m~H* eg., TH = (m~H* (m=1 ) Ty,

« The symbol # is used to indicate that all indices of a given tensor field have been raised with g~ !; e.g.,
T = (g~ (g7 ) T

» Repeated indices are summed over.

2.3. Coordinates.

e {x*}.=0,1,2,3 denotes the wave-coordinate system.

O x =(x!, %2, x3).

e I =X
e g =r —tand s =r +¢ are the null coordinates of the spacetime point (¢, x), where r = |x|.
e qg_=0ifg>0,and g_ = |gq|if g <O.

e =x//r(j=1,2,3).

2.4. Surfaces. Relative to the wave-coordinate system:

e C; ={(r,y) | ly| +t = s} are the ingoing Minkowskian null cones.
. C; ={(7,y) | |y| — T = g} are the outgoing Minkowskian null cones.
e 3, ={(r, y) | T =t} are the constant Minkowskian time slices.

e S, ={(r,y)| T =t, |y| =r} are the Euclidean spheres.

2.5. Metrics and volume forms.

e my, denotes the standard Minkowski metric on RIt3:m w = diag(—1, 1, 1, 1) in our wave-coordinate
system.

 m denotes the Minkowskian first fundamental form of %;; m,, = diag(0, 1, 1, 1) in our wave-coordinate
system.

» i denotes the Minkowskian first fundamental form of S, ;; relative to an arbitrary coordinate system,
Wy =my, + %(LMI:V +L,L,), where L and L are defined in Section 2.9.

* g, denotes the spacetime metric.

gy =My, + hf?g + hﬂv) is the splitting of the spacetime metric into the Minkowski metric m ,,, the

Schwarzschild tail k) = x (r/1) x (r)(2M/r)8,,,, and the remainder /\,).
o (gTHHW = m~hHw + H(’S‘; + H(’f; is the splitting of the inverse spacetime metric into the inverse
Minkowski metric (m~1)*", the Schwarzschild tail H(%;) =—xr/Hx(r)2M/r)s"", and the remainder
H'.

(1)

_ M ny
o« HW = H(O) + H(l)'

* § denotes the first fundamental form of the Cauchy hypersurface ¥y relative to the spacetime metric g.
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. S k=08 +x(r)2M/r)é i+ h;lk) is the splitting of g jk into the Euclidean metric 8 j;, the Schwarzschild
tail x (r)(2M/r)é i, and the remainder 1_151,()
* Uy = |detm|'/?[pvi A] denotes the volume form of the Minkowski metric m; [uvki] is totally

172

antisymmetric with normalization [0123] = 1; |detm|'/“ = 1 in our wave-coordinate system.

* €00y = |det g|1/ 2[uvk A] denotes the volume form of the spacetime metric g.

#uvkd

° € —|det g|~'/?[ vk A] denotes the volume form of the spacetime metric g with all of the indices

raised with g~ .
e U,n = [OvkA] denotes the Euclidean volume form of the surfaces ¥, viewed as embedded Riemannian

submanifolds of Minkowski spacetime equipped with the wave-coordinate system.

* v;jx = [ijk] denotes the Euclidean volume form of the surfaces %, viewed as a Riemannian 3-manifold
equipped with the standard Euclidean coordinate system.

* Yuv = Uuuen L L* denotes the Euclidean volume form of the spheres S,.;.

2.6. Hodge duals. For an arbitrary two-form %,

o« *Fuv= %gw/gwfe#“'”/“@“ = —% Idetgl_l/zgw/gwf[/L’U’K)»]g?,(,\ denotes the Hodge dual of %, with
respect to the spacetime metric g ..
o« OF = %UMV’“@K,\ = —2|det m|~2mym . [V k A]F;, denotes the Hodge dual of F,,, with respect

to the Minkowski metric m,,. In our wave-coordinate system, |detm |~ /% = 1.

2.7. Derivatives.

» V denotes the Levi-Civita connection corresponding to m.
» 9% denotes the Levi-Civita connection corresponding to g.
. Q_D denotes the Levi-Civita connection corresponding to §.
o V denotes the Levi-Civita connection corresponding to m.
e ¥ denotes the Levi-Civita connection corresponding to #.

« V denotes the null frame projection of V onto the outgoing Minkowski null cones; i.e., vﬂ =7, Vi,

where 7" =4, + %L «L" projects vectors X* onto the outgoing Minkowski null cones.
* In our wave-coordinate system {x"},—0,1,2,3, 0, = axiu and V,, = V(g xn).
« In our wave-coordinate system, 9, = w“d, denotes the radial derivative, where w/ = x//r.

 In our wave-coordinate system, 9, = %(Br +9;) and 9, = %(8r — 0;) denote the null derivatives; 9,
denotes partial differentiation at fixed s and fixed angle x/|x| while d; denotes partial differentiation at
fixed ¢ and fixed angle x/|x|.

o If X is a vector field and ¢ is a function, then X¢ = X* 0, ¢.
» Vx denotes the differential operator X“V,.
e Vyx denotes the differential operator X“V,.

* X x denotes the differential operator X* ¥,.
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o ¥x denotes the Lie derivative with respect to the vector field X.
o [X, Y =(LxY)* = X0, Y* —Y¥ 9, X" denotes the Lie bracket of the vector fields X and Y.

e For Z € %, ﬁz = V7 + ¢z denotes the modified covariant derivative, where the constant ¢y is defined
in Section 2.8.

e For Z € %, % 7z = %7+ 2cz denotes the modified Lie derivative, where the constant ¢z is defined in
Section 2.8.

- VU, V'U, ViU, /VéU , LU, and @éU respectively denote an |I|-th order iterated Minkowski
covariant derivative, iterated Euclidean (spatial) covariant derivative, iterated Minkowski %-covariant
derivative, iterated modified Minkowski %¥-covariant derivative, iterated %-Lie derivative, and iterated
modified %-Lie derivative of the tensor field U.

e O, = (m~H**V, V, denotes the standard Minkowski wave operator.

e O, = (g~ H¥*V, V, denotes the reduced wave operator corresponding to the spacetime metric g. Note
that V is the Minkowskian connection.

2.8. Minkowskian conformal Killing fields. Relative to the wave-coordinate system {x"},—0 123 =
(t,x):
e 0y = % (u=0,1,2,3) denotes a translation vector field.

o« Q= xjﬁ — xk% (1 < j <k <3) denotes a rotation vector field.

o Qo = —t% — xj% (j =1, 2, 3) denotes a Lorentz boost vector field.
o §=x* aiK denotes the scaling vector field.

e 0 ={Qji}1<j<k<3 are the rotational Minkowskian Killing fields.
e 2=1{2,Qu, 5}

dxH > 0<p<v<3"

e For Z € %, (Z)JTW =V, Z,+V,Z, =czmy, is the Minkowskian deformation tensor of Z, where cz
is a constant.

o Commutation properties with the Maxwell-Maxwell term:

@é(((m_l)“'((m_l)”k _ (m—l)ﬂk(m—l)w)vu%,\) — ((m_l)‘“((m_l)”)‘ _ (m_l)“)‘(m_l)w)vugglx%(;h.
o Commutation properties with the Minkowski wave operator OJ,,, = (O SAVAE

[T, 8] =[Oy Q] =0, [Oy S1=204,  [Vz,Opl=—¢z0n, and 0,Vz¢ = V0.

2.9. Minkowskian null frames.

o L =9, — 9, denotes the Minkowskian null geodesic vector field transversal to the C)'; it generates the
cones C; .

e L =9, 4+ 9, denotes the Minkowskian null geodesic vector field generating the cones C;.

e ¢4 (A=1, 2) denotes Minkowski-orthonormal vector fields spanning the tangent space of the spheres S, ;.

e The set £ = {L} contains only L.
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e The set T = {L, ey, ex} denotes the frame vector fields tangent to the C;.

e The set N ={L, L, e, e>} denotes the entire Minkowski null frame.

2.10. Minkowskian null frame decomposition.

o For an arbitrary vector field X and frame vector field N € N', we define Xy = X N*, where X, =m . X*.
« For an arbitrary vector field X, X = X* 0, = XLL +X4L + XAey, where XL = —%XI:, XLt = —%XL,
and X4 = X 4.
« For an arbitrary pair of vector fields X and Y,
mX,Y) =mo XX = XY =—3X, Y, — XYL+ XaY4.

If %,,, is any two-form, its Minkowskian null components are:
¢ o= 'ﬁﬂ”%xl_f-
o ay =, Fi Lt
« p=3FaL L

« 0= 3¥F;.

2.11. Electromagnetic decompositions. 1If F,, is any two-form, "M, = g,uc g,,x(aag}fifnA — ﬁ}%) and N*

is the future-directed unit g-normal to X, then its electromagnetic components are:
o &, =F  N“.
B, =—"F,uN“
e D, = —*M,, N~
o 9, = —Mu N~
If %, is any two-form, then relative to the wave-coordinate system, its Minkowskian electromagnetic
components are:

o E, =% 0.

e« B,=—"%F,
o D, = —%lly0.
o H, = —Jy.

2.12. Seminorms and energies. For an arbitrary type—(g) tensor field P, and V', W € {£, T, N'}:

o [Plyw =Y yer wew! VEW* Pesl.

© IVPlyw = Y yen, ver, wewl VW NV, P .
« IVPlvw = Yreg, ver, wew! VW TV V) Po .
o |[P|=|P|yx-

IVP|=[VP|yy.

IVP|=|VP|yy.
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o We use similar notation for an arbitrary tensor field U of type ( )

n
For an arbitrary tensor field U defined on the Euclidean space ¥ with Euclidean coordinate system
x = (x!, %2, x3):
. ||U||i2 = fxew |U (x)|?> d>x is the square of the standard spatial L? norm of U.
o ||U|lL= =esssup,cp3|U(x)| is the standard spatial L>° norm of U.
||U||%{§ = "1<e [oege (U4 1xHTDIVIU (x)[? dPx is the square of a weighted Sobolev norm of U.

U1l

%5 =" 71<¢ €58 Sup, s (1 4 |x )@ +HID| VU (x)|? is the square of a weighted L° norm of U.

For arbitrary abstract initial data (szil,{), K ko ) s 9B ;) on the manifold R3:

E?_Y(O) =||VAD ||§1€ + ||I%||§ﬂ + ||©||§# + ”%”iﬂ is the square of the norm of the abstract
L0 1/24y 1/24+y 1/2+y 1/24+vy
initial data.

For an arbitrary symmetric type—(g) tensor field hﬁ.} and an arbitrary two-form %/, :

. %lzf;v:u(t) = SUPg<; < ZII\SE sz (|VV2§ih(1)|2 + |§Egz%|2)w(q) d>x is the square of the energy of the pair

1
(R, F ).

2.13. 0%(-)and o'(-).

» Given an {-times continuously differentiable function f(Lj,...,Q,) depending on the tensorial
quantities 1, ..., Q,, we write f(Q1,..., Q) = O (Q”" - || Qis1s ..., Q) if we can
decompose f(Qq, ..., Q)= Pi(Qi1,..., 00 fi(Q1, ..., Qu), where n is a positive integer, each
Pi(Qy,...,9y) is a polynomial in the components of £y, ..., Qy that satisfies |P;(Qy, ..., Q)| <
[£1]P1 - - - |k |P* on a neighborhood of the origin, and f, (-) is £-times continuously differentiable on a
neighborhood of the origin.

« Given an ¢-times continuously differentiable function f(x), if lim,_, oo| V! f(x)|/r¢*tI =0 for |I| < ¢,
we write f(x) = ot(r=?).

2.14. Fixed constants. The fixed constants ¢, 5, v, |, Y/, and |’ are subject to the following constraints:

« To prove our global stability theorem, we assume that £ is an integer satisfying £ > 10.

°0<5<211'
00<5<y<%.
e 0<vy <vy-3.
00<5<p.’<%.
00<u<%—u/.
2.15. Weights.
1+ +|gD)'+?> ifg >0,
'wzw(q}z{1+(1+|q|)—2u ifg <0
(I+lgh'™*Y  ifg >0,

(L+1gh'> ¥ ifg <0

is the energy estimate weight function.

. W=w(q)={

is the pointwise decay estimate weight function.
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3. The Einstein-nonlinear electromagnetic system in wave coordinates

In this section, we discuss (1.0.1a)—(1.0.1¢) in detail. We also discuss our assumptions on the electro-
magnetic Lagrangian and introduce our wave-coordinate gauge. We then derive a reduced system of
equations that is equivalent to the system (1.0.1a)—(1.0.1c) in the wave-coordinate gauge. Finally, we
summarize the results by providing the version (3.7.1a)—(3.7.1c) of the reduced equations, which will
be used throughout the remainder of the article. In particular, in this version, we distinguish between
principal terms, which require a careful treatment, and “error terms”, which are, from the point of view
of decay rates, relatively easy to estimate.

In this article, we consider the (1 4 3)-dimensional electrogravitational system (1.0.1a)—(1.0.1c), which
we restate here for convenience:

R;w - %guvR = T,u,v (,bL, v=0,1,2, 3), (3013)
@F)iw =0  (h,pn,v=0,1,2,3), (3.0.1b)
(d‘/‘A/))»/,LV = 0 ()\" :u’5 V= O, 17 27 3) (301C)

We remark that the spacetimes we consider will always have the manifold structure I x R? for some
“time” interval /. The energy-momentum tensor 7, is given below in (3.5.4a), while ., is related
to (guv, Fuv) via the constitutive relation (3.2.4). The precise forms of 7, and Jl,, depend on the
chosen model of electromagnetism, which, as is discussed in detail in Section 3.2, we assume is a
Lagrangian-derived model subject to the restrictions (3.3.3a) and (3.3.4a)—(3.3.4b) below. We recall (see,
e.g., [Christodoulou 2008; Wald 1984]) the following relationships between the spacetime metric g,

the Riemann curvature tensor'’” R, _*, the Ricci tensor Ry, the scalar curvature R, and the Christoffel

UKV

symbols " * , which are valid in an arbitrary coordinate system:

wove

Ry € 805 — 0,02, + T AT P —T 2T F (3.0.22)
Ruv & RS = 0T5, — 9,05, + TS5 T2 —T AT (3.0.2b)
RY (g ’I)K’\RM, (3.0.2¢)
LSS L™ Bugin + 0vgu — 91gur)- (3.0.2d)

We also recall the following symmetry properties:
Ruy = Ry, (3.0.3)
LS, =Tk, (3.0.4)

We note for future use that taking the trace with respect to g of each side of (3.0.1a) implies that
=—(g")" T (3.0.5)
Hence, (3.0.1a) is equivalent to

17Under our sign convention, D, %y, X, — Dy Dy X, = R X;L.

VK
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Ruv = Ty — 380 (87 T (3.0.12)

Furthermore, we note that the twice-contracted Bianchi identities (see, e.g., [Wald 1984]) are the relation
(see Section 2.2 concerning our use of the notation #)

B (R —L(eH"R)=0 (1=0,1,2,3) (3.0.6)
so that by (3.0.1a) T),, necessarily satisfies the following divergence-free condition:
D, T =0 (1v=0,1,2,3). (3.0.7)
In the above expressions, % denotes the Levi-Civita connection corresponding to g,,,.

3.1. Wave coordinates. In this article, we use the framework developed in [Lindblad and Rodnianski
2005; 2010] and work in a wave-coordinate system, which is defined to be a coordinate system in which

M gy T =0 (u=0,1,2,3). (3.1.1a)

The condition (3.1.1a) is also known as harmonic gauge or de Donder gauge. 1t is easy to check that the
condition (3.1.1a) is equivalent to the conditions

gu(E@ H?*rTY, =0 (u=0,1,2,3), (3.1.1b)
(¢ Begry — 587" 0ugr =0 (u=0,1,2,3), (3.1.1c)
a[vIdetgl(g™H*']=0 (n=0,1,2,3). (3.1.1d)

We also note that condition (3.1.1d) follows from the identity

def . 1.k 1 Y
=g AFK“X:—WBV[\/IthgI(g D (=0,1,2,3), (3.1.2)

which holds in any coordinate system. Furthermore, if the wave-coordinate system is also interpreted

to be a coordinate system in which the Minkowski metric takes the form m,, = diag(—1, 1, 1, 1), then
all coordinate derivatives d can be interpreted as covariant derivatives V, where V is the Levi-Civita
connection corresponding to the Minkowski metric. Throughout the article, we will often take this point
of view because it allows for a covariant interpretation of all of our equations.

We remark that the use of wave coordinates in the study of the Einstein equations goes back at least to
the work of de Donder [1921]. However, it was not until Choquet-Bruhat’s [1952] fundamental work
that it became clear that the Einstein equations are fundamentally hyperbolic in nature and that wave
coordinates can be used to prove local well-posedness. See Section 4.3 for further discussion on the
viability of using wave coordinates to analyze the system (3.0.1a)—(3.0.1c).

3.2. The Lagrangian formulation of nonlinear electromagnetism. In this section, we recall some stan-
dard facts concerning a classical electromagnetic field theory in a Lorentzian spacetime (R'*3, guv)- Our
goal is to explain the origin of (3.0.1b)—(3.0.1c). We remark that, for our purposes in this section, we may
assume that the spacetime is known. The fundamental quantity in such a classical electromagnetic field
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theory is the Faraday tensor %,,, which is an antisymmetric type- (g) tensor field (i.e., a two-form). We
assume the Faraday—-Maxwell law, which is the postulate that %, is closed:

(d%)}upw = 0 (}\'a M7 V= 07 17 2s 3)7 (321)

where d denotes the exterior derivative operator.

We restrict our attention to covariant theories of nonlinear electromagnetism arising from a Lagrangian
<. In such a theory, the Hodge dual'® *# of & is a scalar-valued function of the two invariants of the
Faraday tensor, which we denote by %1y and %(2):

L ="L50), %2)); (3.2.2a)
def _ _
5a) =4m[F1E 2@ (g FrF (3.2.2b)
def |, _ .
50 =450lF1 = 16 @ Fa Fuy = g™ F T (3.2.2¢)

Throughout the article, we use x to denote the Hodge duality operator corresponding to the spacetime
metric g,y:

def
et 4 1 huvcigg (3.2.3)

#0123 — _|det g|~!/? while €, is totally

Here, e*#V<* is totally antisymmetric with normalization €
antisymmetric with normalization €g23 = |det g|'/%. See Section 2.2 concerning our use of the notation #.
We remind the reader that our main results are derived for a class of Lagrangians that satisfy certain
assumptions; these assumptions are listed in (3.3.3a) and (3.3.4a)—(3.3.4b) below.

We now introduce the Maxwell tensor M,,,, a two-form whose Hodge dual */,,, is defined by

gt def *Y B *Y
C3F 0T

(3.2.4)

We also postulate that ., is closed:
(d‘/‘/l’))nﬂl) = O ()\" :u’$ V= Os 17 2a 3) (325)

Taken together, (3.2.1) and (3.2.5) are the electromagnetic equations for %/, corresponding to *¥.
We remark for future use that it is straightforward to verify that (3.2.1) is equivalent to any of

B3 Ty + BT + D, Fry =0 (o, v=0,1,2,3), (3.2.62)
ViFuo + VoTFou + VT =0 (A, v=0,1,273), (3.2.6b)
G, *FH =0 v=0,1,2,3), (3.2.6¢)
V,OFH =0 w=0,1,2,3) (3.2.6d)

18For brevity, we often refer to *# as the Lagrangian.
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and that (3.2.5) is equivalent to any of

V}w/‘/t;w + Vv«/‘/t)»u + V;,u/i/tvk =0
@, M =0

JARED SPECK

VS M =0

A, u,v=0,1,2,3),
A, u,v=0,1,2,3),

(v=0,1,2,3),
v=0,1,2,3).

(3.2.7a)
(3.2.7b)
(3.2.7¢)
(3.2.7d)

In the above formulas, ® denotes the Hodge duality operator corresponding to the Minkowski metric m ,,;

this operator is defined in Section 2.6.

We state as a lemma the following identities, which will be used for various computations. We leave

the proof as a simple exercise for the reader.

Lemma 3.1 (Basic identities). The following identities hold:

9|det g|

08w
a(g~)*
98uv
50
(g—l)/()\g;w( gvk - (g_l)Kk*@;uc*@vA
¢ F e Fua
%1
98w
0%02)
98w
%1
9F
0%(2)
T
dFHHY

89;/(1
8*@#;},1}

3F, ;.
)
D)

*M#;LV

= |detg|(g~ ™

=—(g" "™

= |det F||det g|~
= 6'(1)8,11;,

=%2)8uvs

= —8«kxr

’

A
)™,

1

@#;uc g#vk ,

=—140)(g7H™,

9;#;11)

*9;#/141)’

Il
(STl

= (g )M (g ",

1 _#uvkk
=§€M ,

@#K)L@,u@/()\

— %*%#KA@M%KA
*

%1

(n=0,1,2,3),
(n=0,1,2,3),
e

*@#MU .
0%(2)

(3.2.8a)

(3.2.8b)

(3.2.8¢)
(3.2.8d)
(3.2.8¢)

(3.2.8f)

(3.2.82)

(3.2.8h)

(3.2.81)

(3.2.8i)

(3.2.8k)

(3.2.81)
(3.2.8m)

(3.2.8n)
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3.3. Assumptions on the electromagnetic Lagrangian. The standard Maxwell-Maxwell equations cor-
respond to the Lagrangian

*F Maxwel) = — 3 4(1) (3.3.1)
which by (3.2.8n) leads to the relationship
MMV = > 3.3.2)

Roughly speaking, we will assume that our electromagnetic Lagrangian is a covariant perturbation
of *% Maxwell). More precisely, we make the following assumptions concerning our Lagrangian *&:

Assumptions. We assume that, in a neighborhood of (0, 0), *¥ is an (£ + 2)-times (where £ > 10)
continuously differentiable function of the invariants (%(1), %(2)) that can be expanded as follows:

P =*P Maxwelt) + 021Gy 42 ). (3.3.3a)

The notation O‘*2(-) is defined in Section 2.13.
We also assume that the corresponding energy-momentum tensor 7,,,, which is defined below in (3.5.1),
satisfies the dominant energy condition, which is the assumption that

T XY >0 (3.3.3b)
whenever the following conditions are satisfied:

e X and Y are both timelike (i.e., gcx X“X* <0 and g, Y*Y* < 0).

e X and Y are g-future-directed.

As discussed in, e.g., [Gibbons and Herdeiro 2001], sufficient conditions for the dominant energy
condition to hold are

1*F
<0, (3.3.4a)

%1

I 1*L
" —4 <0. 3.3.4b
(1 350 ) T ( )

We remark that it is straightforward to verify the sufficiency of these conditions by using (3.5.4b) below
and that condition (3.3.4b) is equivalent to the nonpositivity of the trace of the energy-momentum
tensor corresponding to *¥. Furthermore, we recall that the trace vanishes in the case of the standard
Maxwell-Maxwell model.

Remark 3.2. We make the (£ +2)-times differentiability assumption because we will need to differentiate
the equations (3.3.7) below £ times in order to prove our main stability theorem.

We will now derive an equivalent version of the electromagnetic equations that will be used throughout
the remainder of the article. The final form, which is valid only in a wave-coordinate system, is given
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below in Lemma 3.4. To begin, we use (3.2.6¢), (3.2.7¢), and (3.2.8n) to compute that the following
equation holds:

-2

P <P <P
) —0. (33.5)

@, 25, (=)~ g, (
sy " SRR F\950)

Furthermore, from the chain rule and the fact that 9,¢ = V¢ for scalar-valued functions ¢, it follows
from (3.3.5) and (3.2.81)—(3.2.8m) that

N 2% 2%
) oF @, FH — (29?#“”—8 * +*%#“”i)vﬁm
d%(1) 241 B 8re

82*55 82*§£
—2gfy ——— gty )v 4:2y=0. (3.3.6
( 9%(1) 9%(2) 8%%2) e ( )

We note for future use that (3.3.6) can be expressed as
N#“”’“QZ)M%K,\ =0 (v=0,1,2,3), 3.3.7)
where the tensor field N¥4V¢* is defined by

L R
N#MUK)& déf_ae ((g—l);,LK(g—])v)L_(g—l)ﬂk(g—l)vK) -2 > %#ﬂv%#Kk
(D ) 1) )
0L 0%
_ aé aé g#ﬂl)*o}#l{)\. +*g#uv*@#/ck) _ %a - *g#uv*@#/d‘ (338)
197 70

We also note that N*#V<* has the following symmetry properties, which will play an important role during
our construction of suitable energies for ¥, (and in particular during our proof of Lemma 8.5):

NV i, (e, A, v =0,1,2,3), (3.3.9a)
N#ME = NFRVEL e a v =0, 1,2, 3), (3.3.9b)
Ny gtk (e, A, v =0,1,2,3). (3.3.9¢)

The moral reason that the above properties are satisfied is that N¥4V¢* is closely related to the Hessian
of *¥ (with respect to &F):

N#;ka — _l 0% + l 9 G#MUK)»
2 aojplw aojpkk 2 8%(2)

(3.3.10)

We have added the last term on the right-hand side of (3.3.10) in order to cancel a term appearing in the
Hessian; this is permissible because (3.2.6a) implies that this term does not contribute to (3.3.7).

Our next goal is to formulate a “reduced” electromagnetic equation that is equivalent to (3.3.7) in a
wave-coordinate system. We also decompose the reduced equation into the principal terms and error
terms of an equation involving the Minkowski connection V. This is accomplished in Lemma 3.4 below.
Before proving this lemma, we first provide the following preliminary lemma, whose simple proof is left
to the reader:
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Lemma 3.3 (Expansions). Assume that the electromagnetic Lagrangian *¥ satisfies (3.3.3a). Then in

terms of the expansion h,,, &t 8uv — My from (1.2.1a) and with H*" def (g~ H™ — (m~H*" we have

H" = 1" + 0% (|h]%)

= —h" + O®(H%), (3.3.11a)
Vi) == (g Vi
= —(m Y (™YY Vo, + OF (|| VA]), (3.3.11b)
|detg| =1+ (m ") her + O® (A
=1—mgH*+0®(H?), (3.3.11c)
|detg|'/? =14 5(m ™) her+ O® ()
=1—imaH"+0®(H?), (3.3.11d)
|detg| =% =1—3(m™""her + 0= (|h|*)
=1+ sm H + O®(HP), (3.3.11e)
MV — (14 O®(|h))[pviAl, (3.3.11f)
€pvir = (1 4+ O (|h])) [uvicr], (3.3.11g)
FHY = G 0% (|h||F) E (m =Y (=) F g+ O (R F)), (3.3.11h)
*F o = “F o+ O (RNF) E —Limomo [V AT+ OF (1] F)), (3.3.11i)
50y = 5 (m™ Y YYF o F + O (RIIF), (3.3.11))
50) = — [k T Fr + O (10| F7), (3.3.11Kk)
f = —Lm Y (Y F G Fy + O (RNFP) + O (1F I b, (3.3.111)
Vi = O (FIIVF)) + O (IVh||FI*; h) + O (|h||F|IVF)), (3.3.11m)
My = F iy + OF(RNF]) + O (F; h). (3.3.11n)

In (3.3.11)—(3.3.11g), [uvk A] is totally antisymmetric with normalization [0123] = 1, x denotes the
Hodge duality operator corresponding to the spacetime metric g,,,, and ® denotes the Hodge duality
operator corresponding to the Minkowski metric m,. Furthermore, the notation O(-) is defined in
Section 2.13.

3.4. The reduced electromagnetic equations. In this section, we provide the aforementioned decompo-
sition of the reduced electromagnetic equations.

Lemma 3.4 (The reduced electromagnetic equations). Assume that the wave-coordinate condition (3.1.1a)
holds. Then in terms of the expansion (1.2.1a), the system of electromagnetic equations (3.2.1) and (3.3.7)
is equivalent to the following reduced system of equations:
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ViFuw + VT +ViF;,, =0, (3.4.1a)
NHRG, T = 00y o (Vh, F) + OL(h||VA|F]) + O'(VAIF 5 h),  (34.1b)
where
Nk %((m—l);m (m=1y"* — (m—l),uk(m—l)vk)

l(_h;u((mfl)v)u _i_h,u)u(mfl)w()

%( (m—l),wchv)\ +(m~ )p,khvx) + N#p.vtck (3.4.2)

Ol (VR F) = (m ™) (m™")" (m ™Y (Vyhyya) F . (3.4.3)
Furthermore,

N = 04 (1(h, F)P2), (3.4.4)

and like N**V<* the tensor field Nz“ % also possesses the symmetry properties (3.3.92)—(3.3.9¢).

Remark 3.5. Equations (3.4.1a)—(3.4.3) are equivalent to (3.2.1) and (3.3.7) only in a wave-coordinate
system. Hence, we refer to (3.4.1a)—(3.4.3) as the “reduced” electromagnetic equations.

Proof. We use the assumption (3.3.3a) and the Leibniz rule to expand (3.3.6) and apply the results of
Lemma 3.3, arriving at the following expansion:

DuFH + N, F = O (][ VRIIF) + O VAIIFI: h), (3:4.5)

where N+ = O%(|(h, #)|?). Let us now decompose the QDM@#"” term. Using the antisymmetry
of F*1V the symmetry of the Christoffel symbol I’ MUA under the exchanges u <> A, the identity I',* |, =
(1/+/]detg])V,.(+/]det g]), and the wave-coordinate condition V,[/[detg[(g~")*]=0 (x =0, 1, 2, 3),
we have that

# # # H#ul
DFH =V, FH 4 L7 g Fﬂ“ﬂ? H

=V, [ (e Y Fu]+ [ V. (y/Idet g >}<g—1>““<g—l>“kf

Jldet g|
W Vo [V/detg[(g7) (871" Fs ]
= (g "™ (@ VT + [ V(g™ | F (3.4.6)

Using (3.3.11a), we conclude that the term (g~ Hme(g=hHv* V. Fy;. on the right-hand side of (3.4.6) can
be expressed as the terms in parentheses on the right-hand side of (3.4.2) plus OZ(|h2|)VM%K A
Similarly, using (3.3.11b), we conclude that the term [(g~1)*<V,(g~!)"*]F,; on the right-hand
side of (3.4.6) is equal to El(z f)(Vh F) + OY(|h||Vh||F|), where 9(2 J,)(Vh, %) is defined in (3.4.3).
Combining these expansions with (3.4.5), we arrive at (3.4.1b)—-(3.4.4).
The fact that Nz“ vick possesses the symmetry properties (3.3.9a)—(3.3.9¢) follows trivially from the fact
that both N*#V¢* and the term in parentheses on the right-hand side of (3.4.2) have these properties. [



STABILITY OF THE MINKOWSKI SPACETIME SOLUTION TO THE EINSTEIN-NONLINEAR EM SYSTEM 807

Remark 3.6. With the help of the identity (3.1.2), the above proof shows that the reduced equation
(3.4.1b) is obtained by adding the inhomogeneous term —I'* (g~ !1)"*%,;, to the right-hand side of (3.3.7).
That is, (3.4.1b) is equivalent to

N#vergy G o = T (g7 )" F . (3.4.7)
We will use this fact in our proof of Proposition 4.2.

3.5. The energy-momentum tensor. In this section, we discuss the energy-momentum tensor 7}, appear-
ing on the right-hand side of (3.0.1a). We recall that the energy-momentum tensor for an electromagnetic
Lagrangian field theory is defined as follows:

R 2
Y Ry (3.5.1)
0guv

It follows trivially from the definition (3.5.1) that 7, is symmetric:
Tww=T,, (W@ v=01,2,3). 3.5.2)

Furthermore, we recall that, if %, is a solution to the (nonreduced) electromagnetic equations (3.0.1b)—
(3.0.1¢), then
D, T =0 (1=0,1,2,3). (3.5.3)

For the class of electromagnetic energy-momentum tensors considered in this article, we can use the
chain rule and Lemma 3.1 to express 7}, as follows:

e <

Ty = _2_(g_1)K)L@/u<9;vk — 78w T 8w (3.5.4a)
%) %)
Y
_ _28%(1) Tél‘\)daxwell) + %Tg;u)a (3.5.4b)
where
def , _
T = (87D F e Fur = 350)8uv (3.5.5)

is the energy-momentum tensor corresponding to the standard Maxwell-Maxwell equations and
e 0¥ )

-7
0%(1) ( )35(2)

is the trace of T},, with respect to g,,. Furthermore, from (3.5.4a) and the expansions of Lemma 3.3, it
follows that

TE ()Y T = 4(*55 — %) (3.5.6)

Tyw = (M) F Ty — 3m (™D (YT, Fpe + O (0NFP) + O (FP h). (3.5.7)

We now compute the right-hand side of (3.0.1a"). First, taking the trace of (3.5.7) with respect to g, we
compute that
(g~ T = O (1F1H) + O (F 1 . (3.5.8)
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Combining (3.5.7) and (3.5.8) and using the expansion (1.2.1a), we have that the right-hand side of
(3.0.12") can be expressed as follows:

—1\kA —1\KkA —1 —1\A
Tp,v - %guv(g ) Tep = (m™ )" 9;,1&/(9;\))»_ Zl;m;w(m )T (m™) ggkkgr]f

+ O (R F ) + O (F P h). (3.5.9)
To conclude this section, we note for future use that, if %, is a solution to the inhomogeneous system

VT + VT + V&, =0 (A, u,v=0,1,2,3), (3.5.10a)
N#;,LVK)\QDMQ;KA =73v (V — 0’ 1, 2’ 3)’ (3510b)

then with the help of Lemma 3.1, it can be shown that the following identity holds:
e H*e, Ty =%, (v=0,1,2,3). (3.5.11)

We will use this fact in our proof of Proposition 4.2 (which shows that the wave-coordinate gauge is
preserved by the flow of the reduced equations), where J” will be equal to the right-hand side of (3.4.7).
We also remark that (3.5.3) corresponds to the special case J' =0 (v =0, 1, 2, 3).

3.6. The modified Ricci tensor. Throughout the remainder of this article, we perform the standard wave-
coordinate system procedure (see, e.g., [Wald 1984]) of replacing the Ricci tensor R, in the Einstein
field equation (3.0.1a) with a modified Ricci tensor EMU. As we will soon see, this replacement transforms
equations (3.0.1a) into a system of quasilinear wave equations.

Definition 3.7. We define the modified Ricci tensor ﬁ,w of the metric g, as follows:

~  def _

Ry = Ry — %(nggbul—w + 8eu D) + 1y (8, 8 ' ag)T", (3.6.1)
where the Ricci tensor R, is defined in (3.0.2b) and the “gauge term” u .. (g, g~ !, 8g)I'* is a smooth
~1 and dg that will be discussed in Lemma 3.8. We remark that, for purposes of covariant
differentiation by & in (3.6.1), the I'** are treated as the components of a vector field.

function of g, g

In the next lemma, we provide an algebraic decomposition of the modified Ricci tensor.

Lemma 3.8 (Decomposition of the modified Ricci tensor [Lindblad and Rodnianski 2005, Lemmas 3.1
and 3.2]). For a suitable choice of the gauge term u,, (g, g~ !, 8g)T%, the modified Ricci tensor 13“‘, of
the metric g, = my, + hy, can be decomposed as follows:

Ry = = (Bgun — P(Vuh, Vo) = 2P (VR Vi) + 0= (10| VA, (3.6.2)
where
B8, & (g7 )V, Y, (3.63)

is the reduced wave operator corresponding to g, and the quadratic terms P(V,, -, V, -) and Slﬁ‘jh)( )
are defined by their action on tensor fields I1,,,, ©,, and h,, as follows:
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def |

P(V,I1,V,0) = LV, I1(V,0,1) — L(V,IT)(V,0,,), (3.6.4)

9 (h, Vi) £ (m =Y 2(Vhyy, Vi)
— (m ™) ™Y 5 (Vi Vi)
+ (™ (™Y Qe (Vhyens, Vi)
+ (™ ™Y D (Vi Vi)
+ 2 m ™ Y 90, (Vi Vi)
+ 3 Y 0 (Vi Vi), (3.6.5)

The bilinear forms o( -, -) and 9, (-, - ), which appear on the right-hand side of (3.6.5), are known
as the standard null forms. They are defined through their action on the derivatives of scalar-valued
functions ¥ and x by

def —
20 (VY. V) = (m™ (V) (V). (3.6.62)
def
2,0 (VY. V) = (V) (Vo x) = (Vo) (Vi) (3.6.6b)
Proof. This decomposition is carried out in Lemmas 3.1 and 3.2 of [Lindblad and Rodnianski 2005]. [

We conclude this section by observing that (3.0.1a’), (3.5.9), and (3.6.2) together imply that under the
wave-coordinate condition (3.1.1a), and under the assumption (3.3.3a) on the Lagrangian, the Einstein
field equation (3.0.1a) is equivalent to the following equation:

Beguv =P (Vyuh, Voh) + 90" (Vh, Vi) = 20m™ Y Fe Fop + Smp, (m ™) (m ™)X Fo Fo
+ O™ (Ih|VA) + O (Ih|F 1)) + O (1F 135 h). (3.6.7)

3.7. Summary of the reduced system. In this section, we summarize the above results by stating the form
of the reduced Einstein-nonlinear electromagnetic system that we work with for most of the remainder of
the article, namely (3.7.1a)—(3.7.1c¢); the derivation of this version of the reduced equations follows easily
from the previous results of Section 3. We remind the reader that the reduced equations are obtained by
adding the inhomogeneous term —I'* (g~ 1)"*%,, to the right-hand side of (3.3.7) and by substituting the
modified Ricci tensor in place of the Ricci tensor in (3.0.1a). Furthermore, in a wave-coordinate system,
the reduced system is equivalent to the system (3.0.1a)—(3.0.1c) (see Proposition 4.2).

Reduced system. The reduced system (where g, = m,, + h,(?,g + hﬂu) and the unknowns are viewed to

be (h,(},f, %,.v)) can be expressed as

Bghl) = Huv — Seh') (u,v=0,1,2,3), (3.7.1a)
ViF o + V. Ty + VT =0 n,pu,v=0,1,2,3), (3.7.1b)
Ny Foy =T v=0,1,2,3), (3.7.1¢)

~ def . .
where O, = (g~ H**V, V, is the reduced wave operator corresponding to g .
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The quantities §,,,, N #uvid and ¥ can be decomposed into principal terms and error terms (which
are denoted with a “A”) as follows:

v = P(Vyuh, Vyh) + 5P (Vh, Vh) + 2T (F, F) + 97, (3.7.2a)
5" =904, (Vh, F) + T4, (3.7.2b)

N#,uwck — %((m—l)puc(m—l)vk _ (m—l);m(m—l)VK)
+ %(_h;u( (m—l)vk + huk(m—l)vx)
+3(=0m™ YR (m TR + N (3.7.2¢)

where P(V,,h, V,h) is defined in (3.6.4), 25" (Vh, Vh) is defined in (3.6.5), and

QZIN(F, G) = —2(m ™Y F Gy + Fmp (m ™)™V F G, (3.7.2d)
0l (Vi F) = (m ™M (™)™ (m ™" (Vuhyi) Foea, (3.7.2¢)
95, = OF(h||IVAP) + O (h||1F1?) + O (1F P ), (3.7.2f)

Fa = O'(Ih|IVA||F|) + O (IVA||F*; h), (3.7.2¢)

NI — 0(1(h, ). (3.7.2h)

Furthermore, the left-hand side of (3.7.1c) can be expressed as
N#’”“VMQFKA — %((m_l)’“‘(m_l)”* . (m_l)“’\(m_l)”")Vu%K,\
- QPF@?) (h, VF) — Q‘()1;97) (h, VF) + NZWKAV,L%Q, (3.7.3a)
where
Py (h, VF) = (m™ )M m ™Y ™) hyo VF, (3.7.3b)
90 (h, VF) = (m ™M (™)™ m ™) by VuFos. (3.7.3¢)

More precisely, (3.7.1a) follows from (3.6.7) and the expansions (1.2.1a)—(1.2.1b) while (3.7.1b)—(3.7.1c¢)
were derived in Lemma 3.4.

4. The initial-value problem

In this section, we discuss the abstract initial data and the constraint equations for the Einstein-nonlinear
electromagnetic system. We then use the abstract initial data to construct initial data for the reduced
equations that satisfy the wave-coordinate condition at # = 0. Finally, we sketch a proof of the well-known
fact that the wave-coordinate condition is satisfied by the solution to the reduced equations launched by this
data; this result shows that the wave-coordinate gauge is a viable gauge for studying the Einstein-nonlinear
electromagnetic system.

4.1. The abstract initial data. The initial-value problem formulation of the Einstein equations goes
back to the seminal work by Foures-Bruhat [1952]. In this article, initial data for the Einstein-nonlinear
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electromagnetic system consist of the 3-dimensional manifold o= R3 together with the following fields on
Yo: a Riemannian metric (g jk» @ symmetric two-tensor K jk» and a pair of one-forms D ;j and B j- After we
construct the ambient Lorentzian spacetime (9, g,,), & jx and K jk will respectively be the first and second
fundamental forms of X while ) j and B j» which ar_e defined below in Section 9.2, will be an electro-
magnetic decomposition of %, |z, into a pair of one-forms that are both m-tangent and g-tangent to Xy.

It is well-known that one cannot consider arbitrary data for the Einstein-nonlinear electromagnetic
system. The data are subject to the following constraints:

R—RapK™ + [ K]’ =2T(N. NI, (4.1.1a)

@GRy — ("% R =T (N, i) (=1,2,3), (4.1.1b)
- - axj Yo

& H"9,D, =0, (4.1.22)

& H*%, B, =0, (4.1.2b)

where Q_b is the Levi-Civita connection corresponding to § ji, R is the scalar curvature of & jks Ty 1s defined
in (3.5.4a), and N* is the future-directed unit g-normal to ¥g. The right-hand sides of (4.1.1a)—(4.1.1b)
can (in principle) be computed in terms of and g j, ) j»and B ; with the help of the relations (9.2.3),
which connect these quantities to %, |x,. In (4.I.1a)—(4.1.1b), indices are lowered and raised with the
Riemannian metric 5 jk and its inverse (g_l)/ k. The constraints (4.1.1a)—(4.1.1b) are respectively known
as the Gauss and Codazzi equations while (4.1.2a)—(4.1.2b) are known as the electromagnetic constraints.
They relate the fields present in the ambient spacetime (9, g,., %) (which has to be constructed) to
the fields induced on an embedded Riemannian hypersurface (which will be (Zo, g j«, D js B j) after
construction). Without providing the rather standard details (see, e.g., [Christodoulou _2008]), we remark
that they are consequences of the following assumptions:

e Y is a spacelike submanifold of the spacetime manifold 1.

. g jk 1s the first fundamental form of ¥, and K jk 1s the second fundamental form of Xy.

» The Einstein-nonlinear electromagnetic system is satisfied along X.

» Along X (viewed as a subset of M), B, = —*@M,(I/V\" and ©, = —*./l/LM,(I/V\".

We recall that, under the above assumptions, § and K are defined by
glp(X,Y)=glp(X,Y) VX,Y € T),Xo, (4.1.3)
K|,(X,Y)=g|,(IxN,Y) VX,YeT,%, (4.1.4)

where N is the future-directed unit g-normal'® to X at p and 9 is the Levi-Civita connection corresponding
to g. Furthermore, if X and Y are vector fields tangent to X, then

DY =%DxY + K (X, Y)N. (4.1.5)

19Under the assumptions of Section 4.2, it follows that, at every point p € X, NH = (A71,0,0,0), where A is defined
by (4.2.2).
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We also remind the reader that our stability theorem requires the hypothesis that the abstract initial
data decay at spatial infinity according to the rates (1.0.4a)—(1.0.4f).

4.2. The initial data for the reduced equations. We assume that we are given “abstract” initial data
(8 jk> K ko ) js B i) (j,k=1,2,3) on the manifold R3 for the Einstein equations as discussed in the
p;evious section. In this section, we will use this data to construct data (g, =0, 0:&uvli=0, Fuvli=0)
(u,v=0,1,2,3) for the reduced equations (3.7.1a)—(3.7.1c) that satisfy the wave-coordinate condition
I'*|;,—0 = 0. We begin by recalling that yx (z) is a fixed cut-off function with the following properties:

x €C®, x=1lforz>3 and y=0forz<i. 4.2.1)
We then define the function A(x!, x2, x3) >0 by
A2l 2TM x() and r&|x|. 42.2)

We define the data for the spacetime metric g, by

gooli—o=—A%  gojili=0=0,  gjkli=0=&jr. (4.2.3a)
31800li=0 = 24%(§ ™)™ Kap,
380jli=0 = A*(§7)™ Bugpj — A7) 9j8ar — A DA, (4.2.3b)

0:&jkli=0 = 2AI%jk
and the data for the Faraday tensor %/, by
9¥j0|t=0 = on and @jkhzo = [l]k]é, (4.2.4)

The one-forms E j and B ; can be expressed in terms of h jk and the one-forms D j and B j appearing in the
constraint equations (4.1.2a)—(4.1.2b) by using the relations (9.2.3) and (9.2.4) below. The precise form
of these relations depends on the choice of Lagrangian *¥, but in the small-data regime, the estimates
(9.2.7) (9.2.8a), and (9.2.8b) hold.

We now state the main result of this section.

Lemma 4.1 (Wave-coordinate condition holds at t = 0). Suppose that the initial data (g,.,|1=0, 0: v lr=0)
(u,v=0,1,2,3) for the reduced equations are constructed from abstract initial data (g ks K i) (k=
1, 2, 3) as described above. Then the wave-coordinate condition holds initially:

M=o (u=0,1,2,3). 4.2.5)

Proof. Lemma 4.1 follows from the expression (3.1.1c), the definitions (4.2.3a)—(4.2.3b), and straightfor-
ward calculations. Il

Note that the above definitions induce the following data for the spacetime metric “remainder” piece

h\!), which is defined by (1.2.1a)~(1.2.1c):
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Mlo=0.  h{)lio=0. A —o=h. (4.2.60)
drhip li=o = 24387 Kap.
dih =0 = A% (§7) Bag; — $A*E N 0j8ar — A D, A, (4.2.6b)

8hli—o = 2AK jy.

Similarly, the following data are induced in /,,,, = h's 4 h'sy, which is defined in (1.2.1b):
oM oM -
hool—o = XV Z=0 hojliso =0, bl = x (=78 + B (42.7a)

dhooli=o =247 (@) Kap.
dhojli—o = A*(§™ ™ dagpj — 3A*(§7) 0 8ar — A DA, (4.2.7b)
dh jrlimo = 2AK ji.

We will make use of these facts in our proof of Proposition 10.4 below.

4.3. Preservation of the wave-coordinate gauge. In this section, we sketch a proof of the fact that, if
the reduced data are constructed from abstract data as described in Section 4.2, then the wave-coordinate
condition I'* = 0 is preserved by the flow of the reduced equations. This result requires the assumption
that the abstract data satisfy the constraints (4.1.1a)—(4.1.2b). To simplify the discussion, we assume in
this section that the data are smooth. However, the result also holds in the regularity class we use during
our global existence proof. We remark that this result is quite standard and that we have included it only
for convenience.

Proposition 4.2 (Preservation of the wave-coordinate gauge). Suppose that (g,.v|:=0, 0:&uvli=0, Fvli=0)
(u,v=0,1,2,3) are smooth initial data for the reduced equations (3.7.1a)—(3.7.1c) that are constructed
from abstract initial data satisfying the constraints (4.1.1a)—(4.1.2b) as described in Section 4.2. In
particular, by Lemma 4.1, the wave-coordinate condition T'*|;—g holds. Assume further that the reduced
data are small enough so that they lie within the regime of hyperbolicity®® of the reduced equations. Let
(8uvs F ) be the corresponding smooth solution to the reduced equations that is launched by the data.
Let T > 0, and assume that the reduced solution exists on the slab [0, T) x R> and lies within the regime
of hyperbolicity of the reduced equations. Then T* =0 for [t, x) € [0, T) x R>.

Sketch of proof. Our goal is to show that under the assumptions of the proposition, whenever we have
a smooth solution to the reduced equations (3.7.1a)—(3.7.1c) on [0, T') x R3, the corresponding I'#
satisfy a homogeneous-in-T'* system of wave equations with principal part equal to (g~1)“* 3, 9;, and
with trivial initial data T*|,—o = 8,[*|;,—0 = 0. The conclusion that I'* = 0 for (¢, x) € [0, T) x R3
then follows from a standard uniqueness theorem for such wave equations that is based on energy
estimates (see, e.g., [Hormander 1997; Sogge 2008] for ideas on how to prove such a theorem). To
derive the equations satisfied by the I'*, we will view I'* as a vector field for purposes of covariant

20Since our electromagnetic equations are perturbations of the standard Maxwell-Maxwell equations, there will always be
such a regime.
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differentiation. We first recall (see Remark 3.6) that (3.6.2) is obtained by adding the gauge term
—%(gKUQZ)MF’( + 8en Do) + Uy (g, g, 3g)T* to the expression (3.0.2b) for R,,. Consequently, it
follows that, for a solution to the reduced equations (3.7.1a)—(3.7.1c), we have that

Ry — %Rguv — T = %(gxu@urk +g/<u@vrk) — Ui (85 gil’ 9g)r*
~ 8@ + Lgu (6 P uas(g. g7 89T, (43.1)

We note that the left-hand side of (4.3.1) is simply the difference of the left-hand and right-hand sides of
the Einstein equation (1.0.1a).

We now apply (g~1)"*@;, to each side of (4.3.1), use the Bianchi identity (g_l)”kéb,\(R,w - %Rg,w) =0,
the fact that (g~ 1)@, T,y = —T“ (g7 )P F,,F,5 (see Remark 3.6 and (3.5.11)), and the curvature
relation 9,9, I'* = 9,%,I'* — R, ", and expand the covariant derivatives in terms of coordinate
derivatives and Christoffel symbols to deduce that the I'** are solutions to the following hyperbolic system
of wave equations that is homogeneous in I'**:

(g9 HI*=A" (g,87", dg,d0g) . T*+B* (g, 87", g, ddg, )T (n=0,1,2,3), (4.3.2)

where the A“K,\(g(t, x), g7\ (t, x), dg(r, x), ddg(z, x)) and BX (g(t, x), g~ (¢, x), dg(t, x), ddg(t, x),
%(t, x)) are smooth functions of (z, x).

To complete our sketch of the proof, it remains to show that 9,I"*|;—¢ = 0. Since the abstract initial
data (g jx, I%‘,-k, 303.,-, %j) (j, k=1,2,3) are assumed to satisfy the constraint equations (4.1.1a)-(4.1.1b),
it follows that the left-hand side of (4.3.1) is equal to 0 at ¢ = O after contracting®! against NENY or
N®X", where N* is the future-directed unit g-normal to ¥ and X* is any vector tangent to X.

Recalling that N© li=0 = A‘lég and choosing X" = 8J”-, it therefore follows that the right-hand side
must also be equal to 0 at + = 0 upon contraction (where j =1, 2, 3 in (4.3.3b)):

(80D T — uo0c(g. g~ 09T — 3800 @, I

+ 28008 )  uirs(g. g7, 89)T?) | _, =0, (4.3.3a)
(3(8cj DT + 80D TX) —uoj (g, &', 99)T* — 280, T
+ 3808 us(g. g7, 99)r?)| _, =0. (4.3.3b)

Expanding the covariant differentiation in (4.3.3a)—(4.3.3b) in terms of coordinate derivatives and Christof-
fel symbols and using (4.2.3a) plus the fact that the initial data were constructed so as to satisfy I'*|;,—9 =0,
it is straightforward to verify that 9,I"* must also necessarily be trivial at t = 0:

aI*—o=0 (u=0,1,2,3). (4.3.4)

This completes our sketch of a proof of the proposition. U

2I1p fact, one derives the constraint equations by assuming that these contractions are 0 at r = 0.
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5. Geometry and the Minkowskian null frame

In this section, we introduce the families of ingoing Minkowskian null cones C, outgoing Minkowskian
light cones C ; , constant Minkowskian time slices ¥;, and Euclidean spheres S, ;. We then discuss the
well-known notion of a Minkowskian null frame, which allows us to geometrically decompose the tangent
space at p as a direct sum T,,[R{”3 = span{L|,} ®span{L|,} ® T}, S, ;. These decompositions allow us to
geometrically decompose tensor fields. In Section 5.3, we provide a full description of the null decompo-
sition of a two-form & into its Minkowskian null components. This decomposition will be essential to our
subsequent analysis of the decay properties of the Faraday tensor. In Section 9.1, we will derive equations
for these null components under the assumption that & is a solution to the reduced electromagnetic
equations (3.7.1b)—(3.7.1c). In Section 15, we will use the equations for the null components to deduce
“upgraded” pointwise decay estimates for the lower-order Lie derivatives of F; these estimates are essential
for closing our global existence bootstrap argument in Section 16. We refer the reader to Section 1.2.4
for discussion on how our use of Minkowskian decompositions compares and contrasts against other
decompositions that have been used by other authors in the context of the stability of Minkowski spacetime.

5.1. The Minkowskian null frame. Before proceeding, we introduce the subsets C;r, Cy, %, and S, ;.

Definition 5.1. In our wave-coordinate system (¢, x), we define the outgoing Minkowski null cones C,

ingoing Minkowski null cones C, constant Minkowskian time slices %, and Euclidean spheres S,.; as

@y Iyl -t =4}, (5.1.1a)
c; i@y Iyl +r=s) (5.1.1b)
= E{@my =1}, (5.1.1¢)
St S y) T =1, lyl=r). (5.1.1d)

In the above formulas, y o (', ¥%, y?) and |y| o VOO (224 ()2
We also introduce the following vector fields, which play a fundamental role throughout this article:

Definition 5.2. We define the ingoing Minkowski-null geodesic vector field L and the outgoing Minkowski-
null geodesic vector field L by

L' =(1, o', —0?, —0?), (5.1.2a)
L' =(1, 0", ?, o), (5.1.2b)

where @’ d=eij/r. By “Minkowski-null”, we mean that m(L, L) =m(L, L) =0. Note that L is tangent to

the ingoing cones C, that L is tangent to the outgoing cones C;, and that L and L are both m-orthogonal
to the S, ;. By “Minkowski-geodesic”, we mean that VL =V, L =0.
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Note that

L=20;—09,, (5.1.3a)

L =0;4+0,. (5.1.3b)

We now recall the definitions of the Minkowskian first fundamental forms of the surfaces X, and S, ;.
Definition 5.3. The Minkowskian first fundamental forms of the surfaces X; and S, ; are respectively

defined to be the following intrinsic metrics:

My d=efdiag(0, 1,1, 1), (5.1.4a)

def
Wiy = My + (L Ly +LyLy). (5.1.4b)

Recall that m|,(X,Y) =m|,(X,Y) for X, Y € T,%; and (X, Y) =m(X, Y) for X, Y € T,,S, ;. Note
also that the tensor fields m ,” and " respectively m-orthogonally project onto the ¥, and the S.;.
We now define a related tensor field corresponding to the outgoing Minkowski null cones qu

Definition 5.4. The tensor field 7, which projects vectors X* onto the outgoing cones C;, is defined as

— p def 1
7, =38,+5L,L" (5.1.5)
Note in particular that 77 " L* = 0 while 7 " X** = X" whenever X is tangent to C;.

Furthermore, we recall the definitions of the Minkowskian volume forms of Minkowski spacetime and
of the surfaces X, and S, ;.

Definition 5.5. The Minkowskian volume forms of Minkowski spacetime, the surfaces ¥, and the
Euclidean spheres S, ; are respectively defined relative to our wave-coordinate system as follows:

Upvich S [pvid], (5.1.6a)
Uvkh o VOvicds (5.1.6b)
]A/Lv déf UMVK)»I_JKL)L’ (5.1.6¢)

where [pviA] is totally antisymmetric with normalization [0123] = 1.
We also recall what it means for a spacetime tensor field to be m-tangent to the surfaces X, or S;;.

Definition 5.6. Let U be a type-(,’;) spacetime tensor field. We say that U is m-tangent to the time
slices X, if

VivVn — Mo Fom Vi, Vn
UM]"'Mm =nmy, my, mui mu;l Uﬂ/lﬂin

R (5.1.7)
Equivalently, U is m-tangent to the X, if and only if every wave-coordinate component of U containing a
0 index vanishes.

Similarly, we say that U is m-tangent to the spheres S, ; if

o u, v v, V],
UMI"'},LmVI Vn — ’/hﬂl L., mﬂm mﬂ,{ui Lo, mw nUﬂ/ 1 (518)

n 1"'/1',/;1
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Equivalently, U is m-tangent to the spheres S, ; if and only if any contraction of any index of U with
either L or L vanishes.

We are now ready to introduce the notion of a Minkowskian null frame. We complement the vector
fields L and L with a locally defined pair of m-orthogonal vector fields e; and e, that are tangent
to the spheres S,,; and therefore m-orthogonal to L and L. The resulting collection of vector fields
N {L, L, ey, e} is known as Minkowskian null frame. It spans the tangent space TP[RQIJr3 at each point
p where it is defined.

We leave the proof of the following lemma, which summarizes some of the important properties of the
geometric quantities introduced in this section, as an exercise for the reader:

Lemma 5.7 (Null frame field properties). The following identities hold:

Vi L=V,L=0, (5.1.9a)
ViL=V,L=0, (5.1.9b)

L“L, = -2, (5.1.9¢)
eyLe=¢eyL,=0 (A=1,2), (5.1.9d)

meeel =8ap (A,B=1,2), (5.1.9)

Vit =V =0 (t,v=0,1,2,3), (5.1.10)
Vibuw=Vipuw =0 (1, v=0,1,2,3). (5.1.11)

See Definition 6.4 concerning our use of notation in these formulas.

Later in the article, we will see that the decay rates of the null components (see Section 5.3) of 4 and F
are distinguished according to the kinds of contractions of % taken against L, L, e, and e;. With these
ideas in mind, we introduce the following sets of vector fields:

FEL),  TE(Lee) ad NE(L L.epe). (5.1.12)

In order to measure the size of the contractions of various tensors and their covariant derivatives against
vectors belonging to the sets &, 7, and N, we introduce the following definitions:

Definition 5.8. If V" and W’ denote any two of the above sets and P is a type—(g) tensor, then we define
the following pointwise seminorms:

Pl €Y VWP, (5.1.13a)
VeV, WeW
VP E Y [VEWANTV, Py, (5.1.13b)
NeN, VeV, WeWw
IV Py & 3 \VEWHTYV, P . (5.1.13¢)

TeT, VeV, WeW

We often use the abbreviations |P| % | P|yx, [VP| % [V P|yy, and [VP| = |V Py
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.o . . . . . n Uy
The above definition generalizes in an obvious way to arbitrary type- (m) tensor fields U, .., """

Observe that, for any such tensor field, the following inequalities hold in our wave-coordinate system:
U| ~ > Uy, (5.1.14)

5.2. Minkowskian null frame decomposition of a tensor field. For an arbitrary vector field X and frame
vector field N € N, we define

Xy & X N¢, where X, & m,, X*. (5.2.1)
The components Xy are known as the Minkowskian null components of X. In the sequel, we often
abbreviate
def def
X4 =X, and V, = Ve,, etc. (5.2.2)
It follows from (5.2.1) that
X=X3=XL+XLL+ X%y, (5.2.3)
Xt=-1x,, Xt=-1x,, X'=X, (5.2.4)

Furthermore, it is easy to check that

m(X, V) € m, X X* = XY, = —LX, ¥, — X, ¥ + 842X, Y5, (5.2.5)

The above null decomposition of a vector field generalizes in the obvious way to higher-order tensor

fields. In the next section, we provide a detailed version of the null decomposition of two-forms F

since this decomposition is needed for our derivation of decay estimates later in the article; see, e.g.,
Propositions 9.3 and 11.5.

5.3. The detailed Minkowskian null decomposition of a two-form.

Definition 5.9. Given any two-form %, we define its Minkowskian null components to be the following
pair of one-forms «,, and «,, and the following pair of scalars p and o'

o0 & Fulr (1=0,1,2,3), (5.3.12)
0 Lo F L (1=0,1,2,3), (5.3.1b)
p & LF, LA L, (5.3.1¢)
o 1y g,,. (5.3.1d)

It is a simple exercise to check that «, and o, are m-tangent to the spheres S, ;:

=0, aL"=0, (5.3.2a)
o L* =0, o L* =0. (5.3.2b)
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. £
Furthermore, relative to the null frame N def {L, L, ey, e}, we have that

aa=FaL (A=1,2), (5.3.3a)
ap=FaL (A=1,2), (5.3.3b)
p=3FLL, (5.3.3¢c)
o =%p. (5.3.3d)

In terms of the seminorms introduced in Definition 5.8, it follows that

|F| ~ |F|xyx ~ la| + la] + |p| + o], (5.3.4a)
|F|en ~ la| +|pl, (5.3.4b)
|Flgg ~ |a| +|o]. (5.3.4¢)

The null components of ®% (the Minkowskian Hodge duality operator ® is defined in Section 2.6) can
be expressed in terms of the above null components of %. Denoting the null components?? of ®%F by ©«,
Oa, ©p, and ©o, we leave it as a simple exercise for the reader to check that

Cay=—aPyps (A=1,2), (5.3.52)
Cas=a’yYpa  (A=1,2), (5.3.5b)
©p=o0, (5.3.5¢)
o =—p. (5.3.5d)

6. Differential operators

In this section, we introduce a collection of differential operators that will be used throughout the remainder
of the article. In order to define these operators, we also introduce subsets O and % of Minkowskian
conformal Killing fields. Finally, we prove a collection of lemmas that expose useful properties of these
operators and that illustrate various relationships between them.

6.1. Covariant derivatives. As previously mentioned, throughout the article, V denotes the Levi-Civita
connection of the Minkowski metric m. Let m and # be the first fundamental forms of the X, and S, ; as
defined in Definition 5.3, and let V and ¥ be their corresponding Levi-Civita connections. We state as a
lemma the following well-known identities, which relate the connections V and ¥ to V:

Lemma 6.1 (Relationships between connections). If U is any type-(";) tensor field m-tangent to the
3, then

/

" (6.1.1)

/ ’ /
VieUy o, A myo Mo Vi Vn Vi
Vi U,“ el =m, m, My, m‘,; m, Vi U//] e

22We use the symbol © in order to avoid confusion with the Minkowskian Hodge duality operator ®; i.e., it is not true that
(aF]) = o[ PF].
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Similarly, if U is any type- ( ) tensor field m-tangent to S, ;, then

/ 4
RIRY

YUy, = R PR Bl "hviv‘ o, ”“VNU " (6.1.2)

We recall the following fundamental properties of the connections V, V, and ¥:

oy

Vi =0=V, m™H*™  (h,u,v=0,1,2,3), (6.1.3a)
Ykm;w:() ()\.,[L,UZO, 1527 3)7 (613b)
W)»m,uv:() ()\,,//L,V=0,1,2, 3) (613C)

We will also make use of the projection of the operator V onto the favorable directions, i.e., the
directions tangent to the outgoing Minkowski cones C,;L.

Definition 6.2. If U is any type- (Z) spacetime tensor field, then we define the projected Minkowskian
covariant derivative VU by

v, U

vy, = A Vi
M1 m - n)u VA/U ’ (614)

M1 Um

where the null frame projection 7 ,” is defined in (5.1.5).

Remark 6.3. Note that only the A component is projected onto the outgoing cones so that the tensor field

vV, U iy " need not be m-tangent to the outgoing Minkowski cones.

Definition 6.4. If X is any vector field, then we define the covariant derivative operators Vx and ¥ x by

vy & xcv, (6.1.52)

V& x<y,. (6.1.5b)

6.2. Minkowskian conformal Killing fields. In this section, we introduce the special set of vector fields %

that appears in the definition (1.2.7) of our energy é;.y.,.(¢) and in the weighted Klainerman—Sobolev

inequality (1.2.10). We begin by recalling that a Minkowskian conformal Killing field is a vector field Z
such that

VuZy+VoZy =P pm,, (6.2.1)

for some function ‘“*¢ (¢, x). The tensor field

D ©V, 2,4+ V,2, (6.2.2)

is known as the Minkowskian deformation tensor of Z. If @, = 0, then Z is known as a Minkowskian
Killing field. We also recall that the conformal Killing fields of the Minkowski metric m,,, form a Lie

algebra under the Lie bracket [ -, - ] (see (6.3.1)). The Lie algebra is generated by the following 15 vector
fields (see, e.g., [Christodoulou 2008]).
(i) the four translations 9, = x“ (u=0,1,2,3),

.. . def
(ii) the three rotations Qj; = xjﬁ —ka (1<j<k<3),

(iii) the three Lorentz boosts def —r0 x} 8t (j=1,2,3),

dx/
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def 9

(iv) the scaling vector field S = x* 57, and

(v) the four acceleration vector fields K, & —2x,S + goux*x* 52 (1 =0, 1,2, 3).
It can be checked that the translations, rotations, and Lorentz boosts are in fact Killing fields of m,,.
Two subsets of the above conformal Killing fields will play a prominent role in the remainder of the
article, namely the rotations O and a larger set %, which are defined by
def

0=1{Qjir}1<j<xk<3 (6.2.32)
def [ 0
¥ = {ax—ﬂ Quv, S}OSMSM. (6.2.3b)
The vector fields in % satisfy a strong version of the relation (6.2.1). That is, if Z € %, then
VuZ,= (Z)C;wa (6.2.4)

where the components (Z)c,w are constants in our wave-coordinate system. In particular, we compute for
future use that

V,uSV =My, (6253_)
V;L(QKA)V =My My), — MMy (6.2.5b)

We note in addition that if Z € % then there exists a constant cz such that

VuZ,+V,Z, =czmy,. (6.2.6)
Furthermore, by contracting each side of (6.2.6) against (m~H)"", we deduce that
cz=1Dp 1Dk (6.2.7)

6.3. Lie derivatives. As mentioned in Section 1.2.3, it is convenient to use Lie derivatives to differentiate
the electromagnetic equations (3.7.1b)—(3.7.1c¢). In this section, we recall some basic facts concerning
Lie derivatives.

We recall that, if X and Y are any pair of vector fields, then relative to an arbitrary coordinate system
their Lie bracket [ X, Y] can be expressed as

[X,Y]* = X* 9, Y" — Y* 5, X" (6.3.1)
Furthermore, we have that
LxY =[X,7Y], (6.3.2)
where & denotes the Lie derivative operator. Given a tensor field U of type (:?1) and vector fields
Y(1), ..., Y(m), the Leibniz rule for & implies that (6.3.2) generalizes as follows:
ExU) XYy, -5 Yamy) )
=X{U(Yq), ..., Yo} — Z UXqy, .- Yi-n, [X, Yol Yivn, oo, Yony). (6.3.3)

i=1
Using Lemma 6.7 below, we see that the left-hand side of (6.2.6) is equal to the Lie derivative of the
Minkowski metric. It therefore follows that if Z € & then
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<§£Zmpw =Czmyy, (6.3.4a)
(Lym Y = —cz(m™ M, (6.3.4b)
where the constant ¢z is defined in (6.2.6).
6.4. Modified covariant and modified Lie derivatives. It will be convenient for us to work with modified
Minkowski covariant derivatives ﬁz and modified Lie derivatives® %.

Definition 6.5. For Z € %, we define the modified Minkowski covariant derivative V by
V€V, 4z, (6.4.1)

where ¢z denotes the constant from (6.2.6).
For each vector field Z € %, we define the modified Lie derivative £z by

G, %, 100, (6.4.2)
where ¢z denotes the constant from (6.2.6).

The crucial features of the above definitions are captured by Lemmas 6.13 and 6.14 below. The first
shows that, for each Z € %, §me¢ = 0, Vz¢$, where O,, = (m~")*V, V, is the Minkowski wave
operator. The second shows that

L2 (((m™H* =" — =Y ™)V, F ) = (™ HR m ™) — Y n )V, L T

Furthermore, Lemma 6.8 shows that £z V[, %, = Vn£z % F vl where [ - | denotes antisymmetrization.
These commutation identities suggest that the operators V, and 7 z are potentially useful operators
for differentiating the nonlinear equations (3.7.1a) and (3.7.1b)—(3.7.1c¢), respectively. This suggestion
is borne out in Propositions 11.4 and 11.6, which show that the inhomogeneous terms generated by
differentiating the nonlinear equations have a special algebraic structure, a structure that will be exploited
during our global existence bootstrap argument.

6.5. Vector-field algebra. We introduce here some notation that will allow us to compactly express
iterated derivatives. If o is one of the sets from (6.2.3a)—(6.2.3b), then we label the vector fields in
as Z', ..., Z", where d is the cardinality of &{. Then for any multi-index I = (¢1, ..., ;) of length &,
where each (; € {1, 2, ..., d}, we make the following definition:

Definition 6.6. The iterated derivative operators are defined by

VI V00V, (6.5.1a)
VIV 0- 0V, (6.5.1b)
P b0 0P, (6.5.1¢)
PG 0 0P, ete (6.5.1d)

Z3Note that these are not the same modified Lie derivatives that appear in [Christodoulou and Klainerman 1993; Zipser 2000;
Klainerman and Nicolo 2003; Bieri 2007].



STABILITY OF THE MINKOWSKI SPACETIME SOLUTION TO THE EINSTEIN-NONLINEAR EM SYSTEM 823
Similarly, if I = (u1, ..., pug) is a coordinate multi-index of length k, where 1, ..., ux € {0, 1, 2, 3}
and U is a tensor field, then we use shorthand notation such as

vViv¥v, ...v,U, et (6.5.2)

Under the above conventions, the Leibniz rule can be written as, e.g.,

FUV)= Y (LLUNELZY), et (6.5.3)
L+Dh=I

where by a sum over /1 4+ I = I we mean a sum over all order-preserving partitions of the index /
into two multi-indices. That is, if I = (¢1, ..., ), then I} = (¢, ..., ;) and Ir = (4, - . ., i), Where
i1, ..., I is any reordering of the integers 1, ...,k such thati; <--- <i, and iz < - - < ig.

The next standard lemma provides a useful expression relating Lie derivatives to covariant derivatives.

Lemma 6.7 (Lie derivatives in terms of covariant derivatives [Wald 1984, p. 441]). Let X be a vector

field, and let U be a tensor field of type (Z) Then £xU can be expressed in terms of covariant derivatives
of U and X as follows:
igXUMl"'l'Lmvlmvn = VXUILI"'ILmVImUn + UKII«2"'ll«m v V/'LIXK + e + U:“«I-.-,U,m_lKv]mvn Vllfm XK

—U, o, VX ==, Y X (6.5.4)

The next lemma shows that the operators £, and P 7 commute with V if Z € %.

Lemma 6.8 (£; and V commute). Let V denote the Levi-Civita connection corresponding to the
Minkowski metric m, and let 1 be a %-multi-index. Let §E§1£ be the iterated modified Lie derivative
from Definitions 6.5 and 6.6. Then

[V.%.1=0 and [V.%L]1=0. (6.5.5)

In an arbitrary coordinate system, equations (6.5.5) are equivalent to the following relations, which
hold for all type-(:l) tensor fields U :

1
Vﬂ {‘%g Uﬂl o m

v, (FLU,

vl--.v;z} — E“PEI£{VMUM1--~M

VIny — gé{vﬂUﬂl“'Mm

e,

ey, (6.5.6)

1 b

Proof. The relation (6.5.5) can be shown via induction in |/| by using (6.5.4) and the fact that VVZ =0. [
The next lemma captures the commutation properties of vector fields Z € %.

Lemma 6.9 (Lie bracket relations [Christodoulou and Klainerman 1990, p. 139]). Relative to the wave-

. . def
coordinate system {x"},,—0 12,3, the vector fields belonging to the subset % = {%, Qs S}0<M<v<3 of

the Minkowskian conformal Killing fields satisfy the following commutation relations, where “¢ * is

I
defined in (6.2.4):
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9 _ @/, k0 _
[8x ] ) 5 (u,v=0,1,2,3), (6.5.7a)
3 3 3
[a_ ] m,wa s =t = e L o pv=0,1,2,3),  (65.7b)
_ 0 _®.c 0 _
[ = S] = =0 L (w=0,1,2,3),  (6.5.7¢)
[, qu] = mK/,LQU)» - m/ch;M +m)»pLQKV - mkaK;L (k, A, 0, v=0,1,2,3), (6.5.7d)
[Q,uu’ S] =0 (,bb, V= 0, 1, 2, 3) (6576)

We now provide the following simple commutation lemma:

Lemma 6.10 (Vz and V;,5,» commutation relations). Let Z € %. Then relative to the wave-coordinate
system {x"},—0.1,2,3, the differential operators Vy 3, and Vz satisfy the following commutation relations:

[Vajaxu, Vzl =P

W e (6.5.8)

where (Z)c is defined in (6.2.4).

Proof. The relation (6.5.8) follows from Lemma 6.9 and the identity [Vy, Vy]= V[x, y}, which holds for all
pairs of vector fields X and Y'; this identity holds because of the torsion-free property of the connection V
and because the Riemann curvature tensor of the Minkowski metric m,, completely vanishes. 0

The next lemma shows that the operators V and Vg{f commute up to lower-order terms.

Lemma 6.11 (V and V;, commutation inequalities). Ler U be a type-(") tensor field, and let I be a
%-multi-index. Then the following inequality holds:

IVaVUISIVVAUI+ Y [VV4UL. (6.5.9)
=111
Proof. Using (5.1.14), we have that

3
IVaVU|~ Y |V4 VUl (6.5.10)
n=0
We therefore repeatedly apply Lemma 6.10 to deduce that there exist constants C I”; ; such that

3

VaVajanU = Voo VaU+ Y Y C}.;Vajae Vi U. (6.5.11)
[JI<lI]—1 v=0
Inequality (6.5.9) now follows from applying (5.1.14) to each side of (6.5.11). O

The next lemma provides some important differential identities.

Lemma 6.12 (Geometric differential identities). Let L and L be the Minkowski-null geodesic vector fields
defined in (5.1.2a)—(5.1.2b), and let O € O. Then the vector fields L, L, and O mutually commute:

[L,L]=0, [L,0]=0, and [L,O]=0. (6.5.12)
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Furthermore, let Uy, Wy, and Y., denote the tensor fields defined in (5.1.4b), (5.1.6a), and (5.1.6c¢).
Then

gOUK)pr =0, (6.5.13a)
Lo =0, (6.5.13b)
LoYuw =0. (6.5.13¢)

Proof. Equation (6.5.12) can be checked by performing straightforward calculations and using the
definitions (5.1.2a)—(5.1.2b) of L and L, the definitions of the rotations O € O given at the beginning of
Section 6.2, and the Lie bracket formula (6.3.1). Equation (6.5.13a) follows from the well-known identity
Lx Ve = %(X)Jrﬁﬂvmw, where (X)JTW is defined in (6.2.2), together with the fact that £om,, =
Nz, =0 (ie., that O is a Killing field of m,,,). Equations (6.5.13b) and (6.5.13c¢) then follow from

definitions (5.1.4b) and (5.1.6¢) and the identities (6.5.12)—(6.5.13a). O

The next lemma shows that the modified covariant derivatives ﬁé have favorable commutation properties
with the Minkowski wave operator.

Lemma 6.13 (%{2 and O,, commutation properties). Let I be a %-multi-index, and let ¢ be any function.

Let /V\é be the iterated modified Minkowski covariant derivative operator from Definitions 6.5 and 6.6,

and let O, def (m~YY*V, V, denote the Minkowski wave operator. Then

ViOng =0nVie. (6.5.14)

Proof. Using the symmetry of the tensor field V, V, ¢ together with (6.1.3a), (6.2.6), and definition (6.4.1),
we compute that
0nVzep = (m~ )YV Vi(ZE Vi) = V20ne + 2V ZH V3 Ve
=Vz0u¢ + (V¥ Z* +V*Z)V, V; ¢

=VzOn¢ +cz0n¢
O (6.5.15)
This proves (6.5.14) in the case |I| = 1. The general case now follows inductively. O

The next lemma shows that the modified Lie derivative Siglx operator has favorable commutation prop-
erties with the linear Maxwell-Maxwell term V,, F*" = %[(m_l)’“‘ (m~H — (m—hHnr (m_l)""]V#Gf“.

Lemma 6.14 (Commutation properties of @é with a linear Maxwell-Maxwell term). Let I be a %-multi-
index, and let F be a two-form. Let ‘EBQI{ be the iterated modified Lie derivative from Definitions 6.5 and 6.6.
Then

Z((om ™y on =" — n =y n 1)), F )
= ((m—l)/vblc(m—l)v)» . (m_l)u)l(m_l)wc)vugg{gg;x)p (65]6)

Proof. Let Z € %. By the Leibniz rule, (6.3.4b), and Lemma 6.8, we have that
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Lz ((m=H"™ =" — Y™ (m =)V, Fr)
= —2cz((m™ )" m™)" = m™HY*m ™))V, T

+ (™ H™ m =Y — ™Y (Y, L Fea. (6.5.17)

It thus follows from Definition 6.5 that
Zz((m™ Y ™) = ™ H* ™))V, F )
= (™ H*™ m=H"* — =" (™" V)V, L7 F . (6.5.18)

This implies (6.5.16) in the case |/| = 1. The general case now follows inductively. O

The next lemma shows that some of the differential operators we have introduced commute with the
null decomposition of a two-form.

Lemma 6.15 (Differential operators that commute with the null decomposition). Let & be a two-form, and
let a, o, p, and o be its Minkowskian null components. Let O € O be any of the rotational Minkowskian
Killing fields Qi (1 < j <k <3). Then Loa[F] = a[LoF], Loa[F] = a[LoF], LoplF] = p[LoF],
and L oo [F] = o[LoF]. An analogous result holds for the operators Vi and Vi ;i.e., £o, Vr,and V,
commute with the null decomposition of %.

Proof. Lemma 6.15 follows from Definition 5.9, Lemmas 5.7 and 6.12, and the fact that £om,, =
(Lom~Hw =0. O

The next lemma shows that weighted covariant derivatives can be controlled by covariant derivatives
with respect to vector fields Z € %.

Lemma 6.16 (Weighted pointwise differential operator inequalities [Lindblad and Rodnianski 2010,

Lemma 5.1]). For any tensor field U and any two-tensor I1, we have the following pointwise estimates

(where |V2U| = 1VVU)):

(1+1+1gDIVUI+ A +1gDIVUI S Y IV5U), (6.5.19)
171=1
VUI+r VUL S A+ e+ 1gh ™ Y IVRULL (6.5.19b)
[11=<2
VeV UL S (A 1+ lgh) T T+ A+ 1gh ™ M) D IVV4ULL (65.19)
111=1

The next lemma shows that rotational Lie derivatives can be used to approximate weighted S, ;-intrinsic
covariant derivatives.

Lemma 6.17 (Weighted covariant derivatives approximated by rotational Lie derivatives [Speck 2012,
Lemma 8.0.5]). Let U be any tensor field m-tangent to the spheres S,; and k > 0 be any integer. Then
with r &ef |x|, we have that

IR AU EZI} (6.5.20)

<k <k
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Corollary 6.18. Let & be a two-form, and let a[F], a[F], p[F], and o[F] denote its Minkowskian null
components. Then with r = |x|, we have that

I WalF S Y el L5 Fl. (6.5.21)
[71<1
Furthermore, analogous inequalities hold for a[F], p[F], and o[F].

Proof. Inequality (6.5.21) follows from Lemmas 6.15 and 6.17. 0

Finally, the following proposition provides pointwise inequalities relating various Lie and covariant
derivative operators under various contraction seminorms:

Proposition 6.19 (Lie derivative and Minkowski covariant derivative comparison inequalities). Let U be
a tensor field. Then
D ISLUI~ Y T IV4UL (6.5.22)

1<k <k

Furthermore, let P be a symmetric or an antisymmetric type-(g) tensor field. Then the following

inequalities hold:

Zw%m < Zwvgfm, (6.5.23a)
[T1<k [I<k
Z VP < Z |VVLP, (6.5.23b)
1<k |[1|<k
L5 Play S IVEPles+ Y IViPlag+ Y |V Pl (6.5.23c)
[J1=I1]-1 [J'=<]-2
absent if |11 =0 absent if |I] <1
VLY Plew SIVV4Ples+ Y |VigPles+ > |VVy P, (6.5.23d)
[J1=l1]-1 [J'=]-2
absent if |11 =0 absent if |1| <1
IVPlgx+|VPlgg S (L +1gD ™" Y (185 Plax + 125 Plag) + (A +1+1gD ™" D |%4Pl. (6.5.23¢)
[1]=<1 []=1

Proof. Inequality (6.5.22) follows inductively from (6.2.4) and (6.5.4).
To prove the remaining inequalities, for each Z € %, we define the contraction operator €z by

def

(€zP)uy = PP + PucPe ), (6.5.24)

v

where the covariantly constant tensor field (Z)CMK is defined in (6.2.4). It follows from definition (6.5.24)
and Lemma 6.7 that
FyP =VzP+%C,P. (6.5.25)

Since each Z € ¥ is a conformal Killing field and since L¥#L"m,, = 0, it follows that L“Lv(z)cu" =0.

Also using the fact that each (“)¢ " is a constant, we have that
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|z Pl S |Pleg, (6.5.26)
6z Pl S|P, (6.5.27)
If I = (i1, ..., 4) is a Z-multi-index with 1 < |[I| =k, then using the fact that the components )¢ *

are constants, we have that

P L0 0Py P
=(Vzu +%6zu)o---0(Vzu +6zu)P
k
= VEIZP —{—Z(@;Zti OVZLI O-- .OVZI;_l OVZLH_] O .- .OVZtkP+ Z (ﬁgvggp . (6528)

i=1 Ii+L=I
2| <k—2

absent if k =1

Inequality (6.5.23a) now follows from applying V to each side of (6.5.28), from using the fact that
the operator V commutes through the operators €z, and from (6.5.27). Inequality (6.5.23b) follows
from similar reasoning. Inequalities (6.5.23c) and (6.5.23d) also follow from similar reasoning together
with (6.5.26).

To prove (6.5.23¢), we first observe that, by (6.5.19a) and (6.5.22), we have that

IVP|lgn +|VPlgg SIVLPley + |VLPlgg + |V P|

SIVLPlax +IVLPlgg + (1 +t+1g) ™" Y I1L5P. (6.5.29)
[11=<1

Therefore, from (6.5.29), we see that to prove (6.5.23¢) it suffices to prove that the following inequality
holds for any symmetric or antisymmetric type- ((2)) tensor field P:

IVLPlas+IVLPlgg S A+1gD) ™" D (195 Play +145 Plag). (6.5.30)
[11<1
To this end, we use the vector fields § = x* 9, and Q; = —t d; — x; 9; to decompose
L=—q¢"(S+w'Q) and o' x/r, (6.5.31)
which implies that
—qViL Py = VsPyu, + 0"V, Puv. (6.5.32)

Using (6.2.5a), (6.2.5b), and (6.5.4), we compute that

VSP;,LV = $SPMU - 2P/w, (6533)
C()QVQOH P;,Lv = a)"ifszoa Py,v - %(LMLK PKV — LN«L’K PK\) —+ LULKP/LK — LVLK P/U()' (6534)
Inserting these two identities into (6.5.32), we conclude that

_quPpw = iBSle +C()a$§20a P/w — 2P;w

MLuL*Pey— LyL* Pey + LyL* Py — L,L*Py).  (6.5.35)
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Contracting (6.5.35) against the sets £N and I, we see that

qIIVLP sy +1g1IVLPlgg S D (185 Plax + |4 Plag). (6.5.36)
[]<1

Furthermore, by decomposing
L=09—0,=0 —d, (6.5.37)

and using the fact that (3/3’)%" = (3/3xj)cM” =0 (where D¢, is defined in (6.2.4)), we deduce that
VL P/w = Sga/a,Ppw — a)aocga/axa P,w. (6.5.38)
Contracting (6.5.38) against the sets N and JJ, we have that

IVLP|ex +IVLPlgg S Z (14 Play + |24 Play). (6.5.39)
11=1

Adding (6.5.36) and (6.5.39), we arrive at inequality (6.5.30). This completes our proof of (6.5.23¢). [

7. The reduced equation satisfied by Vglzh(l)

In this short section, we assume that h,gg is a solution to the reduced equation (3.7.1a). We provide a

proposition that gives a preliminary description of the inhomogeneities in the equation satisfied by Vgg, h,(,}v.

Proposition 7.1 (Inhomogeneities for Véhf},z ). Suppose that hf}g is a solution to the reduced equation
(3.7.1a), and let I be any %-multi-index. Then Véh,gg is a solution to the inhomogeneous system

O Vahin = 95", (7.0.1)
LD ol o~ (0 ol ~ 1 ~ 17(1
”6;(w ) =V — V%Dh,(uz - (Vg;Dgh,(uz - ngsfﬁhw)
= Vi — V4EhQ) — (VE(H*V, VihD) — BV, v, V4h(0D). (7.0.2)

Proof. Proposition 7.1 follows from differentiating each side of (3.7.1a) with modified covariant derivatives
V. and applying Lemma 6.13. O

8. The equations of variation, the canonical stress, and electromagnetic energy currents

In this section, we introduce the electromagnetic equations of variation, which are linearized versions of
the reduced electromagnetic equations. The significance of the equations of variation is the following:
if & is a solution to the reduced electromagnetic equations (3.7.1b)—(3.7.1c), then 5831{97 is a solution to the
equations of variation. We then provide a preliminary description of the structure of the inhomogeneous
terms in the equations of variation satisfied by .SBEIZ?J?. Additionally, we introduce the canonical stress
tensor field and use it to construct energy currents. The energy currents are vector fields that will be used
in the divergence theorem to derive weighted energy estimates for solutions to the equations of variation;
this analysis is carried out in Section 12.
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8.1. Equations of variation. The equations of variation in the unknowns @,w are the linearization®* of
(3.7.1b)—(3.7.1c) around a background (4., F,,). More specifically, the equations of variation are the
system

V}\.@MV + Vug.;vk + Vvoj)»u = 3Mw (%, p,v=0,1,2,3), (8.1.1a)
N#’””VM@K,\ =% v=0,1,2,3), (8.1.1b)

where N##V6* is the (h wvs Fuv)-dependent tensor field defined in (3.7.2c) and 8’ v and 3“ are inhomoge-
neous terms that are specified in Proposition 8.1. In this article, the equations of variation will arise when
we differentiate the reduced equations (3.7.1b)—(3.7.1¢c) with modified Lie derivatives. In particular, F will
be equal to éféff?lw. The next proposition, which is a companion of Proposition 7.1, provides a preliminary
expression of the inhomogeneous terms that arise in the study of the equations of variation satisfied
by (EBEIZ F,v. We remark that the proof of the proposition uses lemmas that are proved in Section 11.

Proposition 8.1 (Inhomogeneities for EB&OJW). If F,., is a solution to the reduced electromagnetic
equations (3.7.1b)—(3.7.1c) and I is a %-multi-index, then 9.']“, def EBEIZ@**W is a solution to the equations
of variation (8.1.1a)—(8.1.1b) (corresponding to the background (h ., ¥,,)) with inhomogeneous terms

: def ~(1 s, def
Sap = Sﬁlzv and §' = §(1)> where

5&% =0, (8.1.2a)
iy = 45" + (NI, BT — T (N4, F,) ). (8.1.2b)

Furthermore, there exist constants C1.1,,1,, C2.1,,1» Co.1,, 1, Cg4:7, and Cnt.nn such that

F3 = > Conn Qg (VELR L2F) + D CiusLaTh. (8.1.3a)
[+ L] <] [JI=I1]

N#ry gL, — FLNPYY Fy)

= Y ConnPlEih. VLR + > Cruyn Q.5 (L5 h, VLIF)

[+ <|T| i+ <]
IL|<|]-1 ILI<|1]-1
~ I #;,LI)K)L 12g~
+ Y Cyry NIV LT (8.1.3b)
[1]+12| <1
IL<|1]-1

In the above formulas, §) and Nz“ Y* are the error terms appearing in (3.7.2g) and (3.7.2h), respectively,

while 97"(’%( -,+)and 92}’1.;@)( -,) (@ =1,2andv=0,1,2,3) are the quadratic forms defined in (3.7.3b),
(3.7.3¢), and (3.7.2e), respectively.

Proof. To prove (8.1.2a), we first recall (3.7.1b), which states that %, is a solution to V(% ,,; =0, where
[ -] denotes antisymmetrization. From (6.5.5), it therefore follows that

0=LLV5F ) = Vi T, (8.1.4)
which is the desired result.

24 More precisely, the equations of variation are linear in F.
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To derive (8.1.2b), we conclude that :?Zglf (N #‘”“VM Fer) = @é%” by simply differentiating each side
of (8.1.1b) with %. Trivial algebraic manipulation then leads to the fact that N***v, L, ; =
where 3]()1) is defined by (8.1.2b). R

Equation (8.1.3a) follows from (3.7.2b), Definition 6.5 of ¥, and Lemma 11.8, which is proved in
Section 11.2.

To prove (8.1.3b), we first recall the decomposition (3.7.3a):

v
)y

NHY G = %((m—l);uc(m—l)vk _ (m—l)m(m—l)w)vug;m
— P gy (h, VF) = 2.5 (h, VF) + Nz’”'“\vﬂgm. (8.1.5)
The commutator term arising from the first term on the right-hand side of (8.1.5) vanishes. More
specifically, we use (6.5.16) to conclude that
((m—l)ﬂl( (m=1)"* — (m—l)m(m—l)w)vﬂgjglg%d
_ @é(((m—l)/uc (m~y" — (m_l)”(m‘l)”")vuﬁm) —0. (8.16)
Therefore, it follows from (8.1.5) and (8.1.6) that
NHERG, BLF 5 — BNV, F) = PPl (h, VF) — Py (h, VELF)
+ P49 5 (h, VF) = 00,5 (h, VELT)
+ NG LG — NN, T, (8.1.7)

The expression (8.1.3b) now follows from (8.1.7), the Leibniz rule, Definition 6.5 of 5 7z, Lemma 6.8,
and Lemma 11.8 below. O

8.2. The canonical stress. The notion of the canonical stress tensor field Q" in the context of PDE
energy estimates was introduced by Christodoulou [2000]. As explained in Section 1.2.6, from the point
of view of energy estimates, it plays the role of an energy-momentum-type tensor for the equations
of variation. Its two key properties are (i) its divergence is lower-order (in the sense of the number of
derivatives falling on the variations @W) and (ii) contraction against certain pairs (§, X) consisting of
a one-form &, and a vector field X" leads to an energy density that can be used derive L? control of
solutions @W to the equations of variation. As we will see, property (i) is captured by Lemma 8.5 and
(8.3.3) while property (ii) is captured by (8.3.2), (12.2.1), and (12.2.8). In order to explain the origin
of the canonical stress, we first define the linearized Lagrangian; our definition is modeled after the
definition given by Christodoulou [2000].

Definition 8.2. Given an electromagnetic Lagrangian £[ - ] (as described in Section 3.2) and a “back-
ground” (h,,, %,,), we define the linearized Lagrangian by

G _LNHAG G (8.2.1)

where N*¥ € ig the (h,,,, F,,)-dependent tensor field defined in (3.3.8).
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Remark 8.3. & is equal to %(Bz*ﬂf[h, F1/(0F ¢y 8%@))@(”@,{,\ up to a correction term %(8*35/8%(2)) .
VA g F,s. corresponding to the term 1 (3*%/8% () from (3.3.10).

The merit of Definition 8.2 is the following: the principal part (from the point of view of number of
derivatives) of the Euler—Lagrange equations (assuming that we view (h, &) as a known background
and % to be the unknowns and that an appropriately defined action® is stationary with respect to closed
variations of %) corresponding to P[F; h, F] is identical to the principal part of the electromagnetic
equations of variation (8.1.1b); i.e., PIF; h, F] generates the principal part of the linearized equations.

Definition 8.4. Given a linearized Lagrangian ¥ [?}*; h, %], the canonical stress tensor field Q“ v 1s defined
as follows:

0¥
0", = 0" [F. F1E 2=

JP/LC
where N##v¢* is defined in (3.3.8).

Foe + UL = NG, T — LELENHIAG L G (8.2.2)

= def . .
Note that, in contrast to the energy-momentum tensor T,w, 0 wy =m K Q is in general not symmetric.

We use the notation Q“ vl 9?, 9?] whenever we want to emphasize the quadratic dependence of Q'”V on %.

Because of our assumption (3.3.3a) concerning the Lagrangian, o, is equal to the energy-momentum
tensor (in %) for the standard Maxwell-Maxwell equations in Minkowski spacetime plus small corrections.
More precisely, we insert the decomposition (3.7.2c) of N¥#¢<* into the right-hand side of (8.2.2) and
perform simple computations, thereby arriving at the following decomposition of Q" :

terms from linear Maxwell-Maxwell corrections to Minkowskian linear
equations in Minkowski spacetime Maxwell-Maxwell equations arising from &

QM [F, Fl= FMF — 88Ty F — W F o F L — PG Fop + L0 0F, F)
o+ NG Ty — LSENET G Ty (8.2.3)

error terms
The next lemma captures the lower-order divergence property enjoyed by 0",.

Lemma 8.5 (Divergence of the canonical stress). Let @uv be a solution to the equations of variation
(8.1.1a)—(8.1.1b) corresponding to the background (h,,,, F,), and let <3 v and 5" be the inhomogeneous
terms from the right-hand sides of (8.1.1a)—(8.1.1b). Let Q“ U[GJ’, @] be the canonical stress tensor field
defined in (8.2.2). Then

Vi (QH[F, F1) = = IN"" G T + Fon S + (VNN TG F e — LV, NHP G
= —IN®G L S+ TS — (Vb )T e F S — (VBT Fy,
F L VUMY F T+ (VNG T — LV NS N T T (8.2.4)

Proof. To obtain (8.2.4), we use (8.1.1a)—(8.1.1b), the expansion (3.7.2c), and the properties (3.3.9a)—
(3.3.9¢) (which are also satisfied by the tensor field N #u CM) Il

25 A suitable action &i@[‘f] is, e.g., of the form &i@[‘f] fmm E[JP h, F] d4x where € is a compact subset of spacetime.
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8.3. Electromagnetic energy currents. In this section, we introduce the energy currents that will be
used to derive the weighted energy estimate (12.2.1) for a solution % to the equations of variation
(8.1.1a)—(8.1.1b).

Definition 8.6. Let &, be a symmetric type- ((2)) tensor field, and let %/, and @w be a pair of two-forms.

Let w(g) be the weight defined in (12.1.1), and let X" &ef w(g)d; be the “multiplier” vector field. We

define the energy current J'(’Zg)[@] corresponding to the variation Gj"uv and the background (4., %) to
be the vector field

i [F1E =08 [F, FIX* = —w(q) 0" [F, F, 83.1)

where 0",[%, %] is the canonical stress tensor field from (8.2.2).
Lemma 8.7 (Positivity of J§, o). Let Jl, 4 [%] be the energy current defined in (8.3.1). Then
T3 = 31FPw(g) + (0= (Ih]; F) + O (I(h, F)1D))|F1*w(q). (8.3.2)

Furthermore, if @W is a solution to the equations of variation (8.1.1a)—(8.1.1b) with inhomogeneous

terms S v = 0, then the Minkowskian divergence of j(h,g) can be expressed as follows:

Vuj(/;l,% =—1w' (@) (&> + % +6%) — w(q)Fo, &
- w(Q)(_(VMhM)@KC@OI — (V) F* Fop + %(Vzhm)@:«ngxn)

. B U
- w/(Q)(_LﬂhM@N%o{ - Luhk %MK@OA - %hk %ﬂ]gxn)

# . . M . .
— w(@) (VNN F e For — LN Ty T
—w' (@) (LN T Fo + %sz“%n%x), (8.3.3)

where o défoz[g?], Jo def ,0[9;'*], and ¢ dga[@] are the “favorable” Minkowskian null components of F
defined in Section 5.3.

Remark 8.8. The term %w/ (@)(J&|> + p? + &%) appearing on the right-hand side of (8.3.3) is of central
importance for closing the bootstrap argument during our global existence proof. It manifests itself
as the additional positive spacetime integral fé fEr (Iajplgg N T |@|3¢g) w’(q) d’x dt on the left-hand side
of (12.2.1) below and provides a means for controlling some of the spacetime integrals that emerge in
Section 16.4.

Proof. Equation (8.3.2) follows from (8.2.3), simple calculations, and (3.7.2h).
To prove (8.3.3), we first recall that since g = r — ¢ it follows that V,,g = L, where L is defined in
(5.1.2b). Hence, we have that V,w(g) = w'(g)L,,. Using this fact, (8.2.3), and (8.2.4), we calculate that
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Vidly g = —w(@FoyS" — w@)(—(Vuh" ) Fee Fg — (V)T Fop + (VM) Fey F,)
—w(g)((Vu N#’“‘m)%%g — LN NGy F o)
—w' (@) (L F" For + 1 F 0 FP)
(l&|2+p2+62) /2
—w'(q)(~Lh"™ F, @tL WG T, — LG, F,")
—w' (@) (LN For + INE" G5, (8.3.4)

The expression (8.3.3) thus follows. O

9. Decompositions of the electromagnetic equations

In this section we perform two decompositions of the electromagnetic equations. The first is a null
decomposition of the equations of variation, which will be used in Section 15 to derive pointwise decay
estimates for the lower-order Lie derivatives of % ,,. The second is a decomposition of the electromagnetic
equations into constraint and evolution equations for the Minkowskian one-forms E,, and B,,, which
are respectively known as the electric field and magnetic induction. This decomposition will be used
in Section 10 to prove that our smallness condition on the abstract data necessarily implies a smallness
condition on the initial energy €y.y.,.(0) of the corresponding solution to the reduced equations. We remark
that the Minkowskian one-forms D,, and H,,, which are respectively known as the electric displacement
and the magnetic field, and also the geometric electromagnetic one-forms &,, B, ©,, and £, will play
arole in the discussion.

9.1. The Minkowskian null decomposition of the electromagnetic equations of variation. In this sec-
tion, we decompose the equations of variation into equations for the null components of %. The main
advantage of our decomposition, which is given in Proposition 9.3, is that the terms in each equation can
be separated into two classes: (i) a derivative of a null component in a “nearly Minkowski-null” direction®
and (ii) the error terms. Although from the point of view of differentiability some of the error terms
are higher-order, it will turn out that all error terms are lower-order in terms of decay rates. In this way,
the equations can be viewed as ordinary differential inequalities with inhomogeneous terms (which we
loosely refer to as ODEs) for the null components of %. This point of view is realized in Proposition 11.5.
The key point is that the ODEs we derive are amenable to Gronwall estimates. In Section 15, we will use
this line of argument to derive pointwise decay estimates for the null components of the lower-order Lie
derivatives of a solution % to the electromagnetic equations (3.7.1b)—(3.7.1c). These estimates will be an
improvement over what can be deduced from the weighted Klainerman—Sobolev inequality (B.4) alone;
see the beginning of Section 15 for additional details regarding this improvement.

We begin the analysis by using (3.7.2¢) to write the equations of variation (8.1.1a)—(8.1.1b) in the
following form:

26By “nearly Minkowski-null”, we mean vectors that are nearly parallel to L or L with some corrections coming from the
presence of a nonzero 4 in the case of the vector field L.
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VT + V. F i 4+ Vo Fou =0, (9.1.1a)
%((mfl);uc(mfl)vk _ (mfl),u}»(mfl)wc)vﬂgld
+ %(_h;uc(m—l)vk —i—h“k(m_l)”)vﬂg*}x
+ L (=Y Rt Y R) Y T+ NV, T = (9.1.1b)
In our calculations below, we will make use of the identities
Vil =—r"tey, and VL =r"ley, (9.1.2)
which can be directly calculated in our wave-coordinate system by using (5.1.2a)—(5.1.2b). We will also
make use of the identity
¥ aep =Vaep +5m(Vaep, L)L+ 3m(Vaep, L)L
= Vaep — sm(eg, VAL)L — ym(ep, VAL)L
= Vaep+ 31 '845(L — L), (9.1.3)
which follows from (6.1.2) and (9.1.2).
Furthermore, if U is a type- ( ) tensor field and X(;) (1 <i <m) and Y are vector fields, then by the

Leibniz rule we have that
VyiUXay, ... X)) = (VYD) Xy, oo, X)) U (Vv Xy, X2y, -+ X))

+-+UX1), X2y o -os Vy X)), (9.1.4)
Similarly, if U is m-tangent to the spheres S, ;, then
¥edU(epgys - - eB,,,)} = (N aU)(ep,), -, ep,) +U(Naep,, ey ---»€p,,)

+---+U(epyys €Bpys - --» ¥ a€B,,). (9.1.5)

Applying (9.1.4) and (9.1.5) to & and using (9.1.2), (9.1.3), and (5.3.5a)—(5.3.5d), we compute (as in
[Christodoulou and Klainerman 1990, p. 161]) the following identities, which we state as a lemma:

Lemma 9.1 (Contracted derivatives expressed in terms of the null components [Christodoulou and
Klainerman 1990, p. 161]). Let & be a two-form, and let o, a, p, and o be its Minkowskian null
components. Then the following identities hold.:

VaFpL = Vaap—r" ' (pSas+0¥ap), (9.1.6)
VaFpr = Waoap—r ' (pdap — 0 ¥ap), (9.1.6b)
Va¥FpL =—Ycp ¥ agc—r~ (0848 — p¥as), (9.1.6¢)
Va®Fpr=Ycp ¥ aac —r~ (084 +pYan), (9.1.6d)
IVAFLL = N ap+ 51~ (@a+aa), (9.1.6¢)
IVA®F L = Wao +3r ' (—¥pacs + ¥pacs), (9.1.6f)
VaFsc = ¥pc(¥ao +3r ' (—¥paap + ¥paap)). (9.1.6g)

In all of our expressions, contractions are taken after differentiating; e.g., VAJPBL = eAeBL)‘V Fica
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Remark 9.2. The identities in Lemma 9.1 can be reinterpreted as identities for spacetime tensors that
are m-tangent to the spheres S, ;. That is, they can be rephrased in terms of our wave-coordinate frame
with the help of the projection s " and the spherical volume form ¥ " defined in (5.1.4b) and (5.1.6¢),
respectively. For example, (9.1.6a) is equivalent to the following equation:

) LV F e = i n Ve —r T (0l + 0 Pu). (9.1.7)
We will use the spacetime-coordinate-frame version of the identities in our proof of Proposition 9.3.

We now derive equations for the null components of a solution F to (9.1.1a)—(9.1.1Db).

Proposition 9.3 (Minkowskian null decomposition of the equations of variation). Let % be a solution
to the equations of variation (9.1.12)~(9.1.1b), and let & = a[F], & = a[F, p & p[F], and & & o [F]
denote its Minkowskian null components. Assume that the source term g auv on the right-hand side of
(9.1.1a) vanishes.”’ Then the following equations are satisfied by the null components:

s Py, (. V) 220 (h, VF)

VLQ.[U +r_19.[v + va I(/é - ZAvaKd - ’/hu)thwcvu@xk - Vlvv/(m_l)MKhV/AVM@KA
o NV G = 0§, (9.1.8a)

s Py, (T F) 2205 (h, VF)

VLd‘v - r_ldv - ’/lVKVKf) - 3équKé' - ’ﬁfhwvu@m - mvv/(m_l)w{hv%vﬂgkk
F sy NI G = oy, (9.1.8b)

Ly P (h.VF) Lu2{,,5,(h.VF)

Vip—=2r""p+ VL, — LV, F e — Lym™ YR, T,
+L NV, G = Li§h (9.1.8¢)
Ve —2r e 4+ y*'V,a, =0, (9.1.8d)

L@l (h,VF) L9205 (h,VF)

Vip+2rp— "V, + LV, F e + Ly (m™ Y™ h Y, F
—L N G = —1,§, (9.1.8¢)
Vo +2r e 4+ y*'V,é, =0. (9.1.8f)

In the above expressions, the quadratic terms @f‘% (h, V@F) and Sl’(\l;g) (h, VQ'*) are as defined in Section 3.7.

Remark 9.4. Note that in the above equations, we have that, e.g., 1,V =1 ¥, and ¥V, =¥ ¥,

so that these operators only involve favorable angular derivatives.

Proof. To obtain (9.1.8a) and (9.1.8b), we contract (9.1.1a) against LAL“e‘/; and (9.1.1b) against (e4),
and use Lemma 9.1 plus Remark 9.2 to deduce that

27By Proposition 8.1, this assumption holds for the variations % of interest in this article.
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Vi, — Vi, + 20, Vop +r7 @y +a,) =0, 9.1.9)
Via,+Via, =29 Vo + r_l(gv — o)
— 20, WV T, — 2 (RPN T g NIV T = 20,08 (9.1.10)

Adding the two above equations gives (9.1.8a) while subtracting the first from the second gives (9.1.8b).

Similarly, to deduce (9.1.8d), we contract (9.1.1a) against L"e A“

ep” and then contract against Y p;
to deduce (9.1.8f), we contract (9.1.1a) against L*e A“ ep” and then against ¥ 45; to deduce (9.1.8¢c), we

contract (9.1.1b) against L,; and to deduce (9.1.8e), we contract (9.1.1b) against —L,,. [

9.2. Electromagnetic one-forms. In this section, we introduce the one-forms €&, B, ©, and $, which
are derived from a geometric decomposition of F that depends on the spacetime metric g,,. We also
introduce the one-forms E, B, D, and H, which are derived from a Minkowskian decomposition of &. We
then derive an equivalent version of the electromagnetic equations, namely constraint and electromagnetic
evolution equations for the Minkowskian one-forms. These quantities play a role only in Section 10,
where they are used to connect the smallness of the abstract initial data to the smallness of the energy of
the corresponding reduced solution at # = 0. Furthermore, we show that the abstract one-forms ® and B
satisfy the constraints (1.0.3a)—(1.0.3b) if and only if the corresponding Minkowskian one-forms D and B
satisfy a Minkowskian version of the constraints.

We will perform our electromagnetic decompositions of the equations with the help of two versions of
the (nonreduced) electromagnetic equations, namely (3.2.6a) and (3.2.7a) and (3.2.6b) and (3.2.7b). We
restate them here for convenience:

By Ty + Dy For + D, Fny =0 (A, p,v=0,1,2,3), (9.2.1a)
DBy + Dy Moy +Dyly, =0 (A, v =0, 1,2,3), (9.2.1b)

V%o + VuFop+ VT =0 (v =0,1,2,3), (9.2.2a)
Vil + Vil 4+ Vs, =0 (o, v =0,1,2,3). (9.2.2b)

Before decomposing the equations, we first define the aforementioned geometric electromagnetic
one-forms.

Definition 9.5. Let N* = N# (¢, x) denote the future-directed unit g-normal to the hypersurface ¥;. Then
in components relative to an arbitrary coordinate system, we define the following one-forms:
¢, =FuN,  B,=—"F, N,  D,=—"MuN and $,=—-M,N. (923
Note that, in the above expressions, » denotes the Hodge duality operator corresponding to the spacetime
metric g.
We now define the Minkowskian electromagnetic one-forms.
Definition 9.6. In components relative to the wave-coordinate system {x*},—¢.1,2,3, we define the electric

field E, the magnetic induction B, the electric displacement D, and the magnetic field H by

EM = @MO’ BM = —®%ﬂ0, DM = _®‘MM0’ and HM = —ﬂ/tuo. (9.2.4)
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Note that in the above expressions, ® denotes the Hodge duality operator corresponding to the Minkowski

metric m.

Observe that (9.2.4) implies that
Fj=lijk1B;,  Bj=j5ljabl¥F., and D;=jiljablMle,  (j,k=1,2,3).  (9.2.5)

Remark 9.7. Our definition of B coincides with the one commonly found in the physics literature, but it
has the opposite sign convention of the definition given in [Christodoulou and Klainerman 1990].

It follows from the antisymmetry of %/, and .l,, that E,, B,,, D,, and H, are m-tangent to the
hyperplanes %;; i.e., we have that Eg = By = Do = Hy = 0. We may therefore view these four quantities
as one-forms that are intrinsic to X,. Similarly, we have that &, Nt =B ,LI’\? H=29 Mﬁ F=9 M]V H=0.

From the assumption (3.3.3a) on the electromagnetic Lagrangian, (3.3.11n), Definition 9.6, (9.2.5),
and the implicit-function theorem, we deduce that, when all of the fields are sufficiently small, we have
(see Section 2.13 for the definition of O¢t1(-)):

D=E+ 0" (h||(E, B))) + O\ (I(E, B)|; h), (9.2.6a)
H =B+ 0™"'(|n||(E, B)|) + O“T\(I(E, B)|*; h), (9.2.6b)
E =D+ 0" (|h||(D, B)|) + O (|(D, B)*; h), (9.2.6¢)
H =B+ 0"'(|n||(D, B)|) + 0"\ (|(D, B)*; ). (9.2.6d)

We now assume that the reduced initial data (g, |5, 0:&uvlsy, Fojlz, = EOJ-, Fiklsy = [ijk]é,-) have
been constructed from the abstract initial data (g ks K ks ) i B ;) in the manner described in Section 4.2.
In particular, we recall that N "Iz, = A*IS(‘)’ , where A = 1 —0Q2M/r)x(r). Consequently, we can use
(3.3.111) and (4.2.7a) to deduce that

E=D+ 0" (IAV||(D, B)l: x(r)M/r)
+ O (Ix(OM/rI(D, B AV) + 0 (1D, BYP; x (M /r; hD). (9.2.7)

Using also Definitions 9.5 and 9.6, we infer that the following relations hold:

B=3B+ 0" (Ix(M/r)|®D, B)|; AV) + 0 1AV 1D, B)I; x(r)M/r), (9.2.8a)
D=2+ 0" (Ix(r)M/r|(D, B)]; kD) + 0 1AV |(D, B); x (r)M /), (9.2.8b)
B =B+ 0" (1x(r)M/r||(D. B); V) + 0 (1AD1|(D, B)l; x (r)M/r), (9.2.8¢)
D =D+ 0" (1x(rM/rl|(D, B); V) + 0T (IAD (D, B)I; x(r)M /). (9.2.8d)

Remark 9.8. Logically speaking, the ADM mass M (and hence also the components of the unit normal
vector N |s,) is only well-defined after one has solved the abstract Einstein constraint equations (1.0.2a)—
(1.0.3b).

The main goal of this section is to deduce the following proposition, which is a decomposition of the
electromagnetic equations into constraint equations and evolution equations:
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Proposition 9.9 (Electromagnetic constraint and evolution equations). Under the assumption (3.3.3a)
on*¥, the (nonreduced) electromagnetic equations (9.2.2a)—(9.2.2b) are equivalent to pairs of constraint
equations and evolution equations that have the following structure (the precise details depend on the
choice of electromagnetic Lagrangian *%):

Constraint equations

(m~")*V,D, =0, (9.2.92)
(m~"v,B), =0, (9.2.9b)

Evolution equations

0;Bj = —[jablV,Ep, (9.2.10a)
0,Ej=[jab]VaBy+ O‘(|h||Y(E, B)|; (E, B))

+ O'(I(E, B)PIV(E, B)|; h) + O*(IVhII(E, B)]; h). (9.2.10b)

Furthermore, assume that the reduced initial data (g, |5, 0:8uvlsy> Fojle, = on, Fikls, = [ijk]lo?[)

have been constructed from the abstract initial data (g ks K jk> D jr B j) in the manner described in

Section 4.2. Then (9.2.92)—(9.2.9b) hold for D and B along X if and only if the following equations hold
along %:

Abstract constraint equations
& H"9,D, =0, (9.2.11a)
& "9, B, = 0. (9.2.11b)

In the above expressions, g ji is the first fundamental form of ¥y and Q_Z) is the Levi-Civita connection
corresponding to § ji.

Remark 9.10. In (9.2.9a2)—(9.2.9b), (r_n_l)“bya is the standard Euclidean divergence operator while in
equations (9.2.10a2)—(9.2.10b) [jab]V, is the standard Euclidean curl operator.

Remark 9.11. With the help of (9.2.16)—(9.2.17) below, it is straightforward to check that, if a classical
solution to the evolution equations satisfies the constraints at + = 0, then it necessarily satisfies the
constraints (9.2.9a)—(9.2.9b) at all later times (as long as it persists).

Proof. We first show that (9.2.9b) and (9.2.11b) follow from either (9.2.1a) or (9.2.2a) (which are
equivalent) and that (9.2.9b) holds if and only if (9.2.11b) holds. To this end, we first note that, since NH
is the future-directed unit g-normal to %, and g,, = gﬂv — ﬁuﬁv along Xy, the following identities hold
for any one-form X, g-tangent to ¥ and any two-form P, :

@ "D Xp = (7D X5 — X3 N“D N*, (9.2.12)
(& )*PDN" = P,y N"N“D, N". (9.2.13)
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Using (9.2.12) and (9.2.13) with X, & B, and P, & *F,,, we compute that the following identities

hold along Xy:
& N"DaBp = (87D, B; — BLN D, N*
= —(g V"D FruN") +*F;, N"N“ D, N*

= —Llg NV eera, g, ;. (9.2.14)

Identities analogous to (9.2.14) hold if we make the replacements (g_l, g, 92), 9P, *, N " vk gy s
(m~',m,V,V,®,a*, v*<* B), where i*(t, x) is the future-directed Minkowskian unit normal to %,.
Now by (9.2.14) and the Minkowskian analogy of (9.2.14), (9.2.9b) and (9.2.11b) follow from either
(9.2.1a) or (9.2.2a) since either (9.2.1a) or (9.2.2a) is sufficient to guarantee that the right-hand side of
(9.2.14) is 0. Furthermore, since g, NV and m,, 7" are proportional along %, since e*#V<* and vi<*
are proportional, and since the Christoffel symbols of &% and V are symmetric in their two lower indices,
it follows that

g NV Mg T le =0 < myit” v, F s, = 0. (9.2.15)

Hence, (9.2.9b) holds along X if and only if (9.2.11b) holds along X¢. The derivation of (9.2.9a) and
(9.2.11a) along X from (9.2.1b) or (9.2.2b) and the proof of the equivalence of (9.2.9a) and (9.2.11a)
along X are similar.

We now set A =0, u = a, and v = b in (9.2.2a), contract against the Euclidean volume form [jab],
and use (9.2.4)—(9.2.5) to deduce that

3,Bj = —[jab]V4Ep. (9.2.16)

Similarly, we set A =0, u = a, and v = b in (9.2.2b), contract against [ jab], and use (9.2.4)—(9.2.5) to
deduce that
0;Dj =[jab]V.Hp. (9.2.17)

Finally, we use (9.2.16), (9.2.17), and (9.2.6a)—(9.2.6b) to deduce (9.2.10a)—(9.2.10b). O

10. The smallness condition on the abstract data

In this section, we assume that we are given abstract initial data (§x = 8 jx —|—Zz§-?() —i—ZzE-?, I%jk, C‘oDj, %j)
(j, k=1,2,3) on the manifold R? satisfying the constraint equations (4.1.1a)—(4.1.2b). Our goal is to
ég.]k), K jks D js B ;) that will lead to global existence for
the reduced system (3.7.1a)—(3.7.1c) under the assumption that its initial data (g,,, [;=0, 0:&.v|r=0, Fuvlr=0)

describe in detail the smallness condition on (Zzﬁ),

(u,v=0,1,2,3) are constructed from the abstract initial data as described in Section 4.2. Recall that
our global existence argument is heavily based on the analysis of €,.y.,.(), which is the energy defined
in (1.2.7). In particular, €,..,,(0) must be sufficiently small in order for us to close the argument. The
energy depends on both normal and tangential Minkowskian covariant derivatives of the quantities
(th,(},}, %) att = 0. On the other hand, our smallness condition will be expressed in terms of the
ADM mass M and Ey.,(0), which is a weighted Sobolev norm of (Y,-Zzyk), I%jk, ’;Dj, %j) depending only
on tangential derivatives of the abstract data. More specifically, our smallness condition is expressed



STABILITY OF THE MINKOWSKI SPACETIME SOLUTION TO THE EINSTEIN-NONLINEAR EM SYSTEM 841

in terms of the weighted Sobolev norms || - || H s, introduced in Definition 10.1. The main result of
this section is contained in Proposition 10.4, which shows that, if E;.,(0) 4+ M is sufficiently small and
(h,(},}, % .v) is the corresponding solution to the reduced equations, then €..,(0) < E.,(0) + M. Thus,
Proposition 10.4 allows us to deduce the smallness of €;..,,(0) from the smallness of quantities that
depend exclusively on the abstract initial data.

We begin by introducing the weighted Sobolev norm discussed in the above paragraph.

Definition 10.1. Let U (x) be a tensor field defined along the Euclidean space R>. Then for any integer
£ > 0 and any real number 7, we define the Hf norm of U by

def
U117, = > / (L4 xH MV U > dx. (10.0.1)
|71<¢
We also introduce the following norm, which can be controlled in terms of a suitable H,f norm via a
Sobolev embedding result; see Proposition A.1.

Definition 10.2. Let U (x) be a tensor field defined along the Euclidean space R3. Then for any integer
£ > 0 and any real number 1, we define the Cf; norm of U by

||U||é/ def Z ess sup (1 + |x[H) TV U (x)|2. (10.0.2)

|1]<¢ xeR3

We are now ready to introduce our norm Ey.,(0) > 0 on the abstract initial data. Recall that, as discussed
in Section 4.1, the data are the following four fields on R*: (&jk =3k —{—h(o) +h5}€), K, éj, %j)
(J, k=1,2,3). ‘

Definition 10.3. The norm E/.,(0) > 0 of the abstract initial data is defined by

hjk

E Vi K|? 012 B2, . 10.0.
B OENTAO, IR, DI, 1B, (10.0.3)
The smallness condition. Our smallness condition for global existence is
Eé;y(o) +M <e¢g, (10.0.4)

where ¢, is a sufficiently small positive number.
Recall that the energy €;.y.,. () > 0 is defined by

def
Eyn = sup Y / (IVVER DV + | 2L F 1) w(q) dx, (10.0.5)
0<t<t [I<e” Zr
where V denotes the full Minkowski spacetime covariant derivative operator and the weight w(q) is defined
in (12.1.1). The dependence on y and pin €y;y.,, is through w(g). The next proposition, which is the main
result of this section, shows that the smallness of €.,.,.(0) follows from the smallness of E.,(0) + M:

Proposition 10.4 (The smallness of the initial energy). Let (g jk = 0jk + 1_105.(,)() + Zzﬁ.lk), K ks D js B i)
(j, k=1,2,3) be abstract initial data on the manifold R? for the Einstein-nonlinear electromagnetic
system (1.0.1a)—(1.0.1c). Assume that the abstract initial data satisfy the constraints (1.0.2a)—(1.0.3b) and
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that they are asymptotically flat in the sense that (1.0.4a)—(1.0.4f) hold. Let (g,v|1=0 = mu, + hLOU) li=0 +

h,(},z lr=0, 0r&uvli=0 = ath§?3|t:0 + athﬁht:o, Fuvli=0) (m, v =0, 1,2, 3) be the corresponding initial data

for the reduced system (3.7.1a)—(3.7.1c) as defined in Section 4.2, and let (g, = m, + h,(?,} + hf}v), Fuv)
be the solution to the reduced system launched by this data. Let £ > 10 be an integer. In particular, by
Proposition 4.2, the wave-coordinate condition (3.1.1a) is satisfied by the reduced solution. Then there
exist a constant &y > 0 and a constant Cy > 0 such that, if E¢.,(0) + M < ¢ < &, then

€ey;1(0) = C{Epy(0) + M} < Cye. (10.0.6)
Remark 10.5. Note that g > 0 holds at t = 0. Therefore, €,..,,(0) does not depend on the constant p.

The proof of Proposition 10.4 starts on page 845. We first establish some technical lemmas.

Lemma 10.6 (Energy in terms of 1V, E, and B). Let %, be a two-form, let the pair of one-forms (E,,, B,,)
be its Minkowskian electromagnetic decomposition as defined in Section 9.2, and let hf}g be an arbitrary
type-(g) tensor field. Let €y..,.(t) be the energy defined in (10.0.5). Then

€y ()~ sup Z/ (IVVER DV + | VAE? + V4 BIP)w(g) dx. (10.0.7)
PR

0§r§t|1|<€

Proof. Equation (10.0.7) easily follows from (6.5.22) and the identity | V. %|*> = 2|V E|* 4+ 2|VL B|?, the
verification of which we leave to the reader. O

Lemma 10.7. The following estimates hold for any £-times differentiable spacetime tensor field U (t, x)
defined in a neighborhood of X &f {(t, x) | t =0}, where w(q) is the weight defined in (12.1.1):

( Z wl/z(q)|V§U|> A ( Z(l Jr,,)1/2+«y+|1|V1U|>
%o 1<t o

1<t
%< Z (1+r)l/2+')/+|]|+k|atky./U|>
|J|+k<t

The same estimates hold if Vg{\j is replaced with SEQIZ. The notation |5, is meant to indicate that the

(10.0.8)

o

estimates only hold along %.

Proof. By iterating the identity 3)% = (x*Qy,+x,.5)/qs and noting that g =r = along X, we deduce that

+n"viuIS Y IvaULL (10.0.9)
[J1=I1]

It thus follows from the definition (12.1.1) of w(g) that
( Y a +r)”2+y+"'|V’U|) S ( >, w”z(q)IVéUl)
%o 1)<t

=t
On the other hand, the opposite inequality follows easily from expanding the operator Vgé and using
the Leibniz rule plus (6.2.4). This proves the first & in (10.0.8). The second = is trivial. We have thus

(10.0.10)

o
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established (10.0.8). To establish the same estimates with the operator SB& in place of V., we simply use
(6.5.22). O
Corollary 10.8. Under the assumptions of Lemma 10.6, we have that

TAMOLEDY /R (U D (9! 9,h V120, 1) + 19 VAV (0, 1)) dx
k+11<¢

+/ (1 + |22 (1959 E12(0, x) + 185V BI*(0, x)) d°x. (10.0.11)
R3
Proof. Corollary 10.8 follows easily from Lemmas 10.6 and 10.7. g

Lemma 10.9. Assume the hypotheses of Proposition 10.4. Let k > 1 and € > 10 be integers, and let J be
a V-multi-index. Assume that |J| + k < £. Define the arrays V, vO v w wO agnd wh by

vV (h,Vh, oh E,B)=V©® 4 yD, (10.0.12a)
yO &0, vih©, 3,n® 0, 0), (10.0.12b)
(D &ef D, vaD 3,nV E, B), (10.0.12¢)

w 0. Vh, 9,h E, B) = WO WO, (10.0.12d)
WO def ©, Vi, 5,1, 0,0), (10.0.12e)
wO déf(o, vh® 8,nV E, B). (10.0.12f)

In the above expressions, the tensor fields h,(LOV) and h,(},z are defined by (1.2.1a)—(1.2.1¢c) while the electro-
magnetic one-forms E, and B, are defined in (9.2.4). Assume further that [V + M <e. Then if  is
sufficiently small, Btk V/WW can be written as the following finite linear combination:

v/ akw® = 3" terms, (10.0.13)

where each term can be written as
erm= Y Fugesken X)X My s (DI WO vEw O] (10.0.14)

|+ <] T [+k
O0<[1yl,....11s]
and:
(i) The array-valued functions Jl/Lgl,,,_JS;J;;(;S)(V)[YI‘ w o vEWD] are continuous in a neighbor-
hood of V = 0 and are multilinear in the arguments [V WD . viwD],

(i1) Ifs =0 (i.e., if there are no multilinear arguments | - 1), the array-valued functions F(y, .. 1..J.k:5)(t, X)
are smooth and satisfy | F(,.....1.. 7:k:5)(t, X)| S M1+t + |x|)~"CTVHD Swhere M is the ADM mass.

(iii) Whens > 1, |Fuy...1: k) (6 0| S (L1 +1x) 7 where d > [T | +k— ([L] +- -4 1) — (s = 1).

Proof. We first claim that we can write the reduced system (3.7.1a)—(3.7.1c) as a finite linear combination

WD =3 terms, (10.0.15a)
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where each term can be written in the form

term= Y " M1 (VY WO T+ M0.1.0 (VWD wh]
=1
+ f0:0,1:1)(, x) M(O;O;l;l)(v)[w(l)] + f0:0;1:0)(Z, x) Meo;0:1;0) (V). (10.0.15b)

Above, the functions J(.y(V)[ - ], which depend on the (£ 4 2)-times continuously differentiable La-
grangian *¥ for the electromagnetic equations, have the properties stated in the conclusions of the theo-
rem. In addition, f(o.0,1.1)(t, x) and f(0.0,1.0)(#, x) are smooth functions satisfying \4 fo.0:0@, 0 S
(1+ ¢+ [xD=D and |V f0.0.1:0)(t, X)] < M(1+ 1 + |x][)~CHD for any V-multi-index 7. Let us
accept the claim (10.0.15b) for now; we will briefly discuss the derivation of (10.0.15b) at the end of the
proof. We also note that

oV =0wh+mwh4+5,vO, (10.0.16)
vV =vwWD 4+ I,w®» 4+ vy, (10.0.17)

where VO (¢, x) satisfies |[V/9, VO (¢, x) |+ VI VVO(r, x)| < A +14]x]) =D for any V-multi-index 7
(see Lemma 15.1), TT; W & (5,1, 0,0, 0, 0), and TLW D & (vaD, 0,0, 0, 0). Now with the help
of (10.0.16)—(10.0.17), the chain rule, and the Leibniz rule, we repeatedly partially differentiate (10.0.15b)
with respect to time and spatial derivatives, using the resulting equations to replace time derivatives
with spatial derivatives, thereby inductively arriving at an expression of the form (10.0.14) verifying the
properties (i)—(iii). The properties (ii)—(iii) capture the fact that each additional differentiation of o; wo
either (a) creates an additional decay factor of (1 +¢ 4+ |x|)~' (when the derivative falls on one of the
f...(t, x)), (b) increases one of the powers |/;| (when the derivative is spatial and falls on one of the
multilinear factors [..., VWM, 1), or (c) increases s by one (when the derivative falls on M(V),
thereby creating an additional multilinear factor of VW via the chain rule).

We now return to the issue of expressing 9, W1 in the form (10.0.15a)—(10.0.15b). We will make
repeated use of the splitting 7 = A© + hD, where 2 is the smooth function of (¢, x) with the de-
cay properties (15.1.1a), which are proved in Section 15.1. We first note that d; E and 9, B can be
expressed in the desired form by using (9.2.10a)—(9.2.10b) together with the splitting of 4 and the
properties (15.1.1a). We remark that, although (9.2.10a)—(9.2.10b) are nonreduced electromagnetic
equations, they are nonetheless satisfied by virtue of the fact that the wave-coordinate condition holds
and the fact that the reduced and nonreduced equations are equivalent under that condition. Next,
we note that the quantities B,Yhffﬁ can be expressed in the desired form through the trivial identity
B,Yh,(},a = Yathf},f. The quantities a,zhfjv) can be expressed in the desired form by using (3.7.1a) to isolate
them. We remark that the Jit;.0.1.1 (V)[Y’ W] term on the right-hand side of (10.0.15b) arises from the
spatial derivatives and mixed spacetime derivatives of 21 contained in the term {J ghf}v) on the left-hand
side of (3.7.1a). Furthermore, the JMo.o.1.2(V)[W!, W] term on the right-hand side of (10.0.15b)
arises from the quadratic and higher-order-in-W (" terms on the right-hand sides of (3.7.1a) and (9.2.10b)
while the fo.0.1:1(¢, x)Mo.0:1:1(V)[W D] term on the right-hand side of (10.0.15b) arises from the 2 ©-
and Vh(o)—containing factors that arise from the terms on the right-hand sides of (3.7.1a) and (9.2.10b)
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that contain a linear factor of 4 or VA. Finally, the fo.0.1.0(¢, x)Mo.0:1:0(V) term on the right-hand side
of (10.0.15b) arises from the ﬁgh,(?v) term on the right-hand side of (3.7.1a) and from the O(|VA©|?)
terms arising from splitting the O(|Vh|?) terms on the right-hand side of (3.7.1a). O

Corollary 10.10. Assume the hypotheses of Proposition 10.4, which include the smallness condition
Ey(0) +M < e Letk >0 be an integer, let J be a V multi-index, and assume that |J| +k < L.
Let V(t,x), ..., WO(t, x) be the array-valued functions defined in (10.0.12a)~(10.0.12f), let V (x) =
V(0,x),..., WD x)=WD(0, x), and assume that ||V || o+ || WD ||H]z/2+Y <e. Then if € is sufficiently
small, the following inequality holds:

| (1 + xR kw0, x) | SUWD e + M. (10.0.18)

1/2+y

Proof. We first consider the case s =0 in (10.0.14). Then using that | F(o, 7.x.0) (£, x)| < M (1+|x])~CH/I+0
(i.e., property (ii) from the conclusions of Lemma 10.9) and recalling that 0 <y < % we deduce that

o 2
1+ D) P E 6 2ki0) (0, ) M0 0000 (V (D) | 2

= / a4+ xR B 510y (0, 1) M. 72100y (V (X)) dx
xeR3
< MZ/ (14 x> dx < M2 (10.0.19)
xeR3

For the case s > 1, we first use Proposition A.1 to deduce that, for all V-indices K with |K| < £ —2,
we have

IVEWD 01 S A+ ™ EHDIw D e (10.0.20)
1/2+y

Then (without loss of generality assuming |I1| < || < -+ < |I|) we use |F,. . 1745, )] S
(14t 4 |x|) =W HA=Un+-+LD=6=1) (e | property (iii)), together with (10.0.20), to deduce

[ 1D O E G ik ©03) X Mt it (VY WP @), VWO 0]
s—1

< ”(1 + |x|)|11‘++‘1$71|+(3‘71) 1_[ Vli W(l)(x)
i=1

S la+p byt w O] L < vy,

% H(l T |x|)1/2+v+\lylylsv‘f/(l)(x)||L2
LOC

(10.0.21)

¢ .
1/2+y

Combining (10.0.19) and (10.0.21), we arrive at (10.0.18). O
We are now ready for the proof of the proposition.

Proof of Proposition 10.4. We first stress that the estimates derived in this proof are valid under the
assumption that ¢ is sufficiently small. Recall that g, (t, x) =m, + x (/) x (r)2M/r)d,, + hﬂg (1, x).
Also recall that, according to the assumptions of the proposition, we have (see (4.2.6a)—(4.2.6b)) the
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following relations (where we slightly abuse matrix notation):

h*(0, x) = o(1) | » (10.0.22a)
0 Al
8h(1)(0 x): 2A3(§—1)ab1%ab AZ(g l)ab ang AZ(g—l)ab aj(_éab_AajA
t AZ(g—l)ab aagbj —-AQ(g l)aba gab—Aa iA ZAKjk ’
(10.0.22b)

where A(x) = vT— @M/r)x(r) and §jx(x) = 85 + @M /r)x (18 + h' (x). Note that (g—l)fk
8K+ 0°((M/r)x (N)|; B+ 0 (1R D|; (M/r)x (r)). Our immediate objectlves are to relate || E|| H .
and |9,V (0, -) || .., o the inherent quantities IVA| i Kl HE . 19| i, ,1IB| i, and M.
To this end, we ﬁrst observe that the following estimates hold for sufﬁ01ently small M:

v (Ex )| s maa+pmaam, (10.0.23)
A S 1, (10.0.24)
IV A@| S MA+r)~ 1= 1. (10.0.25)
With the help of (10.0.22a)—(10.0.22b), the decay estimates (10.0.23)—(10 0.25), the Leibniz rule,
Corollary A.4, the definition of || - || Hiy, and the assumption 0 <y < 5, it is straightforward to
Y
check that
(1) . < AC I o
13500 g, SNVEV Ny, 1K gy, + M. (10.0.26)
Furthermore, from (9.2.82)—(9.2.8d) and Corollary A.4, it follows that
1Dl + 1B, ~1Dlge, +1Blge, . (10.027)
Similarly, from (9.2.6a) and (9.2.6¢c), we have that
1By, + 1By, ~ 1Dy, + 1Bl (10.0.28)

By (10.0.26), (10.0.27), (10.0.28), and Proposition A.1, it follows that, if E,.,(0) + M is sufficiently
small, then the smallness conditions2® for || 14 ||z and || w® | H e in the hypotheses of Lemma 10.9
and Corollary 10.10 hold. Therefore, combining Corollaries 10.8 and 10.10, (10.0.26), (10.0.27), and
(10.0.28), we deduce that, if ¢ is sufficiently small, then

€0 (0) S IVAD 3hD (0, )| E|? B M?
@ SIVEVIG, 10800, O, +IEIG,  +1BI,  +
< IVAD 2 K|? il B2 M?
SICAVIG,  +IKIG,  +ID1,  +1BIG,  +

EE2 (0)+ M2 (10.0.29)

This concludes our proof of Proposition 10.4. U

28 A in the Lindblad—Rodnianski proof of Corollary 15.3 below, the smallness condition |21 (0, x)| < e(14r)~17Y follows
from integrating the smallness condition |3rh(1) 0,x) Se(1+ r)_z_y, which is a consequence of Proposition A.1, from spatial
infinity, and from using the decay assumption (1.0.4c) for |/°l(1)(x)| at spatial infinity.
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11. Algebraic estimates of the nonlinearities

In this section, we provide algebraic estimates for the inhomogeneous terms that arise from commuting
the reduced equations (3.7.1a)—(3.7.1c) with various differential operators. We also use the equations
of Proposition 9.3 to derive ordinary differential inequalities for the null components of % = Sig’{%
Furthermore, we provide algebraic estimates for the inhomogeneous terms appearing on the right-hand
sides of these inequalities. Many of the estimates derived in this section rely on the wave coordinate
condition.

11.1. Statement and proofs of the propositions. The proofs of the propositions given in this section use
the results of a collection of technical null-structure lemmas, which we relegate to the end of the section.
We begin by quoting the following proposition, which is central to many of the estimates. The basic
idea is the following: many of our estimates would break down if we could not achieve good control
of the components /;; and hyr. Amazingly, as shown in [Lindblad and Rodnianski 2005; 2010], the
wave-coordinate condition allows for independent, improved estimates of exactly these components.

Proposition 11.1 (Algebraic consequences of the wave coordinate condition [Lindblad and Rodnianski
2010, Proposition 8.2]). Let g be a Lorentzian metric satisfying the wave-coordinate condition (3.1.1a)
relative to the coordinate system {x"},—0 1,23. Let I be a %- multl index, and assume that |VJ h| <& holds
for all #-multi-indices J satisfying |J| < ||I|/2], where h,w = g,w m . Then if € is sufficiently small,
the following pointwise estimates hold for the tensor H"¥ o (g~ HHY — (m=hHw:

\VViH|es S > IVVH|+ > |VV4H|+ Y |V H|VVZH], (11.1.1a)
[JI=I] [J1=<1]-1 1|+ <|1]
—r_—/
absent if |1| =
IVV4H|ee S > IVVSH|+ > [VVyH|+ Y |V H|VVZH]. (11.1.1b)
[JI=H] [JI=<|I]-2 [ |+ 2] <|1]
\—f_-/

absent if |11 <1
Furthermore, analogous estimates hold for the tensor h .

The next lemma provides an analogous version of the proposition for the “remainder” pieces of (g~ ')
and g,,.

Lemma 11.2 (Algebraic/analytic consequences of the wave-coordinate condition; slight extension of [Lind-
blad and Rodnianski 2010, Lemma 15.4]). Let g be a Lorentzian metric satisfying the wave-coordinate
def _1yuw —1yuv

= (& )" = (m= ). Let
k > 0 be an integer, and assume that there 1s a constant € such that |VJ h| < & holds for all %-multi-
indices J satisfying |J| < |k/2], where hlw = gw my,. Let

condition (3.1.1a) relative to the coordinate system {x"},—01,3, and let H"" =

Hi S~ Hy and Hy S - ()2, (11.12)

where Hg) is the tensor obtained by subtracting the Schwarzschild part H (0) Y from H™' | and XO( <z< i)

denotes the characteristic function of the interval [% %] Assume further that M < e. Then if ¢ is sufficiently
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small, the following pointwise estimates hold:

Z V'V Hyles + Z V'V Hay g

|1]<k |J]<k—1
<SS TIVVEHG e > (+t+lgh T e Y I+ +1g) 2IVEHy IV VA He|
<k 1<k \T|<k
1 I ’
+ D IVYHWIVVEHn I+ Y IVVy Ho
|1 |+ 2| <k || <k—2

absent ifk <1

el 41+ Iql)’z)(o(% <I< %) F2( 4t +1gh3. (11.13)

Additionally, let
n = and hQE (D) s, (11.14)
where hﬂg is the tensor field obtained by subtracting the Schwarzschild part hf?g from hy,. Then an

estimate analogous to (11.1.2) holds if we replace the tensor field Hy with the tensor field h.

Proof. The estimates for the tensor field H, (‘f ; were proved as [Lindblad and Rodnianski 2010, Lemma 15.4].
The analogous estimates for the tensor field hf}g follow from those for H(’f)” together with the fact that
Hy, o = —hﬁg + O0®°(|h® +1D2) and the decay estimates for h© provided by Lemma 15.1 below. [

We now provide the following proposition, which captures the algebraic structure of the inhomogeneous
term §),,, appearing on the right-hand side of the reduced equation (3.7.1a).

Proposition 11.3 (Algebraic estimates of §),,, and Vgéfj wv; extension of [Lindblad and Rodnianski 2010,
Proposition 9.8]). Let ),., be the inhomogeneous term on the right-hand side of the reduced equation
(3.7.1a), and assume that the wave-coordinate condition (3.1.1a) holds. Then

19lgx S IVAIVAI+(F|gn +Flg) | FI+OX (A VA + 0T (h|F1H)+ 0T (1F1%; h), (11.1.52)
19 S |VAIZ 5+ VARV +|F?+ 0% (h]||[VRP)+ 0T (1| F 1)+ 0T (FP; h). (11.1.5b)

In addition, assume that there exists an € > 0 such that |Véh| + Iifég?l < ¢ holds for all %-multi-indices
[J| < LI]/2]. Then if ¢ is sufficiently small, the following pointwise estimates hold:

VADIS Y (VY hlaw V2 hIgx + VYL RIVYZR) + Y [T 25 F|
|+ L] <] [+ L] <]

+ Y IVVERIVVZRI+ Y [V hIIVVER|IV VA
[+ L]<]-2 [+ LI+I31<]1]

absent if |I| <1

+ o IV EEF L T+ Yo L FLEF LT (11.1.5¢)
[ [+ L+ <] [+ L+ I
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Proof. Using (3.7.2a), we can decompose $),,, into

Hv = Dy A+ (i) + (i) oy + (V)01 (11.1.6)
where
()0 & P(Vyuh, V), (11.1.7)
(i) £ 2050 (YR, Vi), (11.1.8)
(iii) .y & 220 (F, ), (11.1.9)
V) = OC(RIIVAR) + O (AIFP) + O (F; h). (11.1.10)

We will analyze each of the four pieces separately.

The facts that |(i)|gx < the right-hand side of (11.1.5a) and that |(i)| < the right-hand side of (11.1.5b)
follow from Proposition 11.1, (11.2.7a), and (11.2.7b). The fact that |Vé(i)| < the right-hand side
of (11.1.5¢) follows from Proposition 11.1, (11.2.2¢), and (11.2.7a).

The facts that |(ii)|gx < the right-hand side of (11.1.5a) and that |(ii)| < the right-hand side of (11.1.5b)
both follow from (11.2.7¢). The fact that |V£§(ii)| < the right-hand side of (11.1.5¢) follows from (11.2.2a)
and (11.2.7¢).

The fact that |(iii)|gyx < the right-hand side of (11.1.5a) follows from (11.2.7d) while the fact that
|(iii)| < the right-hand side of (11.1.5b) follows from (11.2.7¢). The fact that |Vg§g (iii)| < the right-hand
side of (11.1.5c¢) follows from (6.5.22), (11.2.2b), and (11.2.7e).

The desired estimates for term (iv) follow easily with the help of the Leibniz rule and (6.5.22). [

The next proposition captures the special algebraic structure of the reduced inhomogeneous term 8‘(’1)
defined in (8.1.2b).

Proposition 11.4 (Algebraic estimates of SE’I)). Let §" be the inhomogeneous term (3.7.2b) in the reduced
electromagnetic equations, let I be a %-multi-index with |1| = k, and let X, be any one-form. In addition,
assume that there exists an € > 0 such that |Vé h|+ |£Egé%| < ¢ holds for all %-multi-indices |J| < |k/2].
Then if ¢ is sufficiently small, the following pointwise estimates hold:

X, 543"
SO IXIVVSRILEFI+ Y IXIIVVLRI(1%5 Flax + L7 Flag)
[+ | <k [+ 12| <k
+ ) IXIVARIVVZRILSF 4+ Y XV R LR TG F
L1+ 2|+ 131 <k [+ 2|+ 3] <k
SU+t+lgh™ D IXUVLRILZFI+A+1gD™ D XNV hI(1LEF| oy + L5 Fl7)
[+ <k+1 [T+ 12| <k+1
|L|<k [I2| <k
+A+1gh™ D IXIIVSRIIVERILS T
1|+ |+ 3] <k+1
||, 113]<k
+(1+lgh™" > XUV | EEF LS F. (11.1.11a)

[+ L |+ 3] <k+1
|2, 13 <k
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In addition, the same estimates hold if we replace modified Lie derivatives :?Eg’f with standard Lie deriva-
tives EBé.

Furthermore, let N**V<* be the tensor field from the reduced electromagnetic equation (3.7.1c). Then
if € is sufficiently small and k > 1, the following pointwise commutator estimate holds:

| X, (N#A, PLF — Bh (N, )|
SA+1gh™ Y IXIIVE hlgg|%5F

|I'|l=k, |J|=1

+A+1gD™ YD XV kg £ F
IJI=L, |[I'|=k

+A+1gD™" Y IXhlg | £
|I'|=k

++1gh™ D XYL RI(1LG Flax + L7 Flag)

1|+ <k+1
1], 12| <k

+A+1+lgh™ Y XNV RILEF

1]+ 12| <k+1
[, 2| <k

+(A+1gh™" Y IXIglVy LT

|11 |+ <k+1
[, | <k
+A+1ghD™ YT XNV hles | £5F
[ |+ <k+1
[I|<k—1, ||<k—1
+(1+1gh~! > X ||V Rl | L2 )
[+ 1] <k
[I|<k—1, |L|<k—1
+A+1gD™ D XV RLEF
[ |+ ] <k—1

[I1|<k=2, ||<k—1

absent ifk =1

- I
+A+1gh™ YD XUV RV R 5 F)
[ |+ 2|+ 13| <k+1
111,120, 5] <k
+A+1gh™" DD XNV R LE T L T
|+ L+ 3] <k+1
1,120, 3] <k

+A+1gh™ Y XL FLEFNLEF). (11.1.11b)

|+ |+ 13| <k+1
.11, 1151 <k
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Proof. To derive (11.1.11a), we first appeal to the relation (8.1.3a), which shows that we have to estimate
principal terms of the form X VEZ‘(’Z; @)(VSE&‘ h, SBQILZ %) and error terms of the form X U&Eé%’i. The desired
estimates for the principal terms follow from the null-structure estimate (11.2.71) together with inequalities
(6.5.22), (6.5.23a), and (6.5.23b), which allow us to estimate Lie derivatives of /& in terms of covariant
derivatives of h. The error terms can easily be bounded by the right-hand side of (11.1.11a), where we
use Lemma 6.16 to derive the second inequality in (11.1.11a).

Inequality (11.1.11b) can be proved in a similar fashion with the help of the relation (8.1.3b). In
this case, there are two kinds of principal terms that have to be estimated: X ,,975‘(’%) (igh, V&Eég %) and
X904 (££21£ h, VEBEIZ? %) while the error terms are of the form X, (33;5' Nz“ ”“)Vﬂiglg F.,. The error terms
can be estimated as in the previous paragraph. The principal terms can be bounded by using the null-
structure estimates (11.2.7f) and (11.2.7h). As in the previous paragraph, we use (6.5.22) and (6.5.23c¢) to
estimate Lie derivatives of / in terms of covariant derivatives of /. U

As discussed at the beginning of Section 9.1, the null components of the lower-order Lie derivatives of F
satisfy ordinary differential inequalities with controllable inhomogeneous terms. The next proposition
provides convenient algebraic expressions for the inhomogeneities. In Section 15, these algebraic
expressions will be combined with preliminary pointwise decay estimates to deduce upgraded pointwise
decay estimates for the null components of & and its lower-order Lie derivatives.

Proposition 11.5 (Ordinary differential inequalities for o[£ F|, a[LLF], p[£LF], and o [LLF]). Let
% be a solution to the reduced electromagnetic equations (3.7.1b)—(3.7.1¢c), and let «, «, p, and o denote
its Minkowskian null components. Let A &y + %h L L, and assume that |h| 4 |F| < & holds. Then if ¢ is
sufficiently small, the following pointwise estimate holds:

rVAGI S hlaglal + ) e (1 Flan + 1 £5Flaa) + D r T VL hILEF

[]<1 |+ 2]<1
+ Y A+ lgh) A1 Flay + 1£5F | 57)
[7]<1
+ Y (+1g) T VARV R LG F
[ |+ 2|+ 13]<1

+ > A+Igh T VAR T L5
[+ 2|+ 3] <1

+ Y (U+Igh) L FLEF LS F (11.1.12)
[ |+ + 3] <1

Similarly, for each %-multi-index 1, let g[iﬁé@], oz[iEng@?], p[.SEglxg?], and o [58929?] denote the Minkowsk-
ian null components of 58&@. Furthermore, let w (q) be any differentiable function of q. Assume that
|Véh| + |$£IX93| < € holds for |I| < |k/2]. Then if ¢ is sufficiently small, the following pointwise estimates
also hold:
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D VA(re @5 F)| S Y rT e @lhlys |« L5F |+ )Y @' (@)lhlwg | [L5F]
[11<k [11<k 1<k

+ Y w@U+1gD | Vihles|a[L5F)|
1<k, |JI=1

absent ifk <1

+ ) @@ +I1gD T Vihles|al£5F)|
JI1=1, [I=k

absent if k =0

+ Y @@+ gD g |alE5F]
|=<k

absent if k =0

+ Y w@U+gh ViRl |l LR

|1 |+ | <k+1
[I1|<k—1, |L|<k—1

absent ifk =0

+ Y w@r (L Fley + 1 £5F|ga)
[T1<|k]+1

+ > @ +Ig) T VY hI(1LEFlex + L5 Flag)

[ [+ 2| <k+1
+ Y. @@ +r+1g) 7V R
Uil+ 2| <k+1

+ Y w@U I IVERIVERLE S
|11 |+ L+ 3] <k+1

+ Y m@U+lg) VR EES 25
[+ 2|+ 3] <k+1

. > @ (@) + gD LT LEF|LEF),
[ |+ D]+ 13| <k+1

Yo VLl LD S YD T NEEFI A+ Y (gD TV RILE F
[11<k [I<k+1 |11+ 2| <k+1
|| <k

+ S U+1gh T VLRIV R LG F|
[ [+ D+ 3| <k+1

+ Y (gD T IV RIS L
[ |+ 2|+ 3] <k+1

T > (14 gD~ |1 LLF L2 F 1255,
[ [+ |+ 3| <k+1

(11.1.13a)

(11.1.13b)
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YorVLETelER TN S DD rTNEEFI+ YD (I Igh T VL RILRF

1<k [T <k+1 1|+ 12| <k+1
[ |=<k

+ Yo +lg) TNV RIVER|LE T
1|+ + 3] <k+1

+ Z (4 1gD) " VLR LEF|1 25 F|
[ |+ 12|+ 13| <k+1

+ ) (+lgh T LY FLFFILEF, (11.1.13c)
1|+ +13] <k+1

D VLl FN| S Y L (11.1.13d)
||<k [ <k+1

Proof. Our proof of (11.1.12) is based on decomposing the terms in (9.1.8a), where ¢, d=efg,, [ZF], 3”/ = 3"/,
etc., in the equation. We remind the reader that this equation is a consequence of performing a Minkowskian
null decomposition on the electromagnetic equations (3.7.1b)—(3.7.1c). Here, 5" is defined in (3.7.2b).
We begin by noting that the first two terms in (9.1.8a) can be written as r ~'V (ra). We then remove
the dangerous ——h Vo, component from the quadratic term m,,,x@’( %) (h, VF) = def mv)‘h’“‘ V. Fi;. on
the left-hand 31de of (9.1.8a) and add it to the r 'V (ra,) term. From the fact that Var = 1 — %hLL, it
follows that the resulting sum can be written as r=1v, (ray) + %r‘lhugv. We then put the %r‘lhugv
term on the right-hand side of (11.1.12) as the first inhomogeneous term; all the remaining terms in
(9.1.8a) will also be placed on the right-hand side of (11.1.12). The left-over terms in 97’ )(h V%) (after
the dangerous component 1, Via” has been removed) are denoted by 9}’( %) (h, V%) 1n Lemma 11.10
below. Now by (11.2.7g), with X,/ = /hw (so that | X|¢ = 0), it follows that the left-over terms
Xy 9)(% (h, V&) are bounded by the right-hand side of (11.1.12). The terms ¥ p and ¥ o appearing on
the left-hand side of (9.1.8a) (see Remark 9.4) can be bounded by the second term on the right-hand
side of (11.1.12) via Corollary 6.18. The remaining terms in (11.1.12) that need to be bounded can be
expressed as X,/ Q(] ) (h,VF), X, N#ﬂv vaﬁ@”, and X,,/S”/. The first of these can be bounded by
using (11.2.7h) and the third with (11.1.11a) (in the case |/| = 0) while the second (with the help of
Lemma 6.16) contributes to the cubic terms on the right-hand side of (11.1.12).

Our proof of (11.1.13a) is similar but more elaborate. To begin, we differentiate the electromagnetic
equations with the iterated modified Lie derivative SBI to obtain the equations of variation (8.1.1a)—
(8.1.1b) for JP,N def 2 %% v With inhomogeneous terms SV 3(1), where ,3’(,) is defined in (8 1.2b). We
then perform a null decomposition of the equations of variation, obtaining (9.1.8a) with &, = ocv[iffl F,
3"/ dﬁfg(,), etc. Next, we multiply (9.1.8a) by @ (¢), use the identities Var =1— —hLL and Vpag = ——hLL,
and argue as above, removing the dangerous ——h LL VLozv[SB %] component from the quadratlc term
mv,\@(d,) (h, V&L xF) = def mvxh’“‘V %! o Fis and denotlng the remaining terms by l/hw\@(j) (h, V&L % F),
to deduce that w(q)(VLgv[SEéﬂ*] + ;{hLLV;gu[ﬂiéf?] + r o, [$LF]) = r’IVA(raT(q)gu[SBéﬁ]) +
}Tr_lw(q)hLLgv[SBgZGf] + %w’(q)hLLgU[i%@]. The first of these three terms is the only term on the
left-hand side of (11.1.13a) while the last two are brought over to the right-hand side of (11.1.13a). To

bound mw%‘(’}) by the right-hand side of (11.1.13a), we again set X, o My (so that | X|¢ = 0); the



854 JARED SPECK

desired bound then follows from (11.1.11a) and (11.1.11b) together with repeated use of the inequality
|LLF| S N [LEF) + | LEF | x4 |LLF|gg. The terms @ (q) ¥ p[LLF] and w (q) ¥ o [LLF] appearing
on the left-hand side of (9.1.8a) (see Remark 9.4) can be bounded by the seventh sum on the right-hand
side of (11.1.13a) with the help of Corollary 6.18. The remaining three terms on the left-hand side
of (9.1.8a) to be estimated are X, @'y, (h, VLLF), X0, o (h, VELF), and X,y N3P Vs 4 F,;. The
first of these can be bounded by using (11.2.7g) and the second with (11.2.7h) while the third (with the
help of Lemma 6.16) contributes to the cubic terms on the right-hand side of (11.1.12).

The proofs of (11.1.13b)—(11.1.13d), which are based on an analysis of (9.1.8b)—(9.1.8d), are similar
but much simpler. We will provide a brief overview of how to derive (11.1.13b); we then leave the
remaining details to the reader. To begin, as in the previous paragraph, we differentiate the electromagnetic
equations with the iterated modified Lie derivative $I and null-decompose the equations of variation.
We use the same notation as in the previous paragraph and also the notation ¢, &ef av[éﬁl %]. To derive
inequality (11.1.13b), we will manipulate the equation (9.1.8b) satisfied by «,,. First, we rewrite the first
two terms on the left-hand side of (9.1.8b) as r_1VL (ra). This term is the only one that appears on the
left-hand side of (11.1.13b); all other terms are placed on the right-hand side. The only thing that remains
to be discussed is how to bound these other terms from (9.1.8b) by the right-hand side of (11.1.13b).
These terms separate into two classes: the linear terms involving angular derivatives ¥ and the remaining
nonlinear terms. As in the previous paragraph, the linear terms can be suitably bounded by the first sum
on the right-hand side of (11.1.13b) thanks to Corollary 6.18. With the help of Lemma 6.16, the nonlinear
terms can all bounded in the crudest possible fashion by estimates of, e.g., the form

YIVEUVWISU+lgh™ Y IV UIVEVI 0
I71<k || +| 12| <k+1
|1 |<k

The next proposition provides pointwise estimates for the challenging commutator term fJ gvgéh(l) —
V48ghV from the right-hand side of (7.0.1).
Proposition 11.6 (Algebraic estimates of [ g g] [Lindblad and Rodnianski 2010 Proposmon 5.3)).
Let g,., be a Lorentzian metric, h, def v =My, and H*Y d—ef( Dy _ v Let Dg = Dm + HV, V,,
and let I be a ¥-multi-index with 1 < |I|. Let VglZ denote the modified Minkowskian covariant derivative
operator defined in (6.4.1). Assume that there is a constant € such that |Vgéh| < ¢ holds for all %-multi-
indices J satisfying |J| < ||1|/2]. Then if ¢ is sufficiently small, the following pointwise estimate holds:

B, Vsh D = VaBh M S A+ +1gh ™" Y S ViR vy H|
K| JI+(KI-D =]
+(+1gh™ Y Y VSRV Hlgy
K< JI+(K|-D+=[1]
+d+1gh™" > > VY5 h | |Vy H g
K=</ [J[+(K|-D+=|1]-1
++1gh" > > VARV VI H|,  (11.1.15)

IKI<HUT [J71+(KI=D<[[]-2

absentif |I|1 <1lor|K|=

1|
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where (K| — 1)+ ©0if|K| =0and (K| —1)s LK —1if|K| > 1.

Corollary 11.7 (Algebraic estimates of |, VAh V). Assume that R (v =0, 1,2,3) is a solution o
the reduced equation (3.7.1a). Then under the assumptions of Proposition 11.6, we have that

8, Vah ™| < Vahl + Ve Sh Q1+ A+ +1gh™" Y VSR ||VyH|
IKI<[I] |J|+(K|-D4+=|]
++1gh™" Y Yo IVVERONVEHlgy
IKI<[I] [J]+(K|=D4 =]
++1gh™" Y > VY5 R ||V H g
KIS 1K =Dy <IT]-1
+d+1gh™" > > IVVERD|VS H|.  (11.1.16)

IKI<UT [J7+(K[=D=<[[]-2

absent if |I| <1 or |K|=|I|

Proof. Simply use Proposition 7.1 to decompose 3, V4r(1) = %{EYJ - €glzﬁgh(0) + (B, VERD — €glzﬁgh(l))
and apply Proposition 11.6. O

11.2. Null-structure lemmas. In this section, we provide the lemmas that are used in the proofs of
some of the previous propositions. We will make repeated use of the following decompositions of the
Minkowski metric and its inverse:

My = S LuLy — YLy Lo+ s, (11.2.1a)
(m_l)/“w:—%LMLV—%LMLV+7/1MV, (11.2.1b)

where #,,, is the Euclidean first fundamental form of the spheres S, ; defined in (5.1.4b).
We begin with a lemma that shows that the essential algebraic structure of the quadratic terms appearing
on the right-hand sides of the reduced equations (3.7.1a)—(3.7.1c) is preserved under differentiation.

Lemma 11.8 (Leibniz rules for the quadratic terms). Let 20(Vyr, Vx) and 2,,(V, Vx) denote the
standard null forms defined in (3.6.6a)—(3.6.6b), and let 955" (Vh, Vh), 9E" (F, F), P(V,.h, V,h),
(j)(Vh %), 92 1) (h, V%), and 9(2 %) (h, VF) denote the quadratic terms defined in (3.6.5), (3.7.2d),

(3.6.4), (3.7. 3b) (3.7.3¢), and (3.7.2e), respectively. Let I be a %#-multi-index. Then there exist constants
Ayy'88’ 0;yy'88'
CZ,Z);MV S Cll,yI;MV’ C]l,]2, Cg’);th,lz;;w’ C@;Il,lz’ and Ci;11,12 such that

VIl (Vh, VY= Y CT 0, (Y hyy, VYR hsy)

I],Iz,uv
< re8/
R Y 00V VVERsy),  (11.2.22)
||+ | <]
VROE(F T = Y CrpdEP (VT Vi), (11.2.2b)
[ |+ 2] <|1]
I I I
VaP(Vuh, Vo) = > CEYy L PVl h, Vi V), (11.2.2¢)

|+ 2=
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EPlpy (V. F) = Y Coup,Pls (VLG R, LZF), (11.2.2d)
[ +I1]<|1]

Py (W VF) = Y Cio 1y Q0 (L h, VEZF) (1 =1,2). (11.2.2¢)
[ +I1]<|1]

Proof. By pure calculation, if Z € %, then the following identity holds for the standard null form
2wV, Viy):

V22 (V¥, V) = 2,0 (V V2, V) + 2,0 (Y, VVZx)
el 20V, V) = Pe 9, (Vir, V), (11.2.3)

where (Z)c,w is the covariantly constant tensor field defined in (6.2.4). A similar identity holds for the
standard null form 2¢(V, V x). Equation (11.2.2a) now follows inductively from these facts and the
Leibniz rule since Q,(Ll,ih) (Vh, Vh) is a linear combination of standard null forms. Equation (11.2.2¢)
follows similarly. Equation (11.2.2b) follows trivially from definition (3.7.2d) and the Leibniz rule.
Equations (11.2.2d) and (11.2.2¢) follow from (6.3.4b), Lemma 6.8, and the Leibniz rule. Il

The next lemma concerns the null structure of the standard null forms.

Lemma 11.9 (Null structure estimates for the standard null forms). Let 2o(Vyr, Vx) Clif( DA (V) -
(Vix) and 2,,(VY¥, V) def V) (Vo x) — (V) (Vux) denote the standard null forms defined in

(3.6.62)(3.6.6b). Then
120(Vir, VXOI+ 120 (Vi VXOI S IV IV X+ VX IV (11.2.4)

Proof. The estimate (11.2.4) for 9 easily follows from using (11.2.1b) to decompose (m~1)**. To obtain
the estimates for 2,,,(V, V x), we first consider the 2,,,(V, V x) to be components of a 2-covariant
tensor 2(Vyr, V). Inequality (11.2.4) is equivalent to the following inequality:

12(VY, VO lxw S IVUIIVX]+ VXV (11.2.5)

Contracting 2, (Vy/, V x) against frame vectors N*, NV € N, we see that the only component on the
left-hand side of (11.2.5) that could pose any difficulty is L¥L"2,,,(V/, V x). But the antisymmetry of
the 2, (-, -) implies that this component is 0. O

The next lemma addresses the null structure of some of the terms appearing in the reduced equations
(3.7.1a)—(3.7.1c¢).

Lemma 11.10 (Null structure estimates for the reduced equations). Let P (V,I1, V,0), Sl(l h)(Vh, Vh),

91(2 h)(JP 9), 97)“) (h, V&), 9 (1:%) (h, Vd*’) and 92(2 J,)(Vh, %) be the quadratic forms defined in Section

3.7, and define the quadratic form QP( ) (h, VF) by removing the Va"[F]-containing component of
(% (h, VF):

df ’
Pl (h, VF) S Pl (h, VF) — Shpp b Vi Fpy

=P g (h, VF) + zhLLVLle[@]- (11.2.6)
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Let X, be any one-form, let I1,,, and ® ,,, be symmetric type-(g) tensor fields, and let ¥, and §,,, be

two-forms. Then the following pointwise inequalities hold:

1P (VuI1, Vy©)| S [VIT|gn | VOlg

+|[VI|gg|VO| + |IT]|VO|gy  (n,v=0,1,2,3), (11.2.7a)

Z ITENYP(V, 11, V,0)| < |VIT||VE), (11.2.7b)
TeJ, NeN (1:h) — —
25 (VIT, VO)| < [VIT||VE| + VI Ve (u,v=0,1,2,3), (11.2.7¢)
> ATEN" OGP (F. G S (Flaw +1Flaa) 1G]+ 1FI( Gy + [Glaa), (11.2.7d)
TeT, NeN )
o 020 (F, G)| < |F||9) (1, v=0,1,2,3), (11.2.7¢)

| XuP gy (h, VI S IXIRIVF] + X2 (IVF |y + IVFlgg) + X[ [hlgz| VF| 4 | X2 2| VF]

SA+t+1gh™" D IXIA||1%4F|
[11<1

+ (U +1gD ™" D IX IR (L5 F |y + L5 F|55)
[]=<1

+ (U +1gh™" Y 1X 1] pe| L5, F
[1]<1

+ (U +1gh ™" Y 1X g lh L5 F,
[]<1
X, P g (. V) S |X||RIVF] + | X||RI(IVF ox + |V F|g5) + X |2 |h|[VF

SA+t+1gh™" D IXIA|1%4F|
[71<1

+ (U +1gD ™" D IX AL F |y + L5 F|59)
[]=<1

+(+1gh™" Y 1X | lh1L5F,
171=1
1X,20. 1 (h, VP SIXNIRIIVF + XA (IVF | + [ VFlg7)

SU+t+1gh™" Y IXIIAIL;F)
[]<1

+ U+ 1gh™" Y IXNRI(1LEF|ax + |25 F 59),
[71=1
X020, (Vh, F)| < |X||IVAIIF| + | X||VA]|F|y

SU+t+1gh™" Y IXIIVgh||F|
[1]=<1

+ 1+ 1gh) ™" Y IXNVaAI(1F |y + | Flaa).

[7)<1

(11.2.7%)

(11.2.7¢)

(11.2.7h)

(11.2.71)
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Proof. Inequality (11.2.7¢c) follows directly from Lemma 11.9 since SZI(LI{;h) (Vh, Vh) is a linear combination

of standard null forms. Inequality (11.2.7e) is trivial while (11.2.7a), (11.2.7b), and the first inequalities
in (11.2.7d)—(11.2.7i) are straightforward to verify by using (11.2.1a)—(11.2.1b). The second inequalities
in (11.2.7d)—(11.2.71) then follow from the first ones, Lemma 6.16, and Proposition 6.19. Il

The next lemma addresses the null structure of some of the cubic terms on the right-hand side of (12.2.4).

Lemma 11.11 (Null structure estimates for quasilinear wave equations [Lindblad and Rodnianski 2010,
Lemma 4.2]). Let I1 be a type-(g) tensor field, and let ¢ be a scalar function. Then the following
inequalities hold:

T (V) (Va)| S M| VI + T V||V, (11.2.8a)
LTV, S Mg Vol + TV, (11.2.8b)
(VTN V8| S IV gVl + VIT|IVe| + [VIT|| V], (11.2.8¢)
IV, Vgl S 1T | VV | + [V V. (11.2.8d)

The following lemma addresses the null structure of some of the cubic terms on the right-hand side
of (12.2.8):

Lemma 11.12 (Null structure estimates for the terms appearing in the divergence of the electromagnetic
energy currents). Let hy, be a type-(g) tensor field, and let ¥, be a two-form. Then the following
inequalities hold:

|(Vuh" ) F e Foy | S Vhlgs| FI>+ VR F + [ VRIFI(Flay + | Flag), (11.2.92)
(VBT Forl S IVRIF + IVAIIFI(Flex + | Flaa), (11.2.9b)
(VBN F T, | S IV |FI + [ VAIFI(F|ox + | Flga), (11.2.9¢)
\Luh" Fec Fo | S Ihles| T+ [RFI(Flox + [ Flag), (11.2.9d)

|L T For| S RIF ]| Tl (11.2.9¢)

W F ey T, S Rl | F 1P+ RFI(Fly + [ Flga). (11.2.9f)

Proof. It is straightforward to derive inequalities (11.2.9a)-(11.2.9f) by using (11.2.1a). O

12. Weighted energy estimates for the electromagnetic equations of variation and for systems of
nonlinear wave equations in a curved spacetime

In this section, we prove weighted energy estimates for the electromagnetic equations of variation
ViFuw + VT + VT =S (v =0,1,2,3), (12.0.1a)
NG G =8 (v=0,1,2,3). (12.0.1b)

Our estimates complement the weighted energy estimates proved in [Lindblad and Rodnianski 2010] for
the inhomogeneous wave equation
Ogp=1T (12.0.2)
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and for tensorial systems of inhomogeneous wave equations with principal part T,:
O¢bv =T (n,v=0,1,2,3). (12.0.3)

12.1. The energy estimate weight function w(q). As in [Lindblad and Rodnianski 2010], our energy
estimates will involve the weight function w(g) defined by

1+ 2v ifg > 0,
w=w(g)= +( +|q|)_2 1 1= (12.1.1)
I+d+gh™™" ifg <0,
where the constants y and p are subject to the restrictions stated in Section 2.14.
Observe that the following inequalities follow from the definition (12.1.1):
w <41+ gD w < 16p7 (1 +go) MW/, (12.1.2)

where g_ =0ifg >0and g_ = |g| if g <O.

12.2. Weighted energy estimates. We begin by deriving weighted energy estimates for the electro-
magnetic equations of variation.

Lemma 12.1 (Weighted energy estimates for %). Assume that @;w is a solution to the equations of
variation (8.1.1a)—(8.1.1b) corresponding to the background (h,.,, F,.), where h,, def 8uv — Mmy,. Let
q % a[F], p & ol%, and & o o[F] denote the “favorable” Minkowskian null components of F as
defined in Definition 5.9. Assume that |h|+ |F| < . Then if ¢ is sufficiently small and t| < t,, the following
integral inequality holds:

. )
/ 1w (q) d°x +f f (Ia)* + p* +62)w'(q) d*x dt
Etz n T
. t2 . .
< / |F2w(q) d’x +/ / |F0, " |w(q) d°x dt
E’l n X
t2 . . . . . .
+/ /): |—(Vﬂh/"‘)@“@0§ — (VNG Fo + 2 (Vi) Foen T, | w(q) d’x dt
1 T
t2 . . . . . .
+ / /E |L " Foo T + LG Fo, + L0 F o, F " w' (q) d*x de
I3 T
t2 # A’ . . # )" . .
+/ / |(VuNE N T For — 2NNy T |w(q) dx d
131 po
tz . . . .
+/ f |L NP For + LN G Ty [w' (q) dx . (12.2.1)
N po
Proof. It follows from (8.3.2) that, if ¢ is sufficiently small, we have that

HFPw(g) < ), 5 < 1917w (q). (12.2.2)
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From (8.3.3) and the divergence theorem, it follows that
jO S 2, 22 22y 3
/ J(h,@)dx+§[/ w'(@)(|al”+ p"+6°)d°x dt
’ 1 T

2
. t2 . 3
:/ T9.%) d3x—f f w(q)Fo,§" d’x dt
Ell 3] 2:r
tz . . . . . .
— / / W= (V") G T — (VT Ty + L (kT F,1) dx dt

f / W () ~Luh™ Fe Ty — L F* Fo, — AhF, &) dPx dt

- / / w(@{ (VNN F 5 Fo, — LVNE M) T Fs ) dPx do

t2 . . . .
- / f w (O{L NP F o For + AN G, F ) dxdr, (12.2.3)
which, with the help of (12.2.2), implies (12.2.1). O

We now recall the analogous lemma proved in [Lindblad and Rodnianski 2010] for solutions to the
inhomogeneous wave equation in curved spacetime.

Lemma 12.2 (Weighted energy estimates for a scalar wave equation [Lindblad and Rodnianski 2010,
Lemma 6.1]). Assume that the scalar-valued function ¢ is a solution to the equation Tg¢p =T, and let
HW = & (g~ HW — (m~YH*v. Assume that the metric guv is such that |H| < 5. Then

/ |V¢|2w(q)d3x+2/2/ Vo |*w'(q) d’x dt
151 po

iy

15}
54f |Vd)|2w(q)d3x+4f f 13 Vi lw(q) dx dt
) tl Er

1

+4 / />: |(VyH" ) (V3) (Vi) — 3(V, HY)(V3) (Vi) |w(q) dx dT

153 .
+4 / / [(w; HI* — H)(V,$)(Vi9) + H (V39) (V) |w'(q) dx dT. (12.2.4)
n Jx, —m——
L, H**

We now extend the results of the previous lemmas by estimating (under assumptions that are compatible
with our global stability theorem) some of the cubic terms on the right-hand sides of (12.2.1) and (12.2.4).

Proposition 12.3 (Weighted energy estimates for the reduced equations; extension of [Lindblad and
Rodnianski 2010, Proposition 6.2]). Let ¢ be a solution to ﬁgqb = J for the metric g,,, and let
H* def( N — (m~YH Let v and u be positive constants satisfying the restrictions described
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in Section 2.14. Assume that the following pointwise estimates hold for (t, x) € [0, T) x R>:
(I+1gD) " "H| L +|VH| L +IVH| < Ce(1+1+g) 7", (12.2.52)
(A +1lgD  HI+IVH < Ce(l+1+1gD) ™ P +1gh (A +¢9)™",  (12.2.5b)

where g =01ifq > 0and g_ = |q| if ¢ <O0. Then there exists a constant C| > 0 such that, if 0 < e < u/Cy,
then the following integral inequality holds for t € [0, T):

t
VolPw(q) dx + / VolPw'(q) dx d
> 0J%,

t \v/ 2
S/ |V¢|2w(q)d3x+// (C‘il—(M+I’JIIV¢|)w(q)d3xdt. (12.2.6)
2o 0J%, +7

Furthermore, let ?}*W be a solution to the electromagnetic equations of variation (8.1.1a)—(8.1.1b) cor-
responding to the background (h,,, ¥ ,,), where h & 8uv — Myy. Assume that the following pointwise
estimates hold for (t, x) € [0, T) x R3:

(1+1gD) " hleg + |Vhgg + VA +|F| < Ce(1 +141g) 7", (12.2.7a)
(L+ gD~ Al + |V + IVF| < Ce(1 41+ gD (1 +1g) 721 +q)7",  (12.2.7b)

where g— =0ifg>0and q_ = |q| if g <0. Then there exists a constant C| > 0 such that, if 0 <e < u/Cy,
then the following integral inequality holds for t € [0, T):

1
[ 1ru@ds [ [ (56 + 58w drar
% 0J%;

. t @2 t . .
< |@|2w(q)d3x+g// i w(q)d3xdr+// |Foe S lw(q) d>x dr. (12.2.8)
%0 0Jz, 1+7 0/,

Remark 12.4. Proposition 12.3 will not be used until the proof of Theorem 16.1, where it plays a key role;
see Section 16.2. We also remark that the hypotheses of the proposition are implied by the hypotheses of
the theorem; see Section 2.14 and Remark 16.2.

Proof. Inequality (12.2.6) was proved as Proposition 6.2 of [Lindblad and Rodnianski 2010]. The proof
was based on using Lemma 11.11 to estimate the inhomogeneous terms on the right-hand side of (12.2.4).
Rather than reproving this inequality, we only give the proof of (12.2.8), which is based on (12.2.1) and
uses related ideas.

We commence with the proof of (12.2.8), our goal being to deduce suitable pointwise bounds for some
of the terms appearing on the right-hand side of (12.2.1). For the cubic terms, we use Lemma 11.12, the
hypotheses of the proposition, and the inequality |ab| < a® 4 b? to conclude that

|(Vuh")Foe T — (Vb )T Ty + L(V ) F e, F|
S (IVhlgs + [VRDIF + VA FI(F|wy + |Flgg)
Se(l+t+1gD NFP+e( +1gD ' (1 +q) M (1F 5 +1F55)  (12.2.9)
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and
Lyh"™ F e T + L " Fop + An G, 77|
S |hlgglFI? + [RIF|(Fley + | Flgg)
Se+1gD(+1+1gD HFP2 + el +q2) 2 (1F5 +1F155).  (12.2.10)

For the higher-order terms, we use (3.7.2h), the hypotheses of the proposition, and the inequality
lab| < a® + b? to deduce that

(VNN T For — LV NE" M F )T | S (101, PNV R, VF)|)|F

Se(l4+1+1g)7"F? (12.2.11)

and
# Ao . 1 arH#CNKA & - 21012
|L NP G For + AN F ey Fa| S 1(h, 51715

Se(l+ g1 +1+ gD~ HF (12.2.12)
Inserting (12.2.9)—(12.2.12) into the right-hand side of (12.2.1) and using (12.1.2), we have that

t
5 Pw(q) dx + / / (112 + 1F135)w'(q) dx de
> 0J3%;

=2 3 ' |@|2 ) <o WG\
<c | 19 w(q)dx—i—Cls// ( w(q) + (IF1% + 1F134) )dxdr
o oJs N +T 48

t
+Cf/ |Foe &€ |w(q) d>x dr. (12.2.13)
0J%,;

Now if Cie/u is sufficiently small, we can absorb the Ci¢ fot fz,[(@@fﬂ + Iglgjg)w/(q)/u] d>x dt
term on the right-hand side of (12.2.13) into the second term on the left-hand side at the expense of

increasing the constants C. Inequality (12.2.8) thus follows. (|

13. Pointwise decay estimates for wave equations in a curved spacetime

In this section, we state a lemma and a corollary proved in [Lindblad and Rodnianski 2010]. They
allow one to deduce pointwise decay estimates for solutions to inhomogeneous wave equations (e.g., for
the h,,). The main advantage of these estimates is that, if one has good control over the inhomogeneous
terms, then the pointwise decay estimates provided by the lemma and its corollary are improvements
over what can be deduced from the weighted Klainerman—Sobolev inequalities of Proposition B.1. In
particular, the lemma and its corollary play a fundamental role in the proofs of Propositions 15.6 and 15.7.
See the beginning of Section 15 for additional details regarding this improvement.

Remark 13.1. The Faraday tensor analogs of Lemma 13.2 and Corollary 13.3 are contained in the
estimates of Proposition 11.5. More specifically, the analogous inequalities would arise from integrating
(in the direction of the first-order vector field differential operators on the left-hand sides of the inequalities)
the inequalities in the proposition. We will carry out these integrations in Section 15, which will allow
us to derive improved pointwise decay estimates for the lower-order Lie derivatives of the Faraday
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tensor (improved relative to what can be deduced from the weighted Klainerman—Sobolev inequalities of
Proposition B.1).

13.1. The decay estimate weight function w (q). As in [Lindblad and Rodnianski 2010], our decay
estimates will involve the following weight function @ (¢), which is chosen to complement the energy-
estimate weight function w(q) defined in (12.1.1):

(I+gh™  ifg >0,

, 13.1.1
(14 ghH'* ¥ ifg <0, ( )

w=w(q)={

where 0 < < W < % —pand 0 <y <y — 0 are fixed constants. Its complementary role will become
apparent in Section 15.

13.2. Pointwise decay estimates. We now state the lemma concerning pointwise decay estimates for
solutions to inhomogeneous quasilinear wave equations.

Lemma 13.2 (Pointwise decay estimates for solutions to a scalar wave equation [Lindblad and Rodnianski
2010, Lemma 7.1]). Let ¢ be a solution of the scalar wave equation (13.2.1)

Oep =7 (13.2.1)

. . def , _ _
on a curved background with metric g,,,. Assume that the tensor H"" = (g~ H* — (m=1H™ obeys the
following estimates:

o0
|H|<¢, / 4+~ NH@E, )=pydi<j,  and |Hlgg <e'(I+t+1xD7'A+lgh  (13.2.2)
0

in the region

Dy ¥ ix 11/2 < |x| < 21) (13.2.3)

fort € [0, T). Then with ocdéf max (1 +v/, % — W), the following pointwise estimate holds for (t, x) €
[0, T) x R*:

(+1+1ahm @IVl S swp 3l @ Vie (. ->||Loo+/ AT @Vl de
St5t|l|fl T=

t
+f I+l (@)I(t, )lLe(p,) dT
=0

+/_0 Z(l +T)_1||W(Q)Vg§j¢(fs r=m,ydr. (13.2.4)

[7]1<2

We now state the following corollary, which provides similar decay estimates for the null components
of tensorial systems of wave equations:

Corollary 13.3 (Pointwise decay estimates for solutions to a system of tensorial wave equations [Lindblad
and Rodnianski 2010, Corollary 7.2]). Let ¢, be a solution of the system

B¢ buv = Ty (13.2.5)
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. . def , _ _
on a curved background with a metric g,,,. Assume that the tensor H"" = (g7 H"Y — (m~ Y™ obeys the

following estimates:

o0 /
|H|< f U+0) 7 NH(E ) lpydi =6’ and |Hleg < (1+1+1g) ™ (1+lg) (132.6)
0

8/
Za
in the region
def

Dy = {x|t/2 < |x| <2t} (13.2.7)
ort €0, T). Then for any WU,V € {£L, T, N} and with « = max(1 +7v', 5 — W), the following pointwise
[0,T). Th a, Vv e{£, I, N} and with def (1 ’; ", the followi intwi
estimate holds for (t,x) € [0, T) X R3:

(1+1+ 1)@ (@) Vlay S sup Z||ZU(61)V§I£¢(T,’)||L°0+/ ¢ all@ @)V (@, a1~ dT

Ost=t 712

t
+/ I+l (@|3I(T, v llLep,) dT
=0

t
+Y | 0+ o @Vid . i~ de. (132.8)
11<2/7=0

14. Local well-posedness and the continuation principle for the reduced equations

In this short section, we state for convenience a standard proposition concerning local well-posedness and
a continuation principle for the reduced equations (3.7.1a)—(3.7.1c). The continuation principle shows
that a suitable a priori bound on the energy of the solution implies global existence. It therefore plays a
fundamental role in our global stability argument of Section 16.

Proposition 14.1 (Local well-posedness and the continuation principle). Let (hf}g l+=0, ath,(fg lr=0, Fvli=0)

(u,v=0,1,2,3) be initial data for the reduced equations (3.7.1a)—(3.7.1c) constructed from abstract
initial data (Zli.lk), I%jk, 35j, %j) (j, k=1,2,3) on the manifold R3 satisfying the constraints (4.1.1a)—
(4.1.2b) as described in Section 4.2. Assume that the data are asymptotically flat in the sense of (1.0.4a)—
(1.0.4f). Let £ > 4 be an integer, and let Yy > 0 and 1 > 0 be constants satisfying the restrictions stated in
Section 2.14. Assume that E¢.(0) < €, where Ey.y(0) is the norm of the abstract data defined in (10.0.3).
Then if € is sufficiently small,”® these data launch a unique classical solution to the reduced equations
existing on a nontrivial maximal spacetime slab [0, Tmax) X R3. The energy €.y (1) of the solution,
which is defined in (1.2.7), satisfies €;.,,,(0) < € and is continuous on [0, Tmax). Furthermore, either
Tmax = 00, or one of the following two “breakdown” scenarios must occur:

(1) limy7,,, €oy:pn(f) = 00.

(i1) The solution escapes the regime of hyperbolicity of the reduced equations.

Remark 14.2. The classification of the two breakdown scenarios is known as a continuation principle.

29This smallness assumption ensures that the reduced data lie within the regime of hyperbolicity of the reduced equations.
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Remark 14.3. Note that, in order to deduce global existence, Proposition 14.1 shows that it suffices
to derive an a priori bound on €4.y.,.(¢) together with a bound ensuring that the solution remains in
the regime of hyperbolicity. However, our methods do not allow us to derive an a priori bound for
€4:y:u (1) alone; our derivation of upgraded pointwise estimates (see Section 15), which are essential for
our derivation of an a priori energy estimate, requires that we work with €,..,.(¢) for £ > 10.

The main ingredients in the proof of Proposition 14.1 are Lemmas 12.1 and 12.2, which provide
weighted energy estimates for linearized versions of the reduced equations. Based on the availability of
these estimates, the proof is rather standard, and we omit the details. Readers may consult, e.g., [Hormander
1997, Chapter VI; Majda 1984, Chapter 2; Shatah and Struwe 1998, Chapter 5; Sogge 2008, Chapter 1;
Speck 2009b; Taylor 1996, Chapter 16] for details concerning local existence and, e.g., [Hormander 1997,
Chapter VI; Sogge 2008, Chapter 1; Speck 2009a] for the ideas behind the continuation principle.

15. The fundamental energy bootstrap assumption and pointwise decay estimates
for the reduced equations

In this section, we introduce our fundamental bootstrap assumption (15.0.1) for the energy of a solution
to the reduced equations. Under this assumption, we derive a collection of pointwise decay estimates
that will play a crucial role in the proof of Theorem 16.1. In particular, these decay estimates are used to
deduce the factors (14 7)~! and (1 + )"+ in (16.2.10), which are essential for deriving the a priori
energy bound (16.1.8). The decay estimates can be roughly divided into two classes: the weak pointwise
decay estimates and the upgraded pointwise decay estimates. The weak decay estimates are consequences
of the weighted Klainerman—Sobolev inequality (1.2.10). These estimates inherit a loss of approximately
(14 1)® relative to what is needed to prove our main result. We remark that § is a fixed small constant
that is independent of the data while ¢ is connected to the size of the data. The loss comes from the loss
we allow in our energy bootstrap assumption. Roughly speaking, if one tried to prove global stability
using only the weak estimates, then the factors (1 + )"l and (1+ )71+ in (16.2.10) would have to be
replaced with (1 4 )~'*?; this loss of approximately (1 +)® would completely destroy the viability
of our approach. The purpose of the upgraded pointwise decay estimates is precisely to eliminate some
of this loss for the lower-order derivatives of the solution. The upgraded estimates are derived using
the weak estimates and the special structure of the equations in wave coordinates; that is, many of the
estimates we derive in this section rely upon the wave-coordinate condition.

We recall that the spacetime metric g, is split into the pieces g,, = m, + h,(f)v) + h,(fv) and that the
energy €y.y.. (1) (see (1.2.7)) is a functional of (h, F). Our main bootstrap assumption for the energy is

Cryp() <e(1+1)°, (15.0.1)

where £ > 10 is an integer, 0 <y < % is a fixed constant, § is a fixed constant satisfying both 0 < 6 < }l and
0<d<vy,0<p< % is a fixed constant (all of which will be chosen during the proof of Theorem 16.3),
and ¢ is a small positive number whose required smallness is adjusted (as many times as necessary) during
the derivation of our inequalities. With the help of (6.5.22), inequality (15.0.1) implies the following
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more explicit consequence of the energy bootstrap assumption:

S (Jw' @ VI4h DV o+ w4 F 2) < Ce(1+1)°. (15.0.2)
[1]=<¢t

In the remaining estimates in this article, we will also often make the following smallness assumption
on the ADM mass:

M <e. (15.0.3)

15.1. Preliminary (weak) pointwise decay estimates. In this section, we provide some preliminary point-
wise decay estimates that are essentially a consequence of the weighted Klainerman—Sobolev inequalities
of Appendix B. Unlike the upgraded pointwise decay estimates of the next section, these estimates do
not take into account the special structure of the reduced equations under the wave-coordinate condition.

We begin with a simple lemma concerning pointwise decay estimates for the Schwarzschild tail of the
metric and its derivatives.

Lemma 15.1 (Decay estimates for hOY. Let kO pe as in (1.2.1¢), and let I be any V-multi-index. Then
the following pointwise estimate holds for (¢, x) € [0, 00) x R3:

VRO <cMA +1+ g~ HHID, (15.1.1a)

where M is the ADM mass.
Furthermore, if 1 is any V-multi-index and J is any %-multi-index, then the following pointwise
estimate holds for (t, x) € [0, 00) x R3:

\VIVIRO| £ 1 VIVIR O < CMA 41+ |g)) D, (15.1.1b)

Remark 15.2. Since Hg),, = —h's) (where Hy is defined in (11.1.2)), the above estimates also hold if

we replace 10 with Hg).

Proof. The lemma follows from simple computations, the definition (4.2.1) of the cut-off function x, the
definition of 29, and the definitions of the vector fields Z € %. ]

Corollary 15.3 (Weak pointwise decay estimates; slight extension of [Lindblad and Rodnianski 2010,
Corollary 9.4]). Let £ > 10 be an integer. Assume that the abstract initial data are asymptotically
flat in the sense of (1.0.4a)—(1.0.4f), that the ADM mass smallness condition (15.0.3) holds, that the
constraints (4.1.1a)—(4.1.2b) are satisfied, and that the initial data for the reduced system are constructed
from the abstract initial data as described in Section 4.2. Let (g, défmlw + hi?g + h,(},g, F ) be the
corresponding solution to the reduced system (3.7.1a)—(3.7.1c) existing on a slab (t, x) € [0, T) x R3,
where h'V is defined in (1.2.1b). In particular, by Proposition 4.2, the wave-coordinate condition (3.1.1a)
holds for (t, x) € [0, T) x R®. Assume in addition that the pair (h'V, F) satisfies the energy bootstrap
assumption (15.0.1) on the interval [0, T). Then if € is sufficiently small, the following pointwise estimates

hold for (¢, x) € [0, T) x R3:
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Ce(l+1+1g)' A+ +1gh™"™ ifg >0,
Ce(l+t+1g)' A+ +1gh~"?  ifg <0
Ce(l+t+Igh)~ " +1gh)™ ifg >0,
Ce(l+1t+1g)~"(+1gD)'* ifqg <0
VAR + (1 + g VL, F|

Ce(l+t+Ig)~* A +1g)™ ifq >0,
Ce(1+1+1g)*°A+1gD"? ifqg<0

|VVIR D || LLF| < (I <£—=3), (15.1.2a)

VAR D] < (1] <€—=3), (15.1.2b)

=

(I|<t—4). (15.1.2¢)

In addition, the tensor field H(’ﬂ) defined in (11.1.2) satisfies the same estimates as h,(}g Furthermore,

if we make the substitution y — 8 in the above inequalities, then the same estimates hold for the tensor

f def f f
fields 1), oy S RN+, Hoy S —hi0, HP Z (g% — n=)", and Hlj) S HW — HJy.

Proof. This corollary is a slight extension of Corollary 9.4 of [Lindblad and Rodnianski 2010], in which
estimates for /¥ = —H o), 1", and h were proved. The main idea in the proof is to use the weighted
Klainerman—Sobolev estimates of Proposition B.1 under the assumption (15.0.2) together with the decay
(1.0.4¢)—(1.0.4f) of the initial data at spatial infinity and Lemma 15.1. The estimates for & follow in a
straightforward fashion from the arguments of [Lindblad and Rodnianski 2010, Corollary 9.4] while the
estimates for Hj) and H follow from those for /1) and & together with (3.3.11a). O

In the next lemma, we use the weak decay estimates to derive pointwise estimates for the Schwarzschild
tail term Véﬁ gh(o) appearing on the right-hand side of (7.0.1).

Lemma 15.4 (Pointwise decay estimates for Vg’{ﬁ gh(o) [Lindblad and Rodnianski 2010, Lemma 9.9]).
Let h be the Schwarzschild part of h as defined in (1.2.1¢), and assume the hypotheses/conclusions of
Corollary 15.3. Let I be a %-multi-index subject to the restrictions stated below. Then if ¢ is sufficiently
small, the following pointwise estimates hold for (t, x) € [0, T) x R?, where M is the ADM mass:

CMe(1+14|g)™ (1 +1g)™° ifg >0,

|V£{¥jﬁgh(o)| 5{ -3 .
CM+1t+lql) ifg<0

(Il <€-3). (15.1.3a)

Furthermore, the following pointwise estimates also hold for (t, x) € [0, T) x R3:

CMe(1+t+|q)~* ifq>0,

CM+1+1g)~° ifg<0 (I|<€). (15.1.3b)

VaBeh®1<CM ) (1+r+|q|>—3|vg£h<”|+{
IJ1=<I1]

Proof. We first observe that 55,4© = 0,,h© + H*V, V,h©, where O, def (m~1)*V,V, is the

Minkowski wave operator. From (15.1.1b), the definition of h© the Leibniz rule, and the fact that
O, (1/r) =0 for r > 0, it follows that

), (15.1.4)

Vi (H*V V) S MA+1+1g) 7 Y V4 HI, (15.15)
[J1=I1]
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where XO(% <z< %) is the characteristic function of the interval [% %] Furthermore, using H =
—h©@ —p D 1 0%°(|h® 4 1 D)?), we deduce that

Y IViHISe(l+i+1gD ™ + Y IVyhD). (15.1.6)
11=I] MEN

Using (15.1.5), (15.1.6), and the estimate (15.1.2b), we have that

Me(1+1+1gD)™ (1 +1gD™° ifg >0,

If<€-3 15.1.7
Me(l+t+lg) (1 +1g)'2 ifg<o (=670 D

(V4 (H*V, Vih )| < {
and

(V4 (HV VRO S Me(U 4+t +1g) ™+ Me(1+1 +1g) > Z VeV (11 <0). (15.1.8)
[J1=<|1]

Inequalities (15.1.3a) and (15.1.3b) now easily follow from the above estimates. Il

15.2. Initial upgraded pointwise decay estimates for |§£2129?| ¢y and |§E£I,39?|gg. In this section, we prove
some upgraded pointwise decay estimates for the “favorable” components of the lower-order Lie derivatives
of &. Our estimates take into account the special structure revealed by our null decomposition of the
electromagnetic equations of variations, a structure that was captured by Proposition 11.5 and that depends
in part upon the wave-coordinate condition. We remark that in Section 15.3 some of these decay estimates
will be further improved (hence our use of the terminology “initial upgraded” here).

Proposition 15.5 (Initial upgraded pointwise decay estimates for |§BQI£9?| ¢ and |§£912@|3‘g). Assume the
hypotheses/conclusions of Corollary 15.3. Then if ¢ is sufficiently small, the following pointwise estimates

hold for (t,x) € [0, T) x R3:

Ce(l+1 —2+261 —-vy=&6 0,
|§£§9«f|w+|§£§%|gg<{ e+1+lgh™ " (1 +1g) Ta=0" (n<e—a). as21

T Cel+1+1gh (A +1gDV* ifg <0
Proof. Since |§£2’{0}|3N + |§B£I£%|gg| ~ |a[$é£%]| + |p[§££’t@]| + |0[§££’{@]|, it suffices to prove the desired
decay estimates for |a[LLF]|, [o[£LF]|, and |o[£LF]| separately. We provide proof for the null
component 05[589{g %]. The proofs for the components p[éﬁg{ﬁ?ﬂ and o [&Bé@] are similar, and we leave these
details to the reader. Let °Wd§f{(t, x) | |x| =1+¢/2}N{(t, x) | |x] <2t — 1} denote the “wave-zone”
region. Then for (¢, x) ¢ W, we have that 1 + |g| ~ (1 +¢ + |¢g|). Using this fact, for (z, x) ¢ W, we can
bound |a[§£§@]| by the right-hand side of (15.2.1) by using the weak decay estimate (15.1.2a).
We now consider the case (¢, x) € W. Let f o ra[éﬁégg]. Then from (11.1.13b), the fact that
r~(1+t+1q)) = (1 +s+]|gq|) on W, and the weak decay estimates of Corollary 15.3, it follows that
(with 9, defined in Section 2.7)

e(l+s+g)~"2A+ g~ ifg >0,
e(l+s+1g)~"F 21 +g)~1*° ifg <O.

Let (t(g"), y(g')) be the g’-parametrized line segment of constant s and angular values that begins

[0, f (2, %) S { (15.2.2)

at (¢, x) and terminates at the point (#p, xo) lying to the past of (¢, x) and on the boundary of W'. Let g
and s be the null coordinates corresponding to (¢, x). Then the null coordinates corresponding to (#g, xo)
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are go =3 — % and so = s. Integrating the inequality (15.2.2) along this line segment (i.e., integrating dq’),
we have that
q'=s/3-2/3 e(l14+s+ Iq/|)—1+26(1 + |q/|)—1—y—6 ifq’ >0,
FAGEIIBS |f(lo,xo)|+/q,:q {s(1+s+|q’|)_l+5(1 gD if g <0 } dq'

e(l+s) 221+ |g)™° ifg >0,
e(l4+s) (1 +1gD"/*°  ifg <O.

From the facts that ro ~ 1 + |qo| = 1 +to + |q0| = 1 + 50 + |qo| = 1 + s, together with the weak decay
estimate (15.1.2a), it follows that

S| f (o, x0)| + { (15.2.3)

| f(t0, x0)| S e(14s)~ 17V, (15.2.4)

Combining (15.2.3) and (15.2.4), and using the fact that 1 +s ~ 147+ |g|, we deduce that |a[§££§i%(r, x)]|
is bounded from above by the right-hand side of (15.2.1). This completes our proof of (15.2.1) for
the o[<1,F] component. O

15.3. Upgraded pointwise decay estimates for |Véh| and ISBgIz%l and fully upgraded pointwise decay
estimates for |§E§I}f F|lox and |§E§@|gg. In this section, we state two propositions that strengthen some
of the pointwise decay estimates proved in Sections 15.1 and 15.2. Their proofs, which are provided in
Sections 15.4 and 15.5, are based on a careful analysis of the special structure of the reduced equations
and in particular rely upon the decompositions performed in Section 11, which in turn rely in part upon the
wave-coordinate condition. These estimates play a central role in our derivation of the “strong” a priori
energy estimate (16.1.8), which is the main step in the proof of our stability theorem.

Proposition 15.6 (Upgraded pointwise decay estimates for & and certain components of &, Vi, and Vzh;
extension of [Lindblad and Rodnianski 2010, Proposition 10.1]). Assume the hypotheses/conclusions
of Corollary 15.3. In particular, by Proposition 4.2, the wave-coordinate condition (3.1.1a) holds
for (t,x) € [0, T) x R3. Then if  is sufficiently small, for every vector field Z € %, the following pointwise
estimates hold for (t, x) € [0, T) x R3:

Vhigg + [VVghlgy < | CEATIHAD AL ifg >0, (153.12)
7 L= el 414 1g) 20 + 19D ifq <0, o
q q if
Ce(l+1+]g)~! ifqg >0,

hlgg +1Vzhlgy < 15.3.1b
i 1Vz 'ﬂ—{Ce<1+r+| D +1gh 2 ifg <0, (1310

q q q
|Vhlgy < Ce(l+t+|g))~", (15.3.2a)
IVh| < Ce(1+1t+ gD~ ' +1In(1 +1)), (15.3.2b)
1F| < Ce(14+1+g]) " (15.3.3)

Furthermore, the same estimates hold for the tensor fields hf?v), h,gg, H* def (g_1 YW — (m—hr gRY

v 0)°
and H(l).

Proposition 15.7 (Upgraded pointwise decay estimates for the lower-order derivatives of 4 and %; exten-
sion of [Lindblad and Rodnianski 2010, Proposition 10.2]). Under the assumptions of Proposition 15.6,
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let0 <y <y—0and0 <bd < < % be fixed constants. Let I be any %-multi-index subject to the
restrictions stated below. Then there exist constants My and Cy. depending ony', |, and & such that, if &
is sufficiently small, then the following pointwise estimates hold for (t, x) € [0, T) x R3:

IV Vzh V| + | £5F]

Cre(L+1+g)~ M1 +1g)~1™  ifg >0,
Cre(L+1+ g~ M (14 |g) ™V ifg <0
Cre(L+1+1g)~ M1+ gD ifg >0,
Cre(L+1+ g~ M (14 g/ ifg <0
IVVGh D]+ (14 gD IVLLF| + |25 Flay + |15 Flag
Cre(l+1+Ig) Mo (1 +1g)™Y  ifg >0,
Cre(1+1+ g2 Me (14 g2+ ifg <0

=

(Il=k<¢-5), (153.4a)

VAR D] < (I|=k<t-5), (15.3.4b)

=<

((I|=k=<£-6). (15.3.4¢c)

. def def , _ _ .
Furthermore, the same estimates hold for h,, = 8uv — My, and H™Y = (g7H™ — (m~H™ if we

replace vy’ with Myze.

15.4. Proof of Proposition 15.6. We only prove the estimates for 4, and ¥ ,,. The estimates for hf?v),

h,(},z, HM*, H(’(‘);, and H(’f)v follow easily from those for £,,,, (3.3.11a), and Lemma 15.1.

15.4.1. Proofs of (15.3.1a) and (15.3.1b). We will argue as in Lemma 10.4 of [Lindblad and Rodnianski
2010]; we first provide a lemma that establishes a more general version of the desired estimates.

Lemma 15.8 (Pointwise estimates for |[VV.h|ys, |Vih|ge, |VVLh|4g, and |[VAih|¢g [Lindblad and
Rodnianski 2010, Lemma 10.4]). Under the hypotheses of Proposition 15.6, if k < £ — 4 and ¢ is
sufficiently small, then the following pointwise estimates hold for (¢, x) € [0, T') x R3:

Y IVVihlgs+ Y IVVihleg S Y IVVAA]

1<k |J1<k—1 |K|<k-=2
absent if k =0 absent ifk <1
e(l+1+1g) "2 A+1gD~®  ifqg >0,
Cns s (15.4.1)
e(l+1+gD~ 2R A+1g)"*° ifq <0,
=|x|+t
S Wihlsst Y 1Vihler S Y [ IVVERIG+lal- e ox/ixDde
<k |J]<k—1 |K|<k—2 7 @=Ix]
absent ifk =0 absent ifk < 1
1+1¢ -1 ] 0,
{8( Fetlab™ Uars q > (15.4.2)
e(I+t+1g)™ (1 +1ql) ifq <O.

. def , _ _
Furthermore, the same estimates hold for the tensor H"" = (g By _ (m=lymv,

Proof. By Proposition 11.1, we have that

D OIVVhhlgs+ D> IVVihles S Y IVVSRI+ D> IVVyhl+ Y [VLRIIVVER] (154.3)
[1|<k [J]1<k—1 |K|<k—2 [J|<k [ |+ 12| <k

absentif k =0 absentif k <1
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By Corollary 15.3, we have that

SOIVVhI+ > IV RIIVVZh]
[J]<k [ [+ <k - 8(1+t+|q|)—2+25(1+|q|)—26 lfq >0,
~Mle( 41+ g) R+ g ifg <0

Combining (15.4.3) and (15.4.4), we deduce (15.4.1). Inequality (15.4.2) follows from integrating
inequality (15.4.1) for |8qV£1£h| < |va{gh|, q &f |x| — t, along the lines along which the angle w défx/lx|
and the null coordinate s = |x| + ¢ are constant (i.e., integrating dq) and using (15.1.2b) at r = 0.

The proofs of the estimates for H*" follow from the estimates for 4, (3.3.11a), and Corollary 15.3.
This concludes our proof of the lemma. O

(k<t—-4). (154.4)

Having proved the lemma, inequalities (15.3.1a) and (15.3.1b) now follow from inequalities (15.4.1)
and (15.4.2) and the weak decay estimates of Corollary 15.3.

15.4.2. Proof of (15.3.3). Let°Wd=ef{(t, x) | |x]=1+1/2}0{(t, x) | |x| <2t — 1} denote the “wave-zone”

region. Note that r ~ 1+t + |g| =~ 1 4+t + s for (¢, x) € W. Now as in the proof of Proposition 15.5,
inequality (15.3.3) follows from the weak decay estimates of Corollary 15.3 if (¢, x) ¢ W". Furthermore,
we have that |F| &~ |a[F]| + |«[F]| + |p[F]| + |o[F]|, and by Proposition 15.5, inequality (15.3.3) has
already been shown to hold for |«[F]| + |p[F]| + o [F]| = |F|ex + | F|FT.

It remains to prove the desired estimate for |o[% (¢, x)]| under the assumption that (¢, x) € W' To this
end, we use (11.1.12), the weak decay estimates of Corollary 15.3, and Proposition 15.5 to deduce that if
(t, x) € W then

|Va(ralFD| Se+1+1g) > ralF]| +e(l +1 +|g)) 2+, (15.4.5)

where A Ly + %h rrL. Let (t(}), y(X)) be the integral curve’? of the vector field A passing through the
point (¢, x) = (7 (X1), y(A1)) € W. By the already-proved smallness estimate (15.3.1b) for /1, every such
integral curve must intersect the boundary of W at a point (#g, xg) = (t(Xo), ¥(Xo)) to the past of (¢, x).
Furthermore, by (15.3.1b) again, we have that fl—; ~ 1 along the integral curves, and for all (t, y) € W', we
have that |y|~t~1+|t|~ 14+ |7|+||y| — 7|. We now set f(A) o Hy()»)lgt[@?(r(k), y(1))]|, integrate
inequality (15.4.5) along the integral curve (which is contained in W), use the assumption 0 < & < ‘l‘, and
change variables so that 7 is the integration variable to obtain

f@) f (ko) i i
=A1 =A1
[ra[F1(@t, x)| < |r0g[@(to,xo)]|+c3/ [1+r(x)]2+35d/\+08/ [T+ F (L) da
A=A A=A
=t ’ =t ’
5C8+C8/ (1+r)_2+35dr+C£/ (1+r)_3/2+5f(kor)dr
T=l) T=lp
=t
§C8+C8f 1+1)3* P f(ho1)dr, (15.4.6)
=0

30By integral curve, we mean the solution to the ODE system Z—X = A0z, y) and % =Al(z, y) (j =1, 2, 3) passing

through the point (¢, x) at parameter value A = A.
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where we have used (15.1.2a) to obtain the bound |roa[F (29, x0)]| < Ce for the point (¢, xo) lying on
the boundary of W'. Applying Gronwall’s lemma to (15.4.6), we deduce that

T=t
[ra[F(t, x)]| < Ce eXp(CS/ (1+ r)3/2+5dr> <Ce, (15.4.7)
T

=l

from which it trivially follows that
|a[F(t, x)]| < Cer™' < Ce(1+1+]g)" (15.4.8)
as desired.

15.4.3. Proofs of (15.3.2a) and (15.3.2b). In the next two lemmas, we will use the fact that the tensor
field h,, def guv — My, 1s a solution to the system

ﬁgh,w =, (15.4.9)
where the inhomogeneous term §),,,, is defined in (3.7.2a).

Lemma 15.9 (Pointwise estimates for the §),,, inhomogeneities; extension of [Lindblad and Rodnianski
2010, Lemma 10.5]). Suppose that the assumptions of Proposition 15.6 hold. Then if € is sufficiently
small, the following pointwise estimates hold for (t, x) € [0, T) x R3:

19lgx < Ce(L41+|g)) /> Vh| + Ce(1 +1 + |q))~/*+°, (15.4.10a)
9] < Ce(1+1+ |q)) >\ V| + C|Vh|5  + Ce2 (A + 1+ |q) 2. (15.4.10b)

Proof. Lemma 15.9 follows from Proposition 11.3, Corollary 15.3, Proposition 15.5, the already-proved
estimate (15.3.3), and the assumption 0 < 6 < i. Il

Lemma 15.10 (Integral inequalities for |Vh|gy and |Vh[; extension of [Lindblad and Rodnianski 2010,
Lemma 10.6]). Suppose that the assumptions of Proposition 15.6 hold. Then if ¢ is sufficiently small, the
following integral inequalities hold for t € [0, T'):

t
(L+OIVhlgx(t, )= < Ce +Ce/ (1+7)" 2| Vh(z, )| 1= d, (15.4.11a)
0
t
(14+0)||VA@E, )|~ < Ce+ Ce*In(1 +1) +C8/ (A +1)" V2 Vh(z, )|~ dT
0

t
+C8/ 4+ D)[|VAZ (T, )|z~ dr. (154.11b)
0

Proof. We first observe that (15.1.2b) and (15.3.1b) (the version for the tensor H) imply that the hypotheses

of Lemma 13.2 and Corollary 13.3 hold. Therefore, using the lemma and the corollary with @ (q) ey

and o & 0, and noting that h,, satisfies the system (15.4.9), we have that

t
(1+0)|Vhlgy S sup E ||Véh(f,-)||m+f (I +DHlgxllLem,) dT
=0

0§f§t|1‘<1
= t

+ > A+ VR, dT. (154.12)
1rj<277=0
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Using (15.1.2b) (the version for the tensor /), we estimate the first and third terms on the right-hand side
of (15.4.12) as follows:

sup Y |[Vih(z, )1~ < Ce. (15.4.13)
0=T=" 111
t o0
Z (1 +0) ' IVahl L=, dT < Cs/ (1+1)73* g < Ce. (15.4.14)
n<277=0 =0

To estimate the second term, we use (15.4.10a) to conclude that for x € D, we have that
A +0)|9]gx < Ce(1+1)"V2|Vh| + Ce(1 1) 73/, (15.4.15)

Inequality (15.4.11a) now follows from (15.4.12)~(15.4.15) and the fact that Ce [, (1+1)"¥/** dt < Ce.
Inequality (15.4.11b) can be obtained in a similar fashion by using (15.4.10b). O

To finish the proof of Proposition 15.6, we will apply the following Gronwall-type inequality:

Lemma 15.11 (Gronwall-type inequality; slight modification of [Lindblad and Rodnianski 2010, Lemma
10.7]). Assume that the continuous functions b(t) > 0 and c(t) > 0 satisfy

b(t) <Ce+ CS/ (14 17)" "% () dr, (15.4.16a)
0

c(t) < Ce + Cszln(l—i-t)—l-Ce/ (1+r)_1_“c(r)dr+C/ 1 +1)" (1) dr (15.4.16b)
0 0

for some positive constants a and C such that ¢ < a/4C and ¢ < 2a/(1 +4C?). Then

b(t) <2Ce, (15.4.17a)
c(t) <2Ce(1+aln(1+1)). (15.4.17b)

Proof. We slightly modify the proof of [Lindblad and Rodnianski 2010, Lemma 10.7]. Let T be the largest
time such that the bounds (15.4.17a)—(15.4.17b) hold. Then inserting these bounds into the inequalities
(15.4.16a2)—(15.4.16b) and using the bound (and the change of variables z & aln(l+ 1))

o0

o0
/ (1+t)_1_“(1+aln(l+t))dr=a_1/ e “(1+z)dz=2a"", (15.4.18)
=0 z=0

we deduce that the following inequalities hold for ¢ € [0, T']:

b(t) < Ce(1+4Cea") < 2Ce, (15.4.19)
c(t) < Ce(14+4Cea™" 4+ (14+4C*HeIn(1 +1)) <2Ce(1 +aln(l+1)). (15.4.20)

Since the above inequalities are a strict improvement of the assumed bounds (15.4.17a)—(15.4.17b), we
thus conclude that 7 = oo. O

To complete the proofs of (15.3.2a) and (15.3.2b), we apply Lemmas 15.10 and 15.11 with b(¢) &

A+ Vhlgy(t, )|~ and c(t) &f A+ 0| Vh(, -)||Le. This implies (15.3.2a) and (15.3.2b) with
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(1+41) in place of (1 4+t +|gq|). The additional decay in |g| in (15.3.2a) and (15.3.2b) follows directly
from (15.1.2a) (the version for the tensor A). O

15.5. Proof of Proposition 15.7. We will prove the proposition using a series of inductive steps. We only
prove the estimates for h,(},f and ¥,,,. The estimates for s, and H"" follow easily from those for hl(},f,
(3.3.11a), and Lemma 15.1. We first prove a technical lemma that will be used during the proof of the

proposition.

Lemma 15.12 (Pointwise estimates for the |V§5§| inhomogeneities). Suppose that the hypotheses of
Proposition 15.6 hold, and let §),,,, be the inhomogeneous term on the right-hand side of the reduced
equation (3.7.1a). Then if I is any %#-multi-index with |I| < €, the following pointwise estimates hold for
(t,x) € [0,T) x R*:

Va9l <Ce Y (41 +1gh " (IVV4h"| + |V Fl)

[J1=<II|

+C Y (VSR 128 F) (IVVERD | + L2 F)) + Ce2(L+ 1 +1g) ™ (155.1)
[T1]+112|<|]]

] 2|<1]-1

Proof. Lemma 15.12 follows from (11.1.5c), Lemma 15.1, the weak decay estimates of Corollary 15.3,
(15.3.2a), (15.3.3), and the assumption that 0 < 6 < }1. We remark that the Ce?(1+1 + |g|)~* term arises
from the estimate |[VV4 A @ [|VV2h Q| < Ce2(1 41+ g~ O

We are now ready for the proof of Proposition 15.7. To prove (15.3.4a)—(15.3.4c), we will argue
inductively, using the inequalities in the case |/| < k to deduce that they hold in the case || =k + 1. We
also remark that the base case k = 0 is covered by our argument.

Induction Step 1: Upgraded pointwise decay estimates for |Véh|;g§£ for |l =k+ 1 and |V££h|§£g for
|J| = k. As a first step, we will use the wave-coordinate condition to upgrade the estimates for |V£§h| PP
for [I| =k+ 1 and |V9§h| g for |J| = k. To this end, we appeal to inequality (15.4.2), using inequality
(15.3.4a) for h under the induction hypothesis to bound the integrand and thereby concluding that

1 —1+Mj_1¢ 1 —Mj_1¢ if
{8( +1+1q0) (I+1gD ifg >0, (155.2)

Vihles+ Y |Vihleg S ,
Z Vehlsee Z| Zx |27 S e(1+t+|q|)_1+M"*1‘9(1+|q|)1/2+” ifg <0.

[|=k+1 |J]=k

In the above estimates, the constant |’ is subject to the restrictions stated in the hypotheses of Proposition
15.7. Furthermore, since H*" = —h*” 4+ 0 (|h|?), (15.1.2b) implies that the same estimates hold for
the tensor H.

Induction Step 2: Upgraded pointwise decay estimates for |QZ£’{@| and |I| =k+ 1. Let W dof {(z, x) |

x| >1+1¢/2}N0{(t, x) | |x] <2t — 1} denote the “wave-zone” region. Then for (¢, x) ¢ W', we have that
1+ |g| ~ 141+ |q|. Using this fact, we see that for (¢, x) ¢ W the weak decay estimate (15.1.2a) implies
that inequality (15.3.4a) holds for |£££I{@| in the case |I| = k + 1. Furthermore, by Proposition 15.5, the
inequality (15.3.4a) holds for the null components |a[£L F]|, | p[LLF]|, and |0 [LLF]| when |I| =k + 1.
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It remains to consider |g[$£’£‘§(t, x)]| in the case (¢, x) € W. Note that r 1 +1 + |g| =~ 1+t + s for
(t, x) € W. We will make use of the weight @ (¢) defined in (13.1.1). From (11.1.13a), Corollary 15.3
(the version for the tensor field &), Proposition 15.5, (15.3.1b), (15.3.3), the induction hypothesis, and
(15.5.2), it follows that

Y IVara @al5F))| < Ce(+1+1g) ™" Y |ro(@al5F|

|1)<k+1 |1 <k+1
+Ce(1+1+|g) "M +Ce?A +1+ g1, (15.5.3)

where 0 < a < min{y — 8,y — 86—’} is a fixed constant and A ey + %h L. Note the importance of
the independent estimate (15.3.1b) for bounding the second, fourth, and fifth sums on the right-hand side
of (11.1.13a) and of the independent estimate (15.5.2) (in the case |/| = k + 1) for bounding the third
sum on the right-hand side of (11.1.13a).

Let (r (1), y(A)) be the integral curve (as defined in Section 15.4.2) of the vector field A passing through
the point (¢, x) = (t(X1), y(A1)) € W. By the inequality (15.3.1b) for iy, every such integral curve
must intersect the boundary of W at a point (¢y, xo) = (t(ro), y(Xo)) lying to the past of (¢, x). Using
(15.3.1b) again, we have that d’ ~ 1 along the integral curves, and in the entire region W', we have that
|y|~r~1+|r|~1+|r|+||y|—r| We define f (%) defz|,|<k+1||y<x)|w<q(x>)a[s£’9«*<r<x) yoll,
where q()») |y(k)| — 1(A). Note that f(A;) = Z|1‘<k+1|rw(q)a[§£l F]|, where g = q()»l) =|x|—1t
while the weak decay estimate (15.1.2a) implies that f(Ag) < Ce. Integrating inequality (15.5.3) and
changing variables so that t is the integration variable, we have that

A=A
FOu) < FGro) +Ce f [+ 701! () da
— A=Ao
FO0) r=h A=h
+Ce / [1+7)]" M gr+ Ce? / [1+7(0)]~FCan
A=Ao A=Ao
=t
§Ce(1+t)C€+C8f A+1) "' f(hor)dr. (15.5.4)
=0
Applying Gronwall’s inequality to (15.5.4), we have that
C = 1
. _
fhot)<Ce(l+1) exp(Cs /T:m (I1+4+1) dt)
M < ce(1 +0)%C, (15.5.5)
from which it easily follows that for (¢, x) € W we have that
> el F| < Ce(l+ ) w7 (g). (15.5.6)

[T1<k+1

Combining (15.5.6) and the previous arguments covering (¢, x) ¢ W and the other null components
of Sig’{%, we have shown that the estimate (15.3.4a) holds for |$£12% in the case |[I| =k + 1.
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Final Induction Step: Upgraded pointwise decay estimates for IVVéhI and |V£§jh| (|I| =k+1). Our first
goal is to prove the following estimate in the case [I| =k + 1:

e2(1+1+ g~ (1 +1gh~° ifg >0,

~ 15.(1) -1 K1)
B, Vih Pl Se D A+i+1gh ' VSR |+{8(1+t+|q|)3 ifg <0

K</

2(L+1+g)22Me (1 +1g)~17Y  if g >0,
2 —242M, 1240 (1557)
e=(1+1+lql) (14 |gh)TA ifg <O,
To prove (15.5.7), we first recall Corollary 11.7, which states that
B VARV S VA1 + (VAR + A+t +1gD ™" Y > IvVERY VS|
IKI<|I] |JI+(K]=1)+ <]
+A+1gh™ Y S VVERYViHIze (1558
KIS [J+(K =D+ <|]]
+A+1gh™" Y Yo IVVERONVS Hlgg
K| |V ]+(K]=D+<[1]-1
+A+1gh™ Y 3> \VVEROVY HI,  (15.5.9)

IKI<IT |77+ K]=D4=|1]-2

absentif |[7| < 1 or |K|=|I|

where (K| — 1), L 0if |[K|=0and (K| — 1)s & |K| — 1if [K| > 1. We first bound the terms from line

(15.5.8) onwards, considering separately the cases |K | < |/| and |K|=|I|=k+1. For |K|<|I|=k+1, we
use (15.5.2) (for the tensor field H) and (15.3.4b) (for the tensor field H) under the induction hypotheses
to conclude that

A+1gh™" DY (IVyHlss + V4 Hlgg + V5 H)

|]|};|];J]:1 < e(l4+r+ |Q|)_1+Mk8(1 + |Q|)_1_Mk€, ifq >0, (15.5.10)
12kt ~le@+r+1gh M1+ gV if g <0,

Also using (15.3.4a) under the induction hypotheses to bound |VV£I§ hD|, we deduce that all of the terms
from line (15.5.8) onwards in the case |K| < |I| can be bounded by the last term on the right-hand side
of (15.5.7).

We now consider the case |K| = |I| =k + 1. Since |J| < 1 and |J’| = 0 in this case, we can use
(15.3.1b) (for the tensor field H) to deduce the bound

<1+|q|>—12<|vvg§h<”|( > IViHlge+ > |vg’H|$g>)

IK =11 JI+(K =D <1 ' 1+(K =Dy <[I]-1

Se Y (+t+1gh) ' IVVERD) (155.11)
IKI=I1|

Thus, all of the terms from line (15.5.8) onwards in the case |K| = |I| = k + 1 can be bounded by the
first term on the right-hand side of (15.5.7).
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With the help of Corollary 15.3 (the version for the tensor field H), the

A+i+1gh™" > Y. IVaHIVVERD)
IK|<|I| [J|+(K|-D+=<(1]

sum on the right-hand side of (15.5.9) can be bounded by the first sum on the right-hand side of (15.5.7).
For the ﬁéﬁ gh(O)I term from the right-hand side of (15.5.9), we simply use Lemma 15.4, which shows
that ﬁéﬁ gh(0)| is bounded by the next-to-last term on the right-hand side of (15.5.7).
To bound the |Vg’£.6| term from the right-hand side of (15.5.9), we apply Lemma 15.12. Using the
already-proved upgraded estimates for |§E§9?| (1] < k+ 1), we see that the first and third sums from the
right-hand side of (15.5.1) are bounded by the right-hand side of (15.5.7). The second sum

Z (IVVg RV +125F) (IVVE RV | + 125 7))

[J|+IK|<|1]|
JI=IKI<|1]

from the right-hand side of (15.5.1) can be bounded by the last term on the right-hand side of (15.5.7)
by using the induction hypotheses since |J| < |K| < k. This completes the proof of (15.5.7) in the case
of |I|=k+1.

To obtain the desired upgraded pointwise estimate for |VVEI£h(1) [, we will estimate the quantity

def
= A+ Y |o@VVgh @ )|, . (15.5.12)
[I|<k+1

where @ (¢q) is the weight defined in (13.1.1). Our goal is to use Lemma 13.2 with ¢ def Vglzh,(ilg to obtain
an integral inequality for nx4(¢) that is amenable to Gronwall’s inequality. We begin by estimating the
terms on the right-hand side of (13.2.8). First, with a def min(i — 8,y — & —7v’) > 0, by the weak decay
estimate (15.1.2b), we have that

e(l+1+1g)7 A+ g™y ifg >0,

IIUIES ,
T@OVIHTIS e 1197430 +1g) ™ ifg <0

}58(1+t)‘” (I1<£-3). (15.5.13)

This will serve as a suitable bound for estimating the first and fourth sums on the right-hand side of (13.2.8).
Next, using (15.5.7) and the definition (15.5.12), we deduce the following pointwise estimate:

o (@I VER V| < A+ 072 (enigr + 21+ 1) M8 4 g (1 41)71/27W). (15.5.14)

This will serve as a suitable bound for estimating the third sum on the right-hand side of (13.2.8).
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We now apply Lemma 13.2, using (15.5.13), (15.5.14), and the assumption k+1 < £ —5 to deduce that

n1 () <C sup Y @@ VaehP ()|

O=T=t | 11<k+2

t
+C ) /8”w(q)VVéh(l)(f,-)HLoodt
11]<k+1Y0

t
+C ¥ [+ 0lo @B 1w g, d
11]<k+1Y0

t
+C ) / 1+ o @VihO @ ) | e, 4T
1) <k+3 70

t
§C8(1+t)“+C/ A+ 1) lengp(r)dt
0

t
+C/ A+ YA+ +e(l+1) W +e(l+1) ™} dr
0
t
§C8+C8(1+Z‘)C8+C8/ 1+ 1) gy () dr. (15.5.15)
0

From (15.5.15) and Gronwall’s inequality, we conclude that ny;(f) <2Ce(1 + 1)>¢¢, which proves
(15.3.4a) in the case |I| = k 4+ 1. As in our proof of Lemma 15.8, the estimate (15.3.4b) follows
from integrating the bound for |9, V4h"| implied by (15.3.4a) along the line w & 4 /lx| = constant and
t + |x| = constant, from the hyperplane + = 0, and using (15.1.2b) at r = 0. This closes the induction
argument. We have completed the proof of Proposition 15.7 with the exception of showing that inequality
(15.3.4¢) holds for [VVLAD |, |VLLF|, |LLF |4y, and |LLF |5, where |I| < €—6. In the next paragraph,
we address these inequalities using an argument that is not part of the induction process.

Upgraded pointwise decay estimates for WVéh(l)l, WSBQI,;@?I, Iéfgl,jg?lgm, and |$§’£9?|gg (1] < € —06).
We first note that inequality (15.3.4¢) for [VVLhD| and [VLLF| follows from Lemma 6.16, (6.5.22),
(15.3.4a), and (15.3.4b).

We now focus on proving the estimate (15.3.4c) for |$§1{9;|§£N and |§Eé%lgg in (15.3.4c); all of the
other estimates of Proposition 15.7 have already been proved. Recall that |.§££’£@| pN + |£££’£9?|gg %
| [LLF1| + | p[LLFN| + 1o [LLF]]. We will prove the desired estimate for [o[£%F]| in detail; the proofs
for | p[&‘fg’{@]l and |0[$§@]| are similar.

Our proof mirrors the proof of Proposition 15.5 except that we now are able to use the already-proved
upgraded estimates of Proposition 15.7 in place of the weak decay estimates of Corollary 15.3. We will
use the notation defined in the proof of Proposition 15.5. With the help of the upgraded pointwise decay
estimates (15.3.4a) and (15.3.4b) (including the versions for the tensor field & = hO 4 pMy, inequality
(15.2.2) for f(t, x) dof ra[LL%F(t, x)] can be upgraded to

Cre(1+5)" 41 +1g)~"7Y  if g >0,

/ I|<t¢-06). 15.5.16
Cre(1+5)" A4 |g)~12H if g <0 (171 = ) ( )

|aqf(t’x)| = {
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Arguing as in the proof of Proposition 15.5, and using in particular (15.2.4), we deduce from (15.5.16) that

>0
[ra[£5F @, x)1| < Ce(1 +5)7 1700

{ckgu+s)—1+06(1+|q’|)—V’ ifg' >0,

/ I|<£-6), (155.17
Ck{-,‘(l—|—s)—1+C£(1+|q/|)1/2+u ifq/<0 (l |_ ) ( )

from which it easily follows that

Cre(l+1+ g~ +1gh™Y  ifg >0,

4 1| <£—-06). 15.5.18
Ck8(1 +t4+ |q|)—2+C8(1 + |q|)1/2+p. ifq <0 (l | = ) ( )

|a[L5F (2, x)]| < {
We have thus obtained the desired bound (15.3.4¢) for |a[§£§@]|. O

16. Global existence and stability

In this section, we prove our main stability results. We separate our results into two theorems. The main
conclusions are proved in Theorem 16.3, which is an easy consequence of Theorem 16.1. Theorem 16.1,
which concerns the reduced equations (3.7.1a)—(3.7.1c), contains the crux of our bootstrap argument.
In this theorem, we make certain assumptions concerning the smallness of the abstract initial data and
various pointwise decay estimates for the solution on a local interval of existence [0, 7). We then use
these assumptions to derive a “strong” a priori estimate for the energy €.y.,.(¢) of the reduced solution on
the same interval [0, T'). Furthermore, in Section 15, the pointwise decay assumptions of Theorem 16.1
were shown to be automatic consequences of the smallness assumptions on the data and the “weak”
bootstrap assumption (15.0.1) for €,..,.(¢) as long as £ > 10. Consequently, in our proof of Theorem 16.3,
we will be able to appeal to the continuation principle of Proposition 14.1 to conclude that the solution to
the reduced equation exists globally in time. Furthermore, this line of reasoning leads to an estimate on
the size of €y..,.(t), which can be used to deduce various decay estimates for the global solution. The
wave-coordinate condition plays a central role in many of the estimates in this section.

16.1. Statement of the strong-a priori-energy-estimate theorem and proof of the global stability theo-
rem. We begin by recalling that the norm E,.. (0) > O of the abstract initial data is

2 def 2 (1) 12 S 112 ) %2
EL, O ENTAOI, IR, I, +IBI, (16.1.1)
We furthermore recall that the energy €..,.(#) > 0 of the reduced solution is

def
€yu () = sup Zf (IVVERD ) + 12551 w(g) dx. (16.1.2)

0<t<t 1<t ho

In the above expressions, the weight function w(g) and its derivative w’(q) are
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1 1 142y if
w=w(q)d§f{ +Hlg) T g >0, (16.1.3a)
1+ +|g])~* ifg <O,
1+2y)1 v oif
w'(q) = (1+2y)( J_rzlq_l? % q >0, (16.1.3b)
2u+1[gh~* if g <0.

The constants 1 and y are subject to the restrictions summarized in Section 2.14. The spacetime metric is
split into the three pieces

8uv =myy +h) +h), (16.1.4a)
r 2M
(D) = x(;)x(r)Té,w, (16.1.4b)

where the cut-off function y is defined in (4.2.1). Furthermore, by Proposition 10.4, if ¢ is sufficiently
small and Ey.,(0) + M < ¢, then the initial energy for the reduced solution satisfies

Cryn(0) S Egy(0)+ M Se. (16.1.5)

We now state our technical theorem concerning the derivation of a “strong” a priori energy estimate.

The proof will be provided in Section 16.2. ™
Theorem 16.1 (Derivation of a strong a priori energy estimate). Let (g, & my, + hf?v) + h,&lg, Fuv) bea

local-in-time solution of the reduced equations (3.7.1a)—(3.7.1¢) satisfying the wave-coordinate condition
(3.1.1a) for (t,x) € [0, T) x R3. Let £ > 0 be an integer. Suppose also that, for some constants ' and y
satisfying 0 < | < % and ) <vy < %,for all vector fields Z € %, for all #-multi-indices I subject to the
restrictions stated below, and for the sets £ = {L}, T ={L, e;, ex},and N ={L, L, ey, e}, the following
pointwise decay estimates hold for (t, x) € [0, T) x R3:

A+ 1gD ™ Nhleg + (1 + gD~ Vzhleg + | Vhlgy +|F < Ce(1+1+1g) 7", (16.1.6a)
(1 +1g) ™" IV3h] + 1V Vih] + | £5F|

Ce(I+1+1g)™ T U+1gh)~""  ifg >0,
Ce(l+1+Ig) (A +1g) > ifqg <0
IVVah| 4+ (1 + gD IVLLF| + | 85F |95 + |£5F |59
Ce(1+1+1g)*TC U +1g)  ifg >0,
Ce(l+1+g) (1 +1gD'*™ ifg <0

=

(I1<1€/2]), (16.1.6b)

=

(71 =< 1£/2]). (16.1.6¢c)

In addition, assume that the following smallness conditions on the abstract initial data and ADM mass hold:
Epy(0)+ M <é. (16.1.7)

Then for any constant | satisfying 0 < 1 < % — W, there exist positive constants &g, ¢y, and ¢; depending
ont, u, W, andy such that, if & < e < g, then the following energy inequality holds fort € [0, T):

Coryp(t) < ce@+ &)1+ 07", (16.1.8)



STABILITY OF THE MINKOWSKI SPACETIME SOLUTION TO THE EINSTEIN-NONLINEAR EM SYSTEM 881

Remark 16.2. By Lemma 15.1, the decompositions 7 = 4©® + h) and H = Hqy + Hqy (where
H™ E (g7 1y — (m~")#), and the fact that H/j) = —hD + 0=(1h® + hDP), it follows that the

estimates stated in the assumptions of the theorem also hold if we replace i with 1%, Hg), AV, or Hy).
We now state and (using the results of Theorem 16.1) prove our main global stability theorem.

Theorem 16.3 (Global stability of the Minkowski spacetime solution). Let (3% = 8;x +h') + A’}
I%jk, ﬁj, ’%j) (j, k = 1,2, 3) be abstract initial data on the manifold R3 for the Einstein-nonlinear
electromagnetic system (1.0.1a)—(1.0.1c) that satisfy the constraints (4.1.1a)—(4.1.2b), and let (g, |i=0 =
M + i li=0 + kil =0, diguuvli=0 = dihili=0 + i hfidli=0, Fuvli=0) (1, v =0, 1,2, 3) be the corre-
sponding initial data for the reduced system (3.7.1a)—(3.7.1c) as defined in Section 4.2. Assume that the
abstract initial data are asymptotically flat in the sense that (1.0.4a)—(1.0.4f) hold. Let £ > 10 be an integer,
andlet) <vy < % be a fixed constant. Let Ey.,(0) be the norm of the abstract data given in (16.1.1), and
let M be the ADM mass corresponding to the abstract data. Then there exists a constant ¢ > 0 depending
ony and £ such that, if ¢ < ¢ and if

Epy(0)+M <e, (16.1.9)

. . , def ,
then the reduced data launch a unique, classical solution (g, = m ., + h,(?U) + h,(}U) F ) that exists

for (t, x) € (—o0 X 00) X R3. The solution satisfies both?! the reduced system (3.7.1a)—(3.7.1c) and the
Einstein-nonlinear electromagnetic system (1.0.1a)—(1.0.1c), and the spacetime (R13, &) is geodesically

complete. In addition, the coordinates (t, x) form a global system of wave coordinates. Furthermore,

there exists a constant 0 < 1L < % (see Remark 1.2), and constants ¢y > 0 and ¢y > 0 depending on y

and £, such that the solution’s energy (16.1.2) satisfies the following bound for all t € (—00, 00):
Eery(1) < coe(L+ 1D (16.1.10)

In addition, there exists a constant Cy > 0 depending on y and £ such that the following pointwise
decay estimates hold for all (t, x) € (—00, 00) X R3:
A+ el +1gD" (1 +1gD) 72 1h P leg + A+ 111+ gD = A +1gD V2R Vg
+ A+ + gD = A+ g™ IVA D |95 + A+ 1t + 1) = A+ 1g)) IV VAP |4y
+IVAD |gx + {1 +1In(1 + 1D} VAP | + 7|
< Cee(1+1t|+1gh7", (16.1.11a)
(1 +1gD) " Vgh V| + 1V Vah D | + |55
Cee(1+t|+ g~ oA+ gD~ ifg >0,
{Cw(l + e+ 1gh ™A+ gDV ifg <0
IVVzh D1+ (1 + g DIVLEF| + | 85F 9 + |L5F |55
< {Cw(l +1el+1g) 2 1+ 1gh ™ ifg > 0,
| Cee+ 11+ gD THEEA + gDV ifg <O

<

(1| <€—=3), (16.1.11b)

(Il<€—4). (16.1.11c)

3lof course, we technically mean here that the pair (h,(}‘g Fuv) is a solution to the version (3.7.1a)—(3.7.1c) of the reduced
equations while the pair (g, %) is a solution to (1.0.1a)—(1.0.1c¢).
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Remark 16.4. Some of the (1+ |g|)-decay estimates in inequalities (16.1.11a)—(16.1.11c) are not optimal
and can be improved with additional work. For example, in [Lindblad and Rodnianski 2010, Section 16],
with the help of the fundamental solution of the Minkowski wave operator 0O,,, the (1 + |¢g|)-decay
estimates (16.1.11b)—(16.1.11c) for the tensor field 2V are strengthened by a power of % in the interior
region {g < 0}.

Remark 16.5. Proposition 4.2 shows that the wave-coordinate condition (3.1.1a) holds in the domain of
classical existence of the solution to the reduced equations; this is why the reduced solution also satisfies
the Einstein-nonlinear electromagnetic equations (1.0.1a)—(1.0.1c).

Remark 16.6. A global stability result for the reduced equations under the wave-coordinate assumption,
without regard for the abstract initial data, can be deduced from the smallness of €;.,.,.(0) + |[M| (we
could even allow for negative M!) together with the assumption lim inf x|_>oo|h(1)(0, x)| = 0; this latter
assumption, which is needed to deduce the inequalities (15.1.2b) at r = 0, is automatically implied by the
assumptions of Theorem 16.3.

Proof. We only discuss the region of spacetime in which ¢ > 0; the argument for ¢ < O is similar. We
define E.(0) + M défé‘. By Proposition 14.1, we can choose constants y’, w, i, and & subject to the
restrictions described in Section 2.14 (in particular, these constants depend on y) and a constant A, > 0
such that, if & &g ¢&, Ay is sufficiently large, and ¢ is sufficiently small, then there exists a nontrivial
spacetime slab [0, T') x R* upon which the solution to the reduced equations exists and satisfies the energy
bound €y.y.. (1) < e(1+ 1)® for t € [0, T'). We then define

def . . . o .
T, = sup{ T | the solution exists classically and remains in the regime

of hyperbolicity of the reduced equations, and €,..,.(r) < (1 + 1)° for t € [0, T)}.

Note that, under the above assumptions, we have that 7, > 0.

We now observe that the main energy bootstrap assumption (15.0.1) is satisfied on [0, 7). Thus, if
¢ is sufficiently small, then by Propositions 15.6 and 15.7, all of the hypotheses of Theorem 16.1 are
necessarily satisfied on [0, T,). Here, we are using the fact that [£/2] < ¢ — 5, which holds if ¢ > 10.
Consequently, the conclusion of that theorem (i.e., estimate (16.1.8)) allows us to deduce that the following
energy estimate holds for ¢ € [0, T,):

Cyn() <ceB+e/H(1+1)7F = c€<Ai + 83/2)(1 + )%, (16.1.12)
¢
Now if Ay > 3¢y and ¢ is sufficiently small, then (16.1.12) implies that
Crryn(t) < AR+ = Le(1 4 1)%, (16.1.13)

which is a strict improvement over the bootstrap assumption (15.0.1). Thus, by (16.1.13), the weighted
Klainerman-Sobolev inequality (B.4) (which, together with (6.5.22) and the smallness of €.,.,.(¢), implies
that the solution remains within the regime of hyperbolicity of the reduced equations), the continuation
principle of Proposition 14.1, and the continuity of €,..,,(?), it follows that, if A, is sufficiently large and
¢ is sufficiently small, then T, = co. Furthermore, under these assumptions, it is an obvious consequence
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of this reasoning that (16.1.13) holds for ¢ € [0, c0). After renaming the constants in (16.1.13), we arrive
at (16.1.10).

The inequalities (16.1.11b) follow as in the proof of Corollary 15.3 but with the strong energy estimate
(16.1.10) in place of the energy bootstrap assumption (15.0.1). Similarly, the inequalities (16.1.11a)
follow as in our proof of Proposition 15.6 but with the strong energy estimate (16.1.10) in place of the
energy bootstrap assumption (15.0.1). The inequalities (16.1.11c) for [VVLA (D] and |[VELLF| follow from
Lemma 6.16, (6.5.22), and (16.1.11b). The inequalities (16.1.11c¢) for |§££Iv£97’|gm and |££§@|gg follow as
in our proof of (15.2.1) but with the strong energy estimate (16.1.10) in place of the energy bootstrap
assumption (15.0.1).

Based on these pointwise decay estimates, the geodesic completeness of the spacetime (R'*3, 8uv o
My + hi + ') follows as in [Lindblad and Rodnianski 2005, Section 16; Loizelet 2008, Section 9].

O

16.2. The main argument in the proof of Theorem 16.1. Our goal is to use only the assumptions of
Theorem 16.1 to deduce (for all sufficiently small nonnegative ¢ and for sufficiently large fixed constants
c¢ and ¢p) the “strong” a priori energy estimate (16.1.8), which we restate for convenience:

Coyin(t) < co(@+eH A+ 1) (16.2.1)

The proof of (16.2.1) is based on a hierarchy of Gronwall-amenable inequalities for €y..,.(t) (0 <k < {).
We derive this hierarchy by carefully analyzing the integrals of Proposition 12.3 involving the inhomoge-
neous terms ﬁﬂ,ﬁ” and § FI)‘ We recall that the structure of these inhomogeneous terms is captured by
Propositions 7.1 and 8.1, which state that Véh,(},z and L% F,,, are solutions to the following system of

equations:
B, Van) =900 (uv=0,1,2,3), (16.2.22)
ViEh Ty + VLT s+ V, BT, =0 (A, i, v =0,1,2,3), (16.2.2b)
NV, B F, = S (v=0,1,2,3). (16.2.2¢)

Most of the work goes into obtaining suitable estimates for the integrals involving .6,(:131) and § ‘(’,). In order

to avoid impeding the flow of the proof, we prove most of the desired inequalities later in this section
after the main argument. For the main part of the argument, we simply quote Corollaries 16.12 and 16.18,
which are the key estimates that allow us to apply a suitable version of Gronwall’s inequality. We will then
return to the proofs of Corollaries 16.12 and 16.18, which follow from a large collection of lemmas, each
of which involves the analysis of one of the constituent pieces of the integrals involving Y)f}ﬁ” and 3‘(’”.

We now proceed to the main argument. We first note that the hypotheses of Proposition 12.3 are
implied by the hypotheses of Theorem 16.1. Therefore, we can use Proposition 12.3 (with g &f 5531;1 F in

the proposition) and Corollaries 16.12 and 16.18 to deduce that
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VVihD
> o w(q>d3x+z |vv h D P+ | LT+ | LT )W (q) dx dT
1<k ¥ 2 F5F 1]<k
VVLIR® 3 | (VVERDN P 3
§C|%L0< 33@1{@ w(q)dx+C8|;<:k// 1+t 333’{@ w(g)d xdt

+C Y f / (19PN VERD] + (L5 F00) () ) w(q) dx dT

|| <k

<C

w(g) d*x +CM Z/ ((1+r)3/2\// |VV€I£h(‘)|2w(q)d3x) dt
P2

VV4h®D
("5
Zo | |<k

VVI (1)
o ()
|1|<k/‘/ *5

+Ce Z// IVVARD P 4 | LLF 1%+ 1L T2 w' (q) dx dt
1<k (16.2.3)

(VLR 2
+Ce Zf/(H)”C(ﬁ%)
%

|J|<k—1
absent if k =0

[1|<k

w(q) d’x dt

w(q) d’x dt + Cé°.

Recalling the definition (where the dependence on p and vy is through w(q))

%kw(t)— sup Z[ (IVVARD 2 + | LLF ) w(q) dx

O<t=t 1| <k
and introducing the quantity $.y..(t) > 0, which is defined by

def /
Py = Zf/ IVVah D+ |LLF % + 125 F |54 )W (q) dx d, (16.2.4)
|11<k

it therefore follows from the final inequality of (16.2.3) that
t t
Gy () + Py () < CELL L (0) + CM/ (14+1) €y u(v) dT + CS/ (1+1)7 €L, (D dT
0 0

t
+ Ce¥p., (1) +Ce f (1+1) €. (DdT+Ce. (16.25)
—_— 0
absorb into left-hand side

For ¢ sufficiently small, we may absorb the Csff’k y: u(t) term from (16.2.5) into the left-hand side at the
expense of increasing all of the constants. We can similarly absorb the term C M fot (14+1)=%/ z%k;y; w(r)de
by using the inequality CM f(;(l + r)_3/2%k;y;u(r) dt < 1%,% v u(t) + C2M?, which follows from the
algebraic estimate CM €., (1) < l%i y: u(1:) + C?M?, the integral inequality fot(l +17)3?dr <2, and
the fact that %,% y: u(r) is increasing. If we also use the fact that %k - u(O) < C(Eg;y(O) + M?) < Cé& (e,

Proposition 10.4) and the inequality M < &, then we arrive at the following inequality, valid for all small &:
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t
D+, (0 §C(§2+83)+C8/ (1+1)7 '
0

k;v;u(r) dt

t
+C8/O (1+1) g _ . (DdT. (162.6)

For k = 0, (16.2.6) implies that absentifk =0
Ehyen ) < CE 4+ +cor /Ot(l +1)7 '€, (D dT. (16.2.7)
From (16.2.7) and Gronwall’s inequality, we deduce that
€y (1) < CE 4+ ) (141" (16.2.8)

Using (16.2.6) and the base case (16.2.8), we will argue inductively to derive the following estimate
fork > 1:
Gy (D) < CE ) (1 +1)%". (16.2.9)

Assuming that (16.2.9) holds for the case kK — 1, we insert inequality (16.2.9) for %%7 1;Wl(t) into the
right-hand side of (16.2.6) and deduce that

t t
%i;y;u(t)—i-ffiwm(t)§C(§2+83)+C8/ (1+r)_1%imu(r)dr+C8(§2+83)/ (1+1) " dr
0 0

t
<SCE+e)1+0+Ce / (1+71)7 "6}, (D dT. (16.2.10)
0
Finally, from (16.2.10) and Gronwall’s lemma, we conclude that, if ¢ is sufficiently small, then
Cyen () < CE + ) (14 1)%. (16.2.11)

We have therefore closed the induction and shown (16.1.8). This concludes the proof of Theorem 16.1.

16.3. Integral inequalities for the Véhf}g inhomogeneities. In this section, we analyze the integrals in

Proposition 12.3 corresponding to the inhomogeneous terms Y),(Lllil) in (16.2.2a). The main goal is to arrive
at Corollary 16.12. The main point is that right-hand sides of the inequalities in the corollary can be
bounded in terms of time integrals of the energies €y.y.,.(7) (this was carried out in inequality (16.2.5)).
As opposed to the estimates proved in Section 16.4, most of the estimates proved in this section are a
straightforward generalization of the ones proved in [Lindblad and Rodnianski 2010]; i.e., the estimates
involve a similar analysis but with additional terms arising from the presence of the & terms appearing
on the right-hand side of the reduced equation (3.7.1a). The additional terms result in the presence of the
(SB?_]{ & component of the first term on the right-hand side of inequality (16.3.2) and the {SE?.{;% component
of the next-to-last term of the same inequality. The most important aspect of our analysis is showing that
these additional terms respectively appear with the factors (1 +¢)~! and e(1 4 ¢)~1+¢2,
We begin with a lemma that follows easily from algebraic estimates of the form |ab| < a® + b*:

Lemma 16.7 (Arithmetic-geometric mean inequality). Let

Do = Van = Vi Bh) = (VyBehyy) — B Vahy)
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be the inhomogeneous term on the right-hand side of (7.0.1). Then the following algebraic inequality
holds:
9EDNVVARD | < e A+ 0)|VESP + 67 (1 + 1) V4 T ) — B, V4D
+e(1+0) VVIRD 2 4 |VEEH RO VLAY (16.3.1)
O

The next lemma provides a preliminary pointwise estimate for the ﬁéﬁl term on the right-hand side
of (16.3.1).

Lemma 16.8 (Pointwise estimates for the |VQI£53| inhomogeneities; extension of [Lindblad and Rodnianski
2010, Lemma 11.2]). Under the assumptions of Theorem 16.1, if I is any #-multi-index with |1| < £ and
if € is sufficiently small, then the following pointwise estimates hold for (t, x) € [0, T) x R>:

(Vvéh“)

1 -1
Violge 2, 407 gig

[J1=<|1]

)‘*8 S U r41gh (1 +1gh 2 [TVLAD)
[JI=I]

+e7 Y (A+r+1gh ™ (A +1g) " vy

[J1=I]
\AZAAS
+e Z (1+z)—1+C8< 522@ > +e2(1+1+|g)~*. (16.3.2)
[J1=11-1
absent if |I| =0
Proof. By Proposition 11.3, we have that
IV S 1)+ 1G]+ i) (16.3.3)
where
(D= Y IVVihlgxVVs hlay + |V Vi hl|V Vs Al
TI+IK<I1| + > v vV hy, (16.3.4)
[J7|+IK"|<|1]-2
Gl= Y 1FILE ), ettt = (16.3.5)
[J1+IKI=|I]
Qi) = > IV4RIVVZRIVVZAI+ D VAR LT L T
[+ L]+ 1< ] [+ L1+131=<|1]

+ Y L FLZFLF. (163.6)
[N+ LI+3]<|1]

The desired bound for |(i)| was proved in Lemma 11.2 of [Lindblad and Rodnianski 2010] by using
the decomposition 4 = A" + 1@ and by combining Lemma 15.1 and inequalities (16.1.6a)—(16.1.6c).
The term |(ii)| is the main contribution to |V9§5§| arising from the presence of nonzero electromagnetic
fields. To bound |(ii)| by the right-hand side of (16.3.2), we consider the cases (|J| = ¢, |K| = 0),
(J1=0, |[K|=20),(JI<€—1, |K|<£/2]),and (|J] < |£/2], |K]| < £ — 1); clearly this exhausts
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all possible cases. In the first two cases, we use (16.1.6a) to achieve the desired bound while in the
last two we use (16.1.6b). The cubic terms from case (iii) can be similarly bounded by using the
decomposition 7 = hY +h© and by combining Lemma 15.1 and inequality (16.1.6b). (|

Using the previous lemma, we now derive the desired integral inequalities corresponding to the
e 11+ t)ﬁggfmz term on the right-hand side of (16.3.1).

Lemma 16.9 (Integral estimates for e 11+ t)ﬁéf’)lzw(q); extension of [Lindblad and Rodnianski

2010, Lemma 11.3]). Under the assumptions of Theorem 16.1, if I is any %-multi-index with |1| < £ and
if € is sufficiently small, then the following integral estimate holds for t € [0, T):

t
g} / (14+10)|VEH1Pw(q) dx dt
0JX,

J (DN |2
< 2 L (| ()

[J1=I1]
te Y //(1+ e

|J'I<l|-1

w(q) + Wvg,{h“nzw’(q)) d*x dt

vV RO\ |?
(55 )

absent if |[I| =0

w(g)d*xdt+¢°. (16.3.7)

Proof. After squaring both sides of (16.3.2), multiplying by ¢~'(1 4+ t)w(q), using the inequality
A+gh~ ¢! +qg-)" 2“w(q) < w'(q) (i.e., inequality (12.1.2)) and the fact that p+p’ < , and integrating,
we see that the only terms that are not manifestly bounded by the right-hand side of (16.3.7) are

32/ 1+ A+ 1g) Ve h YV Pw(q) dx dr. (16.3.8)
[J1=I1]

The desired bound for these terms can be achieved with the help of the Hardy inequalities of Proposition C.1,
which imply that

/(1+r)1(1+|q|)2|vg§h<”|2w(q)d3x§/ (1 +) ViRV Pw(g) dx. (16.3.9)
pon P

This concludes the proof. U

We now derive the desired integral inequalities corresponding to the |’V\g§ﬁ gh(o) | |VVéh(1)| term on the
right-hand side of (16.3.1).

Lemma 16.10 (Integral estimates for [VL,4 @ ||VVAA D |w(q) [Lindblad and Rodnianski 2010, Lemma
11.4]). Let M be the ADM mass. Under the assumptions of Theorem 16.1, if I is a %-multi-index satisfying
|1| <€ and if € is sufficiently small, then the following integral inequality holds fort € [0, T):
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t
/f (V4TI QI VVER Y |w(q) dPx dT
0J%;

t
<My /O/E(1+r)—2|vvgth“>|2w(q)d3xdr

[JI=I]
t
+M Y f ((1+r)_3/2\// |VVéh(1)|2w(q)d3x)dr. (16.3.10)
X

MEI

Proof. We first use the Cauchy—Schwarz inequality for integrals to obtain

t
/ (V4B h QI VVER Y |w(q) dPx dt
0JX,

d 1/2 12
0 > s,

Furthermore, under the present assumptions, the previous proof of inequality (15.1.3b) remains valid.
Thus, from (15.1.3b) and the Hardy inequalities of Proposition C.1, it follows that

f|§£§ﬁgh<0>|2w(q)d3x5M2(1+z)—3+M2(1+t)—4 S [ 1vvah O Pwg) dx. (163.12)
x )Y
' 1< ==

The estimate (16.3.10) now follows from (16.3.11), (16.3.12), and the inequalities v/|a| + [b] < /|a|++/|D]
and |ab| < a® + b2 O

The following integral estimate for the commutator term el (1+1) ﬁglzﬁ gh,(},g -8 g(Véhleu) )|? on the
right-hand side of (16.3.1) was proved in [Lindblad and Rodnianski 2010]. Its lengthy proof is similar to
our proof of Lemma 16.17 below, and we do not repeat it here.

Lemma 16.11 (Integral estimates for ! ﬁglzﬁ ghffg — 0 gvgéh,(}v) |>w(q) [Lindblad and Rodnianski 2010,
Lemma 11.5]). Under the assumptions of Theorem 16.1, if I is a %-multi-index satisfying 1 < |I| < £ and
if € is sufficiently small, then the following integral inequality holds for t € [0, T'):

t
8_1/ (14 0)|ViEh0 = B, Va0 w(g) dx do
0J%;

t
e ) /0/ (L+ ) VgD Pw(g) + Vs V2w (@) dx dt
1<l 07 B

t
+e E: / (14+ 1) vvd h Y Pw(g) d®x dt 4+ €3, (16.3.13)
0 JX
<=1 t

Combining Lemmas 16.7, 16.9, 16.10, and 16.11, we arrive at the following corollary:

Corollary 16.12 (Estimates for the energy integrals corresponding to the 4 inhomogeneities). Under
the assumptions of Theorem 16.1, if 0 < k < £ and ¢ is sufficiently small, then the following integral
inequality holds fort € [0, T):
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Z// 15D |vvy h<1>|d*xdr<MZ/ (1+7)” 3/2\// |vv1h<1>|2w(q)d3x) dt

[1|<k |I|<k
vipM
3 [ | (U
|I|<k

+EZ// IVVEARD 2w (q) d*x dt
|T1<k
VI RO\
(")

+8 Z / / (1 ) 1+C8
absent if k =0

|J|<k—1
+é3. (16.3.14)

w(q) d’x dt

w(q) d’x dt

This completes our analysis of the integral inequalities for the h 1nh0m0geneltles

16.4. Integral inequalities for the éﬁé?ﬁﬂv inhomogeneities. In this section, we estimate the integrals
corresponding to the inhomogeneous terms in the Siglz—commuted electromagnetic equations. More
precisely, we analyze the integrals in Proposition 12.3 corresponding to the inhomogeneous terms 5‘()1)
in (16.2.2c). The main goal is to arrive at Corollary 16.18. As was the case for Corollary 16.12, the
main point is that right-hand sides of the inequalities in Corollary 16.18 can be bounded in terms of time
integrals of the energies €;..,.(r) (this was carried out in inequality (16.2.5)).

We begin with the following lemma, which provides pointwise estimates for the wave-coordinate-
controlled quantities |VV1hD|¢q and [VVyhV|gg for |[1] <€ and |J| <£—1. These pointwise estimates
will be used to help to derive suitable integral estimates later in this section.

Lemma 16.13 (Pointwise estimates for Y, [VVghPlgy + 3 ;o [V Vg h D |4q). Under the as-
sumptions of Theorem 16.1, if 0 < k < £ and ¢ is sufficiently small, then the following pointwise inequality
holds for (t, x) € [0, T) x R3:

absent ifk =0
Y IVVghOlgg+ > IVV4h Y |gg
[1|<k [J]<k—1
S VRO + e +1+1g) 2 xo(1/2 < 1/t <3/4) +2(1+1+q]) >
[1|<k
e 3 (41~ (1 1gD 2 VLAY
[I1<k absent ifk <1
e > A+r+1gh A+ g A VERD 1+ > vy a®) (16.4.1)
[I<k [J'|<k=2

where XO(% <z< %) is the characteristic function of the interval [% %]
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Proof. Lemma 16.13 follows from Lemma 11.2 (for the tensor field hfjg) and the pointwise decay
assumptions (16.1.6b) for hf}v) Il

In the next lemma, we derive pointwise estimates for the term |(§B£1{ 9?01))@2125” |. This term appears in

the second spacetime integral on the right-hand side of (12.2.1), which is our basic energy inequality for
the Faraday tensor and its Lie derivatives. The pointwise estimates are preliminary estimates that will be
used in the subsequent lemma to estimate the corresponding spacetime integral.
Eemma 16.14 (Pointwise estimates for |(§BQI£9?0,,)§§S”|). Let S(”I) = @é%’” + [N#””“V,LEBQIZGJM —
ifglz(N A AVM@K 1)1 be the inhomogeneous term (8.1.2b) in the equations of variation (8.1.1b) satisfied
by F def 5831{ F. Under the assumptions of Theorem 16.1, if 0 < k < £ and ¢ is sufficiently small, then the
following pointwise inequality holds for (¢, x) € [0, T) x R3:

SN FNELF I Se > A+t +1g) (1 LLF >+ VsV P)

[I]<k 1<k _ us
te ) (+1gh T A +g) M VVEA TP
[T1<k
+e Y (+1gD ™ A +q) (1L FFy + 1 L5F155)
[1]=<Ik|
+e ) (+1+1gD7 A +Igh 2 V4hD). (16.4.2)
|I1=<k

Proof. From (11.1.11a) with X, &ef 5821{%0”, the pointwise decay assumptions of Theorem 16.1, the
decomposition 7 = 1@ + 1D and the 1 ?-decay estimates of Lemma 15.1, it follows that

Y IEFNEEFIS Y I LFVVL D22

<k <k
1 I I
MRS Y TNV RO Flay + |25 Flaa)
1<k
Hil+I12|<|T]
+ Y TNV LT L T
|1|<k

[ |+ |+ 3|<|1]
1 1 1 I 1 I
+ Y 1 FNVLRD VR D | 25 F

=L
1|+ L]+ BI<|]]

+e Y (I+t+1gh) ' IVVERD)?

1<k

+e Y (+t+1gh) " (1 +1gD)?Veh VP
1<k

+e ) (L+t+lgh) " LT (16.4.3)
1<k

Inequality (16.4.2) now follows from the assumptions of Theorem 16.1, (16.4.3), and repeated ap-
plication of algebraic inequalities of the form |ab| < ca® + ¢~'b. As an example, we consider the
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term |§£§97'| |VV§1h(l)||§EQIL39?|$N in the case that |I;| < |I| < |£/2] (such an inequality must be satisfied
by either |I;] or |I>]). Then with the help of (16.1.6b) and the fact that p+ ' < %, it follows that, if ¢ is
sufficiently small, then

| L5FVVL RN LZF g Se(l+1+1g) T 1LEFP 467 (1 +1 + |gDIVVL AV PILRF 5
Se(l+1+1g) NLLFP el +1gD) 7 A +qo)MERF . (16.4.4)

We now observe that the right-hand side of the above inequality is manifestly bounded by the right-hand
side of (16.4.2). g

We now use the pointwise estimates of the previous lemma to estimate part of the second space-
time integral on the right-hand side of (12.2.1). These estimates are easier than the corresponding
estimates involving the commutator term N #"”“VM&B&%{ 3= EE&(N #"”"AVMQFK 1), which are derived in
Lemma 16.17.

Lemma 16.15 (Integral estimates for |(§EQI£9?0U)§£I{$“|w(q)). Under the assumptions of Lemma 16.14,
if 0 <k < ¥ and ¢ is sufficiently small, then the following integral inequality holds for t € [0, T):

t
Zf/ |(°(Béf90v)@§3'}|w(q)d3xdt
0Jx,

[T|<k

t t
1<k 0V b,
t
e Z // IVVzhD1Pw'(g) dx dr
1)<k Y0/ Ex
t
e f()/z (15T G + 15T 55)w' (@) dx dT. (164.5)
[1|<k T

Proof. Inequality (16.4.5) follows from multiplying inequality (16.4.2) by w(q), integrating fot /s 21033x dr,
using the fact that (1 + gD~ (1 4+ g-) " Mw(g) < w'(g), and using the Hardy estimate (16.3.9) to bound
the integral corresponding to the last sum on the right-hand side of (16.4.2) by the second sum on the
right-hand side of (16.4.5). g

The next lemma is a companion to Lemma 16.14. In the lemma, we derive pointwise estimates for
the term | (L4 F0,) [NV, LL F s — Qzlz (N##vg F5)]|. This term appears in the second spacetime
integral on the right-hand side of (12.2.1), which is our basic energy inequality for the Faraday tensor and
its Lie derivatives. As before, these pointwise estimates are preliminary estimates that will be used in the
subsequent lemma to estimate the corresponding spacetime integral.

Lemma 16.16 (Pointwise estimates for |(o%g{%o,,)[N#“”“V,Liég?m—géf (N#RRg Fe)])). Let N##vek.
VMSBQI;%KA — @é(N#“”’“\VMGJ’“) be the inhomogeneous commutator term (8.1.3b) in the equations of
variation (8.1.1b) satisfied by @uv &f (EBQIZQ?W. Under the assumptions of Theorem 16.1, if 1 <k <{ and
e is sufficiently small, then the following pointwise inequality holds for (t, x) € [0, T) x R3:
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D | L Fon) (NN, L Fr, — L (N4, 5, )|

IT1<k
Se Y (+t+lgh IEF P +e Y (I+i+1gh A +Igh 2 Vzh VP
[T1=<Ik| [T]=<I|k|

+e Yy (+1g) T A +q) (15T + 1 L5F 5 g)
[T<|k|

+e Y (I+1+1gh ™ +1gh ™ O +q) 7 Vzh gy
IT1<k

+e Y (41+1gh) A +1g) T 1+ g7 VRV 5
[J|<k—1

te Y (+r+lgDT A+ gDV A VP
[J'|<k—2

absent if k =1

+e Y (I+1+g) LT (16.4.6)

[J<k—1

Proof. From inequality (11.1.11b) with X, def 3& oy, the pointwise decay assumptions of Theorem 16.1,
together with the decomposition 2 =A@ + 1" and the h(¥ decay estimates of Lemma 15.1, it follows that

3 (5 Fo (V49,24 3, ~ TN, 7,0)|

[I<k
S Y A+l TNV RVl L F I+ Y L+ gD T LT Ve AV g | L F
<k, |I'|<k 1<k, |I'|<k
[JI=1 [J]=1

+ > A +lgh 1 F P hler + Y A +1g) T LTV RO (1R Flax + L2 Flgg)

1<k [1|<k
[ |+ 2| <k+1
L] 112]<k
+ Y A+ lgD T I F |V RV L F
<k
[ |+ | <k+1
L1 12] <k
Y Urtla) I FNVS A S
|I|=<k
11|+ 2| <k+1
I, 2]<k
e > A+r+1g) LT +e D A +r+1gh " (1 +1g) V4™
|I|<k 1<k
+ Y A+ laD T IEFNVS RO |y LT
|I|=<k
[11|+| 12| <k+1
[ <k—1, ||<k—1
+ > (A +lg) T 1TV Dl | 2T
|T1=<k
[|+|12| <k

|I)|<k—1, ||<k—1
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+ Y U+ lgD LRV RV 2 T

|11<k
[ |+ <k—1
[11|<k=2, |L]|<k—1
absentif k =1
—1 1 I 1 I 1 g
+ S Ut lgh T EEFVL RV VRV LG F
|1|<k
[y |+ L]+ 13| <k+1
[11],112], 115 <k
—1 1 1 1 I I
+ > (U lg) T LTIV R L T L F
1<k
|11 |+ |+ 13| <k+1
[, 1 3] <k
—1 1 1 I I
+ D A+ i) LT L F LG TN LG F. (16.4.7)
<k
[ |+ L]+ 3] <k+1
[, 131 <k

We remark that the & ), ;o (142 41g )~ L F|* and & Y-, ;o (A+241g )~ (141 ) ~*[V4A D |* sums on
the right-hand side of (16.4.7) account for all of the terms containing a factor V&{h(o) for some J. Inequality
(16.4.6) now follows from (16.4.7), the pointwise decay assumptions of Theorem 16.1 (including the im-
plied estimates for hM), and simple algebraic estimates of the form |ab| < ca’*+¢7'b? (asin (16.4.4)). O

The next lemma is a companion to Lemma 16.15. In the lemma, we use the pointwise estimates of the
previous lemma to estimate the part of the second spacetime integral on the right-hand side of (12.2.1)
that was not addressed by Lemma 16.15.

Lemma 16.17 (Integral estimates for [(£}%o,)[N#4"*V,%LF,; — PLN*Y*V, F, )1]). Under the
assumptions of Lemma 16.14, if 1 <k < { and ¢ is sufficiently small, then the following integral inequality
holds fort € [0, T):

t
> / / |(LLF0,) (N, Ph Ty — LN, Fo)) |w(q) dx de
1<k 70 7 Ee

13 !
582/0/2(1+r)1|§£§@|2w(q)d3xdr+82/0/2(1+r)1|vv§h<“|2w(q)d3xdr

[1|<k 1<k

t
—i—eZ// (IVVERD 2+ | LLF1% 4 | LT 25 )w' (q) dx de
1<k 70 /e

t
te ) // (1+ 7+~ vV hVPw(g) d*x dt
77| <k—2 70 e

absent ifk =1

t
+e Y // (I+1+1g) " 1LLF P w(g) dx dT +&°. (16.4.8)
J|<k—170 7 Ee
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Proof. We begin by multiplying both sides of (16.4.6) by w(g) and integrating fot fzr d*xdt. The
integrals corresponding to the first and last sums on the right-hand side of (16.4.6) are manifestly
bounded by the first and next-to-last terms on the right-hand side of (16.4.8). Using also the fact that
(1+1|q D1+ q_)_zuw(q) < w'(gq), we deduce that the integral corresponding to the third sum on the
right-hand side of (16.4.6) is bounded by the third sum on the right-hand side of (16.4.8).

To bound the integral corresponding to the second sum on the right-hand side of (16.4.6), we simply
use the Hardy inequalities of Proposition C.1 to derive the inequality

t
S [ [ aserian aian A P dxde
0J%,;

[T|<k

t
52[/ (1+741gD VIRV Pw(g) d*x dr. (16.4.9)
1)<k 70 2

After multiplication by &, we see that the right-hand side of the above inequality is manifestly bounded
by the second sum on the right-hand side of (16.4.8). Using the same reasoning, we obtain the following
bound for the integral corresponding to the next-to-last sum on the right-hand side of (16.4.6):

t

> // (741D~ 1+ 1g) 2V B0 Pw(q) dx d
0JX

|J'|<k—2 T

N

t
f (1+7+1g)~' 1 vVs h Y Pw(g) d®x dr.  (16.4.10)
0JX
|J'|<k=2 i

We then multiply (16.4.10) by ¢ and observe that the right-hand side of the resulting inequality is manifestly
bounded by the right-hand side of (16.4.8).

To estimate the integrals corresponding to the fourth and fifth sums on the right-hand side of (16.4.6),
we will make use of the weight w(gq), which is defined by

(q) = minfw'(g). (1 +1+1g) " w(g)}. (16.4.11)
We note that by (12.1.2) the following inequality is satisfied:
D(q) S (L +1lgh™ wig). (16.4.12)

With the help of Lemma 16.13, (16.4.12), and the Hardy inequalities of Proposition C.1, we estimate
the integral corresponding to the fourth sum on the right-hand side of (16.4.6) as follows:

t
) /0 . (A+141gD A +1gh "+ (1 +9) M V5h D Gqw(q) dx dt

<k
t
< Z/f |VVAR DV 24 (q) d*x dt
P

1)<k ¥
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t
< Zf/ |VVLRD 12w () dx dt
1<k VO 7 e

t
+82/ (147 + |q|)_4)(§<% < ? < %)w/(q)d3x dt
0J%;

t
+e4f/ A+141g)~%w'(q) d®x dt
0J%,

t
+SZZ[/ (1+ ) N VVEIRD Pw(q) d*x dt
PR

1<k 70
t
42 3 [ [ arerlah a4 i) VIO Pu@) dx dr
1<k V0 e
t
+ > // (141 +g) " vVe h D Pw(q) dx dt
|7 <k—270 /e

, absentif k =1
< Z/ |VVERD 12w (q) d*x dt
1<k V0 %
t
+Z‘// (1+1) VLD Pw(g) d’c dt
pE

1)<k ¥0

t
+ > // (141 4 vV nOPw(g) dPc dt +¢%,  (16.4.13)
|/|<k—2 70 /%

absent if k =1

where to pass to the final inequality we have again used Proposition C.1 to estimate
t
S [ [ asesianatian v Pug d e
1<k 70/ e .
<> // A+ 1VVsh D Pw(g) dx d.
0J%,

|I=<k

After multiplying both sides of (16.4.13) by &, we see that the resulting right-hand side is manifestly
bounded by the right-hand side of (16.4.8) as desired. The integral corresponding to the fifth sum on the
right-hand side of (16.4.6) can be bounded via the same reasoning. U

Combining Lemmas 16.15 and 16.17, we arrive at the following corollary:
Corollary 16.18 (Estimates for the energy integrals corresponding to the % inhomogeneities). Let

Bty = D43 + NI, L F g — DY (NP, F )

be the inhomogeneous term (8.1.3b) in the equations of variation (8.1.1b) satisfied by Q?W &ef 5821{9“”.

Under the assumptions of Theorem 16.1, if 0 < k < £ and ¢ is sufficiently small, then the following integral



896 JARED SPECK

inequality holds fort € [0, T):
t
> [ [ 1 F0s @ dr e
0Jx,

[1|<k P
< 14+17)"!
NSZfO/EI( T)

[I<k

2
w(q) d’x dt

VVin®
$LF
t
+$Z/f (IVVERD 2 + | LT + 1L F 12 ) w' (q) dPx d
0JX,;

[I<k
VVyhM
()

t
—1+Ce
+e Y /(;/E(l—l—t)
absent if k =0

2
w(g)d’xdr+¢°.  (16.4.14)

|J]<k—1

Appendix A: Weighted Sobolev—Moser inequalities

The propositions and corollaries stated in this section were used in Section 10 to relate the smallness
condition on the abstract initial data to a smallness condition on the initial energy of the corresponding
solution to the reduced equations. The lemmas we state are slight extensions of Lemmas 2.4 and 2.5 of
[Choquet-Bruhat and Christodoulou 1981] while the corollaries are easy (and nonoptimal) consequences
of the lemmas. Throughout the appendix, we use the abbreviations

CtECI®), H!EH(R),

and so on (see Definitions 10.1 and 10.2). Furthermore, (x!, x2, x?) denotes the standard Euclidean
coordinate system on R and |x| o VD2 4+ (x2)2 4 (x3)2.

Proposition A.1 (Weighted Sobolev embedding [Choquet-Bruhat and Christodoulou 1981, Lemma 2.4]).
Let £ and U’ be integers, and let n and 1’ be real numbers subject to the constraints £’ < £ — % and
n <n+ % Assume that v € H,f. Then v € Cﬁi, and

Illee < vl (A1)
n
Proposition A.2 (Weighted Sobolev multiplication properties [Choquet-Bruhat and Christodoulou 1981,
Lemma 2.5]). Let ¢y, ..., £, > 0 be integers, and let 01, . .., 1, be real numbers. Suppose that v; € H,f;
for j=1,..., p. Assume that the integer £ satisfies 0 < £ <min{{y, ..., £y} and £ < 25;1 Li—(p— 1)%
and that n < Zle nji+(p— l)%. Then
p
[vien,. (A2)
j=l1
and the multiplication map
p
H’fl] X...xH,f,’,’—>HZ", (vl,...,vp)—>l_[vj (A.3)
j=1

is continuous.
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Corollary A.3. Let £ > 2 be an integer, and let 1 > 0. Assume that v; € H,f for j=1,..., pand that
Ii, ..., I, are V-multi-indices satisfying Zle [1;| < L. Then
P
(14 |2 T iy € L2 (A4)
=1
and l

p
H (1 + |x ) Ei=i b2 [1v"w

i=1

p
ST Thvillsg. (A.S5)
Lo

Corollary A.4. Let £ > 2 be an integer, let & be a compact set, and let F(-) € CY(R) be a function.
Assume that vy is a function on R3 such that vi(R®) C K. Furthermore, assume that Vv, vy € H,f. Then
(Fou)vy € Hy, and
e .
ICF ov)vall e S vall e | F L+ 1L+ [xD w2l 1 V01| o1 Y IF D gllon 7= (A.6)
n i = Hy Lee > ’
j=1
where F'9 denotes the array of all j-th order partial derivatives of F with respect to its arguments and
(), e ()

|F* g = sup,egl £ (V)]

Appendix B: Weighted Klainerman-Sobolev inequalities

In this section, we recall the weighted Klainerman—Sobolev inequalities that were proved in [Lindblad
and Rodnianski 2010]. Throughout this section, the weight function w(q) is defined by

def d_ef{1+(1+|61|)1+2y if g >0,

WEVDZ L g0 ifg <0, 8.1

In this section, we assume that 'y and p are fixed constants satisfying 0 <y <1land 0 < pu < % It easily
follows from (B.1) that

1+2y)1 2 ifg >0,
R e (B.2)
2u(l + g H if g <0,
and
w <41+ |g) " 'w < 16p71 A +¢)*Mw'. (B.3)

Proposition B.1 (Weighted Klainerman—Sobolev inequality [Lindblad and Rodnianski 2010, Proposition
14.1]). There exists a C > O such that, for all ¢ (¢, -) € CSO(R3), the following inequality holds:

(41 +xDIA +ghw@121g @ 01 < € Y |w Vet )| o0 g = xl—1. (B4
[1]<3
Furthermore,
(41 + xDIA + ghw@1 2 Ve 0l <€ Y ' 2VViga. )|, ¢Exl—-1.  BS)
[1]<3

Proof. Equation (B.4) was proved in the paper cited; (B.5) follows from Lemma 6.11 and (B.4). O
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Appendix C: Hardy-type inequalities

In this section, we recall the weighted Hardy-type inequalities proved in [Lindblad and Rodnianski 2010].

Proposition C.1 (Hardy inequalities [Lindblad and Rodnianski 2010, Corollary 13.3]). Lety > 0 and
uw>0,gq def |x| — ¢, and let w(q) and w'(q) be as defined in (B.1) and (B.2), respectively. Then for
any —1 < a <1, there exists a C > 0 such that, for all ¢ € Cgo([R3), we have the integral inequality

/(1+r+|q|)—1+“<1+|q|)‘2|¢|2w<q)d3xsC/ (A+1+1g)" 8,0 Pw@ >, (C.1)
R3 R3

where 3, = &3, &’ déij /r, denotes the radial vector field.
If in addition a < 2 min{y, Wy}, then with

B(q) < minfw' (), (1 +1+Igh " w(g)}, (C.2)

there exists a constant C > 0 such that the integral inequality

/ (141D~ + gD~ @1 + ) 2o Pw(g) &x < C / oPH@ P, (C3)
R3 R3

holds, where q_ déflql ifg <0andq_=0ifq > 0.

Corollary C.2. Assume the hypotheses of Proposition C.1, and let P, be a rype-(g) tensor field. Let V'
and W be any two of the subsets of null frame-field vectors defined in (5.1.12). Then the same conclusions
of Proposition C.1 hold if we replace |¢| and |0,¢| with the contraction seminorms | P |y and |V Py,
respectively, where the contraction seminorms are defined in Definition 5.8.

Proof. Let y be the first fundamental form of the S, ; defined in (5.1.4b), and recall that the tensor "

projects m-orthogonally onto the S,,. Since 9, = %(L — L), it follows from (5.1.9a), (5.1.9b), and
(5.1.10) that

(L L*Pe;) = 3LL*(V — VL) Py, (C4)

9 (L“L*Pey) = 5L L*(V — V) Py, (C.5)

3 (LXL* Pey) = LN LM (VL — V) Py, (C.6)

8, (L“L* Py) = 5L L* (V1 — V1) Py (n=0,1,2,3), (C.7)
(s L Per) = 5, L' (VL — VL) P, (n=0,1,2,3), (C.8)
(L s, Pr) = 3L 4, (VL — VL) P, (n=0,1,2,3), (C.9)
([ L*Pi) =5y [ L* (Vi — V1) P, (k=0,1,2,3), (C.10)
Or(L* ph, ) Per) = 5L o (V. — V) Py, (n=0,1,2,3), (C.11)
O (s, g Pe) = 59, )} (VL — VL) P (v =0,1,2,3). (C.12)

That is to say, d, commutes with the null decomposition of P. The conclusion of the corollary now easily
follows from applying the proposition with ¢ equal to the scalar-valued functions L“ L* Py, LXL* Py, . . .,
WS ) Py, respectively. O
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